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Abstract

Thermochromic materials undergo temperature-dependent colour changes.
Although there are several origins of thermochromism, two distinct types of
thermochromism are common in thermochromic mixtures. Melt-lightened
thermochromism occurs when the colour density of a mixture decreases with increasing
temperature, and is usually associated with colour loss upon mixture melting. Melt-
darkened thermochromism occurs when the colour density of a mixture increases with
increasing temperature, and is usually associated conversion from a decoloured solid
state to a coloured melt.

Three-component thermochromic systems generally consist of a leuco dye (minor
component), a phenolic colour developer (intermediate component), and a high melting-
point organic solvent (dominant component). In these systems, the colouring behaviour
is controlled by competing binary interactions, with the dye:developer interaction
responsible for colour formation and the developer:solvent interaction responsible for
colour erasure.

In the present study, three-component mixtures composed of CVL (dye), long-
chain alkyl gallates (phenolic developer), and long-chain alkyl alcohols (long-chain
solvent) were examined. The thermochromic behaviour (i.e., melt-lightened vs. melt-
darkened thermochromism) of these mixtures was examined as a function of the
matching of the alkyl chain length of the gallate developer and alcohol solvent. When the
alkyl chain lengths were well matched, the developer:solvent interaction dominated in
the solid state and melt-darkened thermochromism was observed. When the alkyl chain
lengths were poorly matched, the dye:developer interaction dominated in the solid state,
and melt-lightened thermochromism was observed. The colour density of the molten
state was determined by the developer:dye molar ratio, with high molar ratios yielding
coloured melts and low molar ratios yielding decoloured melts.

Additional studies employing chemically dissimilar developers and solvents
(e.g., bisphenol A with 1-hexadecanol) yielded mixtures that displayed optimal melt-
lightened thermochromism. The high solid-state colour density due to weak
developer:solvent interactions provides further evidence that competing binary
interactions are responsible for the colouring behaviour observed for three-component
thermochromic systems.

Ternary thermochromic phase diagrams were used to define compositional
regions of optimal thermochromic behaviour (i.e., high colour contrast), providing a
useful experimental tool for the rapid identification of ideal sample compositions.
Additionally, an examination of the properties of thermally erasable ink-jet printer inks
was carried out during the present study.
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List of Abbreviations and Symbols Used

(In order of appearance)

HOMO - highest occupied molecular orbital

LUMO - lowest unoccupied molecular orbital

LED - light-emitting diode

E, —band-gap energy

eV — electron volt

UV — ultraviolet

L — quantum mechanical box length

AEy — energy of electronic transition

h — Planck’s constant

N — quantized energy level

m, — electron mass

CVL - crystal violet lactone, 3,3-bis(p-N,N-dimethylaminophenyl)-6-N, V-
dimethylaminophthalide

SP — spiropyran

MC — merocyanine

BPA — bisphenol A, 2,2-bis(4-hydroxyphenyl)propane

TAM - triarylmethane

S-205 — 2'-anilino-6'-[ethyl(3-methylbutyl)amino]-3'-methylspiro[isobenzofuran-
1(3H),9'-[9H]xanthene]-3-one

N* — chiral nematic phase of liquid crystalline materials

S — smectic phase of liquid crystal

T(S-N*) — smectic-to-chiral nematic phase-transition temperature
P3HT — poly-3-hexylthiophene

PDA — polydiacetylenes

PDAc-(12,8) — pentacosa-10,12-diynoic acid

HDCA-(11,4) —heneicosa-6,8-diynoic acid

DMAP — dimethylaminophenyl moiety
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HOMO-1 — the ‘HOMO minus one’ energy level

UV-Vis — Ultraviolet and visible regions of the electromagnetic spectrum
€ — molar absorptivity

€max — the molar absorptivity at the absorbance maximum (Amyax)
HCI — hydrochloric acid

Cmax — concentration of coloured species at maximum absorbance
C, — initial concentration of the dye

DHB - 2,4-dihydroxybenzophenone

Tt — fusion temperature, also known as melting and/or freezing point
GA — gallic acid

PG — propyl gallate

OG — octyl gallate

DG — decyl gallate

DDG — dodecyl gallate

TDG — tetradecyl gallate

HDG — hexadecyl gallate

ODG — octyl gallate

pK. — acid dissociation constant

TD-OH — 1-tetradecanol

HD-OH — 1-hexadecanol

OD-OH - 1-octadecanol

Xa — mole fraction of component A

DSC — differential scanning calorimetry

Ysym(coor) — symmetric wag deformation Raman mode of COO™ group
n, — number of moles of component A

n,/ Ny — molar ratio of component A to component B

MM2PP — molecular motions calculation program

LG — lauryl gallate, also known as dodecyl gallate (DDQG)
OD-SH — 1-octadecanethiol

DD-COOH - 1-dodecanoic acid
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TD-COOH - 1-tetradecanoic acid

DD- NH; — 1-dodecylamine

TrD-NH; — 1-tridecylamine

HD- NH; — 1-hexadecylamine

OD- NH; — 1-octadecylamine

HD-COOH - 1-hexadecanoic acid

OD-COOH - I-octadecanoic acid

p-TsOH — para-toluenesulfonic acid monohydrate
RDC — Toshiba Co. research and development centre
PGMME - propylene glycol monomethyl ether

PVA — poly(vinyl alcohol)

TLC — thin layer chromatography

IJP — ink-jet printer/printing

RGB — RGB colour space

R —red component of RGB colour space

G — green component of RGB colour space

B —blue component of RGB colour space

CIE — International Commission on Lighting

CIE XYZ — CIE XYZ colour space

X — X coordinate of CIE XYZ colour space

Y — Y coordinate of CIE XYZ colour space

Z — Z coordinate of CIE XYZ colour space

CIE Lab* — CIE Lab* colour space

L* —lightness coordinate of CIE Lab* Colour Space
a*—red to green colour coordinate of CIE Lab* colour space
b* —yellow to blue colour coordinate of CIE Lab* colour space
CD — colour density

CDkquil — colour density of the equilibrium solid state
CDyere — colour density of the molten mixture

ACD — colour contrast, or change in colour density
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var — variance in colour coordinates
var X — variance in colour coordinate X

ATsy — temperature difference between sample and reference pans
0 s — power input to sample pan

0 R — power input to reference pan

Cs — sample heat capacity

Cr — reference heat capacity

Ts — sample temperature

Tsr — sample thermometer temperature

Rg — electrical resistance of the thermometer
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Chapter 1 Introduction

1.1 Colour in Chemistry

Colour has long played an important role in shaping our view of the world, from
early efforts to modify the colour of textiles with dyes and pigments found in nature,
through the invention of the written word and the development of long-lasting inks that
could be used to maintain permanent written records, to more recent applications such as
high-performance visual display media including flat-screen televisions' and Imax®
image projection systems,” and the development of advanced synthetic dyes and pigments
for textile and printing applications that are able to respond to external stimuli such as
light, heat, and pH changes.**

There are numerous sources of colour in our world, and the colour observed relies
on three important factors: the spectral intensity of the incident light beam (i.e., the
relative intensities and distribution of frequencies of the incident beam), the
modifications that occur upon interaction of the light beam with a physical system (e.g.,
light scattering from a solid object), and the way in which our optical system perceives
the light.>® Colour can arise from numerous sources: colour by emission from a source,
colour due to absorption or transmission of specific frequencies of light from an incident

beam, colour arising from scattering processes (e.g., the colour of the sky is due to

" Sections 1.1 — 1.5 were adapted from: M. A. White and A. Bourque, Colorant, Thermochromic, in press
in Encyclopedia of Color Science and Technology, R. Luo (Ed.), Springer, New York, USA, 2013. A.
Bourque’s contributions to the work were: writing drafts of each section of the review, preparing figures,
and general editing. The review chapter has been modified from its original version to fit the context of this
thesis.



Rayleigh scattering), and light dispersion effects (e.g., the splitting of a white light beam
into component colours by a prism).>”’

Black-body radiation is an example of colour generated by emission of light.
Black-body radiation occurs when a thermally excited material emits radiation in the

visible region of the electromagnetic spect1’um.5’7’8

Fluorescence and phosphorescence are
types of photoluminescence. Fluorescence occurs when an electron is promoted from a
low-lying molecular orbital (e.g., the highest occupied molecular orbital (HOMO)) to a
high-energy molecular orbital (e.g., the lowest unoccupied molecular orbital (LUMO))
via the absorption of high-energy light. Subsequent decay of the electron from the excited
state, usually through a lower energy intermediate state, to the ground state is
accompanied by the emission of a photon at an energy lower than that of the incident

photon.>"”®

Phosphorescence occurs when an electron is promoted to an excited state via
light absorption, then undergoes intersystem crossing from a singlet excited state to a
triplet excited state. The intersystem crossing process prevents rapid re-emission (i.e.,
fluorescence), increasing the lifetime of the excited state and delaying the emission of the
photon. As such, phosphorescent light emission can continue well after the initial
excitation.””®

Perhaps the most ubiquitous example of emissive colour generation today is the
light-emitting diode (LED).” In these devices, electrons are promoted to higher energy
levels via stimulation with electrical energy, and the subsequent decay of the high-energy

electrons to low-energy electronic states generates photons with a narrow frequency

distribution.”® The colour of an LED is defined by the energy band gap, E,, of the



semiconductors used in the device, and since band-gap energies are easily tuneable by
semiconductor doping, many colours are available for LED devices.”

Colour by transmission/absorption/reflection is most pertinent to the research
presented in this thesis. These processes rely on the removal of specific wavelengths of
light from a polychromatic incident light source by absorptive processes occurring within
a material of interest.” For a semiconductor, the energy band gap, which separates the
low-energy valence band from the high-energy conduction band, will determine which
frequencies of light are absorbed. Any frequency of light that is higher in energy than the
band gap (i.e., at shorter wavelengths) will be absorbed by the material, with the absorbed
light energy promoting an electron from the valence band to the conduction band. This
process is exploited in silicon photovoltaic cells, where the low band-gap energy of
silicon (E; = 1.1 eV), allows for the absorption of photons with energies greater than 1.1
eV.!” The visible light spectrum spans a broad energy range extending from 1.6 eV (red)
to 3.3 eV (violet), therefore all of these frequencies of light can be absorbed by silicon,
making it extremely useful for photovoltaic applications.’

The colour of inorganic materials is generated through two main types of
interaction. Most transition metal complexes become coloured due to interactions of light
with the central metal ion and the ligands attached to the metal centre. The ligands
generate a local electronic field, called the crystal field, which causes previously
degenerate metal d-orbitals to split.” Crystal field splitting allows the electrons to undergo
relatively low-energy transitions between the energy levels, giving rise to colour
formation by absorption of visible frequencies of light.”* A second type of colour

generation in inorganic solids is due to the presence of point defects, called F-centres (or
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colour centres), in a crystalline lattice. The electronic field of the crystal is modified in
such a way that single charges, or pairs of charges, can migrate to the surface of the
crystal, leaving electrons (or holes) in the defect sites, subsequently giving rise to
significantly lowered excitation energies, often in the visible region of the
electromagnetic spectrum.”®

In materials made from absorptive small molecules, such as dye molecules, the
absorption of light energy occurs due to the promotion of electrons from occupied
molecular orbitals (e.g., the HOMO) to higher energy unoccupied molecular orbitals
(e.g., the LUMO)."" Molecules that absorb light are called chromophores, meaning colour
bearer."* Sometimes the chromophore does not absorb light in the visible spectrum (e.g.,
UV-absorbers, etc.) and might need to be coupled with another material to tune the
absorption energy of the chromophore. These colour modifiers, call auxochromes,
meaning colour increaser, modify the electronic structure of the chromophore by either
adding or removing electronic density of the chromophore.*'? This is the basis of “push-
pull” systems and the use of electron—donating and —withdrawing groups that are
sometimes added to aromatic chromophores to modify the colour of organic dyes."

Simple, unsaturated organic molecules typically absorb photons in the UV region
of the spectrum. The incorporation of n-bonding into organic molecules generates
molecular orbitals that are closer in energy than c-orbitals.'' The degree of delocalization
experienced by electrons in the n-bonding motif will directly control the energy gap
between the frontier molecular orbitals (i.e., the energy gap between the HOMO and
LUMO), with longer conjugation lengths corresponding to narrow energy gaps between

molecular orbitals.'* As the conjugation length increases and the energy gap between the
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frontier molecular orbitals narrows, the absorption energy of the valence electrons moves
from the UV region into the visible region of the spectrum.®'" Organic dyes typically
have extended n-bonding networks, which allow for long conjugation lengths and small
HOMO-LUMO transition energies, producing strong solid-state colouration.'* The
reduction in the HOMO-LUMO transition energy can be estimated using the 1-
dimensional quantum mechanical equation for a particle in a box of length, L:"

2
E, = (1.1)

- smel?
where E, is the energy of the n"™ energy level, / is Planck’s constant, 7 is the principal
quantum number (1,2,3...), and m, is the electron mass. The energy of the electronic
transition from the n to n+1electronic state, AE, is then determined by

Qn+1)h?

AE = En+1' E":8m—eLz'

(1.2)

As the electron density is further dispersed across the molecule through increased
conjugation (i.e., L increases), the HOMO-LUMO gap is reduced (i.e., 4Ey decreases)

into the visible region and colour forms in the compound.™ ™

1.2 Chromic Materials



Chromic materials are defined as materials that undergo distinct colour changes in response
to the influence of external stimuli, particularly when the colour change is reversible and
controllable. Many external stimuli can be used to induce colour changes in chemical systems; a few
are listed in

Table 1.1.°> Thermochromic, photochromic and ionochromic materials are the most
frequently observed types of chromic materials, although many other types of chromic
materials have found niche applications in industrial settings (particularly as sensors)."”
Thermochromic compounds are discussed in greater depth later in this chapter (sections
1.3 — 1.5) and multi-component thermochromic mixtures will be discussed in Chapter 2;
the remainder of this section is dedicated to the discussion of some important chromic

materials currently on the market.

Table 1.1. Chromic phenomena and associated stimuli.

Chromic Phenomenon Stimulus
Thermochromism Heat
Photochromism Light
Ionochromism (halochromism) Ions (protons)
Electrochromism Electric potential
Solvatochromism Solvents
Vapochromism Vapours
Mechanochromism Mechanical action

The best-known commercial application of photochromic materials is in
Transitions® lenses, which undergo photochromic darkening when exposed to UV
radiation from the sun.'® A photochromic cis-frans isomerization reaction causes the lens
to become more strongly absorbing in the UV-visible region of the spectrum, thereby

protecting the eyes of the wearer from intense, and potentially harmful, solar radiation.



Photochromic materials are also suitable for use in sensor applications where rapid
detection of stray electromagnetic radiation can provide workers an extra measure of
safety.'”*” Of course the most important photochromic material on the planet, as far as
human beings should be concerned, is retinal (also known as retinaldehyde or Vitamin A
aldehyde). Retinal, a polyene, undergoes an all-cis to all-trans photoisomerization
reaction when eyes are exposed to light, thereby changing the absorption spectrum of
retinal, allowing for the physiological detection of changes in light intensity.*' This
process forms the basis for colour detection in animals, with the detection of different
colours reliant on the associated proteins to which retinal is attached (i.e., cones and
rods).*

Ionochromic materials have been exploited for many years in the form of pH
indicators. The pH-sensitive dyes undergo structural modifications in the presence of
hydrogen ions (acids) or hydroxide ions (bases), which can cause dramatic changes in the
colour of the dye. Litmus paper, which is impregnated with a mixture of dyes extracted
from lichens, turns red in the presence of acid and blue in the presence of base.” Figure
1.1 shows the colour-changing equilibrium of phenolphthalein, a pH indicator well-
known to students. Phenolphthalein is colourless at acidic conditions, but as the pH
increases to basic conditions, a ring-opening reaction extends conjugation across the three
aromatic moieties of phenolphthalein through resonance, shifting the absorption
maximum into the visible region and producing the strongly coloured form of the dye."
Phenolphthalein demonstrates halochromism, a form of ionochromism, where the colour

of the dye is sensitive to the hydrogen ion concentration (i.e., pH-sensitive).”*
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Figure 1.1. Phenolphthalein converts from a colourless form (in acidic environments) to a
pink/fuchsia colour (in basic environments) due to a ring-opening reaction in the presence of
hydroxide ions.**

Another important example of halochromic behaviour is observed in the colour-
forming reaction of the leuco dye crystal violet lactone (CVL), shown in Figure 1.2.%
The closed-ring form of CVL, referred to as the spiropyran (SP) form, is colourless due
to the presence of a central sp’ carbon atom, called a spiro centre, which limits
conjugation lengths in the closed-ring form of CVL."" Reaction of leuco-CVL with an
acidic compound causes cleavage of the lactone ring and generates the ring-opened form
(see Figure 1.2, right), which contains a central sp” hybridized carbon atom. The ring-
opened form is in resonance with three additional cationic forms, two with the positive
charge localized on the dimethyl ammonium moieties, and one with the charge localized
on the central carbon atom.”

The ring-opened structure is called the merocyanine (MC) form and is intensely
blue/violet in colour.”® The nt-electron density becomes delocalized over the entire
molecule as a result of the multiple resonance structures, and in doing so causes the
energy of electronic transitions between frontier orbitals to fall within the orange region

of the visible spectrum, producing blue colouration by virtue of the strong absorption of



orange wavelengths.'"*® A more in-depth discussion on the chemistry of crystal violet

lactone is presented in section 2.1.1.

Me,N NMe; Me,N N*Me;
C. C /
\O + H+ OH
-H*
6}
MeoN o
MezN
Spiropyran (SP) form Merocyanine (MC) form

]
Figure 1.2. The halochromic equilibrium of crystal violet lactone showing the colourless spiropyran
form of CVL (left) and the strongly coloured merocyanine form of CVL (right).25 The colour images

of thermochromic samples, shown at the bottom right of the figure, show different colour densities
due to varying concentrations of the ring-opened, MC form of CVL.

The future of chromic materials lies in the development of new technologies. An
important emergent area of research in the field of electrochromism focuses on creating
textiles with electrically controlled, colour-changing fabrics towards developing
“chameleonic camouflage”.® These chameleon suits could use body-mounted cameras to
map out the colour scheme of the surrounding environment, then manipulate
electrochromic fibres embedded in their fabrics to match the colour scheme of the
environment, providing an unprecedented level of cloaking and camouflage in combat

. . 27,28
situations.””



1.3 Thermochromism
Thermochromism is defined as the temperature dependence of the electronic

absorption spectrum of a compound, generally while in the liquid or solid state.”*° T

n
recent years, thermochromism has been extended to include multi-component systems
that, as a whole, undergo colour changes in response to temperature changes.”' Strictly
speaking, reversibility is considered to be an essential requirement for thermochromic
behaviour, although there are important applications of thermochromic materials in
which an irreversible colouring reaction is specifically desired. ** For this reason, colour
changing materials which show irreversible colouring behaviour are often included in
discussions about thermochromism. In the present work, reversible thermochromism is
shortened to “thermochromism” for simplicity, while irreversible colour changes are
specifically referred to as “irreversible thermochromism”.

The most important commercial application of a material that changes colour with
the application of heat is thermal receipt paper.” In thermal receipt paper, an acid-
sensitive, colour-changing dye (e.g., a fluoran dye) is microencapsulated in a polymer
shell and embedded into the receipt paper.’**> An acidic developer that contains phenolic
protons (e.g., bisphenol A, BPA) is added directly to the page, but is not able to develop
colour due to the encapsulation of the dye.*® Upon application of heat, the microcapsules
containing the dye rupture, releasing the dye and initiating a colour-forming reaction
between the dye and developer.’® Since the creation of a permanent record of the sales
transaction is the intended goal, irreversibility of the process is explicitly desired. Recent
examples of thermochromic products include Hypercolor™ T-shirts,*’=* Pilot’s

FriXion™ pens and highlighters,**** and Toshiba’s e-blue™ erasable laser jet toner.**
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1.4 Thermochromism in Organic Compounds

Thermochromism is most prevalent in organic compounds where subtle
modifications in the molecular environment, frequently due to temperature-induced
structural changes, can alter the delocalized n-electronic structure of the molecule and
give rise to dramatic changes in colour."” There are three general mechanisms for organic
thermochromism: (1) structural modifications that do not involve bond cleavage (e.g.,
stereoisomerism),* (2) physical responses to temperature changes that cause light
interference effects in large intermolecular systems (e.g., liquid crystals),** and (3)
reversible, thermally induced chemical modifications, referred to as thermal
tautomerism,”" such as ring-opening reactions (e.g., spiropyrans)* and keto-enol
equilibria (e.g., Schiff bases)*® that alter the electronic structure of the molecule. Ring-

opening reactions are the most important to the present study.

1.4.1 Bianthrone and Crowded Ethenes

One of the earliest examples of reversible thermochromism in organic compounds
was reported for bianthrone and related compounds, called the crowded ethenes.” Figure
1.3 shows the structure of bianthrone and dixanthylene, two early examples of
compounds in this class.*’*® Crowded ethenes contain two polycyclic aromatic moieties
separated by a double bond. At room temperature, each anthrone moiety is slightly bent
preventing coplanarity of the two anthrone moieties. This isolates the m-bonding motifs of
each anthrone moiety causing each unit to act as an individual chromophore. A proposed
mechanism for the observed thermochromic behaviour in crowded ethenes suggests that

as the temperature is increased, the central double bond weakens and the n-electron
11



density becomes delocalized over the two anthrone moieties. This results in the formation
of a biradical species, with the electronic absorption spectrum of each chromophore
modified by the presence of a radical electron, which results in a colour change.*
Another proposed mechanism is based on the thermal expansion of the central
double bond. As temperature is increased, the central double bond expands and weakens,
allowing the two non-coplanar anthrone moieties to rotate into a more planar
arrangement. The enhanced coplanarity extends the n-bonding conjugation length over
the entire molecule, decreasing the absorption energy of the n-electrons and thereby
changing the colour of the compound. If, however, bulky groups are placed at the R-
positions shown in Figure 1.3 (c), steric hindrance prevents rotation about the central

bond axis, resulting in compounds that are non-thermochromic.”

(@ o (b) © 0
| I R¥ R® R! R"
(0] (0]
Bianthrone Dixanthylene RL RY, RS, R¥ = bulky group

Figure 1.3. The structure of (a) bianthrone and (b) dixanthylene; both become more planar as the
temperature is increased due to the expansion of the central alkene bond. (c) Bulky groups at the 1,
1°, 8, and 8’ positions prevent the two aromatic moieties from becoming planar, resulting in non-
thermochromic compounds.
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1.4.2 Schiff Bases

Schiff bases, also known as salicylidene-anilines, are formed by the condensation
of an aromatic amine (e.g., aniline) with either an aldehyde or a ketone (e.g.,
salicylaldehyde).”' Such compounds exist in a state of equilibrium between two forms,
the enol-imine and keto-enamine forms. Figure 1.4 shows the keto-enol equilibrium; for
salicylidene-aniline, the enol-imine form is more stable at room temperature than the
keto-enamine form.”' Increasing the temperature allows for an intramolecular
tautomerization reaction to occur, whereby the proton from the hydroxyl oxygen migrates
to the nitrogen atom of the imine bond, followed by electronic rearrangement yielding a
ketone and an enamine moiety. Due to this electronic rearrangement, the keto-enamine
has a more extended n-bonding structure than the parent enol-imine, reducing the energy

of electronic transitions of the n-electrons and changing the colour of the compound. "’

Enol-imine Form Keto-enamine Form

Figure 1.4. The keto-enol equilibrium responsible for thermochromism and photochromism in Schiff
bases.

Substituent effects play a critical role in determining which form of the keto-enol
equilibrium will dominate at a given temperature. Recent studies demonstrate the vast
variability in this family of compounds, where the addition of electron—donating and —
withdrawing groups and other ring substitutions can be used to push the keto-enol

51,52

equilibrium in either direction.” ~°“ To switch between forms, energy sufficient to exceed
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the activation energy of the tautomeric reaction must be added to the system; the two
main energy sources for converting between forms are heat and light. For many years,
thermochromism and photochromism were thought to be mutually exclusive in Schiff
bases;12 however, recent studies have indicated that Schiff bases are almost always

thermochromic and are occasionally photochromic in the solid state.’'*

1.4.3 Spiro Compounds

Spiro compounds are arguably the most important class of compound employed in
thermochromic applications.’ This is due not only to the inherent thermochromic
properties of some spiro compounds,* but also due to the fact that many chromic
materials use triarylmethane dyes (TAM dyes) and fluoran dyes™® to serve as the
functional dye in multi-component thermochromic mixtures (e.g., TAM dyes are used in
carbonless copy paper,’® fluoran dyes are used in thermal receipt paper,”’ etc.).”® In
addition to TAM and fluoran dyes, this class of compounds includes the spiropyrans,”
spironaphthalenes,*® and spirooxazines.®*** Some spiro compounds, so named for the
“spiro” central Sp3 tetrahedral carbon centre that all members share, are subject to
numerous tautomeric equilibria including lactim-lactam, acid-base, and the
aforementioned keto-enol equilibria.”**>

Molecular rearrangement reactions (i.e., tautomeric equilibria) can have
significant impacts on the colour of these compounds. In general, the thermochromic
behaviour of spiro compounds arises from the conversion of the sp® spiro carbon centre to

. ) . .
an sp carbon centre. On conversion to the sp” carbon centre, n-bonding electron density

of the molecule can become delocalized over a larger portion of the molecule through
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extended conjugation and resonance, yielding electronic transitions that fall in the visible
region of the spectrum, producing colour.'' Figure 1.5 shows an example of thermal
tautomerism, in which the spiropyran (SP) form is converted to the merocyanine (MC)
form via ring-opening of the pyran ring. Since the spiropyran form contains the spiro
carbon centre, which prevents conjugation across the entire molecule, the spiropyran
form is usually colourless. The merocyanine form, which has longer conjugation lengths
arising from the influence of the central sp* carbon, is deeply coloured (e.g., violet, red,

blue) for nearly all members of this family.“’54

—X
ALY e G
X= CH splropyrans

X = N: spirooxazines
H: heterocycle

Spiropyran Form Merocyanine Form
SP MC

Figure 1.5. Schematic representation of the tautomeric ring-opening equilibrium between the
spiropyran (SP) form and the merocyanine (MC) form of a spiro compound.

Leuco (from the Greek, meaning “white”) dyes are able to change from colourless
to intensely coloured upon conversion from the SP form to the MC form.* The two most
important classes of leuco dyes are the triarylmethane (TAM) and fluoran dyes.

Compounds from each of these classes find applications in commercial products ranging

64,65,60,67 20,68

from inks and paints, to dyed textiles,” ™" and other chromic materials such as

sensors.””” The fluoran dye S-205 (Figure 1.6) is widely used as a black colouring agent
in thermal paper.**>""! Since the colouring reaction requires the presence of an acidic

developer, compounds such as bisphenol A are used to develop the MC form of the dye.”’

Although the colouring reaction on thermal paper is irreversible, the commercial
15



importance of thermal paper is such that it should be included in any discussion regarding

thermochromism.®>!

B
O O _Ph
S) i +H"
@O -H'

SP Form (colourless) MC Form (coloured)

Figure 1.6. The ring-opening equilibrium of the acid-sensitized fluoran dye, S-205. The MC form of
the dye is black in colour.

Triarylmethane (TAM) dyes also contain a spiro carbon centre, although in TAM
dyes the spiro carbon centre segregates the m-electron density of three aromatic moieties
instead of two (as for spiropyrans and fluorans).>*** The small size of the three
segregated aromatic moieties causes the conjugation lengths in the colourless SP form to
be very short, meaning that electronic absorptions have energies in the UV region,
causing the SP form to be white in the solid state.”’ Many spiropyrans and fluoran dyes
have longer conjugation lengths in the SP form compared to TAM dyes, which causes the
so-called “colourless” SP form to actually demonstrate colouration. Since the absorptions
still occur at relatively high energy (i.e., blue/violet absorptions), the native colour of the
SP form of many spiropyran and fluoran dyes is yellow.***

Crystal violet lactone (CVL) is a commercially relevant TAM /leuco dye which
undergoes a colour change from white to intense blue/violet in the presence of an

appropriate developer (e.g., BPA) or in acidic solutions.”> CVL was mentioned earlier in

this chapter (section 1.3) as an important material for carbonless copy paper.>* The
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ring-opening equilibrium for converting between the SP and MC forms of CVL was
shown in Figure 1.2.*° CVL is of central importance to the research presented in this
thesis as CVL was used as the colouring agent in all investigations concerning three-
component thermochromic mixtures discussed herein, and a more complete discussion of

the properties of CVL is presented in Chapter 2.

1.4.4 Liquid Crystals

An important example of thermochromic behaviour arising from purely physical
interactions is the thermochromic liquid crystals. Liquid crystals can be found in a wide
variety of products including thermometers, food-spoilage warning indicators, ‘stress
testers’, and mood rings.25 Although thermochromic effects have been identified in
numerous liquid crystalline compounds, only two major classes of liquid crystals have
been widely exploited for use in commercial products: the esters of cholesterol and the
esters of (S)-4-(2-methylbutyl)phenol.”

The liquid crystalline phase of matter was first identified by Reinitzer while
studying the properties of the esters of cholesterol.” Figure 1.7 shows the structure of
cholesterol and the thermochromic temperature range for a few series of cholesterol
esters. The thermochromic phase of liquid crystals was historically referred to as the
“cholesteric liquid crystal phase”; however, this name has been replaced by the more
accurate descriptor “chiral nematic phase”, which reinforces the fact that the

. . . . 2
thermochromic phase is chiral in nature.’
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(a) (b)
Temperature Range
R of Colour Change”
CH,CO, to CiH,,CO, 94 to 113°C

CH,0CO, to CH,,0CO, | 94 to 108°C
C,H,,0C0, to C,H,,0CO, | 77 to 81°C

R

Figure 1.7. (a) The structure of cholesterol (where R = OH) and (b) the thermochromic temperature
ranges for some cholesteric liquid crystals, where the R-groups form ester linkages with the parent
cholesterol molecule.

Figure 1.8 shows the structure of the liquid crystalline compound (5)-4-(2-
methylbutyl)phenol, the esters of which are used in a wide range of commercial
products.”*”* The advantages of this compound over cholesteric liquid crystals include
the reduced cost of production and a broader range of thermochromic temperatures

(including near-physiological, near-ambient, and near water-freezing temperatures).’>

(a) (b)
Temperature Range
R R of Colour Change’
CH, & CH,, -5 to 0°C

CH,,0 to C,H, 0 | 35 to 50°C
C,H,-Ph to C,H,-Ph| 130 to 140°C

Figure 1.8. (a) The structure of (5)-4-(2-methylbutyl)phenol and (b) the thermochromic temperature
ranges for some derivatives of (5)-4-(2-methylbutyl)phenol, where the R-groups form carbon-carbon
or ether linkages with the parent molecule.

Thermochromic behaviour in these materials is rooted in the special optical
properties of the chiral nematic phase (abbreviated here as N*). The chiral nematic phase
is composed of calamitic (i.e., rod-shaped) liquid crystals, which demonstrate short-range
orientational order in the direction of the long-axis of the molecules but lack long-range

31,72

positional order.” '~ Within a given layer in the liquid crystalline structure, the long axes

of the molecules will tend to be preferentially oriented in one direction. This direction is
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called the director. Due to the lack of long-range order in the chiral nematic phase, the
director rotates slightly from layer-to-layer, yielding a helical structure.”” The orientation
of the director is normal to the direction of the principal optical axis of the chiral nematic
phase. Eventually the director makes a full revolution about the central optical axis,
returning to its original orientation. The shortest distance between two layers that have
the director pointing in the same direction is called the pitch length.*® Figure 1.9 shows a
schematic representation of the rotation of the director with respect to the principal
optical axis (in the vertical direction) of the chiral nematic phase. The initial orientation
of the director (layer A, Figure 1.9) is returned after a full revolution about the vertical
axis (layer B, Figure 1.9), over a distance corresponding to the pitch length of the chiral

nematic phase.*®

Pitch Length ¢

Figure 1.9. Pitch length corresponds to the distance between layers A and B, over which the
orientational director of the layer (represented by an arrow) has made a complete rotation about the
central helical axis. Reproduced with permission from Journal of Chemical Education, 1999, 76(9),
1201-1205. Copyright (1999) American Chemical Society.™
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Colour can arise in the chiral nematic phase of liquid crystals as a result of
constructive interference of light reflected from layers that have the same director
orientation.”” Light that reflects from layer A can constructively interfere with light
reflected from layer B when the extra distance travelled by the light (reflected from layer
A compared with layer B) is equal to an integer number of wavelengths of the incident
light beam. Wavelengths of light that do not satisfy this condition will not constructively
interfere on reflection and are either transmitted or absorbed by the material.”* This
behaviour is akin to Bragg diffraction in layered crystalline solids, and in this way chiral
nematic phase liquid crystals behave as a type of diffraction grating or, more precisely, a
monochromator.”!

Due to thermal expansion the pitch length of the chiral nematic phase, and
therefore the observed colour of the liquid crystal, is critically dependent on
temperature.”” In addition, thermochromism can be influenced by a phase transition. In
many cases, the smectic () to chiral nematic (N*) phase transition is exploited.72 As the
liquid crystal is heated from the smectic phase to the nematic phase, the loss of long-
range orientational ordering causes a shortening of the pitch length with a concomitant
decrease in the wavelength of light constructively reflected by the liquid crystals.
Therefore, as the temperature is increased above the smectic-to-nematic phase transition
temperature, 7(S-N*), the colour of reflected light changes from red to blue, as shown in

Figure 1.10.7%7

In commercial applications, the liquid crystal material is usually printed
onto a black backing material. The black backing material absorbs any light that is not

reflected (i.e., transmitted light) preventing this light from reflecting back towards the
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liquid crystal layer, because reflected polychromatic light would obscure the

2,75
1.7%7

monochromating effect of the liquid crysta

1000

800 .
600 .
Pitch
Length 400
/ (nm) i i
0 1 1
0 2 6 8 10

T-T(S-N*)/(°C)

Figure 1.10. An illustrative depiction of the colour change associated with changes in pitch length of a
chiral nematic phase liquid crystal above the S-NV* transition.”

1.4.5 Polymers and Oligomers

Conjugated organic polymeric and oligomeric materials can demonstrate a wide
variety of colours due to the high degree of electronic delocalization present in these
types of molecules.”®”” As for conjugated small molecules, conjugated polymeric
materials also are subject to thermally induced structural modifications that can result in
dramatic colour changes, yielding thermochromic behaviour.*’® Common thermochromic

polymers include the polythiophenes (Figure 1.11 (a)),”""®

the polydiacetylenes (Figure
1.11 (b)),”***! and the 6-conjugated polysilanes.*
Poly-3-hexylthiophene (P3HT, see Figure 1.11 (a) where R = C¢H3) is employed

as a conducting layer in many organic electronic applications.’’ The large conjugation

length results in a substantial reduction of the energy of electronic transitions, which
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gives P3HT drastically improved electrical conductivity over most organic materials.”” At
room temperature, polythiophenes adopt a trans-planar structure in which the thiophene
rings lie in the same plane. Side-chain groups attached to the thiophene rings aid in the
stabilization of the main polymer backbone through side-chain interactions. Increasing
the temperature causes the side-chain interactions to weaken, allowing the thiophene
rings to rotate out of coplanarity, reducing the conjugation length of the delocalized
electronic structure, and thereby changing the colour of the polymer.®*' Regioregular
poly-3-hexylthiophenes undergo a reversible colour change from red-violet to yellow on
heating.®

(a) (b)

T

P3HT,R=C(H,, PDA

Figure 1.11. (a) The thermochromic polymer poly(3-hexylthiophene) is an important material for
organic electronic applications due to its high electrical conductivity. (b) Thermochromic
polydiacetylenes have garnered substantial interest due to their tuneable colour via R-group
modification.

The physical properties of polydiacetylenes (PDA, see Figure 1.11 (b)) can easily
be modified by substitution at the side-chain positions.* At low temperatures, the side-
chain groups interact with each other to form extended hierarchical structures that prevent
the backbone from twisting, which would result in a decrease in conjugation length.
Again, as the temperature is raised, the side-chain interactions weaken and the polymer

backbone is able to rotate, disrupting the planarity of the conjugated backbone, reducing
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the overall conjugation length.”” This causes an increase in the electronic transition
energies thereby modifying the absorption spectrum of the polymer, and subsequently the
colour.® Some examples of thermochromic PDA derivatives include PDAc-(12, 8), where
R; =(CH;);1CH; and R, = (CH,);CH3, which is blue at room temperature and red at 70
°C, "% and HDCA-(11,4), where R, = (CH,);;COOH and R, = (CH,)sCOOH, which

changes from black to orange at 60 °C.*'

1.4.6 Charge-Transfer Complexes

Charge transfer occurs when strong electron-donating compounds come into close
proximity with electron-withdrawing compounds.®” The strength of the charge-transfer
interaction is strongly dependent on the intermolecular distance that separates the two
molecules; changing the temperature of a supramolecular architecture based on charge-
transfer complexes can therefore have significant impacts on the colour of the system.®

An example of thermochromism in supramolecular charge-transfer architectures
is the intensely coloured charge-transfer complex formed from mixing electron-rich
dialkoxynaphthalene derivatives with electron-poor derivatives of 1,4,5,8-
naphthalenetetracarboxylic diimide (Figure 1.12).* When melted together, the two
components form a supramolecular architecture due to intermolecular n-n stacking
interactions. A columnar mesophase forms in the melt, which is intensely reddue to
electronic absorptions associated with the charge-transfer band. Cooling the melt below
the freezing point of the diimide causes the latter to precipitate inhomogeneously,
disrupting the strongly coloured charge-transfer complex and returning the mixture to a

. 189
colourless solid.
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(a) (b)

R
~N
O (0) 0O
" R—N N—R
O © 0
~ R
Electron Donor Electron Acceptor

Figure 1.12. The components of an intensely coloured thermochromic charge-transfer system, (a)
electron-rich dialkoxynaphthalene derivatives and (b) electron-poor 1,4,5,8-
naphthalenetetracarboxylic diimide derivatives.”

1.5 Inorganic Thermochromism

Inorganic thermochromism can arise from a number of sources.” These include
temperature-dependent changes in ligand geometry, the solvation sphere of a dissolved
compound, metal coordination, band-gap energy (e.g., semiconductors), reflectance
properties, the arrangement and distribution of defects in the crystalline solid (e.g., F-
centres), and most importantly through phase transitions of a solid inorganic
material. "¢

Vanadium(IV) dioxide (VO;) is among the most interesting inorganic
thermochromic materials owing to a solid-solid phase transition that occurs at 68 °C.”"*?
Below 68 °C, vanadium dioxide behaves as a semiconductor and transmits infrared light.
At 68 °C, vanadium dioxide undergoes a semiconductor-to-metal phase transition, which
changes the optical properties to infrared reflective.”” This feature has made vanadium

dioxide a prime candidate for use in smart coatings on buildings. A thin film of VO, can
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be applied to the exterior of the building to allow transmission of visible light while
blocking infrared light, which causes substantial warming of the building.”® This
mechanism could reduce the cooling requirements for the building and, since inorganic
materials are generally much more resistant to photo-induced decomposition than organic
materials, these materials could have substantially extended lifetimes compared to other
types of building coatings such as paints.”*

Another example of thermochromism arising from a phase transition is observed
for Ag,Hgl,.” The room temperature crystal structure is tetragonal, and the material is
dark red. Heating a crystal of Ag,Hgls to 50 °C causes a first-order phase transition of the
crystal from tetragonal to cubic, coupled with a colour change to orange. As the material
is further heated to 75 °C, a gradual second-order, order-disorder phase transition causes
mobilization of silver ions in the crystalline lattice, which is coupled with a colour
change to black. Across the 25 to 75 °C temperature range, the material changes from red
to orange to black.’"”?

An example of thermochromic behaviour associated with changes in the solvent
sphere of a dissolved transition metal compound is seen in aqueous solutions of CoCl,
(see Figure 1.13).”%°7 At room temperature, the Co(Il) metal centre demonstrates
octahedral geometry, which imparts a light rose-red colouration on the solution. Heating
the mixture promotes conversion of the metal centre coordination geometry from

octahedral to tetrahedral, which is accompanied by a colour change from red to dark

blue.”’
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+A

CO(H20)6 2t (aq.) + 4 CI (aq.)

COC14 2 (aq.) + 6 HzO 0

T=25°C T=175°C
(rose red) (blue)

Figure 1.13. The thermochromic equilibrium of aqueous CoCl, solutions, where a change in ligand
coordination geometry elicits a colour change from red to blue on heating.

1.6 Summary of Thermochromism

Thermochromism is observed in many chemical systems ranging from small
organic molecules to highly conjugated polymers, crystalline inorganic solids, multi-
component charge transfer complexes, and liquid crystalline materials. Such
thermochromic materials belong to a broader class of materials called chromic materials,
which undergo colour changes in response to the influence of external stimuli. Chapter 2
introduces the concept of multi-component thermochromic systems, the study of which is

the main focus of this work.
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Chapter 2  Rewritable Three-Component
Thermochromic Mixtures

2.1 Introduction to Three-Component Thermochromic
Mixtures

Chapter 1 presented numerous examples of thermochromic behaviour in pure
compounds and some intermolecular systems, but did not focus on thermochromic
behaviour arising from chemical reactions occurring in multi-component systems. These
multi-component thermochromic systems will henceforth be referred to as
thermochromic mixtures.>'*%

The number of components present in a thermochromic mixture depends on the
desired application. Three-component thermochromic mixtures have been studied in
some depth over the past two decades due to their potential applications in rewritable

58,99,100,101,102,103 -
SRS and are the main focus of the present research.

printing technologies,
Three-component thermochromic mixtures are comprised of a colour former, a colour
developer, and a co-solvent (referred to as solvent)."®>' Control of the competitive binary
interactions between the colour former, colour developer, and co-solvent has been
implicated as an important tool in modifying the colouring behaviour in thermochromic
mixtures. 1%

All thermochromic mixtures contain a colour former and colour developer, and
most employ a solvent component that is used to gain more control over the colouring

behaviour. Some applications of thermochromic mixtures require the use of additional

components such as UV-absorbers (to protect against photo-degradation)'** and colour
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erasers (to initiate colour erasure),'® but the present study is limited to three-component

mixtures.

2.1.1 Colour Former - Crystal Violet Lactone (CVL)

The colour former usually is a leuco dye, with common examples being the TAM
dye crystal violet lactone (CVL, Figure 1.2)'°*'"” and the fluoran dye S-205 (Figure
1.6).>” To ensure good colour contrast between the coloured and decoloured states of the
mixture, the dye should have both a colourless and a deeply coloured form. Leuco dyes
that switch between a colourless spiropyran (SP) form and a deeply coloured
merocyanine (MC) form satisfy this condition.”* Additional chemical characteristics of
the dye include high molar extinction coefficients to give strong colouration at low dye
concentrations,”* low cost of dye preparation to ensure commercial viability,'” and good
chemical stability of both the coloured and colourless forms to prevent decomposition of
the dye under working conditions.>*!%%10%110

3,3-bis(p-N,N-dimethylaminophenyl)-6-N,N-dimethylaminophthalide, more
commonly known as crystal violet lactone (CVL), is a triarylmethane leuco dye that can
change colour from colourless to blue/violet in the presence of an electron acceptor, or in
acidic environments.”''""''* CVL was used as the colour former in all of the
thermochromic mixtures examined in the present work.

Figure 2.1 shows the crystal structure of CVL at 298 K. The unit cell of CVL is
monoclinic, the space group is P2,/n, and the unit cell contains four molecules of CVL.'"?

In the leuco form, the lactone ring is coplanar with its attached phenyl ring to within

30 "2 Conjugation between the two dimethylaminophenyl (DMAP) rings and the
28



phthalide moiety is limited because the phthalide group is nearly perpendicular to the two
DMAP rings, with dihedral angles of 119.1° to (C2-C7) and 92.6° to (C14-C17).""> The
DMAP rings take on a tilted “propeller” configuration where they tilt away from each
other due to steric interactions between the protons attached to the carbon atoms ortho to
the central carbon (Cs, C4, C;5 and Cy9). The dihedral angle between the twvo DMAP rings

is 69.0° 112,113

Figure 2.1. The crystal structure of crystal violet lactone (CVL). The unit cell is monoclinic in the
P2,/n space group with four molecules per unit cell. Reproduced with permission from reference 112
(Journal of Crystallographic and Spectroscopic Research, 1984, 14(2), 121-128).

Figure 2.2 shows the colour-forming reaction of CVL, in which the lactone ring
undergoes ring-opening in the presence of an acidic compound or, more generally, an

25,54
electron acceptor.””

The spiro carbon centre present in the leuco form of CVL prevents
conjugation between the three distinct aromatic moieties. Upon protonation of the ester

functionality and subsequent ring-opening, the central spiro carbon changes coordination
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114

from four bonds to three.” ™ This creates a cation that is stabilized by resonance with the

three aromatic moieties. In each quinonoid resonance structure, one nitrogen atom
donates free electron density to the delocalized structure, generating an iminium cation

and extending the conjugation through the central sz carbon.'!>11

In this way, the -
electron density becomes delocalized across the entire molecule, extending conjugation
lengths and reducing the energy of electronic transitions into the visible region of the

11,25,114
spectrum. 77
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Figure 2.2. Crystal violet lactone (CVL) and its ring-opened resonance forms. The open form
displays zwitterionic or quinonoid-stabilized resonance structures. The type of stabilization depends
on the strength of the intermolecular interaction causing the ring-opening reaction.""* HA represents
the acidic developer added to initiate ring-opening.

Figure 2.3 shows the absorption spectrum of CVL in acetonitrile.”” In the leuco
form, the absorption maximum is observed at 280 nm. Conversion to the coloured form
via acidification with acetic acid causes the absorption maximum to shift to 605 nm, with

a shoulder at 570 nm.”* The major band (605 nm) is attributed to the excitation of -
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bonding electrons from the HOMO to the w*-antibonding LUMO.?'"” The shoulder at
570 nm is attributed to excitation of electrons from the HOMO-1 orbital to the LUMO.

The band at 380 nm is attributed to a CVL radical species.”"”

N
| —"
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£ I
< // \
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/ \
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200 400 600 800
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Figure 2.3. (a) The UV-Vis absorption spectrum of leuco-CVL in acetonitrile shows a major band at
280 nm. (b) CVL in acetonitrile acidified with acetic acid shows a major band at 605 nm and a
shoulder at 570 nm. Reproduced with permission from reference 25 (Journal of Photochemistry,
1987, 37, 379-390).

Much of the research on the chemistry of CVL was focused on understanding the

- - PP - . 25,106,113,114
ring-opening equilibrium of CVL in solution.” ™ ">

The molar absorptivity, &, of
CVL in acidified acetonitrile showed a maximum of 2.8 x 10* mol™ cm™ at 605 nm in a
solution of 90% acetic acid.”® This value was substantially lower than that of crystal
violet, the parent molecule of CVL, which showed an ¢ of 1.09 x 10° L mol em™ at 586
nm in acetonitrile acidified with acetic acid.?’ This four-fold difference in Emax Indicates

that CVL is largely in the leuco form, even in highly acidic environments.” As the

concentration of acetic acid was further increased, emax Was substantially reduced to ~ 1.4
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x 10* L mol™ cm™ at 95% acetic acid and finally to ~8 x 10> L mol™ cm™ at 99% acetic
acid.” Similar behaviour was observed in &-DMSO solutions acidified with HCL.'"® The
colour loss observed at very low pH is due to the formation of a weakly coloured,
cationic CVL species or, in the case of acidification with HCI, the formation of an HCI
salt 25118

Another important consideration regarding the ring-opening equilibrium in
solution is the effect of the solvent. Solution-based studies on another TAM dye, blue
203, demonstrated that modifying the polarity of the solvent changed the concentration of
the colour-forming species in solutions of toluene modified with aprotic polar solvents.'"”
In these mixtures, the dye was mixed in a 1:1 molar ratio with a colour developer (ethyl
gallate) to generate the ring-opened form of the dye, and the polarity of the solvent was
modified with acetone, tetrahydrofuran, acetonitrile, or propylene carbonate.'"” Figure 2.4
(a) shows the change in absorbance as a function of acetone concentration for an

"% The concentration of the coloured species

equimolar blue 203:ethyl gallate mixture.
was highly dependent on the polarity of the solvent, increasing nearly monotonically up

to 7 % acetone, after which the concentration of the coloured species decreased.'"’
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Figure 2.4. (a) The change in absorbance with increased solvent polarity. A maximum in colour
density is reached at 7 vol% acetone. (b) The ratio (C,,,,/C,) of the concentration of the coloured
form at the absorption maximum, C,,,,, to the initial dye concentration, C;, depends on the dielectric
constant of the solvent. Adapted from reference 119.

Figure 2.4 (b) shows how the ratio (Ciax/Co) of the concentration of the coloured

species measured at the absorbance maximum, Cpy,y, to the initial concentration of the

119

dye, Co, changes as a function of dielectric constant of the solvent.~ The concentration

of the coloured form of the dye increases as the dielectric constant of the solvent is

increased, indicating that the coloured zwitterionic form of the dye is more stabilized by

119

solvents with high dielectric constant.” ~ This behaviour was also reported for solutions

of thodamine B, a halochromic fluoran dye, in which the ring-opened zwitterionic form

115,120
" In general,

of the dye was most stable in solvents with high dielectric constants.
polar protic solvents best stabilized the ring-opened charged form of the dye due to the
formation of hydrogen-bonding networks and the dielectric/polarizability properties of

the solvent.?>!15120
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2.1.2 Colour Developer — Alkyl Gallates

The colour developer, usually an electron-accepting compound (e.g., an acid), is
added to generate the coloured form of the dye. Many of the dyes employed in
thermochromic mixtures are halochromic and therefore require the addition of weakly
acidic or basic developers to gain control over the colouring reaction.” Developers
employed in thermochromic mixtures often contain phenolic protons, including the
developers discussed in the present work such as the alkyl gallates, bisphenol A (BPA),
and 2.4-dihydroxybenzophenone (DHB).'® Alternatively, aliphatic developers containing
carboxylic acid or phosphonic acid functionalities have also been employed in
thermochromic mixtures,’'2!+12%:123:124

Alkyl gallates were chosen for use in the present study for a number of reasons
including their relatively low pK, values, their large number of available phenolic
protons, their availability in various alkyl chain-lengths and ease of preparation via one-
step synthesis, their compatibility with alcoholic solvents, and their use in previous
studies on similar systems.'"!0110123:126127 gioyre 2 5 shows the general structure of
gallic acid and its associated esters.

HO
O

HO o Gallic Acid: R=H
Gallic Acid Esters: R=C,Hsn4

HO R

Figure 2.5. The structure of gallic acid (R = H) and its associated esters (R = C,H;,+1).

Several gallate developers were used in the present study to effect changes in the

colouring behaviour of thermochromic mixtures by changing the length of the developer
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alkyl chain. Table 2.1 lists the names, abbreviations, alkyl chain lengths, and melting
points for the gallate developers used in this work. The melting point of the gallate
developer decreased with increasing chain length from gallic acid (7% = 251 to 252 °C)
to octyl gallate (755 = 101 to 104 °C). The melting points of alkyl gallates with even-
numbered alkyl chains do, however, begin to level off at chain lengths of eight carbon

atoms or longer, eventually falling in the range of ~95 to 105 °C.'2%12%:130.131

Table 2.1. Melting points and alkyl chain lengths of various alkyl gallate developers.

Melting Point /
Alkyl (°O) Melting Point / (°C)
Name Abbreviation | Chain Literature'?* "3 Present Result’
Gallic Acid GA H 251 -252 254 — 260 (decomp)
Propyl Gallate PG Cs;H, 146 — 149 149 — 151
Octyl Gallate oG CsHy; 101 — 104 95 -98
Decyl Gallate DG CioHz, 94 —95 91 -94
Dodecyl Gallate DDG CioHas 96 — 97 97 — 99
Tetradecyl Gallate TDG Ci4Hyo 97 - 99 95 - 98
Hexadecyl Gallate HDG Ci6Hs3 99 — 101 94 — 95
Octadecyl Gallate OoDG CisHs7 102 — 104 102 — 104

Alkyl gallates are weakly acidic compounds. The pK, for the first proton
dissociation of PG (hydroxyl proton in the 4-position) is 7.22."** Calculated literature pK,
values for OG and DDG are 7.82 = 0.20 and 7.93 + 0.25, respectively.'> The low pK,
values compared to other phenolic compounds are due to the para electron-accepting

125,134

ester functionality. Due to the relatively low acidity of this type of developer, the

¥ The melting points obtained in the present work were recorded on a melting point apparatus.
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cationic form of CVL, which forms at very low pH values, generally cannot be generated
by alkyl gallates.”"*! This is beneficial for the development of thermochromic mixtures
as the cationic form of CVL, which is less intensely coloured than the zwitterionic form,
is not formed even at high developer concentrations.”>''?

Crystal structures of the higher alkyl gallates (12 carbon alkyl chain and higher)
have not been reported in the literature, although methodologies for crystallizing alkyl
gallates have been reported in the patent literature.'* Furthermore, no crystal structures
for pure alkyl gallates containing short alkyl chains were found in the literature, although
the crystal structures of propyl, butyl, and octyl gallate dihydrates have been

136,137,138
d.

reporte The crystal structures of propyl gallate dihydrate and octyl gallate

136,138

dihydrate are shown in Figure 2.6 and Figure 2.7, respectively.

(a) (b)

p
]
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Figure 2.6. The crystal structure of propyl gallate dihydrate is monoclinic, P2,/c, Z = 4, with a = 7.872
A, b=17.560 A, ¢ =19.836 A, and with # =101.03°. Reproduced with permission from reference 136
(Acta Crystallographica E, 2002, ES8, 0245-0247).
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Propyl gallate (PG) dihydrate forms a monoclinic unit cell in the space group
P24/c, with four molecules per unit cell, and unit cell parameters of a = 7.872 A, b =
7.560 A, ¢ =19.836 A, and with # = 101.03°."*° The molecule is planar to within 2° and
the alkyl chains adopt an extended trans zig-zag pattern. No phenyl stacking was
observed in the structure, and the methyl end-groups interact with each other."*® The
hydroxyl groups are oriented in the same direction with intramolecular hydrogen-bonding
interactions occurring between the 3,4 and 4,5 hydroxyl groups, in addition to
intermolecular interactions between the 3-hydroxyl proton and the carbonyl oxygen of

the ester linkage."**
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Figure 2.7. The crystal structure of octyl gallate dihydrate is triclinic, P-1, Z =2, with a = 6.617 A, b =
9.956 A, c = 14.088 A and with a = 79.08°, # = 85.58°, and y = 70.80°. Reproduced with permission
from reference 138 (Acta Crystallographica E, 1990, B46, 519-524).

Octyl gallate (OG) dihydrate is triclinic in the P-1 space group. The unit cell
contains two molecules, and the unit cell parameters are a = 6.617 A, b=9.956 A, and ¢
= 14.088 A, with o = 79.08°, # = 85.58°, and y = 70.80°."** The phenyl group is co-planar

(to within 3°) with the alkyl chain, and the alkyl chains adopt a trans zig-zag pattern. In
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contrast to the PG crystal structure, in which no n-stacking was observed, OG shows m-
stacking of the aromatic rings.'*® The n-stacking interaction is stabilized by the
interdigitized arrangement of the alkyl chains, which allows for the formation of a head-
to-head bilayer structure with the alkyl chains localized in the regions between the planes
formed by the aromatic head groups.138 Hydrogen bonding between the phenolic protons
is similar to that observed in PG, where intramolecular 3,4 and 4,5 hydrogen bonding,
and intermolecular hydrogen bonding between the ester carbonyl and the 4-hydroxyl
proton, was observed. *¢!*®

The most important feature of alkyl gallates, as far as their applications in
thermochromic mixtures are concerned, is the change in physical properties associated

136,138

with changing alkyl chain lengths. The crystal structure of octyl gallate dihydrate,

which serves as a model for the expected crystal form of dodecyl gallate (which contains
a 12 carbon atom alkyl chain), shows that the organization of the alkyl chains plays an

important role in defining the overall structure of the crystal.'*®

Due to the packing of the
alkyl chains in the crystal, the aromatic rings and hydroxyl groups become oriented in an
arrangement that favours the formation of intermolecular n-stacking and hydrogen-
bonding interactions.'*® Short-chain gallates, which do not undergo such efficient packing
of the alkyl chains, are prevented from undergoing n-stacking interactions due to steric
considerations.'*°

Since alkyl chain length plays such a crucial role in defining the physical
characteristics of the alkyl gallates, selection of appropriate chain lengths for the
developer component of thermochromic mixtures is critical to controlling the colouring

101,110

behaviour of such mixtures. In particular, modifying the degree of alkyl chain
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length matching of the alkyl chains (i.e., the similarity in alkyl chain length) attached to
the developer and to the co-solvent component (which will be discussed in the following
section) can be used to gain control over the type of colouring behaviour observed in
three-component mixtures.'”' Studies on the influence of modifying the length of the
developer alkyl chain (and also the solvent alkyl chain) are central to the present

research.

2.1.3 Co-Solvent - Primary Alkyl Alcohols

The co-solvent, hereafter referred to as the solvent, generally makes up 50 to 99%

3,31,100,105

of the thermochromic mixture by mass. High-melting organic solvents (where

T1s = 40 to 80 °C), such as long-chain aliphatic alcohols, alkanes, and esters, are

3,31,100,101,121

commonly employed as solvents in thermochromic mixtures. The solvent

functions as an interaction medium for the dye and developer, and can be used to control

3163LI0T 14 oan also influence the

the colour-change temperature of the mixture.
thermochromic behaviour of three-component mixtures, as shown in this thesis.

In general, the role of the solvent falls into one or more of four categories.' '’ First,
when the melting point of the solvent (s soivent) 15 lower than that of the bulk mixture
(i.e., that of the dye-developer mixture, Tt mixture), the solvent provides a liquid medium
to aid in the phase-separation of the developer from the metastable structures formed by

3161911 this case, the melting point of the solvent is used to

the dye and developer.
control the decolourization temperature of the mixture, and the decolourization

temperature can be easily adjusted by changing the solvent concentration. In this
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application, the solvent is a minor component of the mixture (0.5 to 10 mass%) as
compared to a standard thermochromic mixture (50 to 90 mass%).>' %1%

Second, when the solvent component constitutes a large portion of the
thermochromic mixtures (50 to 90 mass%), the melting point of the bulk mixture is
primarily determined by the melting point of the solvent (7t solvent ~ T fus’mixture).3’100’101’l10
If the solvent is highly crystalline, for example in long-chain carboxylic acids, the solvent
component can provide nucleation sites for the phase separation of the developer from a
coloured dye:developer complex, and can lower the activation energy of the phase-
separation process, resulting in increased rates of decolourization.''® The term
“decolourization accelerating agent” has been used to describe the solvent when
employed in this role. 110140

Third, if the solvent and developer are chemically compatible and a metastable
dye:developer aggregate is present (particularly in the solid state), then molecules of the
solvent could incorporate themselves into the dye:developer aggregate structure.''%'*!
Addition of the solvent molecules to the aggregate could influence the cohesive
properties and stability of the aggregate, thereby modifying decolourization temperatures
and phase-separation rates of the metastable structures.''%'?!'4!

Fourth, and most relevant to the present work, if the developer and solvent
demonstrate strong attractive interactions, it is possible for the solvent to disrupt
dye:developer interactions completely, giving rise to a decoloured state.'*"'**!* The
formation of colour in three-component thermochromic mixtures is dependent on the
competition between three binary interactions: the dye:developer, developer:solvent, and

101,102

dye:solvent interactions. If the dye:developer interaction is strongly attractive,
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decolourization of the mixture can be difficult due to the lack of phase separation of the

100,101

dye and developer on thermal quenching. In such cases, the addition of a solvent,

which forms an attractive developer:solvent interaction, can be used to disrupt the

dye:developer aggregate and can cause phase separation of the dye and developer.'*"'!
Previous studies regarding the nature of the developer:solvent interaction showed

that developer:solvent compound formation is possible in mixtures containing developer

101,110
h.™

and solvent components with alkyl chains that are similar in lengt In such an

instance, the formation of a developer:solvent compound essentially sequesters the
developer from the dye, thereby preventing colour formation in the mixture,'*'-'0%!10-143

One additional factor that can influence colouring behaviour in three-component
systems is the polymorphic nature of the solid state of long-chain aliphatic compounds.
The role played by each of the solid polymorphs of the aliphatic solvent has not been
examined in depth in the literature.''" The role of the solvent component in the
thermochromic behaviour of three-component mixtures is central to this work.

Primary aliphatic alcohols were used as the solvent component for the majority of
the work presented here; Table 2.2 lists some of the physical properties of the alcohols

s 144,145,146,147 - -
used in this work. ™ """ The subsections of section 2.1.3 expand on some of the

important chemical properties and physical characteristics of aliphatic alcohols.
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Table 2.2. Melting points, solid-solid phase transition temperatures, and alkyl chain lengths of
various alkyl alcohol solvents.

Solid-Solid Phase
Abbreviation | Alkyl Melting Point | Transition Temperature
Name (used here) | Chain / (°C)M 17 / (°C)" 417
1-Tetradecanol TD-OH Ci4Ho9 36 -38 33-36
1-Hexadecanol HD-OH Ci6H33 48 — 50 43 — 46
1-Octadecanol OD-OH CisHs7 56 —59 52-55

2.1.3.1 Polymorphism in Primary Alkyl Alcohols
The higher primary alcohols (C,Hpn+1)OH, n > 12) display polymorphism in the

144,145,148

solid state. Most importantly, they can exist in an orientationally disordered solid

phase, called a rotator phase, at temperatures just below their melting point.'**'*%!#° The
rotator phase of primary alcohols is characterized by enhanced values of molar heat
capacity,'*’ ionic conductivity,'™ and dielectric constant'*' relative to the low-
temperature solid phase and the high-temperature liquid phase.

Three solid phases are observed in primary alcohols with alkyl chains greater than
12 carbons atoms in length. All three of the phases are characterized by a head-to-head
bilayer structure, with the terminal hydroxyl groups forming an extensive hydrogen-
bonding network at the ends of the chains,'#*!4%130:152:153.154.135

A monoclinic phase, formed at the lowest temperatures, has the long axis of the
molecule nearly perpendicular to the continuous plane formed by hydrogen bonds

148,152,154,155 . - -
222" This phase has been referred to in the

between the hydroxyl end-groups.
literature as both the low-temperature ordered phase (LO-phase) and the B-phase; the

terminology LO-phase will be used later in this work to distinguish between the low-

temperature ordered phase and the rotator phase. The B-phase is the thermodynamically
44



stable, low-temperature phase for DD-OH and TD-OH, and for the odd-numbered
primary alcohols with chains longer than 12 carbon atoms."**'**'*” This phase is
sometimes referred to as a vertical phase (all chain vectors are aligned vertically).
Another monoclinic phase, referred to as the y-phase, also can be formed at low
temperature. In the y-phase, the long axis of the molecule is tilted about 60° to the normal

148-150,153,155,158

of the hydroxyl plane, and this phase is only observed in longer-chain

alcohols (n > 12) with even-numbered chain lengths. The exclusion of the tilted phase
from the phase behaviour of odd-numbered primary alcohols is due to energy

153,159

considerations. This odd-even B-y phase behaviour is also observed in paraffins and

can be explained by examining the packing behaviour of the end groups of the molecule,

159
8.

as shown in Figure 2.

(b)

even odd even odd

vertical (B) phase tilted (y) phase

Figure 2.8. The packing behaviour in even- and odd-numbered primary alcohols in (a) the (§) phase
and (b) the tilted (y) phase. The grey spheres represent the hydroxyl groups and the black spheres
represent the carbon chains (omitting hydrogen atoms). Unfavourable end-group packing in the
tilted phases precludes the formation of y-phases in odd-numbered primary alcohols with n > 14. The
p phases do not demonstrate differences in end-group packing between even- or odd-numbered
alcohols. Adapted from reference 159.

When the number of carbon atoms in the alkyl chain is even, the packing
distances for the end groups are slightly shorter in the tilted phase than in the vertical
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145,150,160

phase. In odd-numbered alcohols, the extra carbon atom in the chain forces the

end group to adopt a higher energy conformation with its neighbour than is observed in

the case of even-numbered alcohols, preventing formation of the y-phase in odd-

numbered primary alcohols.'*%!%*1%

The third solid polymorph observed in long-chain primary alcohols is an
orientationally disordered phase in which the long axis of the molecule is tilted slightly

from the normal to the hydroxyl plane (7°),'®" and in which rotation occurs about the long

144,148,156

axis of the molecule. This phase has been referred to in the literature as the a-

phase or as the rotator phase (R-phase); the terminology R-phase will be used later in this

work to distinguish between the rotator and low-temperature ordered phases. The a-phase

144,148
L

exists immediately below the melting point of the pure alcoho The entropy of the

. . 150
various alcohol phases increases as follows: S, < Sp < 'S, < Siguia.

Although the end-group packing is similar for the B- and y-phases, the lateral-

chain packing of the alkyl groups in the tilted y-phase is closer than in the vertical -

159

phase. > Enhanced packing of the lateral-chain groups is dependent on the length of the

alkyl chain, and as the chain length increases the lateral-chain packing interactions

become dominant and make the y-phase the more thermodynamically stable, low-

144,160

temperature solid phase. This behaviour is akin to the changes in crystal packing

136,138

observed for the aforementioned alkyl gallates (vide supra, section 2.1.2), in which

the increase in alkyl chain length from propyl gallate to octyl gallate was responsible for

138

the formation of lateral-chain interactions in the octyl gallate crystal structure. ™ It is not

unreasonable to assume that by matching the lengths of the alkyl chains attached to the
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solvent and developer, respectively, attractive lateral-chain interactions between the two
. 101,110
components could be obtained.
The rotator phase (a-phase) is observed in alcohols with carbon chain lengths
greater than 13 carbon atoms, and imparts a translucent, waxy appearance to the solid
alcohol."**!'*® This is in contrast to the opaque, crystalline appearance of the low-

: 144-146
temperature solid phases.

Transition of the rotator phase (R-phase) to a low-
temperature ordered phase (LO-phase) upon cooling usually requires nucleation, and can
display sub-cooling.'® This sub-cooling can be enhanced by the presence of impurities
and/or the addition of other long-chain aliphatic compounds (e.g., longer or shorter
primary alcohols, paraffins, etc.) resulting in a dramatic increase in the apparent stability

of the rotator phase.'*®!*>1¢2

2.1.3.2 Structures of Primary Alkyl Alcohols

The difference in structure between the - and y-phases of the higher primary
alcohols with alkyl chain lengths between 14 and 20 carbons can be described by
comparing the crystal structures of 1-heptadecanol (Figure 2.9 (a)) and 1-octadecanol
(Figure 2.9 (b))."”*'® The B-phases of TD-OH, HD-OH and OD-OH are monoclinic
(P2,/c) with eight molecules per unit cell and two molecules in an asymmetric unit cell.
The two conformers include one molecule in an all-frans configuration (analogous to the
y-phase) and one molecule with an all-trans skeletal carbon configuration, with the C-C-
C-O(H) torsional angle in a gauche conﬁgura‘[ion.153’160’163 The y-phases of HD-OH and

OD-OH are monoclinic (C2/c) with eight molecules per unit cell. The y-phases are
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characterized by an all-frans configuration of the skeletal carbons of the alkyl

. 153,155,160
chain. 77>

(@) (b)

W
|

f C C % C

L’ b a L- b \—9 a
Figure 2.9 The crystal structures of (a) the p-phase of 1-heptadecanol and (b) y-phase of 1-
octadecanol. (a) The B-phase of 1-heptadecanol is characterized by head-to-head bilayer stacking in
which the hydroxyl groups form a plane and the alkyl chains are oriented in a nearly perpendicular
fashion to the hydroxyl plane. (b) The y-phase of 1-octadecanol is characterized by a head-to-head
bilayer structure in which the alkyl chains are oriented at an angle of approximately 60° to the

hydroxyl plane. Large spheres represent oxygen atoms, small spheres represent carbon atoms, and
hydrogen atoms are omitted for clarity. Adapted from reference 160.
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Although no crystal structural data exist for the rotational phases of primary
alcohols, authors have used XRD to compare the spacing of the molecules in the a-phase
(rotator) with the B- and y-phases."*®"*® A summary of the long spacing of the o-, -, and

v-phases of the three normal alcohols used in the current work is presented in Table 2.3.
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Table 2.3. Long spacing of primary alcohol polymorphs in A,'#*150160

Abbreviation
Alcohol (used here) a-phase B-phase y-phase
1-Tetradecanol TD-OH 38.9 39.6 33.05
1-Hexadecanol HD-OH 43.83 44.9 37.27
1-Octadecanol OD-OH 48.93 50.28 41.6

2.1.3.3 Thermodynamic Parameters of Primary Alkyl Alcohols

Thermodynamic data for the polymorphic transitions of 1-tetradecanol (TD-OH)
are shown in Table 2.4. The low-temperature ordered -phase transforms to the a-phase
(rotator) at 311.2 K with a transition enthalpy change of 23.8 kJ mol™, and can be
annealed to form the metastable y-phase if heated at very slow rates.'”® Mosselman et al.
produced a heating curve for TD-OH showing two arrests.'>® At slow heating rates ( <
0.03 K min™") a p-y transition was observed. This transition had a very small enthalpy of
transition (1.8 kJ mol™), and was obscured by the more substantial B-o phase transition at

311.2 K when the heating rate was increased.'*®

Table 2.4. Thermodynamic data for the phase transitions of 1-tetradecanol.'>®

AwsH / (kK] mol'l) Tws / K | Initial Phase Final Phase
1.8 306 | Crystalline, B | Crystalline, y (metastable)
23.8 311.2 | Crystalline, Crystalline, o
25.1 310.8 | Crystalline, a Liquid
Crystalline, y -
47.0 311.2 (metastable) Liquid

49



Thermodynamic data for the polymorphic transitions of 1-hexadecanol (HD-OH)
and 1-octadecanol (OD-OH) are given in Table 2.5 and Table 2.6, respectively. The
transition of the stable low-temperature y-phase, to the metastable B-phase is very slow,
and was not observed by most authors.'*”"'*® Only the y-o and o-liquid phase transitions

were consistently observed for the HD-OH and OD-OH systems. %5

Table 2.5. Thermodynamic data for the phase transitions of 1-hexadecanol.'

AwsH / (K] mol'l) Tws / K Initial Phase Final Phase
21.7 315.8 Crystalline, y Crystalline, o
33.06 321.81 Crystalline, a Liquid

Table 2.6. Thermodynamic data for the phase transitions of 1-octadecanol.'”

AwsH / (kK] mol'l) Tws / K Initial Phase Final Phase
25.60 324.55 | Crystalline, y Crystalline, o
41.07 334.2 Crystalline, o Liquid

The data presented in Tables 2.4 to 2.6 indicate that one solid-solid phase
transition could be expected in thermochromic mixtures containing each of the primary
alcohol solvents. In the case of 1-tetradecanol, the low-temperature ordered phase should
be a B-phase that transitions to an a-phase (rotator phase) just prior to solvent

148,156

melting. In the case of both 1-hexadecanol and 1-octadecanol, the low-temperature

ordered phase should be a y-phase that transitions to an a-phase prior to solvent

148,149,156

melting. No effort was made here towards distinguishing the form of the low-

temperature ordered phases (i.e., distinguishing the B- and y-forms) in three-component
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mixtures, and as such all low-temperature ordered phases are referred to as LO-phases in
subsequent sections of this thesis. The formation of the rotator phase (hereafter referred
to the R-phase) was based on visual changes in the appearance of the mixture, with
conversion to a shiny, translucent appearance indicating the formation of the rotator

phase.148

2.2 Binary Interactions in Three-Component Systems

Based on a series of studies on the thermochromic properties of three-component
thermochromic mixtures containing CVL, alkyl gallates, and primary alcohols,
MacLaren, Tang, and White devised a set of design rules for preparing thermochromic
mixtures based on the observation that competition between binary interactions controls
the colouring behaviour in such mixtures,'*'-10%110-143.164

For example, if the strength of the binary dye:developer interaction is greater than
the strength of the binary developer:solvent interaction, then the developer will generate
the ring-opened form of the dye and the mixture will be coloured.'* Conversely, if the
developer:solvent interaction is stronger, the developer is not free to interact with the dye
and no colour will be observed in the mixture.'”"'** In rewritable three-component
thermochromic mixtures, competition between the binary interactions plays a central role

in determining the colouring behaviour of the mixtures.'""'*?
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2.2.1 Dye:Developer Interactions

2.2.1.1 Formation of Metastable Aggregate Structures

Binary dye:developer interactions have been extensively studied by researchers in
both academia and industry due to the important role these interactions play in the
generation of colour in multi-component thermochromic mixtures,>!¢#!#2-8:6463.71.99-
HH119:122.139-143.163.165 N ryych of the experimental work carried out by industrial research
groups in the area of rewritable thermal printing has been focussed on identifying suitable
colour-forming compositions. Although many examples of reversibly thermochromic
mixtures have been described, considerably less information regarding the mechanism of
colour formation in binary dye:developer mixtures has been reported. °=>*!4>121-124
Nevertheless, many research groups have suggested that the formation of metastable,
binary dye:developer aggregate structures is central to the formation of the coloured state
in rewritable thermochromic mixtures.' 2> *-16¢167168 Tt hag also been hypothesized that
conversion of the metastable aggregate structure to an equilibrium, phase-separated
structure is responsible for colour erasure in such mixtures.’"'%% 102110

In rewritable thermochromic mixtures, the dye and developer are thought to form
metastable, binary complexes that are held together by weak intermolecular interactions
such as H-bonding and van der Waals forces.”"'%%101109-170I7LIT2AT The stryctures of
metastable coloured phases have been observed to vary from featureless, amorphous (i.e.,
glassy) mixtures to more ordered structures of dye:developer aggregates.’"'0:101:16%-173
Figure 2.10 shows proposed structures for two metastable coloured phases and a

decoloured equilibrium phase that might form in binary thermochromic mixtures.'**'®
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Figure 2.10. Schematic representation of the two types of proposed structures for the metastable
phases of binary dye:developer mixtures employed in rewritable thermochromic systems, and the
proposed structure of the colourless equilibrium phase. (a) A coloured metastable structure in which
alkyl chains give rise to long-range lamellar order, and the heads of the alkyl chains (e.g., the
hydroxyl or phenolic protons) interact with the dye molecules. (b) A colourless, equilibrium structure
in which the dye and developer have become phase-separated. (c) A thermally quenched, glassy
metastable state in which there is no long-range order associated with the alkyl chains of the
developer. Reproduced with permission from reference 110 (D. C. MacLaren, PhD Thesis, Dalhousie
University, 2003).

Depending on the developer structure and the thermal history of the sample,
binary dye:developer mixtures can adopt an ordered coloured form (Figure 2.10 (a)), in
which the alkyl chains of the developer form long-range ordered lamellar structures, or a
disordered glassy structure (Figure 2.10 (c)), in which a thermally quenched, molten

mixture retains the disordering in the alkyl chains as the mixture is rapidly

110,122,165
4.t

coole Both of these coloured phases are metastable with respect to the

decoloured equilibrium phase (Figure 2.10 (b)), which undergoes phase separation of the

dye and developer, leading to colour loss.''*?%!%°
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It is thought that possibly long alkyl chains attached to the developer play an

102,110 ¢imilar to those

important role in the formation of metastable aggregate structures,
described in Figure 2.10, where van der Waals interactions between the alkyl chains
allow for the formation of large supramolecular structures.”""'*"""*"173 It is further thought
that the long alkyl chains support the formation of the metastable complex in the coloured
state, and the high degree of crystallinity in their pure state allows for efficient phase-

. o : 71,121,141,173
separation of the dye and developer upon decolourization of the mixture. The

binary dye:developer interactions of CVL with some alkyl gallates, and also with

bisphenol A, are described in the following sections.

2.2.1.2 Examples of Binary Dye:Developer Interactions
2.2.1.2.1 CVL:Alkyl Gallate Binary Mixtures

The binary dye:developer system most relevant to the present work is that of
CVL:alkyl gallate mixtures. MacLaren and White carried out a series of studies regarding
the competition between binary interactions in three-component thermochromic mixtures
containing crystal violet lactone as the dye, alkyl gallates (in particular dodecyl gallate,
DDG) as the developer, and higher primary alcohols as the solvent.'*"''***1%* Raman
spectroscopy, differential scanning calorimetry, and optical microscopy were used to
study the binary dye:developer interaction and to gain information about the stability and
stoichiometry of CVL:alkyl gallate complexes.'?"!10:143:164
Melting of binary mixtures of CVL and DDG produced dark blue-coloured,

110

viscous liquids that became more viscous with increasing mole fraction of CVL, xcy;.

Upon cooling, the liquids solidified as glassy solids and maintained strong colouration.
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Partial crystallization of the glass was observed after ageing at room temperature over the
period of several hours to several days, and crystallization could be dramatically hastened
by annealing at 65 to 75 °C."'° Figure 2.11 shows a CVL:DDG mixture, where xcy, =
0.17, at (a) room temperature after solidification and (b) after annealing at 65 °C for 30
minutes. The morphology of the crystals formed after annealing, shown in Figure 2.12

(a), was consistent with that of crystals of pure DDG, shown in Figure 2.12 (b).'"°

Figure 2.11. A CVL:DDG mixture where xcyy, = 0.17 showing (a) an as-solidified glassy form of the
mixture and (b) the partially crystalline form of the mixture after annealing at 65 °C for 30 minutes.
Reproduced with permission from reference 110 (D. C. MacLaren, PhD Thesis, Dalhousie University,
2003).

Figure 2.12. A comparison of the (a) crystallites formed during annealing of the xcyy, = 0.17 mixture
showing consistent morphological features with (b) crystallites of pure DDG. Reproduced with
permission from reference 110 (D. C. MacLaren, PhD Thesis, Dalhousie University, 2003).

Differential scanning calorimetry (DSC) was used to analyze the crystallization
behaviour of glassy CVL:DDG mixtures in an effort to identify the composition above

which no free DDG could crystallize from the mixture.''® The lack of DDG
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crystallization from an annealed binary mixture indicated that there was no free DDG in
the mixture, implying that all of the developer was complexed with the dye. Figure 2.13
shows DSC thermograms on heating for mixtures with 0.13 < x¢y; < 0.33.110164 At 4
composition of xcy = 0.33, no crystallization of DDG was observed indicating that at this

mixing ratio all of the DDG was complexed with CVL.'"
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Figure 2.13. DSC thermograms on heating of glassy mixtures of CVL and DDG. The lack of a
crystallization event at xcyy, = 0.33 indicates that there is no free DDG in the mixture at (and above)
this composition. Reproduced with permission from reference 110 (D. C. MacLaren, PhD Thesis,
Dalhousie University, 2003).

Vibrational spectroscopy was used to follow the ring-opening reaction of CVL as
the lactone carbonyl bond dramatically changes vibrational frequency upon conversion
from the lactone form to the ring-opened form.'”* Information regarding the
stoichiometry of the binary CVL:DDG complex was obtained by employing Job’s
method of continuous variation, in which sequential increases in the concentration (i.e.,
mole fraction) of one of the components was coupled with changes in the relative

intensity of specific vibrational frequencies.'”>'"® In the case of CVL:DDG mixtures, the
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vibrational frequencies of interest associated with the ring-opened form of the dye
include the symmetric carboxylate vibration at 1359 cm™ and the wag deformation
(Ysym(coo y) at 720 cm'l, and the C=NR; asymmetric vibration at v = 1584 cm™ and C-
NR, vibration at 918 ¢cm™!, 10177178

Figure 2.14 shows the Raman spectra of CVL:DDG mixtures across a wide

H0.164 The carboxylate carbonyl vibrations at 1359 cm” and 720 cm™

compositional range.
were first observed at xcy; = 0.10 and increased in relative intensity until xcy = 0.25.
Above xcyp = 0.25, the relative intensity of these peaks was reduced as more CVL was
added, indicating that the stoichiometry of the CVL:DDG complex is 1:3, since further
addition of CVL resulted in the observation of vibrations associated with the free, ring-
closed form of CVL. Similar behaviour was observed for the C=NR; vibration at 1584

cm’’ and the C-NR, vibration at 918 cm'l, in which a maximum of the relative intensities

of these vibrations was observed at xcy, = 0.25.110.164
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Figure 2.14. Raman spectra of crystal violet lactone:dodecyl gallate mixtures (CVL:DDG) showing
the formation of a complex at xcyy, = 0.25. The relative intensities of the carboxylate carbonyl modes
at 1359 cm™ and 720 cm™, the C=NR, mode at 1584 cm™, and the C-NR; mode at 918 cm™ reach
maximum values when xcyy, = 0.25. Reproduced with permission from reference 110 (D. C.
MacLaren, PhD Thesis, Dalhousie University, 2003).

The results of prior vibrational spectroscopy experiments were summarized by
employing a modified version of Job’s method of continuous variation.'”>'"® The
formation of a CVL:DDG complex can be written as:

CVL +y DDG = z Complex (2.1)
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and Job’s method states that if two components, A (e.g., CVL) and B (e.g., DDG), are
mixed with continuously varying molar ratios, the maximum amount of complex will
exist in the mixture where the mole ratio A to B, n4/np, equals z of equation 2.1. A
quantity proportional to the amount of complex, z (in this case, Raman intensity), plotted
against the molar ratio, xa/xg, gives a maximum corresponding to the stoichiometric
molar ratio of the complex.'”'"

Using Job’s method, MacLaren and White determined the molar ratio of the
CVL:DDG complex to be 1:3."'%'%* In other words, three developer molecules were
required to fully develop the ring-opened form of CVL, resulting in a 3DDG:CVL
complex. Figure 2.15 shows the Job’s plots for the carboxylate vibrations (Figure 2.15
(a)) and for the C-NR,/C=NR; vibrations (Figure 2.15 (b)), both of which indicate a

stoichiometry of 3DDG:CVL for the coloured complex.''*'%*

Raman Intensityfarb. units
Raman Intensity/arb. units

LG:CVL ratio LG:CVL ratio

Figure 2.15. The stoichiometry of the coloured DDG;:CVL complex was determined by Job’s method
of continuous variation. The 3DDG:CVL stoichiometry of the coloured complex was supported by
both (a) the carboxylate carbonyl vibrations and (b) the C-NR,/C=NR, vibrations. The error bars
indicate spread over three sets of samples. Reproduced with permission from reference 164 (Journal
of Materials Chemistry, 2003, 13, 1695-1700).
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The previous methods of analysis, including visual observation of crystallization
behaviour, differential scanning calorimetry, and vibrational spectroscopy, were extended
to CVL:developer mixtures containing propyl gallate (PG) or octyl gallate (OG) as the

110
developer component.

The results of these experiments are summarized in Table 2.7.
Propyl gallate was shown to form a 2:1 complex with CVL and octyl gallate was shown
to form a 4:1 complex with CVL. The 3DDG:CVL complex, with a 3:1 stoichiometry,

fell between the molar ratios observed for PG and OG mixtures.'°

Table 2.7. The stoichiometry of dye:developer complexes formed in equilibrium mixtures of CVL
with PG, OG, and DDG.""*

Complex Complex
Developer Abbreviation Type Stoichiometry
Propyl Gallate PG xPG:CVL x=2
Octyl Gallate oG xOG:CVL x =4
Dodecyl Gallate DDG xDDG:CVL x =3

2.2.1.2.2 Binary Complexes of CVL with Bisphenol A

The phenolic developer bisphenol A (BPA) has been employed as a developer in
a number of studies of the thermochromic behaviour of multi-component
mixtures,” %1001 TRTS170 Thata of al. examined the formation of dye:developer

174 The authors found that at a molar ratio of

complexes in mixtures of CVL and BPA.
CVL:BPA = 2:1, roughly half of the molecules of CVL were in a form characterized by
carbonyl vibrations associated with a -COOH functionality formed after opening of the
lactone ring, while the other half remained in the ring-closed leuco form. Increasing the

molar ratio to CVL:BPA = 1:5 resulted in the near-complete conversion of the -COOH

form to a ring-opened form characterized by a negatively charged carboxylate group
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(COO').174 This examination of the complexation behaviour in CVL:BPA mixtures
indicated that there are at least three possible forms of CVL in such mixtures, and the
form observed is dependent on the molar ratio of the components and the strength of the
interactions involved. In this system, the ring-closed form was more stable at low
developer loading, the ((COOH) form was most stable at intermediate developer loadings
(e.g. 2CVL:BPA), while the (—-COQ") form was more stable at high developer loadings
(5BPA:CVL).'™

Luthern and Peredes published two reports examining the molar ratio of
dye:developer complexes in some three-component thermochromic mixtures.'”'”® In the
first report, the authors examined the dye:developer ratio of CVL:BPA complexes formed
in a three-component mixture containing 1-tetradecanol (TD-OH) as the solvent
component.'” They employed Job’s method of continuous variation to determine that the

175

maximum absorbance occurs at a molar ratio of 4BPA:CVL. ' The observation that the

the ring-opened form of CVL is best stabilized by four BPA molecules was supported by

MM-2 calculations previously carried out for the same system by Takahashi ez al.'”

Luthern and Peredes noted that due to the requirement of four developer
molecules to fully develop the colour of the dye, the developer was likely to be involved
in separate interactions in addition to the colour-forming dye:developer interaction.'”>!"
These other interactions, which might include hydrogen-bonding and n-stacking between
multiple developer molecules, need to be overcome to allow the developer to interact

with the dye.'”

The authors suggested those interactions could affect the colour-forming
reaction through a variety of mechanisms, including (1) the efficiency of the interaction

between BPA and CVL, which depends on the electron-acceptor strength of BPA, (2) a
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competitive interaction between BPA and the solvent component, and (3) the formation
of multiple complexes with varying stoichiometry simultaneous to the formation of the

dye:developer complex. 175,176

2.2.2 Binary Developer:Solvent Interactions

2.2.2.1 Introduction to Binary Developer:Solvent Interactions

Phase separation of the dye and developer has been implicated as an important
mechanism in the colouring behaviour of rewritable thermochromic mixtures. In many
cases, particularly in binary thermochromic mixtures, phase separation of the developer
from the dye is either incomplete or inefficient, regardless of the structure of the coloured
metastable phase. This problem necessitates the incorporation of an additional component
into the mixture to aid in the decolourization process. In most practical applications, a
solvent component is used to promote the phase separation of the dye:developer complex,
thereby improving the thermochromic properties of the mixture by enhancing colour
contrast between the coloured and decoloured states. As mentioned previously, common

solvents include alcohols, alkanes, fatty acids, esters, and surfactants.

2.2.2.2 Alkyl Gallate:Primary Alcohol Binary Mixtures

MacLaren and White carried out a series of differential scanning calorimetry
(DSC) studies on binary developer:solvent mixtures towards identifying the nature of the
developer:solvent interactions that occur in three-component thermochromic

systems. "' The developers studied include the previously discussed alkyl gallates
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(e.g., PG, OG, and DDG) and the solvents studied include the higher primary alcohols
(e.g., TD-OH, HD-OH, and OD-OH).'"’

The phase diagrams for mixtures of dodecyl gallate (DDG, also known as lauryl
gallate, LG) and TD-OH, HD-OH, and OD-OH, respectively, indicated the formation of a
binary compound of the stoichiometry 2DDG:alcohol.''*!'* Binary compound formation
was not, however, observed in the binary phase diagrams of PG:alcohol and OG:alcohol
mixtures.' '’

Figure 2.16 shows the binary phase diagram for DDG:TD-OH mixtures (note: LG
= DDG).""? The most prominent feature of the phase diagram is the formation of a
congruently melting compound, 2DDG:TD-OH, at xppc = 0.67. This feature also was
observed in the phase diagrams of DDG:HD-OH and DDG:OD-OH mixtures.''*'** The
formation of this compound indicates a strong interaction between the developer and the

solvent when the alkyl chains attached to both molecules are of a similar length. "%
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Figure 2.16. Binary phase diagrams determined on (a) heating and on (b) cooling for 1-tetradecanol
(TD) and dodecyl gallate (DDG, also known as lauryl gallate, LG) mixtures. Note the formation of a
binary compound, (LG),*TD (= 2DDG:TD-OH), at x.c = 0.67. Reproduced with permission from
reference 110 (D. C. MacLaren, PhD Thesis, Dalhousie University, 2003).

Binary mixtures of propyl gallate and octyl gallate with TD-OH, HD-OH and

OD-OH did not demonstrate the formation of such a compound.''® Figure 2.17 shows the

phase diagram of the PG:HD-OH binary system, which is representative of all of the

PG:alcohol and OG:alcohol mixtures. The phase diagram is characterized by a single

eutectic observed at x,; = 0.15 + 0.05, 7= 318 + 1 K.""” Freezing-point depression caused
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the steady decrease in liquidus temperature and little deviation from the theoretical

freezing-point was observed for this mixture, indicating weak interactions between the

110,143

alcohol and gallate. The lack of attractive interactions between these two

components could have substantial implications on the colouring behaviour in three
component systems containing PG and OG as the developer, and long-chain primary

alcohols as the solvent.''°
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Figure 2.17. The binary phase diagram determined on heating for 1-hexadecanol (HD) and propyl
gallate (PG) mixtures. Boundaries are added as a guide to the eye. The system is characterized by a
eutectic at x; g = 0.15 = 0.05, 318 + 1 K. No compound formation was observed for this binary system.
Reproduced with permission from reference 110 (D. C. MacLaren, PhD Thesis, Dalhousie University,
2003).

Table 2.8 summarizes the features of the literature results concerning binary phase
diagrams obtained for gallate:alcohol mixtures.''’ Compounds were formed in each of the
binary mixtures containing DDG as the developer, whereas no compound formation was
observed in binary mixtures containing PG and OG."'"'* Eutectic points were the major
feature observed in the PG and OG phase diagrams, with little deviation from ideal

. . . . . . 110
freezing point depression occurring in each of the mixtures.
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Table 2.8. Compound formation and eutectic data for binary mixtures of PG, OG, and DDG with

TD-OH, HD-OH, and OD-OH; all data were obtained from DSC studies during heating runs at 5 K

min."?

Compound
Developer Solvent Formed Eutectic Point
DDG TD-OH 2DDG:TD-OH | xppg =0.05 £0.05, T=307+1 K
DDG HD-OH 2DDG:HD-OH | xppg=0.10£0.05, T=316+1 K
DDG OD-OH 2DDG:OD-OH | xppg =0.20+0.05, T=325+1 K
oG TD-OH None Xoc =0.20£0.05, 7=302+1 K
oG HD-OH None Xoc=0.25+0.05,T=315+1 K
oG OD-OH None Xoc=0.30+£0.05, 7=324+1 K
PG TD-OH None xp =0.20£0.05, T=308 £1 K
PG HD-OH None xp=0.15£0.05, 7=318 1 K
PG OD-OH None xp=0.10£0.05, T=328 1 K

Some general conclusions can be drawn from these prior studies concerning the
nature of the binary developer:solvent interaction in gallate:alcohol systems. First, propyl
gallate and the primary alcohols do not undergo any significant attractive interactions.' '
Octyl gallate was observed to undergo some weak attractive interactions with the primary
alcohols, likely van der Waals interactions, but these interactions were not strong enough

"9 Dodecyl gallate, on the other hand,

to cause compound formation in the solid state.
interacts strongly with the alcohol solvents and compound formation was observed in
each of the three binary mixtures containing DDG."'*'** It is clear from these studies that
the lengths of the alkyl chains play an important role in defining the degree of interaction
between the gallate and the alcohol. It had been found that when the alkyl chains attached
to the developer and the solvent, respectively, were well-matched in length, the two

components were observed to undergo strong attractive interactions, allowing for the

formation of a stable compound in the solid state.''*'** Conversely, when the alkyl chain
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lengths of the developer and solvent were poorly matched, little to no attractive
interactions were observed in the solid state, and the solid behaved as a solid solution.'"°
Tang, MacLaren, and White also examined the thermochromic properties of
three-component mixtures by using ink-jet printing (IJP) as the sample preparation
method by depositing the three components onto a paper substrate, followed by heating

and cooling steps.'”

The authors studied similar systems to those examined by
MacLaren, using CVL as the dye, DDG as the developer, and primary alkyl alcohols
(dodecyl to octadecyl alcohols, Ci, to Cig chains) as the solid solvent. Mixtures
containing tetradecanol were shown to be thermochromic over a wider range of
compositions, than mixtures containing dodecanol, hexadecanol, and octadecanol
solvent.'”?

Of particular importance to the present work, Tang ef al. demonstrated that
employing the shorter chain solvents (dodecanol and tetradecanol) could generate

192 This was attributed to the lack of a

mixtures that were colourless in the solid state.
rotator phase in dodecanol, and the reduced stability range of the rotator phase in

tetradecanol. Increasing the chain length to hexadecanol and octadecanol resulted in
mixtures that demonstrated colour in the solid state, an observation attributed to the

enhanced stability of the rotator phase.'*

Tang et al. concluded that, in the concentration
range they examined, conversion of the melt to the rotator enhanced colour formation
upon cooling, and conversion to the LO-phase led to colour loss. Since the rotator phase

of tetradecanol had a smaller range of stability than in hexadecanol and octadecanol,

tetradecanol mixtures decoloured more quickly.'®
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In addition to the observations made about the nature of colour formation in the
solid state, Tang et al. noted that hexadecanol containing mixtures did not demonstrate
colour formation in the melt for the method used in that study (small samples on paper) in
that concentration range.'*> This was attributed to the increased chain length of the
alcohol yielding increased solvating strength of dissolving the developer, thereby
preventing the developer from interacting with the dye in the melt.'”> Work presented in
this thesis shows different results for bulk samples. Indeed, thermochromic mixtures
comprised of CVL:DDG:HD-OH and CVL:DDG:0OD-OH can become strongly coloured
in the melt when the developer (i.e., DDG) concentration is sufficiently large. In fact,
close examination of the high solvent loading region shows that CVL:DDG:HD-OH
systems can display both melt-darkened thermochromism (when the melt is darker than
the equilibrium solid) and melt-lightened thermochromism (when the melt is less strongly
coloured than the equilibrium solid), depending on the relative concentrations of the

developer and solvent.

2.3 A Look Ahead

The primary focus of the present research is to gain a better understanding of the
mechanisms of colour formation and colour erasure in reversible, three-component
thermochromic mixtures containing CVL as the dye, alkyl gallates as the developer, and
long-chain primary alcohols as the solvent. Previous research showed that competition
between dye:developer and developer:solvent interactions controlled thermochromic

behaviour in these mixtures.'°!*1%%110
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The current work aims at advancing the understanding of the chemical processes
that occur in thermochromic mixtures, in particular the processes leading to colour
formation in the solid state and, more importantly, the processes leading to the
destruction of the coloured complex both on transition from solid to liquid, and vice
versa. To this end, the influence of the alkyl chain length of the solvent and of the
developer, respectively, on the thermochromic properties of three-component mixtures
have been examined in great detail.

In CVL:DDG:alcohol mixtures, the developer and solvent components were
previously shown to demonstrate strong attractive interactions due to the similar lengths
of the alkyl chains, whereas in propyl gallate (PG) mixtures the mismatch in alkyl chain

lengths prevented strong developer:solvent interactions.'*"'"°

The consequence was that
the equilibrium solid state of PG-containing mixtures was coloured due to competing
dye:developer interactions, whereas in DDG-containing mixtures the solid state was often
colourless due to the preferential formation of developer:solvent interactions.'®"''

Chapter 4 of the present work focuses on the influence of changing the alkyl chain
length of the solvent in DDG mixtures, with a focus on examining the change in solid-
state colour density. Chapter 5 examines the influence of changing the alkyl chain length
of the developer (alkyl gallate) in three-component mixtures, with the same focus: how
does the difference in alkyl chain length influence the thermochromic behaviour of such
mixtures?

Chapter 6 further explores the impact of weak developer and solvent interactions

in the solid state. Other phenolic developers lack structural similarities with the alkyl

alcohol solvents, and therefore represent an archetypal example of developer and solvent
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components that interact weakly in the solid state. To study the impact of changing the
end-group of the solvent, octadecanethiol was used an alternative solvent component for
selected mixtures.

Chapter 7 summarizes how sample composition influences the colouring
behaviour of three-component mixtures through ternary thermochromic phase diagrams.
Insights gained are useful in the preparation of thermochromic mixtures with optimal
properties, by selecting mixtures composition based on the observed behaviour in specific
compositional regimes.

Chapter 8 explores the properties of thermally erasable ink-jet printer (IJP) inks.
Commercialization of thermochromic inks has long been a goal of industrial research in
this area; however, many technical problems have prohibited widespread use. The

preparation and optimization of some thermally erasable IJP inks is discussed herein.
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Chapter 3  Experimental Methods
3.1 Materials

3.1.1 Research at Dalhousie University

All chemicals were obtained commercially, as detailed below, and used without
further purification. The leuco dye, crystal violet lactone, 3,3-bis(p-N, N-
dimethylaminophenyl)-6-N, N-dimethylaminophthalide, CVL, 97% CAS [1552-42-7] was
obtained from Sigma-Aldrich.

The following developers were obtained from Sigma-Aldrich: 2,2-bis(4-
hydroxyphenyl)propane, bisphenol A, BPA, 97%, CAS [80-05-7]; 2,4-
dihydroxybenzophenone, DHB, 99%, CAS [131-56-6]; gallic acid, 3.4,5-
trihydroxybenzoic acid, GA, 95-97%, CAS [149-91-7]; octyl gallate, 3,4,5-
trihydroxybenzoic acid octyl ester, OG, 98%, CAS [1034-01-1] and dodecyl gallate,
3.,4,5-trihydroxybenzoic acid dodecyl ester, DDG, 97%, CAS [1166-52-5]. Propyl
gallate, 3,4,5-trihydroxybenzoic acid propyl ester, PG, ~90% tech., CAS [121-79-9] was
obtained from Fisher-Eastman Scientific. Octadecyl gallate, 3,4,5-trihydroxybenzoic acid
octadecyl ester, ODG, 97%, CAS [10361-12-3] was obtained from TCI America. The
decyl (DG), tetradecyl (TDG) and hexadecyl (HDG) esters of gallic acid were
synthesized in-house; the procedure is described in section 3.2.3.

The following solid solvents were obtained from Sigma-Aldrich: 1-tetradecanol,
TD-OH, 96%, CAS [112-72-1]; 1-hexadecanol, HD-OH, 97%, CAS [36653-82-4]; 1-
octadecanol, OD-OH, 99%, CAS [112-92-5]; 1-dodecanethiol, DD-SH, 98%, CAS [112-
55-0]; 1-octadecanetiol, OD-SH, 98%, CAS [2885-00-9]; 1-dodecanoic acid, DD-

COOH, 98%, CAS [143-07-7]; 1-tetradecanoic acid, TD-COOH, 95%, CAS [544-63-8];
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I-dodecylamine, DD-NH;, 98%, CAS [124-22-1]; 1-tridecylamine, TrD-NH,, 98%,
CAS [2869-34-3]; 1-hexadecylamine, HD-NH,, 75% tech., CAS [143-27-1]; 1-
octadecylamine, OD-NH;, 90% tech., CAS [124-30-1]. The solid solvent 1-hexadecanoic
acid, HD-COOH, 95%, CAS [57-10-3] was obtained from MCB chemicals and 1-
octadecanoic acid, OD-COOH, 90% tech., CAS [57-11-4] was obtained from
Shawinigan Chemicals.

The following reagents were obtained from Sigma-Aldrich: potassium
thiocyanate, 98%, CAS [10387-40-3]; 1,12-dibromodecane, 98%, CAS [17,486-6]; para-
toluenesulfonic acid monohydrate, p-TsOH, 98.5%, CAS [6192-52-5]; sodium chloride,
99%, CAS [7647-14-5]; sodium carbonate, 99% [497-19-8]; magnesium sulfate, >97%,
[7487-88-9]. Silica gel for column chromatography, 60 pm mesh, CAS [112926-00-8]
was obtained from Fluka. TLC plates containing a fluorescent dye impregnated into 60
um mesh silica gel on aluminium plates were obtained from Silicycle.

Solvents including acetone, acetonitrile, 1-butanol, chloroform, dichloromethane,
dimethyl formamide, ethanol, ethyl acetate, hexanes, methanol, and toluene were
obtained from Chemical Stores and used without further purification. Compressed gases,

helium and nitrogen for DSC experiments, were obtained from Praxair.

3.1.2 Research Internship at Toshiba Co. Research and Development
Centre (RDC)

A research internship was carried out at Toshiba Co., Research and Development
Centre (RDC), in Kawasaki, Japan, in 2010. During this time, the composition and

properties of thermally erasable ink-jet printer (IJP) inks were studied. All materials used
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at Toshiba Co. RDC were obtained commercially and used without purification. Many
leuco dyes were examined in this work; many of these dyes were proprietary chemicals
and as such few structures/chemical names are presented herein. The structures of the
most important chemicals used in this work will be given when those chemicals are
referenced in the body of the text. Most of the dyes studied were obtained from Yamada
Chem. Co., Nippon Soda Co. Ltd., Hogoyoda Chem. Co. and Yamamoto Chem. Inc.
Most of the phenolic developers were obtained from Yamada Chem. Co. Solvents were
obtained through in-house chemical stores.

The following solvent modifiers were obtained from Sigma-Aldrich: propylene
glycol monomethyl ether, PGMME, 99%, CAS [9005-25-8]; poly(vinyl alcohol), MW =
900-1100, PVA, 98%, CAS [9002-89-5]; glycerol, 1,2,3-propanetriol, 99%, CAS [56-
81-5]. The cationic surfactant, Sanizole, was obtained from Kao Corporation and used as
2.5% by mass solution in distilled water. Paper samples for printing were obtained from a
local Japanese office supply store and varied in quality from low-grade “economy” paper

to high-grade, glossy photo-printing paper.

3.2 Sample Preparation
3.2.1 Three-Component Mixture Preparation

3.2.1.1 Gram-Scale (Bulk) Mixture Preparation

Gram-scale (bulk) mixtures were prepared by weighing appropriate amounts of
the three components (dye, developer, and solvent) into glass sample vials (large vial =
16 mL, small vial =4 mL) followed by heating to fusion. Allowing the mixtures to

slowly cool to room temperature generally produced homogeneous mixtures; an example
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of this is shown in Figure 3.1. In the case of CVL:DDG:OD-SH mixtures, dodecyl gallate
precipitation from molten OD-SH and inhomogeneous crystallization of the OD-SH
solvent caused significant phase separation. Phase separation after rapid cooling of
CVL:DDG:OD-SH mixtures generally occurred after sitting for more than 24 hours at
room temperature, whereas phase separation in CVL:DHB:HD-OH mixtures began only

after two weeks at room temperature.

|
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— > |
v

Figure 3.1. The method of preparation of bulk samples. Far right: both samples contain CVL as the
dye and DDG as the developer. The blue sample contains HD-OH as the solvent while the white
sample contains TD-OH as the solvent, demonstrating how the colour of the solid state depends on
choice of solvent.

Approximately 500 samples in total were prepared and analyzed during the
present work. The results reported herein were selected to best demonstrate the
thermochromic behaviour of specific ternary systems. In some instances no colour was
formed in either the solid state or the melt, or there was no difference in colour density
between the solid and melt. Results determined but not reported in detail in Chapters 4 to
6 in colour density versus temperature plots are incorporated into the ternary
thermochromic phase diagrams presented in Chapter 7.

It is useful at this point to describe the labelling system employed in this work to
denote the composition of three-component thermochromic mixtures; the CVL:DDG:TD-
OH system will be used as an example. The molar ratios for all samples discussed herein
are normalized to the number of moles of CVL present in a sample. For this reason the

molar ratios for any sample are reported as [ 1:y:z], where the square brackets indicate
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that sample composition is being reported. The y value corresponds to the number of
moles of developer per mole of CVL. The z value is the number of moles of solvent per
mole of CVL. For example, a sample prepared at a mixing ratio of [1:6:40] has a
developer:dye molar ratio of 6:1, a solvent:dye molar ratio of 40:1 and a

solvent:developer molar ratio of 40:6.

3.2.1.2 Microgram-Scale Sample Preparation

Microgram-scale samples were made by first preparing stock solutions of CVL in
acetone, DDG in acetone or dichloromethane, and OD-SH in dichloromethane. The
concentrations of these solutions were on the order of 1.0 x 10° mol L' for CVL and
DDG, and on the order of 5.0 x 10° mol L for OD-SH. Microlitre volumes of the three
stock solutions were mixed in Teflon sample vial caps: an example is shown in Figure
3.2. The stock solutions were dispensed via micropipette. The mixtures were then
allowed to dry overnight in the fumehood until the volatile solvent evaporated. Samples
were produced in a combinatorial fashion in this way. Compositions examined using this
method ranged from CVL:DDG ratios of 1:0.25 up to 1:10 and CVL:0OD-SH ratios of 1:1

up to 1:1000.

oooooy™

00000

Figure 3.2. Microgram samples of CVL:DDG:OD-SH prepared in Teflon vial caps. Heating of the
samples produced inhomogeneous blue colouration. The diameter of the vial caps is 8 mm.
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3.2.1.3 Milligram-Scale Sample Preparation

Milligram-scale samples were also prepared in small sample vials (4 mL) in a
similar fashion to the microgram samples. Larger volumes of the stock solutions were
introduced into the sample vials, and the volatile solvent was allowed to evaporate
overnight under a flow of compressed air. Milligram-scale samples were prepared due to
the difficulties encountered with samples prepared in the Teflon vial caps, including
difficulty with controlled heating and cooling and the smell produced by the OD-SH
solvent. The microgram and milligram-scale samples suffered from inhomogeneous
mixing in both the liquid and solid states and as a result demonstrated inhomogeneous
colouration. Due to this complication, all of the results presented in this work were

obtained for gram-scale mixtures.

3.2.2 Binary Sample Preparation

Binary samples comprising developer:solvent mixtures were also prepared for
differential scanning calorimetry (DSC) experiments. Binary samples were prepared by
mixing powders of the individual components in the appropriate amounts and heating to
melt the mixture. For DSC experiments, the molten binary mixtures were transferred via
Pasteur pipette into pre-weighed aluminium DSC pans and quickly cooled to obtain

nearly homogeneous solid phases.

3.2.3 Synthesis of Intermediate Chain Length Alkyl Gallates

The gallic acid esters of decanol (DG), tetradecanol (TDG) and hexadecanol

(HDG) were prepared by a Fischer esterification reaction using gallic acid (GA) as the
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gallate source.'® An example of this reaction, using tetradecanol and gallic acid as
starting materials, is shown in Figure 3.3. In a typical reaction, to a round-bottomed flask
was added 1-tetradecanol (1.30 g, 6.05 mmol), gallic acid monohydrate (1.00 g, 5.90
mmol) and catalytic p-toluenesulfonic acid (0.11 g, 0.59 mmol), along with a stirring bar.
The mixture was heated to ~150 °C for 2 hours and kept under constant vacuum to aid in
the removal of water, which is a reaction by-product. The reaction was monitored via thin
layer chromatography (TLC) and cooled after the reaction was complete. The cooled
reaction mixture was poured into an aqueous sodium carbonate solution and extracted
with ethyl acetate. The ethyl acetate extract was then washed with a saturated sodium
chloride solution and dried over magnesium sulfate. The ethyl acetate was removed via
rotary evaporation and the crude reaction product was collected as an off-white solid.
Purification by column chromatography (chloroform/methanol, 100/1) on silica gel (60
um mesh, Fluka) yielded tetradecyl gallate (TDG, 0.71 g, 33% yield, M.P. =95 to 98 °C,
ESI-MS, m/z 389.2 (M+), "H NMR (300 MHz, d-DMSO0) & 6.93 (2H, s), 1.98 (2H, t), 1.2

- 1.1 (27H, m), 0.85 (3H, 1)).

TD-OH GA IDG

HO,
0
150 °C,2h
R—OH + HO ot HO
cat. = p-TsOH
HO R

R = (CH;),3CH;3

Figure 3.3. The trans-esterification reaction of tetradecanol (TD-OH) with gallic acid (GA) produces
tetradecyl gallate (TDG).

77



3.2.4 Ink-Jet Printer (IJP) Ink Preparation — Toshiba Co. RDC

During an internship at Toshiba Co. RDC in 2011, the chemical and physical
properties of thermochromic (i.e., thermally erasable) ink-jet printer (IJP) inks were
studied. All IJP inks studied in this work were prepared via the following method. Leuco
dye (~50-75 mg) and phenolic colour developer (~500 mg) were added to a sample vial
containing ~10 g of solvent. The solvent was composed mainly of ethanol (50-70%), with
varying amounts of distilled water (15-30%), iso-propanol (10-15%) and/or PGMME
(10%) to modify the viscosity, evaporation rate, and toxicity of the solvent. Additional
additives to the ink included an aqueous surfactant solution (Sanizole), which was added
to prevent clogging of the printer heads (the nozzles where the ink is sprayed out in
“jets””) and an aqueous PV A solution, which was added to modify the viscosity of the ink.

The resultant mixture was vigorously stirred for 10-15 minutes to ensure complete
dissolution of the components and afterwards was gravity filtered through a 4 pm filter
paper to remove any insoluble components remaining in the mixture. The internal
diameter of the printer heads was on the order of 10 um meaning that filtration of
particles larger than 4 um would reduce clogging of the printer heads. The freshly filtered
ink was then promptly injected into empty printer cartridges, sealed, and stored away

from light until printing.

3.3 Experimental Techniques

3.3.1 Colour Determination

Previous research in this laboratory used UV-Vis reflectance spectroscopy to

- S S 101,102,110,181
analyze the colouring behaviour in three-component thermochromic mixtures. > >
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That approach employed an Ocean Optics reflectance spectrometer to measure the UV-
Vis spectrum of a single sample as a function of temperature or as a function of time after
quenching with liquid nitrogen. The setup presented numerous drawbacks including slow
analysis speed due to single sample analysis, poor temperature control of the samples
during heating and cooling, exposure of the mixtures to the atmosphere presenting
problems with smell (e.g., when using OD-SH as the solvent component), requirements
for shielding of stray light from ambient lighting, and out-dated program software. As a
result, new approaches to colour analysis were examined to increase analysis speed, to
ensure samples remained sealed during heat/cool cycling, and to produce a more

reproducible experimental setup.

3.3.1.1 Experimental Setup of Heat/Cool Cycling Experiments

The following experimental setup of heat/cool cycling experiments for colour
determination was used for both methods of colour determination employed in this work
(vide infra, sections 3.3.1.2 and 3.3.1.3). Bulk samples were prepared as described above
(vide supra, section 3.2.1.1) in both large (16 mL) and small (4 mL) sample vials. To heat
and cool these samples, a water bath was used. The temperature of the water bath was
controlled by a hotplate (on heating) and the addition of ice (on cooling). Samples were
held in the water bath by an aluminium plate into which 10 holes (large vials) or 32 holes

(small vials) had been punched. This experimental setup is shown in Figure 3.4.
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Figure 3.4. The experimental setup used during heat/cool cycling experiments. The heating rate was
controlled by the hot plate and the cooling rate was controlled by the addition of ice to the water
bath. The temperature was recorded by a mercury thermometer held in the water bath and the
samples were held in the bath by a sheet of aluminium.

The temperature was recorded by a mercury thermometer held in the water bath,
and the heating and cooling rates were ~1 to 2 K min™ to ensure that thermal equilibrium
between the thermally insulating samples and the surrounding water had been reached.
The samples were removed from the water bath at regular intervals (usually every 5 °C),
and the colour was analyzed in one of two ways, as described in the following sections.
The temperature decrease upon removal from the water bath was measured using an IR
thermometer and was observed to be less than 2 K min™. This results indicates that
temperature loss upon removal from the water bath was a negligible source of error as the
measurement time (i.e., the time samples spent out of the water bath) was approximately
15 to 30 seconds.

This experimental approach to heat/cool cycling has numerous benefits over
previous methods including dramatically increased analysis rates, consistent heating

profiles between samples, isolation of foul-smelling samples from the atmosphere, and
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more homogeneous mixing in both the solid and molten states due to the large sample

massecs.

3.3.1.2 Observational Spectroscopy

Observational spectroscopy experiments were used for preliminary studies on
three-component systems; the observational spectroscopy results presented in Chapter 4
are qualitative in nature and are considered to be a launching point for the more
quantitative results obtained from colour photo analysis experiments, which is described
in section 3.3.1.3. Nevertheless, the observational spectroscopy results presented herein
provide important information regarding the general trends of colouring behaviour in
three-component systems with matched and mismatched alkyl chain lengths.

The colour density values reported for observational spectroscopy experiments
were obtained by visually comparing the colour of each sample at a given temperature to
the colour scale shown in Figure 3.5. The colour density of each block was determined by
measuring the colour of each block in the Lab* colour space and converting the L*
coordinate to colour density, following the procedure described later in this chapter
(section 3.3.1.4). Experimental data are presented as colour density versus temperature
plots, where the numerical value of the ordinate corresponds to the colour density listed
on the colour scale shown in Figure 3.5, and the abscissa corresponds to the temperature

at which a specific colour value was recorded.
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Colour
Density (CD): 0.07 0.16 036 0.55 0.7 0.95 1.3 1.5 19 22

Figure 3.5. The colour scale used throughout this work to define the colour intensity of bulk three-
component thermochromic mixtures. The values on the figure indicate the colour density (CD) of
each colour as measured in the Lab* colour space.

3.3.1.3 Colour Photo Analysis

To achieve a more quantitative analysis of colour, samples were imaged using a
digital camera (Canon Powershot A3200 IS, 14.1 MPx), and the images were transferred
to a PC. The images were then analyzed using the image analysis software programs
GIMP 2.0 and ImagelJ."®'*? GIMP 2.0 was used to isolate images for each sample and to
prepare publication-quality images of each sample at various temperatures. ImageJ was
used to measure the colour of each sample at a variety of spots on the sample. The output
colour values from ImageJ were in the RGB colour space; these values were then
converted to the CIE XYZ and CIE Lab* colour spaces before being converted into a

colour density (CD) value.'**'%

The colour contrast, 4CD, was calculated by taking the
difference in colour density between two states (e.g., the solid state and melt) of a given
sample. The colour density values were plotted as a function of temperature (the heating

and cooling runs are plotted on the same graphs) to demonstrate the colour behaviour of

each sample. An example of a colour density versus temperature plot is shown in Figure

3.6.
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Figure 3.6. Top: a colour density versus temperature plot showing the colour change behaviour in the
CVL:DDG:TD-OH ternary system at various concentrations. Lines are added as a guide to the eye.

Bottom: colour photographs of the sample at a composition of [1:8.7:86.4] (mole ratios are

normalized to CVL content) showing the change in observed colour. At room temperature, the
colour density is very low and the sample is white/colourless. As the sample melts, the colour changes
to blue and there is an increase in the colour density.

Samples studied using colour photo analysis were subjected to the heat treatment

described in section 3.3.1.1. At a desired temperature, the aluminium plate was removed

from the water bath, dried with paper towel and mounted on a sample holder roughly 30

cm above the digital camera. The samples were then immediately imaged (usually 4

samples per image) with a white reference material (Spectrolon disc) present in each

photo to normalize the brightness of the image. This normalization approach removed

some of the issues with stray light from ambient lighting sources, small changes in the

height of the sample holder, and any variations in the settings of the camera. The degree

of variation of the white background from “pure white”” was then used to normalize the
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colour of the same samples recorded in different images (i.e., at different temperatures).

This approach to image analysis is shown in Figure 3.7.

Figure 3.7. Samples were removed from the water bath, imaged with a digital camera, and analyzed
with the image analysis software ImagelJ.

3.3.1.4 Colour Space Conversions

The colour values from ImageJ were output in the RGB colour space, which is
generally used for describing the colour of light emitting objects (e.g. TV screens,
computer monitors, etc.). The RGB values were then converted to the CIE XYZ colour
space, followed by a conversion to the CIE Lab* colour space which provides a better
representation of the observed colour of objects (e.g., printed images, paints, etc.).'™ The
CIE Lab* colour space is shown schematically in Figure 3.8. There are three axes in this
colour space; the a* axis spans from red (a* > 0) to green (a* < 0), the b* axis spans
from yellow (b* > 0) to blue (b* < 0) and the L* axis relates the lightness of the sample

(L*=100 indicates a pure white sample, L* = 0 indicates a pure black sample).
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+h*

L*=Lightness
a* =Red (+a*)to Green (-a*)
b* =Yellow (+b*) to Blue (-b*)

L*=0

Figure 3.8. The CIE Lab* colour space. The a* axis spans red to green, the b* axis spans yellow to
blue and the L* axis, referred to as the lightness, spans L* = 0 which is black to L* =100 which is
white,'®>1%7

Since the output colour space of the Imagel software is the RGB colour space, the
colour coordinate values must be converted to the CIE XYZ colour space prior to
conversion to colour density values.'®® The conversion was done in a multi-step
procedure that is described below.

The first step in the transformation is the calculation of the variance, which is
shortened to var, for each of the R, G, and B (red, green, and blue, respectively)

. 183-1
coordinates. The var values for R, G, and B are:'8'%

var R =100 * ((R/255 + 0.55)/1.055)** (3.1)
var G =100 * ((G/255 + 0.55)/1.055)** (3.2)
var B=100 * ((B255 + 0.55)/1.055)** (3.3)

The final CIE XYZ co-ordinates were then calculated from the variances values:'%>"1%’

X=var R*0.4124 + var_G*0.3576 + var_B*0.1805 (3.4)

Y=var R*0.2126 + var_G*0.7152 + var_B*0.0722 (3.5)
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Z=var R*0.0193 + var G*0.1192 + var_B*0.9505 (3.6)

where X, Y, and Z represent coordinates in the CIE XYZ colour space. Conversion to the

CIE Lab* colour system followed a similar approach:'®'*’
var X =(X/95.047)" (3.7)
var Y= (Y/100.00)""? (3.8)
var Z=(Z/108.883)"? (3.9)

where X, Y, and Z are the coordinates in the CIE XYZ colour space and var X is the
variance of the X coordinate, and so on. The conversion to CIE Lab* co-ordinates

followed: 183187

L*=(116 *var Y)- 16 (3.10)
a*=1500* (var X -var Y) (3.11)
b* =200 * (var_Y - var _Z) (3.12)

where L* is the lightness value, a* runs the gamut from red to green, and »* runs the
gamut from yellow to blue.
Conversion to colour density, CD, can be done from either CIE XYZ or CIE Lab*

colour space, although it is simpler to convert from CIE XYZ.'®®

The colour density value
will be quite different for different colours (a dark yellow might have a higher L* value
than a dark blue) so it is important to be aware of the colour coordinates to ensure that the
colour densities are in fact comparable. In this research project (both at Dalhousie and at
Toshiba), the reported results are for leuco dyes that range from white to very dark blue.
As such the CIE Lab* co-ordinates are either very negative in the * value (very blue) or

very near the origin. As a result, colour densities provide a suitable method for comparing

the intensity of colour between many samples as the coloured form will usually be blue
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and the decoloured form will always be white/colourless. With this in mind, the

conversion from CIE XYZ to colour density was carried out as follows:'*'*

CD = -log (Y /100) (3.13)
where CD is the colour density and Y is the Y coordinate of the CIE XYZ colour space.
The colour density values for the equilibrium solid state, CDgqui1, and the colour density
of the melt, CDyt, are given in the body of the text for three-component mixtures, where
appropriate. The colour contrast between the equilibrium solid state and the melt obtained
on heating, ACD, was determined by taking the difference of colour density between the
two states. Therefore, the colour contrast was determined by

ACD = | CDggquit - CDyel | (3.14)
A formal analysis of experimental error arising from this method of analysis was
not carried out during the present work. Nevertheless, an estimate of the systematic errors
associated with this experimental approach is presented. The variation in CD value for
individual samples was observed to be 0.1 to 0.2. The maximum CD values obtained by
colour photo analysis were usually 1.0 to 1.5. Therefore, the error associated with each

individual measurement was on the order of 10 to 20 %.

3.3.2 Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry was used to study the binary phase behaviour of
developer-solvent mixtures, and the results of those studies were used to generate binary
phase diagrams. DSC was first introduced in the 1960s by Perkin-Elmer™™ and is

189,190,191

currently the most widely used method of thermal analysis. The technique

measures the differential calorimetric properties of a sample material and compares it
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with the thermal properties of a reference material. DSC can be used to determine useful
thermal properties of materials including enthalpy and entropy changes and the
temperature of thermal events with a reasonable degree of accuracy and precision. The
precision of onset temperatures can be within 0.2% when slow heating rates are used, and
the uncertainty in the enthalpy of transition can vary from a few percent (for thermal
events of large enthalpy) to 10 % (for thermal events of low enthalpy).'”* DSC is a fast,
reliable, commercially available thermal analysis technique that can be applied to small
samples (~1 to 100 mg). The small sample size facilitates rapid scanning rates, typically
of 5to 10 K min™' but as high as 500 K min™, and wide temperature ranges are available

extending from 100 K to 1500 K.'*

3.3.2.1 DSC Apparatus

The basic apparatus for power-compensated DSC is shown schematically in
Figure 3.9. It consists of two individual calorimeter chambers (sample and reference, S
and R) made from Pt/Rh and Pt/Ir alloys.191 An aluminium, gold, stainless steel, or
platinum pan containing the sample of interest is placed in the sample chamber. The
reference chamber is generally occupied by an empty pan of the same type as the sample
pan. It is important that the reference pan does not display any anomalous thermal effects
in the temperature range to be used in the experiment.'® Each of the chambers has its
own resistance heater and platinum thermometer, which are linked to one another through
a feedback circuit that is designed to minimize the temperature differential, 47gg,

between the sample and reference pans as both are heated through a set temperature
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program. S and R are both in contact with a heat sink that is cooled with liquid

nitrogen.'®*"!
Differential Power Signal
Differential T >
Amplifier X
Sample T < Reference
- dl : dr
Os=Cs— Op=Cr—
dt dt
i &
Average T
Heat Sink e
sat sm Amplifier
T Temperature Signal
Program >
Temperature

Figure 3.9. Schematic diagram of a power-compensated DSC apparatus. The separated sample (S)
and reference (R) chambers have their own heaters and thermometers, which are linked through a
feedback circuit that minimizes the temperature differential between S and R (4 Tgp). If AT = 0, the
average temperature amplifier controls the heating profile. If ATg # 0, at which point a thermal
event is occurring, both the differential temperature amplifier and the average temperature
amplifier will heat S and R to minimize 4 7gz. Adapted from references 189 and 191.

The temperature program is set by the average temperature amplifier which heats

S and R. The power required to heat S and R can be expressed as:

- dT

=Cy— 3.15
05 =Cs— (3.15)
- dT

=C,—, 3.16
QR R dt ( )
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where Q sand Q r are the sample and reference powers and Cgs and Cy are the sample and

reference heat capacities, respectively. If the sample and reference heat capacities are
equal, then 47sg = 0 and the average temperature amplifier heats the chambers
exclusively while the differential temperature amplifier feedback loop remains open.'®
In the case of a thermal event in the sample material (e.g., a first-order phase
transition), Cs changes significantly.'®'"! As Cy increases, T lags behind T and, since
only the average temperature is being controlled, the reference pan heats faster than the
sample. When ATsg reaches a set threshold, the differential temperature amplifier loop
closes and adjusts the power supplied to the reference to minimize |47sg|. In the case of
an endothermic event (Cs > Cp), the differential temperature amplifier supplies greater
power to the sample than the average temperature amplifier does. In contrast, an
exothermic event (Cs < Cg) will have excess power applied to the reference. This
differential power being supplied by the differential temperature amplifier is the power

189-191

signal seen in the output data. This observed power signal can be expressed as:'®’

dT dT

dr_ dr (3.17)
dr " di

. ' ' dT
Signal= Q- 0, =C; =(CS—CR)E.

It is impossible to perfectly match Cs and Cy throughout the temperature range of
a DSC experiment. Most DSC thermograms show a linear change in differential power,
called a baseline, with a slope proportional to (Cs- Cg). In the case of a thermal event, the
peak appears on top of the baseline.'™ An approximated baseline needs to be subtracted
from the peak during data analysis. Thermograms are plotted as differential power versus

time or temperature (versus temperature in this work). The enthalpy of a thermal event
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can be determined by integrating the area under a power/time peak, after calibration.'®”

191

3.3.2.2 DSC Calibration

The previous section describes an idealized system and does not consider the
temperature lag between the actual sample temperature, Ts, and the temperature of the
thermometer recording it, Ts.'® This temperature lag can be minimized experimentally
by ensuring good thermal contact between the sample and pan bottom and between the
pan bottom and the surface of the sample chamber. The sample usually is annealed in the
sample pan prior to any DSC experiment to ensure good contact with the pan. In addition
to contact effects, the scan rate of the experiment plays an important role in determining

the temperature lag:'

: 1
Qs _R_(T_Tsr)a (3-18)

N

where Q s is the heat flow from the sample and Rg is the resistance of the thermometer.

Combining Eq. 3.18 with Eq. 3.15 gives:

dT
Ty =T = RsCy - (3.19)

Since (Ts- Tsr) is directly proportional to the scan rate (d77/dt), it is important to calibrate
the instrument using the scan rate to be used in the experiment.'**""!
Calibration is performed by measuring the transition temperatures and enthalpy

changes of highly pure reference materials.'**'*! Although organics (e.g., benzoic acid)

can be used as calibration materials, small amounts of impurity (as low as 0.1%) can
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significantly lower the melting temperature. For this reason, metals such as In and Zn are
usually preferred because they can be obtained in >99.9% purity and are more resistant to
chemical decomposition. In a calibration experiment, 7,,., and enthalpy change due to a
transition, 4,..H, are measured. T, is defined as the intercept of the baseline with the
inflection point of the peak.lgg'191 Tonser 1 @ more reliable measurement of transition
temperature than the peak temperature because it is less sensitive to temperature scan
rate.'®’

A TA Instruments™ Q2000 series DSC was used for all experiments reported
here. The instrument was calibrated using the melting point and enthalpy of an indium
standard (Aldrich, 99.99%) under an atmosphere of dry nitrogen (25 mL min™). For the
cooling portions of the experiments, a liquid nitrogen Dewar was connected to the system
and cooling rates were controlled by the temperature controller. Scan rates of 2 to 20 K
min™ were used for phase diagram determination over a temperature range of 298 to 438

K.

3.3.3 Technologies for Toshiba Co. RDC Internship

3.3.3.1 Ink-Jet Printer

Ink-jet printing was carried out using a Canon model 8600 printer which was
modified to remove “auto-shutoff” safety features, to accept printer cartridges from a
third party supplier, and to print in a “black only”” mode allowing the colour cartridge
slots to remain empty. The printer, before and after modification, is shown in Figure 3.10.
Unless otherwise indicated, all inks studied contained blue leuco dyes and printing was

done on “utility grade” office paper. Two printing modes, “Normal” and “Bold”, were
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used throughout this work. Normal printing mode is similar to what would be used in an
office setting whereas bold printing mode deposits a large amount of ink on the page

making images much darker, as one might find in high-quality picture printing.

Figure 3.10. Left: the modified Canon 8600 printer that was used to print thermally erasable IJP
inks. Right: the cartridge holder showing substantial modification to prevent auto shut-off features
from functioning.

3.3.3.2 Colour Erasers

To erase the colour images formed on printing, two erasing devices were
employed. The first eraser was an electric clothing iron. This iron did not have specific
thermal controls and in general was not effective at completely removing images. Images
that were erased with the clothing iron are referred to as “iron-erased” images in this
work.

The more effective type of erasing was carried out with a programmable oven,
which will be referred to as the “oven” in this work. The oven was essentially a slow
heating and slow cooling furnace designed to evenly heat roughly 500 sheets (one ream)
of paper. The heating profile was designed to prevent browning of sheets located near the

edge of the ream, which could be exposed to much higher temperatures than those at the
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interior of the ream if a fast heating rate was used. The heating profile began by slowly
heating to ~130 °C over the course of one hour, maintaining this temperature for 2 to 3
hours, followed by slow cooling to room temperature over the course of one hour. “Oven-
erased” samples typically were more thoroughly erased and maintained the loss of colour

for much longer periods than the “iron-erased” samples.

3.3.3.3 Colour Analyzer

To measure the colour of printed and erased samples, a Konica Minolta “Chroma
Meter” CR-300 was used.'®® The colour analyzer is pictured in Figure 3.11. The colour
analyzer irradiates a printed image with white light in a single intense pulse, and records
the reflected visible light spectrum after absorption of specific wavelengths of light by
the image on the page. The measured colour was reported in the CIE Lab* colour space
and was converted to a colour density using the method as described in section

3314 185,188

Figure 3.11. The Konica Minolta Chroma Meter CR300 used to analyze the colour of printed images.
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3.3.3.4 Print Test Sheet and Over-Write Testing

To ensure that the printed images from different inks were as consistent as
possible, a “print test sheet” was created. The print test sheet contains four solid
rectangles that were larger than the diameter of the lens of the image analyzer. In this
way, only the colour of the printed image was recorded by the image analyzer. In
addition to the solid rectangles, there were lines of text in English and Japanese (kangi
and kana) that were used to visually examine the sharpness of the printed images.'™
While not explicitly measured and quantified, the sharpness of the printed text gave an
indication about the viscosity of the printed inks and how quickly the solvent evaporated.
An example of the “print test sheet” is shown in Figure 3.12 (a).

Figure 3.12 (b) shows the “print test sheet” for what is referred to here as “over-
write” print testing. In over-write printing, a page that had been previously printed on and
erased was re-used for subsequent printings. The dye and developer remaining on the
page from the first printing can develop colour in a freshly printed sample. This is
detrimental to the quality of the future printings as the new images can have varying
colour density, non-uniform colour (e.g., if the erased image contained a different colour
ink), and can be more difficult to erase. Issues with over-write printing continue to plague
the field of thermochromic inks as the dye and developer from previous printings almost

always remain near the surface of the page.
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(a) Standard Print Test Sheet

(b) Over-write Print Test Sheets

BCDEFGHI JKLUNOPGRSTUVIXYZABGDEF GHI JILWNOPGRSTUVIEYZ
BCOEF 61 JKLINOPORSTUVIXY ZABCOEF GHI JILWNOPORSTUVIEYZ
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Figure 3.12. (a) The standard “print test sheet” showing image analysis rectangles and printed text.
(b) "Over-write” print test sheets showing the first printed image and the location of the overwrite
images. Note that there is a new “fresh printing” rectangle on this page for comparison with the

over-write printed image.
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Chapter 4 Influence of the Solid Solvent on the
Thermochromic Behaviour of DDG-Containing Mixtures

4.1 Introduction and Background

Previous studies on three-component thermochromic mixtures comprising a leuco
dye, phenolic developer, and long-chain alcoholic solvent demonstrated that changes in
the length of the alkyl chain of the alcohol can modify the colouring behaviour of three-

. 101,102,110,181
component mixtures.

Increasing the degree of mismatch of alkyl chain length
for the alkyl chains attached to the gallate developer and the alcohol solvent caused
increases to the both the colour density in the solid state and decolourization times after
thermal quenching into a metastable solid state. However, those studies were focussed on
the rate of colour dissipation from the metastable solid state and did not thoroughly
examine how colouring behaviour (i.e., which state, the solid or the melt, is the coloured
state) could be varied by changing the alkyl chain lengths on the developer and the
solvent, 101102110181
The CVL:DDG:TD-OH system was deemed to have the best thermochromic

101,110 .
. """ These mixtures could be

properties of the mixtures studied in MacLaren’s work
converted from a colourless equilibrium solid to a dark blue molten state, and the latter
could be “frozen” into the solid state by rapidly cooling with liquid nitrogen (LN>).
Dissipation of the coloured state occurred within a few minutes as the metastable solid
returned to the colourless equilibrium solid state. Many mixtures employing different
gallate developers (propyl, octyl, and dodecyl gallates) and alcoholic solvents

(tetradecanol, hexadecanol, and octadecanol) were investigated using the same

experimental approach, described above.' '’
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As will be described further, during the preliminary stages of the research
presented in this thesis, and by virtue of a serendipitous mixing error, it was discovered
that by vastly increasing the amount of solvent present in mixtures containing poorly
matched alkyl chain lengths (i.e., very different lengths of the alkyl chains attached to the
developer and solvent, respectively), colouring behaviour opposite to that observed in
MacLaren’s optimal CVL:DDG:TD-OH system'’' could be obtained. Samples containing
mismatched alkyl chain lengths (e.g., DDG with OD-OH) were strongly coloured in the
solid state and lost their colour upon melting. This type of thermochromic behaviour will
be referred to in this document as “melt-lightened” behaviour. Conversely, if the alkyl
chains were similar in length (e.g., DDG with TD-OH), the thermochromic mixtures were
strongly coloured in the melt and weakly coloured in the equilibrium solid. This type of
thermochromic behaviour will be referred to as “melt-darkened” behaviour.

This chapter explores the role of the solvent in the thermochromic behaviour of
CVL:dodecyl gallate:alcohol mixtures, with a particular focus on controlling the
colouring behaviour by changing the relative concentrations of each of the three
components. The developer used in the studies presented in this chapter was dodecyl
gallate (DDG, also known as lauryl gallate). Three alkyl alcohols were used (TD-OH,
HD-OH, and OD-OH) as the solid solvent component. Table 2.1 lists the melting points
and alkyl chain lengths of the alkyl gallate developers used throughout this work, and
Figure 4.1 shows the structure of gallic acid and its associated esters. Table 4.1 lists the
melting points, solid-solid phase transition temperatures, and alkyl chain lengths for the
alkyl alcohol solvents used in this work. The experimental techniques used to study the

colorimetric properties of these mixtures were observational spectroscopy and colour
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photo analysis. See section 3.2.1 and section 3.3.1 for details on sample preparation and

colour analysis techniques, respectively.

HO

R=H
R=C,Hyui

HO o Gallic Acid:
QGallic Acid Esters:

HO R

Figure 4.1. The structure of gallic acid (R = H) and associated gallic acid esters (R = alkyl chain) used
in this work.

Table 4.1. Melting points, solid-solid phase transition temperatures, and alkyl chain lengths of
various alkyl alcohol solvents.

Solid-Solid Phase
Abbreviation | Alkyl | Melting Point | Transition Temperature
Name (used here) | Chain | /(°C)"**'¥ / (°C)M 17
1-Tetradecanol TD-OH Ci4Hy9 36 —38 33-36
1-Hexadecanol HD-OH CisHss 48 — 50 43 — 46
1-Octadecanol OD-OH CisHs7 56 — 59 52 -155

4.1.1 Gross and Fine Features of Thermochromic Behaviour

In this and the two following chapters, the thermochromic behaviour of numerous
dye:developer:solvent mixtures is presented. To better identify specific features of the
thermochromic behaviour, and in particular to couple observed behaviour with known
phenomena identified in other thermochromic systems, the analysis of experimental data
is separated into two categories. These two categories, called the “gross” and “fine”

features, are defined below.
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4.1.1.1 Gross Features of Thermochromic Behaviour

The “gross features” define the general characteristics of a thermochromism
system. These characteristics include the colour density of the coloured and decoloured
states, as well as the degree of colour contrast observed upon phase transition from the
equilibrium solid to the melt. The gross features are rather easily identified and are
highly reliant on two factors: the degree of alkyl chain length matching between the

developer and the solvent (which controls the strength of the developer:solvent

181 58,101,193

interaction), = and the relative concentrations of each of the three components.

Most literature reports in the field of reversible thermochromism in multi-component

mixtures have been focussed on optimizing, and attempting to explain the origins of, the

. 1,100,101,102,140,175,1
gross features of thermochromic systems,>®!-100-101:102.140.175.193

4.1.1.2 Fine Features of Thermochromic Behaviour

The “fine features” identify more subtle changes in colouring behaviour that do
not necessarily match the overall thermochromic behaviour observed in the gross features
of a particular system. It is known that the colouring behaviour of a thermochromic

system is sensitive to subtle chemical changes in the system which include variations in

71,101,102

the polarity and H-bonding strength of the reaction medium, changes in the

175,176

solubility of the dye and developer during heating and cooling, phase separation of

the dye and developer from the solvent upon transition from the melt to the solid state,'*

and changes to the reaction environment due to polymorphic solid-solid phase transitions

194

of the long-chain solid solvent. " The most commonly observed fine features in the

present work were associated with LO-to-R phase transitions of the solvent
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(polymorphism), poor dye and developer solubility in the molten solvent, and
inhomogeneous phase separation of the dye and developer causing mixture
decolouration.

The fine features of a thermochromic mixture are much less predictable than the
gross features, and the assignment of their origins can be difficult. Using a knowledge of
the physical properties of the chemicals involved, in conjunction with the reported
behaviour in other thermochromic systems, the origins of some of the fine features
observed in some thermochromic mixtures have been examined here. In many cases, the
properties of the solid solvent play a crucial role in understanding the origin of the fine

features of thermochromic systems.

4.2 Results and Discussion

To gain a better understanding of how changing the length of the alkyl chain
attached to the solid solvent influences the colouring behaviour in three-component
thermochromic mixtures, numerous dye:developer:solvent combinations were studied.
The alcohol solvent alkyl chain length was varied from 14 to 18 carbon atoms, excluding
alcohols with odd-numbered chain lengths, and dodecyl gallate (DDG, 12 carbon atom
long alkyl chain) was used as the developer for all studies presented in this chapter. In all
experiments reported in this chapter, the dye component was crystal violet lactone
(CVL). Chapter 7 provides a summary of the results obtained in this chapter by
presenting ternary thermochromic phase diagrams, which aid in the identification of

compositional regions that display different thermochromic behaviour.
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4.2.1 CVL:DDG:TD-OH Mixtures

4.2.1.1 Introduction to Studies on CVL:DDG:TD-OH Mixtures

A useful starting point in the comparison of thermochromic systems containing
matched and mismatched alkyl chain lengths is the study of mixtures containing DDG
and TD-OH, as they were found to demonstrate strong colouration in the melt and little to
no colour in the equilibrium solid (i.e., melt-darkened behaviour).'”! CVL:DDG:TD-OH
mixtures have also been shown to demonstrate excellent colour contrast (e.g., at a mixing
ratio of [1:6:407).'%"1%

The compositional ranges studied here for the CVL:DDG:TD-OH system differed
between observational spectroscopy and colour photo analysis experiments. In the
observational spectroscopy experiments, the compositional ranges varied from [1:y:60]
to [1:y:90], where y, the molar ratio of DDG to CVL, varied from y = 0.5 to 10. For the
colour photo analysis experiments, the developer molar ratios were in the range of 1.5 <y
<19 and the solvent molar ratios were in the range of 45.5 <z < 190. Rather than
presenting an exhaustive list of all of the results obtained in this work, representative
examples (i.e., samples that best demonstrate the observed trends in colouring behaviour)
obtained via observational spectroscopy and colour photo analysis are presented and
discussed to provide general conclusions about the colouring behaviour in this

thermochromic system.
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4.2.1.2 Observational Spectroscopy Results
4.2.1.2.1 Gross Features of CVL:DDG:TD-OH Mixtures

Figure 4.2 shows the colour density plots for a selection of the samples in the
[1:y:60] and [1:y:90] compositional ranges (where y varied from 0.5 to 10). The
colour density (CD) values for the equilibrium solids (at the initial starting temperature, 7
=25 °C) were CDgquit = 0. This indicates that all of the samples were colourless at room
temperature, in agreement with values reported in the literature.'""'° Upon melting
(Ttys,rp-01 = 36 to 38 °C), most of the samples became coloured. From the data shown in
Figure 4.2, it is apparent that the colour density of the coloured state was dependent on
the concentration of developer present in the sample. Samples with DDG molar ratios of
v < 3 did not become substantially coloured in the melt (CDyeic < 0.3), whereas as
samples with high DDG molar ratios became strongly coloured in the melt (e.g., when y

=10, CDwmeit = 1.0 to 1.8).
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Figure 4.2. Colour density versus temperature plots obtained via observational spectroscopy for
CVL:DDG:TD-OH samples in the [1:y:90] (top) and [1:y:60] (bottom) compositional ranges.
The molar ratios of the three components are given on the figure. Heating rates during these
experiments were d7/dz = 1 K min™'. Ty, represents the melting point of the pure solvent. Lines are
added as a guide to the eye. Error in CD was estimated to be +/-0.15. Note: data were only collected
to 80 °C for the [1:y:90] samples.

Upon cooling to the solid state, the colour density in some samples did not
immediately return to that of the equilibrium solid. This retention of colour is indicative
of a metastable state forming after solvent cooling, in agreement with reports from the
literature.'! This metastable state was not kinetically stable, however, and the decoloured

equilibrium state returned within a matter of minutes.
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Many of the samples in the CVL:DDG:TD-OH system demonstrated high colour
contrast between the coloured melt and decoloured equilibrium solid, with the colour of
the molten state being highly dependent on the developer concentration. In particular, the
[1:10:60] sample demonstrated excellent colour contrast (4CDyx = 1.8), resulting from
the formation of an intensely coloured melt (CDyc = 1.8) from a colourless equilibrium

solid (CDgquii = 0).

4.2.1.2.2 Fine Features of CVL:DDG:TD-OH Mixtures

The fine features observed in CVL:DDG:TD-OH samples can be split into two
categories: features observed during heating (i.e., changes associated with solvent
melting and developer dissolution into the molten solvent) and features observed on
cooling (i.e., solvent solidification-induced colour changes), with the latter playing a
more important role in this particular three-component system.

Referring to the initial heating portion of the curves in Figure 4.2, it is clear that
the colour density of these samples rose as the solvent began to melt. This indicated that
the developer, which is required to develop the colour of the dye, was segregated by the
solvent while in the solid state, and as soon as the solvent began to melt the chemical
interactions holding the developer and solvent together were disrupted. The disruption of
the developer:solvent interaction liberated the developer, allowing for the formation of
the strongly coloured dye:developer complex in the melt of samples that contained
developer concentrations sufficiently high to initiate colour formation (e.g., y > 3 for

[1:y:60] samples).
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Also for Figure 4.2, the largest and most rapid increases in colour density were
observed immediately after the melting point of the solvent was exceeded, but the
maximum colour density seen here for most samples was not reached until the mixture
was heated to the highest temperature available on the water bath (7max = 80 or 95 °C).
The continued increase in colour density on heating is attributed to the relatively poor
solubility of the developer. As the temperature of the solvent was increased, more of the
developer dissolved in the molten solvent, promoting dye:developer interactions and,
subsequently, the formation of more strongly coloured mixtures.

Enhanced developer dissolution in the high-temperature solvent (i.e., > 70 °C) is
the result of a couple of factors. The melting points of long-chain alkyl gallates fall
within a fairly narrow range when the alkyl chain length is between 8 and 18 carbon
atoms (vide supra, Table 2.1). Dodecyl gallate has a melting point of 96 to 99 °C,'?%!3°
therefore it stands to reason that the developer component should become more soluble as
the temperature of the solvent approaches the melting point of the gallate developer.
Furthermore, increased developer solubility was coupled with enhanced molecular
mobility of the developer as the melting point of the developer was approached, which
further aids in the mixing of components in the molten phase of the solvent.

The maximum colour density of the melt was achieved at or near the maximum
temperature of the heat-cool cycle and was maintained until solvent solidification. The
maintenance of the maximum colour density during cooling further supports the concept
of enhanced developer solubility since molten, but poorly soluble, developer would
precipitate inhomogeneously from the solvent on cooling prior to solvent solidification.

Inhomogeneous precipitation of the developer would result in inconsistent colour density
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during cooling and increased opacity of the mixture above the solvent freezing
temperature; this behaviour was noted for samples containing mismatched alkyl chain
lengths and will be discussed in subsequent chapters.

The colouring behaviour of TD-OH mixtures during cooling varied substantially
from sample-to-sample, with a strong dependence on the developer concentration.
Referring to Figure 4.2, in particular to the cooling portion of the graph in the region of
45°C > T>20°C, it is clear that the colouring behaviour of the [1:3:60] and [1:4:60]
samples was very different from that of the samples with higher developer
concentrations, such as the [1:6:60] and [1:10:60] samples.

Looking first at the curves for the [1:6:60] and [1:10:60] samples on cooling,
there was a slight increase in colour density just prior to solvent solidification (observed
in y =3, 4, and 6 samples, but not when y = 10 due to colour density saturation), which
occurred at 7= 45 °C. As the solvent began to solidify into its R-phase in the [1:6:60]
and [1:10:60] samples, the developer quickly precipitated from solution, thereby
disrupting the colour-forming dye:developer complex and giving rise to rapid
decolourization of the mixture. Further cooling caused additional colour density
decreases after a few minutes, due to conversion to the equilibrium solid state and the
formation of the 2DDG:TD-OH compound described in section 2.2.2.2,'0!-110-164

The [1:2:60],[1:3:60], and [ 1:4:60] samples demonstrated rather different
fine features during cooling compared to the [1:6:60] and [1:10:60] samples. Ata
temperature just above the melting point of the solvent (Txs = 36 to 38 °C),'* there was a
slight increase in the colour density of the mixtures, as described above. As the samples

were further cooled, and the solvent solidified in the R-phase, the colour density
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decreased slightly. This decrease in colour density for the y = 3, 4 samples was
substantially less sharp than the colour density drops observed in the samples with y = 6,
10. This indicates that the precipitation of the developer from the solid solvent was not as
complete in y = 3, 4 samples as it was for samples with larger developer concentrations
(e.g., samples with y = 6, 10).

A consequence of incomplete developer precipitation from the solvent was the
maintenance of moderate colouration into the solid state for samples with y = 3, 4. The
solvent immediately solidified into the R-phase prior to undergoing a solid-solid phase
transition to the low-temperature ordered phase (LO-phase). While in the R-phase, the
heightened orientational disorder of the solvent phase likely promoted dissociation of the
coloured complex, which accounts for the immediate, however small, drop in colour
density as the freezing point of the solvent was reached (for y = 3 and 4 samples). Further
cooling caused the solvent to transition from the R-phase to the LO-phase, at which point
a moderate spike (4CD = 0.5) in the colour density was observed. This spike is attributed
to a “freezing-in” of the coloured complex, as had been observed in rapidly quenched
thermochromic mixtures.'®"'"* The proposed mechanism explaining the colouring
behaviour after solvent solidification in this system, which involves a solid-solid phase
transition from the R-phase to the LO-phase and the creation of a metastable solid state,
is supported by the fact that the metastable state was short-lived and returned to the
colourless equilibrium state within a matter of minutes.'"'

The fine features of the [1:):90] samples were similar to those observed in the

[1:y:60] samples. The y = 10 sample underwent rapid decolourization upon

108



solidification of the solvent due to the near-complete, inhomogeneous precipitation of the
developer from the solvent causing the coloured dye:developer complex to be destroyed.
The [1:y:90] samples with y = 3, 4, or 6 demonstrated behaviour similar to the
[1:y:60] samples with similar developer concentrations. There was a brief spike in
colour density of the mixtures prior to solvent solidification, coupled with an additional
increase in colour density just after solvent solidification. No reduction in colour density
was observed between the two aforementioned increases in colour density in [1:y:90]
samples, in contrast to what had been observed for [1:y:60] samples. Once again, the
spike in colour density that occurred after solvent solidification was likely the result of
transition through the R-phase to the LO-phase of the solvent, whereby transition to the
LO-phase briefly froze the coloured complex into the solid state of the solvent, yielding a
metastable coloured solid, which returned to the decoloured equilibrium state after a few

minutes.

4.2.1.3 Colour Photo Analysis of CVL:DDG:TD-OH Mixtures
4.2.1.3.1 Gross Features of CVL:DDG:TD-OH Mixtures

The results obtained via colour photo analysis are presented separately from those
obtained via observational spectroscopy. The colour photo analysis experiments
employed a white reference material (Spectrolon), composed of a highly reflective Teflon
block, to normalize the measured brightness of each sample. This allows for colour
density comparisons between mixtures containing different chemical components (e.g.,
different developers and solvents) at different concentrations, and under different lighting

conditions.
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Figure 4.3 shows the colour photo analysis colour density versus temperature
plots for selected samples in the CVL:DDG:TD-OH system. The gross features of this
system are in accord with those presented in section 4.2.1.2.1 and those reported in the

10LI0Z.10 N fe]t-darkened behaviour was observed for most samples, with the

literature.
equilibrium solid state being decoloured at all compositions, while the melt became

coloured in samples that contained sufficiently high developer concentrations.
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Figure 4.3. Colour density versus temperature plots obtained via colour photo analysis for samples in
the CVL:DDG:TD-OH system. The molar ratios of the three components are given on the figure.
Heating rates during these experiments were d7/d7 = 1 K min™'. Ty, represents the melting point of
the pure solvent. Lines are added as a guide to the eye. Error in CD was estimated to be +/-0.15.

Some samples lacked colour in both the equilibrium solid and the melt owing to
the fact that the developer concentration was too low (e.g., [1:3:96] sample) or the
solvent concentration was too high (e.g., [1:10:189] sample). In the intermediate cases
where the developer concentration was high (e.g., [1:19:180] sample) or the solvent
concentration was low (e.g., [1:3.5:45.5] sample), the equilibrium solid was colourless
and the melt became coloured. In all of the samples, the solid initially formed on cooling
from the melt was more strongly coloured than the pre-melt equilibrium solid indicating
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the formation of a metastable solid. After a few minutes at room temperature (7'~ 15 °C),
however, the metastable solid was converted to the equilibrium solid and colour was lost.
The colour contrast between the coloured and decoloured states, ACD, which is

arguably the most important characteristic of any thermochromic system, was observed to
be very tuneable in the CVL:DDG:TD-OH system by modifying the developer and

solvent concentrations. The colour contrast of the [1:9:90] sample (Figure 4.3) was very
good (ACDwax = 0.7), once the developer completely dissolved in the molten solvent, and
could potentially be increased further since the equilibrium solid remained virtually

colourless over the entire compositional range studied.

4.2.1.3.2 Fine Features of CVL:DDG:TD-OH Mixtures

To give the reader a better appreciation for what a specific colour density value
looks like in the solid and molten states, colour images are presented for selected
dye:developer:solvent combinations studied via colour photo analysis. Figure 4.4 shows
the colour photos obtained for the [ 1:9:90] sample. The equilibrium solid was
completely colourless, with colour development occurring above the melting point of the
solvent (T = 36 to 38 °C)'** was exceeded. The colour density of the [1:9:90] sample

began to rise sharply above 42 °C, before attaining moderate colouration at 45 °C.
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Figure 4.4. Colour photographs (a) on heating and (b) on cooling of the CVL:DDG:TD-OH sample at
a composition of [1:9:90]. Note the formation of colour upon melting (7 > 42 °C) and reduction in
colour density upon solidification (7 < 36 °C).

As described in section 4.2.1.2.2, the developer component does not always fully
dissolve as soon as the solvent melts. This phenomenon resulted in a gradual increase in
the observed colour density of a given mixture as the melting point of the gallate
developer was approached. This effect was also observed in three-component mixtures
containing HD-OH and OD-OH as the solvent, and will be further discussed in
subsequent sections of this chapter (sections 4.2.2 and 4.2.3).

The effect of insoluble developer on the colorimetric properties of thermochromic
mixtures is seen in Figure 4.4 (a). As the temperature exceeded the melting point of the
solvent (7tys tp-on = 36 to 38 °C), the mixture gained a light blue hue. The mixture
remained opaque throughout much of the temperature range, indicating the presence of
insoluble developer. At 85 °C, the developer became fully dissolved in the solvent,
producing a completely transparent melt. At this elevated temperature the maximum

colour density of the melt was reached, indicating that the developer had fully dissolved
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in the solvent since, for melt-darkened thermochromic mixtures, dye:developer complex
formation would be strongest when the developer is fully dissolved.

As the sample in Figure 4.4 was cooled from 95 °C, there was effectively no
change in colour density or opacity throughout the entire temperature range until the

144 The lack of crystallization of

solvent solidified just below its literature melting point.
the developer on cooling indicates that the developer had become dissolved in the
solvent. If the solvent and developer were both molten and immiscible, the developer
would begin to crystallize well before the solvent crystallized due to their substantially
different melting points (see Table 2.1 and Table 4.1). Crystallization of the developer
did not occur independently of the solvent crystallization and therefore the developer
must have been dissolved in the solvent.

Developer solubility in the solvent, and subsequently the colouring behaviour of
the melt, is intimately coupled with the developer:solvent mixing ratio. Figure 4.5 shows
colour images of the [1:10:189] sample on heating and cooling. This sample contained
substantially increased solvent loading compared to the [1:9:90] sample (Figure 4.4)
while maintaining nearly the same dye:developer ratio. The increased solvent loading in

the [1:10:189] sample allowed for a higher concentration of developer in the molten

mixture, reducing opacity in the melt.

Figure 4.5. Colour photographs of the CVL:DDG:TD-OH sample at a composition of [1:10:189].
Note the high transparency of the molten phase of the mixture, as well as the lack of colour formation
on solvent melting (7 > 40 °C) and the appearance of colour upon solidification (7' <30 °C).
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Coupled with reduced opacity was the reduction in melt colour density observed
in mixtures with high solvent loading and/or low developer concentrations. The
aforementioned [ 1:10:189] sample was completely colourless in the melt as a result of
the substantially increased solvent loading. While in the melt, the developer
concentration must be sufficiently large to allow the developer to interact with the dye
and thereby produce colour. If the developer concentration was too low, the likelihood of
an interaction between the dye and developer was substantially reduced and no colour
was formed in the melt.

Figure 4.6 shows digital photos of the [1:3.5:45.5] sample during heating and
cooling. The dye:developer ratio in this mixture was much lower than that of the
[1:10:189] sample, however, the solvent concentration also was substantially reduced.
As aresult of the decreased solvent concentration, the opacity effects resulting from
insoluble developer were observed throughout the entire temperature range. The
decreased solvent concentration also resulted in an increase in the colour density of the

melt, giving rise to a faint blue molten phase.
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Figure 4.6. Colour photographs of the CVL:DDG:TD-OH sample at a composition of [1:3.5:45.5].
Note the formation of colour upon melting (7> 50 °C) and loss of colour upon solidification (7 < 30
°C).

The fine features discussed in section 4.2.1.2.2, based on observational

spectroscopy results for the same CVL:DDG:TD-OH ternary system, were also observed
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during the colour photo analysis experiments. Samples which formed very deeply
coloured molten phases, as a result of their high developer and low solvent
concentrations, underwent rapid colour loss upon solidification of the solvent and did not
show a brief spike in colour density on further cooling. Referring back to Figure 4.3
(colour density versus temperature plots) and Figure 4.4 (colour photos of the [1:9:90]
sample on cooling), it is clear that the colour density drops rapidly upon solidification of
the solvent, with the retention of moderate colour as the sample passes through the R-
phase of the solvent (7' = 34 °C, glossy appearance indicates R-phase formation).

Some samples, particularly those which did not form colour in the melt,
demonstrated colour formation upon solidification of the solvent. All of the samples
shown in Figure 4.3, with the exception of the [1:9:90] sample, showed a brief spike in
colour density after solidification of the molten solid. In samples demonstrating colour in
the melt, there was a sharp decrease in colour density as solidification began (i.e., due to
R-phase formation) followed by a brief spike in colour density upon transition from the
solvent R-phase to the LO-phase. The transition to the LO-phase effectively froze the
solid into a metastable state which was darker than the equilibrium solid, and was lost
after some time when the equilibrium solid was achieved.

Figure 4.5 provides a good visual representation of the brief spike in colour
density that occurs just after solvent freezing in CVL:DDG:TD-OH system. There was no
colour formation observed in the sample on heating from the equilibrium solid, even at
the highest temperature attained on the water bath. During cooling, no developer
precipitation or colour formation was observed until the solvent began to solidify (7' = 34

°C), at which point weak colouration was observed upon transition to the R-phase. The
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transition to the LO-phase created a short-lived metastable state with slightly enhanced
colour density compared to the pre-melt equilibrium solid, but the increased colour

density was quickly lost as the equilibrium solid phase was achieved.

4.2.1.4 Conclusions Concerning CVL:DDG:TD-OH Mixtures

The gross features of thermochromic behaviour in the CVL:DDG:TD-OH system
obtained via observational spectroscopy demonstrated that the equilibrium solid is the
decoloured state, the melt is the coloured state, and that colour contrast can be high but
depends largely on the developer concentration. The equilibrium solid was observed to be
colourless in virtually all mixtures, and the colour density of the melt was dependent on
the relative developer and solvent concentrations. There was a developer loading
threshold value above which a coloured melt was formed and below which the melt
always lacked colour formation. This developer loading threshold also was dependent on
the solvent concentration, increasing from y = 2 when z = 60 to y = 3 when z = 90, due to
the relative decrease in dye and developer concentrations caused by the increased solvent
concentration.

The results obtained via colour photo analysis were largely in agreement with
those obtained via observational spectroscopy for the CVL:DDG:TD-OH system.
CVL:DDG:TD-OH mixtures were characterized by very good colour contrast (4CDp,x =
0.7) between completely decoloured equilibrium solids and coloured melts. The colour
density of the melt was enhanced by increasing the developer concentration, while
changing the solvent concentration usually had larger implications on the solubility of the

developer and opacity of the melt.
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The fine features of thermochromic behaviour, identified during the heating
portion of the experiment, include the initial development of colour upon solvent melting
coupled with continued increases in melt colour density as the mixture was heated to 7'~
95 °C. Increased solvent temperatures promoted enhanced dissolution of the developer
into the solvent, which produced an increasingly dark melt, until the maximum
temperature of the water bath was reached and the colour density levelled off.

On cooling, samples with low and intermediate developer concentrations (e.g.,
when y <5 to 6) usually darkened slightly just prior to solvent solidification, and
darkened much more as the solvent transitioned from the R-phase to the LO-phase,
producing a darker metastable solid. The metastable solid was kinetically unstable and
converted to the equilibrium solid in a matter of minutes. Samples containing large
developer concentrations (e.g., when y = 10), on the other hand, underwent rapid and
nearly complete colour loss upon solvent solidification due to the rapid precipitation of
the developer. Due to the rapid colour loss, the equilibrium solid state colour density was
returned almost immediately after solvent solidification.

In samples with intermediate developer concentrations and relatively high solvent
concentrations, conversion to the solid state caused increased colour density. The initial
increase on solidification of the solvent was associated with formation of the R-phase of
the solvent, and subsequent conversion of the R-phase to the LO-phase caused a

“freezing-in” of the colour in the form of a short-lived metastable solid state.
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4.2.2 CVL:DDG:HD-OH Mixtures

4.2.2.1 Introduction to Studies on CVL:DDG:HD-OH Mixtures

Previous research on three-component thermochromic mixtures containing HD-
OH as the solvent indicated that this system behaves in a fashion similar to the related
TD-OH system.'*""'* The equilibrium solid was observed to have a lighter colour than
the melt and the quenched metastable solid was found to be darker than the equilibrium
solid, but the decolourisation rates of the metastable state were found to be substantially
longer (z;> 30 min) than for the TD-OH system.'*""'** The observed behaviour was seen
over a wide compositional range, 1 <y < 12 and 25 <z < 85.'01!%

In an effort to confirm what had been reported previously, many samples in the
aforementioned compositional ranges were prepared and studied. In a surprising turn of
events, it was observed that samples outside this compositional range, containing a large
concentration of solvent (e.g., when z = 90 to 100) and small concentration of developer
(e.g., when 0.5 <y <5), actually demonstrated behaviour opposite to that reported by
both MacLaren and Tang for lower solvent concentrations.'®"'0%!1%-18!

In the higher solvent concentration samples, the equilibrium solid demonstrated
moderate colouration that often was lost upon solvent melting, indicating that the solid
was the coloured state and that the melt was the decoloured state. The quenched
metastable solid usually was the darkest state, before converting to the equilibrium solid
over a period of 30 to 60 minutes. As was the case with TD-OH mixtures, the colour

density of the samples with a large concentration of solvent (e.g., when z = 90 to 100)

was highly dependent on the developer concentration.
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The CVL:DDG:HD-OH system is an example of a mismatched system,
containing solvent and developer alkyl chains that differ in length by four carbon atoms.
This mismatch in alkyl chain length causes the interaction of the developer and solvent in
the solid state to be weaker than in “matched” systems (e.g., CVL:DDG:TD-OH
mixtures, where the alkyl chains vary in length by two carbon atoms) and as a result, the
equilibrium solid is usually observed to be coloured. Strong developer:solvent
interactions, as seen in matched systems, reduce colour formation in the solid state
because the developer is sequestered by the solvent, preventing dye:developer

interactions and colour formation.

4.2.2.2 Observational Spectroscopy Results for CVL:DDG:HD-OH Mixtures
4.2.2.2.1 Gross Features of CVL:DDG:HD-OH Mixtures

Figure 4.7 shows colour density versus temperature plots for selected samples in
the CVL:DDG:HD-OH ternary system at a variety of solvent concentrations (e.g., where
z =90, 60, and 30). At high developer concentrations, the colouring behaviour was
somewhat similar to that observed for the TD-OH system (i.e., melt-darkened). The
[1:10:90],[1:5:60], and [1:4:30] samples all were coloured in the equilibrium solid
and became more intensely coloured upon solvent melting. The metastable solid formed
after solvent solidification (7, = 48 to 50 °C)144 was the most intensely coloured state,
before losing colour density as the mixture returned to the equilibrium solid state. The
darkening of the sample ([1:10:90]) on melting was reminiscent of the behaviour
observed in TD-OH mixtures (section 4.2.1), but with reduced colour contrast for the

HD-OH sample.
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Figure 4.7. Colour density versus temperature plots obtained via observational spectroscopy for
CVL:DDG:HD-OH samples in the [1:y:90] (top), [1:y:60] (middle), and [1:y:30] (bottom)

compositional ranges. The molar ratios of the three components are given on the figure. Heating
rates during these experiments were d7/df=1 K min™. Ty, represents the melting point of the pure

solvent. Lines are added as a guide to the eye. Error in CD was estimated to be +/-0.15. Note: data
were only collected to 70 °C for the [1:y:30] samples.
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As the developer concentration was decreased, the colour density in both the solid
state and the melt was reduced. The colour density of the melt exhibited strong developer
concentration dependence, particularly after the developer more completely dissolved in
the molten solvent (e.g., when 7> 60 °C). As the developer concentration was further
decreased (y <4 for z = 90 samples), the colour density in the equilibrium solid became
higher than the colour density in the melt. Therefore, the less coloured state in these
samples was the melt and the more coloured state was the equilibrium solid, in contrast to
the behaviour observed in TD-OH samples.

Furthermore, this behaviour was in contrast to that described by MacLaren and
Tang, who treated the equilibrium solids as the decoloured state and the melt as the
coloured state in each of the three-component thermochromic systems studied in their
work.''2 Additionally, there was a developer concentration threshold below which the
colouring behaviour changed from melt-darkened to melt-lightened thermochromism. In
samples with z = 90, this threshold developer concentration was observed to be y = 6.

Colouring behaviour very similar to the z = 90 samples was observed for the z =
60 samples, which are also shown in Figure 4.7 (middle). Once again, at high developer
concentrations (e.g., when y > 5), the melt was more strongly coloured than the
equilibrium solid, indicating melt-darkened behaviour. Samples that contained less
developer (y < 4) were more strongly coloured in the equilibrium solid than in the melt,
indicating melt-lightened behaviour. The decreased solvent concentration (e.g., when z =
60) caused a relative increase in the concentrations of CVL and DDG, allowing for the
inversion of colouring behaviour to occur at lower developer concentrations. For samples

with z = 60, the developer concentration threshold dropped to y = 4.
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Figure 4.7 (bottom) shows colour density versus temperature plots for selected
samples with z = 30. These samples demonstrated behaviour similar to the previously
discussed HD-OH mixtures and, as expected, the developer concentration threshold for
inversion of colouring behaviour fell to an even lower value (y = 3). It must be noted that
the initial colour densities during the heating portion of the heat-cool cycle (at 7= 25 °C)
shown in Figure 4.7 (bottom) are non-equilibrium values due to the fact that the samples
had not reached thermal equilibrium (after sample preparation) prior to the start of the
slow heat-cool cycle experiment. The colour densities reported at 7= 20 °C during the
cooling portion of the experiment are equilibrium values, which were obtained by
allowing the samples to sit at room temperature overnight. Therefore, the assignment of y
~ 3 as the developer concentration threshold was based on the post-solidification colour
density, which represented the equilibrium colour density.

An important difference between the samples with z =30 and the previously
examined samples (z = 60 or z = 90) was that even at low developer concentrations (e.g.,
y =2 to 4) the equilibrium colour density (observed at 7= 20 °C on cooling) was rather
high. In particular, the [1:2:30] sample (Figure 4.7 (bottom), blue triangles)
demonstrated an equilibrium colour density of CDgqi = 0.7, which was substantially
higher than that of the [1:3:60] sample (CDgquii = 0.3) and the [1:2:90] sample (CDgquil
~ (.3). The higher equilibrium colour densities observed for y = 30 samples were
attributed to the low solvent concentration, which caused the relative dye and developer
concentrations to increase.

Also due to the low solvent concentration, fully decoloured melts were difficult to

obtain. The best colour contrast observed for melt-lightened y = 30 samples was seen for
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the [1:1.3:30] sample, which became fully decoloured in the melt (CDysi; = 0.0), but
showed only light colouration in the solid state (CDgquii = 0.3), yielding poor colour
contrast (ACDyax = 0.3).

A final set of samples in this series was prepared with low solvent concentrations
(e.g., with z < 30) to determine if the loss of colour in the melt could be maintained while
substantially increasing the relative concentrations of CVL and DDG (by virtue of the
decreased solvent concentration). Figure 4.8 shows the colour density versus temperature
plots for selected samples with z < 30. These samples showed low colour density in the
pre-melt equilibrium solid as a result of the low developer loading (y < 1) and all except
for one, [1:0.7:26.9], exhibited complete colour loss upon melting. The latter did show
some colour loss. Due to the increase in the concentration of the colour-forming
components, it was difficult to obtain good colour contrast between the coloured and

decoloured states in this compositional range.
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Figure 4.8. Colour density versus temperature plots obtained via observational spectroscopy for
samples in the CVL:DDG:HD-OH system (where z < 30). The molar ratios of the three components
are given on the figure. Heating rates during these experiments were d7/ds =1 K min™". Ty,
represents the melting point of the pure solvent. Lines are added as a guide to the eye. Error in CD
was estimated to be +/-0.15.
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4.2.2.2.2 Fine Features of CVL:DDG:HD-OH Mixtures

The fine features associated with the heating portion of the heat-cool cycle were
more difficult to resolve in this ternary system than in the CVL:DDG:TD-OH system. In
general, the most common feature was a moderate darkening (ACD = 0.3) of samples
prior to solvent melting. This feature was seen most prominently for samples with z = 30,
where a broad spike in colour density was observed between 40 °C < 7<48 °C on
heating, before the colour density dropped near the melting point of the pure solvent.
Although this feature was not observed in every sample, its presence in numerous
samples (e.g., [1:6:90],[1:1:60], and [1:y:30]) indicated that transition into the solvent
R-phase has significant implications on the colouring behaviour of thermochromic
mixtures.

The spike in colour density observed on heating often was observed to occur at
temperatures below the LO-to-R transition temperature range of the pure solvent (7t np-
on =43 t0 46 °C).'** The source of this spike in colour density was likely due to transition
into the R-phase; however, the fact that it was an increase in colour density and not a
decrease in colour density was counter-intuitive. In the majority of samples studied in this
work (most of which demonstrated melt-lightened behaviour), transition into the R-phase
of the solvent caused decolouration of the mixtures. In fact, decolouration of
CVL:DDG:HD-OH mixtures upon transition to the solvent R-phase was observed in
numerous colour photos shown in the section 4.2.2.3, which presents colour photo
analysis of CVL:DDG:HD-OH mixtures. This raised an interesting question: why did the
colour density of CVL:DDG:HD-OH mixtures observed by observational spectroscopy

increase near the LO-to-R phase transition?
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As the solvent transitions into the R-phase from the equilibrium LO-phase, the
developer becomes more mobile due to the increased molecular mobility of the solvent
molecules in the R-phase. When this occurs, the dye:developer interaction is temporarily
weakened, and some mild colour loss occurs. At temperatures just above Ty, the solvent
transitions from the R-phase back into the LO-phase when the sample is removed from
the water bath. As has been noted in previous sections of this thesis, conversion from the
melt and/or R-phase to the LO-phase of the solvent causes the colour density to spike due
to the formation of a metastable solid state. Therefore, the spike in colour density
observed during heating, and prior to solvent melting, for CVL:DDG:HD-OH mixtures
was due to the formation of a more intensely coloured metastable mixture in which the
solvent is temporarily in the LO-phase. In the samples that showed colour density
increases prior to the LO-to-R phase transition temperature range for the pure solvent, the
colour density was also noted to decrease immediately prior to solvent melting. This
behaviour is characteristic of transition into the R-phase, in which decolouration of the
mixture is caused by dissociation of the dye:developer complex due to enhanced
molecular mobility in the dynamically disordered rotator phase.

An important consideration in the study of three-component thermochromic
mixtures is the solubility of the dye and developer in both the solid and liquid phases of
the solvent. As previously discussed, a proposed mechanism for colour formation in these
systems suggested that phase separation, and the solubility of the dye and developer, play
a crucial role in the colouring behaviour of reversible thermochromic mixtures.'®

In the CVL:DDG:HD-OH system, both the dye and developer have relatively low

solubility in molten HD-OH. While it is not directly evident from the data presented in
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Figure 4.7 and Figure 4.8, both CVL and DDG have such low solubility in HD-OH that
the melt is often opaque due to the presence of insoluble DDG and/or CVL. This
behaviour is evidenced in Figure 4.9 by the visual observation of insoluble CVL* in the

decoloured melt of the CVL:DDG:HD-OH mixture, at a composition of [1:0.5:23].

T7¢C: 20 40 45 50 85 50 46 44 30 20

Figure 4.9. Colour photographs of the CVL:DDG:HD-OH sample at a composition of [1:0.5:23].
The yellow colour of the melt is due to insoluble leuco-CVL.

Returning to Figure 4.7, it can be observed that the colour density of z = 90
samples at 80 °C was lower than the colour density of the melt during the cooling phase
(60 to 50 °C). This behaviour was the result of increased dissolution of the developer in
the molten solvent as the samples spent more time in the melt. This effect was greatest at
moderate developer concentrations (e.g., when y = 4 to 6). At low developer
concentrations (e.g., y < 2), there simply was not enough developer present to obtain
strong colouration in the melt, regardless of dye and developer solubility.

In the [1:10:60] sample, the colour of the melt quickly became saturated as the
solvent melted and further dissolution of DDG and/or CVL had little influence on the
colour density of the mixture. The high developer concentration likely means that the
developer solubility limit is reached quickly, preventing the increase in colour density

observed in samples containing lower developer concentrations (e.g., the y = 3, 4

' Leuco-CVL is often yellow due to the presence of small amounts of impurities.
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samples), which continue to become more strongly coloured in the melt during the
cooling phase as more developer dissolved in the molten solvent.

A similar effect of increasing colour density with time in the melt was seen in z =
30 samples, where the colour density continued to increase during heating of the melt up
to 70 °C. The increase in melt colour density would likely have been greater if the
samples were heated to 95 °C as the melting point of the gallate was approached.
Increased colour density with temperature and time spent in the melt was not observed in
z <30 samples (Figure 4.8), presumably due to the low solvent concentration reducing
the amount of developer which could become dissolved in the melt.

Another important fine feature observed in CVL:DDG:HD-OH mixtures was the
colouring behaviour upon solvent solidification. Samples in the [1:):90] compositional
range (Figure 4.7, top) demonstrated two types of solidification-induced colouring
behaviour. At high developer loading (e.g., [1:10:90]), the colour density did not
increase immediately upon solidification of the solvent into the R-phase (7'= 48 to 45
°C), and spiked upon transition from the R-phase to the LO-phase (7 = 43 to 40 °C). The
colour density of the [1:10:90] sample then dropped precipitously as the solvent was
further cooled, likely due to inhomogeneous phase separation of the developer from the
solvent, thereby returning the equilibrium colour density at 30 °C.

A similarly intense colour density decrease was observed for the [1:4:30] sample
as a result of the relatively large developer concentration. Upon solidification of the
solvent into the R-phase, little change in the colour density was observed (7'= 46 to
43°C). Conversion of the R-phase solid to the LO-phase caused an immediate spike in

the colour density, which was followed by a significant decrease in colour density on
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cooling to 7= 35 °C. The large decrease in colour density observed after LO-phase
formation was attributed to rapid and inhomogeneous precipitation of the poorly soluble
developer, a mechanism suggested previously in section 4.2.1.2 to explain the dramatic
colour density decreases observed in CVL:DDG:TD-OH mixtures containing large
developer concentrations (e.g., the [1:10:60] and [1:10:90] samples).

Most CVL:DDG:HD-OH samples at low developer concentrations (y < 5)
displayed slightly different colouring behaviour on cooling compared with the high
developer concentration samples. This was mostly due to the relatively low developer
concentrations, which prevented the rapid, inhomogeneous precipitation of the developer
that occurred in samples containing large developer concentrations (e.g., [1:10:90] in
Figure 4.7). Referring to Figure 4.7, the colour density of most samples spiked slightly
after solvent solidification. This spike in colour density, observed around T = 45 to 40 °C,
corresponded to the transition from the R-phase to the LO-phase of the solvent. The
colour density in the low developer concentration samples was maintained across a wider
temperature range than in high developer concentrations samples, since the developer did
not rapidly phase-separate from the solid solvent. This slow decrease in colour density,
occurring around 30 °C, was similar to the results obtained by MacLaren, Tang, and
White for CVL:DDG:HD-OH mixtures, , which decoloured more slowly than similar

CVL:DDG:TD-OH compositions.lm’lo2

4.2.2.3 Colour Photo Analysis of CYL:DDG:HD-OH Mixtures

Colour photo analysis was also carried out on samples in the CVL:DDG:HD-OH

system. It must be noted that, although colour photo analysis is generally more
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quantitative than observational spectroscopy, the measurements reported here for the
CVL:DDG:HD-OH system were carried out during preliminary stages of colour photo
analysis and were not referenced against a pure white reference material. As a result, the
reported colour density values in Figure 4.10 and Figure 4.11 are artificially high.
Although the colour density values of these samples cannot be directly compared with

other systems reported in this work, the trends in colouring behaviour remain important.

4.2.2.3.1 Gross Features of CVL:DDG:HD-OH Mixtures

The gross features of thermochromic behaviour in the CVL:DDG:HD-OH system,
observed by means of colour photo analysis, correspond well with those observed via
observational spectroscopy (vide supra, section 4.2.2.2.1). Figure 4.10 shows the colour
density versus temperature plots for selected samples in the CVL:DDG:HD-OH ternary
system. Most of the samples in this system demonstrated moderate colouration in the
solid state, with the colour intensity reduced or lost entirely upon melting. This confirmed
that the equilibrium solid was the coloured state and that the molten phase was the
decoloured state; the opposite behaviour was observed in CVL:DDG:TD-OH mixtures,

which had decoloured equilibrium solids and coloured melts.
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Figure 4.10. Colour density versus temperature plots obtained via colour photo analysis for samples
in the CVL:DDG:HD-OH system. Note that these data were not normalized with a reflective white
standard material. The molar ratios of the three components are given on the figure. Heating rates
during these experiments were d7/ds =1 K min™. T}, represents the melting point of the pure
solvent. Lines are added as a guide to the eye. Error in CD was estimated to be +/-0.15.

Subsequent cooling of the molten mixtures produced very strongly coloured
metastable solid states upon transition to the LO-phase of the solvent. The metastable
solid states were relatively short-lived, and the colour density decreased as the mixtures
returned to the equilibrium solid state. The partial decolourization of the metastable solid
occurred over the course of roughly 30 minutes, similar to the decolourization rates
observed in previous studies on CVL:DDG:HD-OH mixtures.'*""'??

Colour contrast between the coloured and decoloured states of CVL:DDG:HD-
OH mixtures was shown to be dependent on both the developer concentration and the

solvent concentration. This is visualized in Figure 4.11, which shows colour images

CVL:DDG:HD-OH samples at a variety of compositions.
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Figure 4.11. Colour photographs of CVL:DDG:HD-OH samples at a variety of compositions; (a)
[1:3:96],(b) [1:5:94],(c) [1:3:46],and (d) [1:0.5:23].

The [1:3:96] sample (Figure 4.11(a)) and the [1:5:94] sample (Figure 4.11(b))
demonstrated the best thermochromic properties observed in the CVL:DDG:HD-OH
system. In both, the melt was transparent and nearly completely colourless (CDyerr = 0.0
to 0.1), the equilibrium solid was dark blue in colour (CDgquii = 0.9 to 1.1), and the colour
contrast (A4CD = 0.9 to 1.0) was excellent. The ideal thermochromic behaviour of these
samples indicates that CVL:DDG:HD-OH mixtures have potential utility in commercial
applications, as the colour change observed upon switching between the coloured and

decoloured states is dramatic. The behaviour observed in these samples is comparable to
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that observed in the materials used in the Coors Light”™ beer bottle labels,'*>*°

although
the transition temperatures are shifted from ~ 5 to 10 °C to ~ 46 to 50 °C as a result of the
different melting points of the solid solvents employed.'**

Samples containing increased developer concentrations and/or decreased solvent
concentrations (e.g., [ 1:3:46]) were found to be darker in both the equilibrium solid
state (CDgquit = 1.5) and in the melt (CDwere = 0.7) when compared with fully decoloured
samples (e.g., [1:3:96]). The darkening of both the melt and solid state caused the
overall colour contrast (4CD = 0.8) to remain similar to that of the [1:3:96] sample, but

the increased colour density of the “decoloured state” reduced the overall thermochromic

effect.

4.2.2.3.2 Fine Features of CVL:DDG:HD-OH Mixtures

Returning to Figure 4.10, which shows the colour density versus temperature
plots, there was a broad spike in colour density for most samples just prior to solvent
melting. This spike in colour density was also observed in the digital photographs, as
seen in Figure 4.11 (a) at 45 °C. The increase in colour density here was a consequence
of the solvent transitioning to the R-phase while in the water bath, and then back into the
LO-phase upon removal from the bath. This caused the formation of a more intensely
coloured, metastable solid state associated with LO-phase formation. A similar feature
was noted in the discussion of the fine features of CVL:DDG:HD-OH mixtures studied
via observational spectroscopy (vide supra, section 4.2.2.2.2), and is most prominent in
the pre-melting behaviour of mixtures in the [1:y:30] compositional range (see Figure

4.7, bottom).
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As the solvent melted (7%, = 48 to 50 °C),144 most samples immediately lost
colour density, in agreement with the type of behaviour expected for this type of
thermochromic system containing mismatched alkyl chain lengths. Samples which
contained low developer concentrations (e.g., the [1:0.5:23] and [1:2:47] samples in
Figure 4.10) did not demonstrate high contrast between the equilibrium solid and the
molten phase. This was attributed to the fact that the low developer concentration
prevented strong colouration in the equilibrium solid and, therefore, the colour loss on
melting was relatively small compared to samples with more intensely coloured solid
states.

Conversely, the colour density of the [1:3:46] sample in Figure 4.11 (c¢), which
contained a relatively high developer concentration, was found to increase slightly across
the temperature range 60 °C < T'< 85 °C before reaching a plateau at 85 °C. This
behaviour was attributed to the enhanced solubility of the developer as the temperature of
the mixture was raised, following the incomplete dissolution of the developer in the
molten solvent upon initial solvent melting. Similar to the fine features observed in the
TD-OH system, the [1:3:46] sample demonstrated high melt opacity despite solvent
melting, indicating the presence of insoluble developer. This is evidenced by the
white/blue colour of the melt of the [ 1:3:46] sample shown in Figure 4.11 (c).

Figure 4.11 (d) shows the colour images of the [1:0.5:23] sample. The most
important feature to note here is the yellow colour of the melt. The yellow colour arose
from the presence of insoluble CVL, which resulted from the low solvent concentration.
In previous samples, the low solvent concentration resulted in poor developer dissolution

in the melt. It is likely that some DDG also was insoluble in molten [1:0.5:23],
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although it was difficult to identify the presence of the colourless developer due to the
yellow colour of leuco-CVL. Furthermore, the developer concentration here is much
lower than in the [1:3:46] sample, which showed opacity due solely to insoluble DDG
as evidenced by the lack of yellow colouration (see Figure 4.11 (c)).

It is important to note that the colour density of samples which contain insoluble
products does not fall to zero in the melt, even if no colour is observed due to the ring-
opening reaction. Fortunately, the yellow colour associated with leuco-CVL and the
white colour associated with insoluble gallates does not contribute significantly to the
overall colour density. Even in these “non-white-adjusted” samples, the colour density of
yellow coloured melts was below CDyerr = 0.6, and would be much lower with white
reference adjustment.

On cooling, the colour density of most samples was essentially invariant until the
solvent solidified. Solidification of the solvent into the R-phase was not observed to
cause immediate increases in colour density in most samples, as evidenced by the lack of
colour formation in the centre of the samples at 46 °C, as shown in Figure 4.11. Colour
formation at the exterior of the sample vials was indicative of transition from the solvent
R-phase (which is glossy and weakly coloured) to the LO-phase (which is waxy/opaque
and strongly coloured). The colour density of all samples shown in Figure 4.10 rapidly
increased upon conversion from the R-phase to the LO-phase of the solvent. This
increase in colour density matched the colour enhancement observed by MacLaren and

Tang during thermal quenching experimemS’lOl,loz

and conversion to the LO-phase of the
solvent has been shown to promote enhanced colour formation in the ternary systems

studied in this work.
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4.2.2.4 Conclusions Concerning CVL:DDG:HD-OH Mixtures

The results presented in this section provide evidence that modifying the degree
of alkyl chain length matching between the developer and solvent in CVL:gallate:alcohol
systems can be used to control the colouring behaviour. In the CVL:DDG:HD-OH
system, the equilibrium solid was almost always coloured, in stark contrast with the
CVL:DDG:TD-OH system which demonstrated colourless equilibrium solids at virtually
all compositions. In the case of CVL:DDG:HD-OH mixtures, the alkyl chain lengths
differed by four carbon atoms, which appears to be near the threshold for inversion of
colouring behaviour (i.e., switching between melt-darkened and melt-lightened
thermochromism).

The gross features observed in CVL:DDG:HD-OH mixtures include the
observation that the equilibrium solid was coloured, that the melt can be fully decoloured
or deeply coloured (depending on developer concentration), and that the metastable solid
created by cooling the melt (or R-phase) to the LO-phase was the most highly coloured
state observed, having a moderately long lifetime (decolourization times were on the
order of 30 minutes). The best colour contrast (ACDwyax = 0.9 to 1.0) was obtained for
mixtures with strongly coloured equilibrium solids and fully decoloured melts. In some
cases, low developer concentrations prevented strong colouration in the solid state which
reduced the overall thermochromic colour contrast. Conversely, high developer
concentrations caused both the equilibrium solid and the melt to become more strongly
coloured, which resulted in detrimental reductions in the overall thermochromic colour

contrast.
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Numerous fine features were observed for CVL:DDG:HD-OH mixtures.
Moderate increases in colour density prior to solvent melting were observed due to
conversion of the pre-melt R-phase to the LO-phase of the solvent when the samples
were removed from the water bath, which generated a dark, metastable solid state. A
steady increase in the melt colour density was observed for most samples as the melt was
further heated due to increased developer solubility with increased solvent temperature.
An increase in colour density was observed on transition from the R-phase to the LO-
phase of the solvent during cooling due to the formation of a deeply coloured, metastable
solid state. And lastly, rapid precipitation of the developer upon solvent solidification
caused immediate decolourization in samples containing high developer concentrations
(e.g.,[1:10:90] and [1:4:30]).

The developer concentration threshold, above which the melt is darker than the
equilibrium solid and below which the melt is lighter than the equilibrium solid, is highly
dependent on the solvent concentration. In z = 90 mixtures, the developer concentration
threshold was y = 6. Decreasing the solvent concentration to z = 60, and thereby
increasing the relative developer concentration, caused the threshold to fall to y = 4.
Further decreasing the solvent concentration to z = 30 caused the threshold to drop to y =
3.

These results also indicate that the direction of colouring behaviour (i.e., melt-
lightened versus melt-darkened) in mixtures containing poorly matched alkyl chain
lengths is critically dependent on the solvent concentration. Samples which contained
higher solvent concentrations (e.g., when z = 90 to 100) became decoloured in the melt

more easily than samples with low solvent concentrations (e.g., when z < 30).
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Furthermore, due to the poor solubility of the dye and/or developer, at low solvent

concentrations (e.g., z < 60) the molten phase was much more likely to be opaque.

4.2.3 CVL:DDG:0D-OH Mixtures
4.2.3.1 Introduction to Studies on CVL:DDG:0D-OH Mixtures

Studies on the thermochromic properties of three-component mixtures containing
OD-OH as the solvent have also been reported in the literature.'>''° The behaviour of
these mixtures, in the compositional range bound by 1 <y <12 and 25 <z <76, was very
similar to that of the HD-OH mixtures''’; the equilibrium solid was always coloured and
the quenched metastable solid was more strongly coloured than the equilibrium solid.
The decolourization times of OD-OH mixtures were substantially longer than those of
HD-OH samples (z; > 24 h) and the observed colour contrast between the equilibrium and
metastable solids was very low. For this reason, thermochromic mixtures containing OD-
OH, in the compositional range bound by 1 <y <12 and 25 <z < 76, were considered to
be of very poor quality.'*"-1?>!1

The previous studies on this system, however, were mainly concerned with the
thermochromic colour changes associated with formation of an intensely coloured
metastable solid from the melt, and the degree of colour contrast between the equilibrium
solid and the quenched metastable solid. As a result, high colour contrast mixtures
demonstrating coloured equilibrium solids and decoloured melts were not specifically
identified for this ternary system.'*''*

As was the case with HD-OH mixtures (section 4.2.2), the lengths of the solvent

and developer alkyl chains are poorly matched in the CVL:DDG:OD-OH system (six
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carbon atom difference). Therefore, the hypothesized colouring behaviour for the
CVL:DDG:OD-OH system was that at sufficiently high solvent concentrations and
sufficiently low developer concentrations, the equilibrium solid would be coloured and
the melt would be decoloured. Increasing the developer concentration would increase the
colour density of both states, until the developer concentration threshold was surpassed,
causing the melt to become darker than the equilibrium solid, as had been observed in the

CVL:DDG:HD-OH system.

4.2.3.2 Gross Features of CYVL:DDG:0D-OH Mixtures

The results presented in this section were obtained via observational
spectroscopy. Figure 4.12 shows colour density versus temperature plots for
CVL:DDG:OD-OH samples with z =100 (top), z = 90 (middle), and z = 80 (bottom).
Based on the results discussed above for HD-OH mixtures, these samples demonstrated
the behaviour hypothesized for mixtures containing poorly matched alkyl chain lengths.

For z = 100 samples, at low developer concentrations (e.g., when y < 5), the melt
became colourless and the colour density of the pre-melt equilibrium solid state was
dependent on the developer concentration. Large developer concentrations (e.g., when y
> 5) caused the mixtures to retain some colour upon melting (s op-on = 56 to 59 "C),144
thereby reducing colour contrast. The [1:10:100] sample was moderately coloured in
the melt, particularly after the sample was heated to 70 °C, with the melt colour density
(CDwmeit =0.5 slightly lower than the equilibrium solid (where CDgquit = 0.9). The
behaviour of the [1:10:100] sample indicates that the developer concentration threshold,

above which the melt is darker than the equilibrium solid, is near y = 10. The colour
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contrast of the [1:10:100] sample (ACD = 0.4) was poor due to its proximity to the

developer concentration threshold value.
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Figure 4.12. Colour density versus temperature plots obtained via observational spectroscopy for
CVL:DDG:OD-OH samples in the [1:y:100] (top), [1:y:90] (middle), and [1:y:80] (bottom)
compositional ranges. The molar ratios of the three components are given on the figure. Heating
rates during these experiments were d7/d7 = 1 K min™'. Ty, represents the melting point of the pure
solvent. Lines are added as a guide to the eye. Note: data were only collected to 70 °C for the
[1:y:100] samples. Error in CD was estimated to be +/-0.15.
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For samples with z = 90, behaviour similar to that of the z =100 samples was
observed, with increased colour densities of both the solid state and melt due to the
decreased solvent concentration. The melt became completely colourless (CDyeie = 0)
when y <4, which is slightly lower than was observed in samples with z = 100. Although
not identified by the results shown in Figure 4.12 (middle), the developer concentration
threshold, above which the melt is darker than the equilibrium solid, falls somewhere in
the range of 6 <y < 10. The colour density of the [1:10:90] sample increased upon
solvent melting (i.e., melt-darkened), whereas melt of the [1:6:90] sample was less
strongly coloured than the equilibrium solid (i.e., melt-lightened), indicating that the
developer concentration threshold should fall in the 6 <y < 10 range.

Figure 4.12 (bottom) shows the colour density versus temperature plots for
samples with z = 80. The decreased solvent concentration had a number of influences
including an increase in melt colour density at intermediate developer concentrations
(e.g., when y =4 and 5), a decrease in the developer concentration threshold above which
the melt was darker than the equilibrium solid (now at y = 5), and a decrease in the
developer concentration required for a fully decoloured melt (reduced to y < 3).

Solidification of the solvent into the LO-phase caused large increases in the
colour density of the majority of the samples. Upon transition from the melt to the R-
phase (7'= 57 to 55 °C), little change in the colour density was observed. Further cooling
to 7'< 55 °C resulted in colour density increases, and was indicative of the formation of a
deeply coloured, metastable solid state in which the solvent was in the LO-phase.

Conversion to the equilibrium solid occurred overnight at 20 °C.
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Good colour contrast between the coloured equilibrium solid and decoloured melt
was observed in a number of samples. In particular, the [1:5:100] sample demonstrated
decent colour contrast (4CD = 0.6) between the moderately coloured equilibrium solid
(CDgquil = 0.6) and the decoloured melt (CDyeie = 0). The [1:5:90] sample also
demonstrated good colour contrast (ACDyax = 0.7) between a dark solid state (CDgquil =

0.8) and a weakly coloured melt (CDyseis = 0.1).

4.2.3.3 Fine Features of CVL:DDG:0D-OH Mixtures

On heating, many samples that contained intermediate developer concentrations
(e.g., v =1 to 5) demonstrated spikes in colour density near the transition temperature of
the LO-to-R phase transition. This behaviour was explained previously for the
CVL:DDG:HD-OH system, and is due to the conversion of the R-phase of the solvent
back to the LO-phase on removal from the water bath. A dark, metastable state
containing the solvent in the LO-phase is responsible for the colour formation, and the
colour was lost on subsequent R-phase reformation with increased temperature,
particularly at temperatures just below the melting point of the pure solvent (75,5 = 56 to
59 °C).!*

Returning to Figure 4.12 (top), which shows the colour density versus
temperature plots for samples in the [1:y:100] compositional range, and focussing on the
cooling portion of the figure, it is clear that the colour density of the molten mixtures
increased across the 70 °C to 60 °C temperature range. This behaviour was explained for
CVL:DDG:HD-OH mixtures as being a result of enhanced developer dissolution in the

molten solvent, which caused increased colour density in the melt. This behaviour was
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also shown to a lesser extent for [1:y:80] mixtures (Figure 4.11 (bottom)), but curiously
for [1:y:90] mixtures (Figure 4.11 (middle)). Nevertheless, increased solvent
temperatures caused increased dissolution of the colour forming components, promoting
colour formation in the melt.

Looking at the data for [1:y:100] samples with y =2, 5, and 6 samples, it is clear
that there was a levelling off in post-solidification colour density after the immediate
colour density increase. This plateau is indicative of the formation of the LO-phase from
the R-phase, and the colour density decrease which occurs just after the plateau was
attributed to precipitation of the developer and a move towards the equilibrium solid
state. Similar behaviour was shown for [1:y:90] samples, where the initial spike in
colour density was followed by a brief plateau, before reduction of colour density to near

equilibrium values.

4.2.3.4 Conclusions Concerning CVL:DDG:0D-OH Mixtures

The results presented in this section provide further evidence that mixtures
containing substantially mismatched developer and solvent alkyl chain lengths can be
coloured in the equilibrium solid and decoloured in the melt. As was the case with the
HD-OH system, the developer concentration is the defining factor in determining if the
melt will be darker than the equilibrium solid. There is a developer concentration
threshold above which the melt is darker than the equilibrium solid. In the case of z =100
mixtures, this threshold value was y > 10. As the solvent concentration was decreased to z
=90, the developer concentration threshold decreased to a value between y = 6 and y =

10. At z = 80, the developer concentration threshold dropped to y = 5. The decrease in the
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developer concentration threshold was therefore shown to be solvent concentration
dependent, which is understandable since decreasing the solvent concentration causes
relative increases in both the developer and dye concentrations.

In the CVL:DDG:OD-OH system, the solid state was almost always coloured, in
stark contrast with the CVL:DDG:TD-OH system which demonstrated colourless
equilibrium solids at virtually all compositions. In the case of CVL:DDG:0D-OH
mixtures, the alkyl chain lengths differ by six carbon atoms, which is above the threshold
for inversion of colouring behaviour (i.e., switching from melt-darkened to melt-
lightened thermochromism).

The gross features demonstrated by samples in the CVL:DDG:OD-OH system
include the observation that the equilibrium solid was coloured, the melt can be fully
decoloured or deeply coloured (depending on the developer concentration), and the
metastable solid created by cooling to the LO-phase of the solvent was the most strongly
coloured form of the mixture and had a much longer lifetime than those observed in TD-
OH or HD-OH mixtures. Decolourization times were on the order of 12 hours.

The fine features observed for CVL:DDG:OD-OH mixtures include increased
colour density upon transition to the LO-phase from the melt, the rapid precipitation of
developer and/or dye upon solvent solidification in samples with high developer
concentration (e.g. the [1:10:90] and [1:10:100] samples), and the steady increase in
colour density of most samples as the melt was further heated due to increasing developer
and dye dissolution with increased solvent temperature.

In the CVL:DDG:OD-OH system, it was possible to obtain a decoloured melt and

coloured equilibrium solid (i.e., melt-lightened behaviour) if the concentrations of the
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three components fell within the appropriate ranges. When the developer concentration
was sufficiently low and the solvent concentration sufficiently high, the equilibrium solid
was the coloured state and the melt was completely decoloured. If the developer
concentration was very high, the melt became darker than the equilibrium solid. In both
of these cases, the overall colour density of the coloured state was controlled by the
amount of developer present, and the colour contrast between the two states was highly
dependent on the solvent concentration. Moderate colour contrast (4CDyax = 0.7) was
obtained (for the [1:5:90] sample) for CVL:DDG:0D-OH mixtures, a value which likely
could be optimized further with careful selection of the concentration of each component

of the thermochromic mixture.

4.3 Summary of the Influence of Solvent Alkyl Chain Length
The results presented in this chapter provide useful insights into the colouring
behaviour of three-component thermochromic mixtures in CVL:DDG:alcohol systems.
Based on the experimental results presented here, it is apparent that the colouring
behaviour, i.e., melt-lightened vs. melt-darkened thermochromism, can be controlled by
modifying the degree of alkyl chain length matching in dye:developer:solvent systems.
In the TD-OH system, the alkyl chains attached to the gallate and alcohol varied
in length by only two carbon atoms, producing a system with well-matched alkyl chain
lengths. In the case of well-matched alkyl chain lengths, the equilibrium solid was always
observed to be the decoloured state. The colour of the melt was controlled by the
developer concentration. Low developer concentrations produced mixtures with little to

no colour in the melt coupled with colourless equilibrium solids. Increasing the developer
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concentration caused the melt to become coloured, yielding melt-darkened
thermochromism. Further increases in the developer concentration caused the decoloured
equilibrium solid to gain colour, thereby reducing the overall colour contrast observed in
the mixture, a decidedly detrimental effect for a thermochromic material.

Increasing the chain length of the alkyl alcohol increased the degree of alkyl chain
length mismatch in both the HD-OH (four carbon atom difference) and OD-OH (six
carbon atom difference) systems, which resulted in an inversion of the colouring
behaviour at compositions. In mixtures containing mismatched alkyl chain lengths, the
equilibrium solid usually was observed to be the coloured state and the melt was the
decoloured state, yielding melt-lightened thermochromism. Since the colour density of
both states was highly dependent on the developer concentration, and the equilibrium
solid was almost always coloured, no mixture demonstrating a coloured melt and
colourless equilibrium solid was observed in HD-OH or OD-OH systems with DDG as
the developer.

In all of the studied HD-OH and OD-OH systems, there was a developer
concentration threshold above which the melt was darker than the equilibrium solid,
resulting in behaviour similar to that observed in the TD-OH system (i.e., melt-darkened
thermochromism). Below this developer concentration threshold, the melt was less
strongly coloured than the equilibrium solid (i.e., melt-lightened thermochromism).

The developer threshold value was shown to decrease with decreasing solvent
concentration. In the CVL:DDG:HD-OH system, at z = 90 the threshold value was y = 6.
At z = 60, the threshold value dropped to y = 4, and in z = 30 samples, the threshold value

had dropped to y = 3. The steady decrease in developer concentration threshold with
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decreasing solvent concentration provides an experimental key to obtaining good control
of colouring behaviour in these types of reversibly thermochromic systems.

The threshold values obtained for OD-OH mixtures were similar to those obtained
for HD-OH mixtures. In the OD-OH system, at z = 100 the threshold value was y > 10.
At z =90, the threshold value had dropped to 6 <y <10, and at z = 80, the threshold value
dropped further to y = 5.

In the CVL:DDG:TD-OH system, the equilibrium solid was colourless at most
compositions, therefore the developer concentration threshold of interest involved colour
formation in the melt. In mixtures with z = 60, the developer:dye molar ratio was required
to be above y = 2 for the development of colour in the melt. Increasing the solvent
concentration to z = 90 caused the developer threshold value to increase to y = 4,
although the colour density of the melt at the developer concentration threshold was very
low (CDyet = 0.1).

The fine features associated with mixtures in the TD-OH, HD-OH, or OD-OH
systems were fairly consistent across the three solvents. While in the molten phase, the
colour density of coloured melts generally increased as the temperature of the heating
bath was further increased due to a combination of increased developer dissolution into
the solvent and also enhanced melting of the developer as the melting point of the long-
chain gallate was approached.

In general, transition to the R-phase of the solvent from the LO-phase (on heating)
caused a slight decrease in the colour density of the mixtures. It was noted, however, that
when the temperature of the mixture was near to the LO-to-R phase transition

temperature, removing the sample from the water bath caused the solvent to transition
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from the R-phase back into the LO-phase. This generated a metastable solid state that
was strongly coloured, before additional heating caused the R-phase to return and the
colour density to be reduced, prior to solvent melting. Alternatively, transition to the R-
phase of the solvent from the melt (on cooling) had little impact on the colour density and
usually the colour density of the melt was maintained.

On cooling, conversion of the R-phase to the LO-phase promoted colour density
increases in most samples. The conversion to the LO-phase caused a “freezing-in” of the
coloured complex, akin to the effect of thermal quenching with liquid nitrogen studied by
MacLaren, Tang, and White, which was shown to cause large increases in the colour
density of similar mixtures.'"'°* At high developer concentrations, the transition from
the R-phase to the LO-phase on cooling caused the rapid precipitation of developer,
yielding dramatic decreases in colour density immediately upon transition to the LO-
phase. Nevertheless, decolourization rates of the metastable solid produced by conversion
to the LO-phase were strongly dependent on the solvent used, with the decolourization
rates dramatically decreasing as the solvent alkyl chain length was increased.

The results presented in this chapter lead to an interesting question: if changing
the length of the alkyl chain attached to the alcohol solvent can play such a substantial
role in controlling the colouring behaviour of three-component thermochromic mixtures,
does modifying the length of the alkyl chain attached to the alkyl gallate have a similarly
significant impact on the colouring behaviour? Chapter 5 explores the influence of
changing the length of the alkyl chain attached to the alkyl gallate on the colouring

behaviour of such reversible three-component thermochromic mixtures.
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Chapter S  Influence of Developer Chain Length on
Thermochromic Behaviour

5.1 Introduction

Chapter 4 discussed the influence of changing the length of the solvent alkyl
chain on the thermochromic behaviour of three-component systems by comparing
mixtures containing TD-OH (section 4.2.1) with mixtures containing HD-OH (section
4.2.2) and OD-OH (section 4.2.3). Using DDG as the developer, it was observed that
increasing the alkyl chain length of the solvent from 14 carbon atoms (TD-OH) to 16 or
18 carbon atoms (HD-OH and OD-OH, respectively) caused the thermochromic
behaviour to change dramatically.

When the alkyl chain lengths were well-matched (e.g., DDG with TD-OH), melt-
darkened thermochromic behaviour was observed. In these samples, the equilibrium solid
state was decoloured with the mixture gaining colour as the solvent melted. Conversely,
when the lengths of the alkyl chains were poorly matched (e.g., DDG with HD-OH and
OD-OH)), the type of thermochromic behaviour observed was dependent on the relative
concentrations of the developer and solvent, with a developer concentration threshold
separating the melt-lightened regime (at low developer loading) from the melt-darkened
regime (at high developer loading). In both instances, the equilibrium solid state usually
was coloured and the colour of the melt was dependent on the relative concentration of
the developer.

To study the influence of modifying the developer alkyl chain length, alkyl
gallates of varying chain length were employed as developers. Table 5.1 lists the alkyl

gallate developers used in these experiments, where the alkyl chain lengths vary from 18
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carbon atoms (ODG) to zero carbon atoms (GA). The three alcoholic solvents used were
TD-OH, HD-OH, and OD-OH (see Table 4.1), and CVL was used as the dye component,

as before.

Table 5.1. Melting points and alkyl chain lengths of various alkyl gallate developers.

Melting Point /
Alkyl (°O) Melting Point / (°C)
Name Abbreviation | Chain Literature'?* 1! Present Result
Gallic Acid GA H 251 -252 254 — 260 (decomp)
Propyl Gallate PG C;H5 146 — 149 149 — 151
Octyl Gallate oG CgHy7 101 - 104 95 -98
Dodecyl Gallate DDG CioHos 96 — 97 97 — 99
Octadecyl Gallate ODG CisHsy 102 - 104 102 - 104

In instances of well-matched alkyl chain lengths (e.g., ODG with OD-OH), melt-
darkened behaviour is hypothesized. In the solid state, the alkyl chains attached to the
developer and solvent undergo van der Waals interactions allowing for tight packing of
the alkyl chains. The close-packed arrangement of the alkyl chains, coupled with
hydrogen-bonding interactions between the phenolic protons of the gallate and the
hydroxyl protons of the alcohol, causes the formation of a strongly interacting
developer:solvent complex, which sequesters the developer from the dye while in the
solid state, thereby preventing colour formation. The formation of these
developer:solvent complexes was confirmed by MacLaren and White, who used DSC to
elucidate the binary phase behaviour of developer:solvent mixtures composed of alkyl
gallates and alkyl alcohols.'*"''*!'** Melting of the solid mixture liberated the developer
and, when the developer concentration was sufficiently high, colour was formed in the

melt.
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In instances of poorly matched alkyl chain lengths (e.g., PG with TD-OH, OG
with OD-OH, efc.), the hypothesized thermochromic behaviour is that at high developer
and low solvent concentrations, melt-darkened behaviour will be observed. Conversely,
at low developer and high solvent concentrations, melt-lightened behaviour could be
observed. Additionally, at a given solvent concentration, a developer concentration
threshold would separate the melt-lightened and melt-darkened thermochromic regimes.
This type of behaviour was observed for both the CVL:DDG:HD-OH and
CVL:DDG:OD-OH systems.

In the solid state, the dissimilar lengths of alkyl chain attached to the developer
and solvent prevent attractive alkyl chain packing interactions, thereby inhibiting the
formation of a developer:solvent complex.'*"''° As a result, the developer is not
sequestered by the solvent and is free to develop the dye (i.e., generate colour) in the
solid state. As the solvent melts, the developer can either dissolve into the solvent and
diffuse away from the dye (yielding melt-lightened behaviour) or, or in the case of high
developer concentration, can cause further darkening of the mixture (melt-darkened

behaviour) by reacting with free leuco-CVL.

5.2 Experimental Results and Discussion
5.2.1 Octadecyl Gallate (ODG) Mixtures

Although no previous investigations into the thermochromic behaviour of
CVL:0ODG:alcohol systems have been reported in the literature, some predictions about

the colouring behaviour of ODG-containing systems can be made based on the studies of

CVL:DDG:alcohol systems.ml’loz’“o’143
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In the case of CVL:0ODG:0D-OH mixtures, the lengths of the alkyl chains are
perfectly matched (there is no difference in chain length) indicating that these mixtures
would demonstrate melt-darkened thermochromism. This type of behaviour is also likely
to be observed in the CVL:ODG:HD-OH system, due to the good alkyl chain length
matching (two carbon atom difference) in this system. The CVL:DDG:TD-OH system
(section 4.2.1) had alkyl chains which differed in length by only two carbon atoms and
demonstrated melt-darkened thermochromic behaviour, so this behaviour is also
hypothesized for the CVL:0ODG:HD-OH system.

Colouring behaviour in the CVL:ODG:TD-OH system cannot so easily be
predicted based solely on alkyl chain length difference (four carbon atom difference).
Although the chain lengths are similar, previous studies on the CVL:DDG:HD-OH
system (section 4.2.2) showed that when the alkyl chain lengths differed by four carbon
atoms, the observed thermochromic behaviour (i.e. melt-lightened vs. melt-darkened)
was strongly dependent on the developer concentration. Due to the difference in alkyl
chain length (four carbon atom difference), this type of developer concentration-

dependent thermochromic behaviour was anticipated for CVL:ODG:TD-OH mixtures.

5.2.1.1 CVL:ODG:TD-OH Mixtures
5.2.1.1.1 Gross Features of CVL:ODG:TD-OH Mixtures

Figure 5.1 shows the colour density versus temperature plots for samples in the
CVL:ODG:TD-OH ternary system. Contrary to expectations, melt-darkened
thermochromic behaviour was observed for this system. Nearly of the samples in the

CVL:ODG:TD-OH system were completely colourless in the solid state, and when the
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developer concentration was sufficiently high (e.g., when y = 6), the melt became

strongly coloured.
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Figure 5.1. Colour density versus temperature plots obtained via colour photo analysis for samples in
the CVL:ODG:TD-OH system. The molar ratios of the three components are given on the figure.
Heating rates during these experiments were dT/dt =1 K min™. T}, represents the melting point of
the pure solvent. Lines are added as a guide to the eye. Error in CD was estimated to be +/-0.15.

The colour density of samples which demonstrated colouration in the melt was
observed to increase gradually as the temperature of the mixtures was increased, reaching
a maximum colour density at the maximum temperature of the heating bath (7)., = 95
°C). The colour density was maintained during cooling in most samples (not all data are
shown here), until the freezing point of the solvent was reached, at which point the colour
density dropped, returning the colour density of the equilibrium solid.

Due to the lack of colour in the solid state, and the strong colouration of some
samples in the melt, very high colour contrast was obtained. In particular, the
[1:6.4:26.7] sample demonstrated very good colour contrast, with a large colour density

difference (ACD = 1.1) between the coloured melt (CDyei = 1.2) and decoloured
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equilibrium solid (CDggqi1 = 0.1). This level of contrast was higher than that observed in a
similar compositional range in the CVL:DDG:TD-OH system (4CD,,x = 0.7). The high

degree of colour contrast is visualized by the colour photos shown in Figure 5.2 (a).

CD: 0.1 0.1 0.1 0.4 1.0 1.2 1.0 0.6 0.3 0.2

T(¢C): 25 38 48 62 70 95 80 54 40 30

Figure 5.2. Colour photographs of CVL:ODG:TD-OH samples at compositions of (a)
[1:6.4:26.7] and (b) [1:3.6:59].

5.2.1.1.2 Fine Features of CVL:ODG:TD-OH Mixtures

Figure 5.2 shows colour images of two samples in the CVL:ODG:TD-OH system.
The sample shown in Figure 5.2 (b), at a composition of [1:3.6:59], was colourless in
both the melt and the solid state. This is a result of the low developer concentration and
relatively high solvent concentration. This sample can be compared with the sample in
Figure 4.6 in the CVL:DDG:TD-OH system (section 4.2.1.3.2), which had a similar
composition of [1:3.5:45.5]; the colouring behaviour is quite different. The
CVL:DDG:TD-OH sample demonstrated light colouration in the melt, whereas the

CVL:ODG:TD-OH sample was not coloured at any temperature. Both of the samples,
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however, demonstrated the high melt opacity associated with poor developer solubility in
the molten solvent.

For the sample shown in Figure 5.2 (a), at a composition of [1:6.4:26.7], the
strongest colour observed in the melt was obtained at the highest temperature accessible
on the water bath, 7= 95 °C, indicating enhanced developer solubility at this elevated
temperature. Additionally, increased developer solubility could be coupled with enhanced
melting of the developer as the melting point of the developer (7xs.0pc = 104 to 105
°C)"?* was approached.

Inhomogeneous precipitation of the developer from the molten solvent at near-
solidification temperatures caused the significant colour density decreases observed on
cooling for the [1:6.4:26.7] and [1:5.9:50.1] samples. Figure 5.2 (a) showed that
ODG did not fully dissolve in the molten TD-OH, due largely to the low solvent
concentrations (e.g., when z = 25). As the temperature of the solvent decreased, dissolved
ODG began to inhomogeneously precipitate from solution well above the solvent
freezing point (colour loss due to developer precipitation occurred at 7= 60 to 50 °C).
Similar decolourization due to developer precipitation was noted for the [1:5.9:50.1]
sample at 7= 50 to 45 °C.

The R-phase of the solvent did not play a significant role in the fine features of
thermochromic behaviour in this system, which was not surprising given that R-phase
transitions also had little impact on the colouring behaviour in the CVL:DDG:TD-OH

system.
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5.2.1.1.3 Conclusions Concerning CVL:ODG:TD-OH Mixtures

Thermochromic behaviour in this system followed the general trends observed for
melt-lightened thermochromic mixtures as a result of attractive developer:solvent
interactions in the solid state. The equilibrium solid was always decoloured, the melt
could become coloured at high developer concentrations, and excellent colour contrast
(A4CDmax = 1.1) was obtained at high developer and low solvent concentrations. The
developer was only partially soluble in the molten solvent at near-melting temperatures,
as evidenced by the high opacity of freshly molten mixtures, although heating to
temperatures near the melting point of the gallate promoted developer dissolution and
deepening of the colour of the melt.

Developer precipitation prior to solvent solidification was observed in samples
containing low solvent concentrations, due to the poor solubility of the developer. This
resulted in colour density decreases in samples with z = 25 prior to solvent solidification.
This decrease was not observed in samples with z > 50, due to the complete dissolution of
the developer in the molten solvent. The pre-solidification decrease in colour density was
attributed to inhomogeneous precipitation of the developer from the molten solvent.

In this system, unlike those previously studied (e.g., the CVL:DDG:alcohol
systems), transition of the solvent to its R-phase had little impact on the fine features of
the thermochromic behaviour. The reason for the lack of R-phase influence in this system
is not yet understood, but could be related to the packing structure of the
developer:solvent complex in the solid state. A tightly bound developer:solvent complex,

with alkyl chains packed tightly in the solid state, could prevent the developer from
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becoming more mobile in the temperature regime of the R-phase, precluding colour

enhancement in the solid state.

5.2.1.2 CVL:0ODG:HD-OH Mixtures
5.2.1.2.1 Gross Features of CVL:ODG:HD-OH Mixtures

The colouring behaviour observed in the CVL:ODG:HD-OH ternary system
agreed with the hypothesized behaviour, as most of these samples demonstrated the melt-
darkened thermochromic behaviour. Figure 5.3 shows the colour density versus
temperatures plots for selected samples in the CVL:ODG:HD-OH system. The
equilibrium solid colour densities were very near to zero (CDgquit < 0.2), indicating that
the solid states were essentially colourless at most compositions. High melt colour
densities were achieved at high developer and low solvent concentrations.

Colourless melts were also observed in this system as a result of high solvent
concentration (e.g. the [1:5.1:82.4] sample) and low developer concentration (e.g., the
[1:1.9:47.5] sample). In these mixtures, the developer became completely dissolved in the

solvent, preventing the formation of the coloured dye:developer complex in the melt.
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Figure 5.3. Colour density versus temperature plots obtained via colour photo analysis for samples in
the CVL:ODG:HD-OH system. The molar ratios of the three components are given on the figure.
Heating rates during these experiments were d7/ds =1 K min™. T}, represents the melting point of
the pure solvent. Lines are added as a guide to the eye. Error in CD was estimated to be +/-0.15.

High colour contrast mixtures were easily accessible in this system due to the
nearly colourless equilibrium solids. The [1:6.1:25.8] sample displayed the best colour
contrast (4CD = 0.8), as a result of a weakly coloured equilibrium solid (CDgquii = 0.2)
and a strongly coloured melt (CDyeic = 1.0). However, the maximum colour density of
this sample was not maintained across the entire temperature range and was only
achieved between 80 and 95 °C. The reason for this is the poor solubility of the developer
in the molten solvent, which caused inhomogeneous precipitation of the developer from
the melt prior to solvent solidification. Other mixtures containing much less developer, or
more solvent, demonstrated more consistent colour density across the entire temperature

due to the complete dissolution of the developer in the molten solvent.
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5.2.1.2.2 Fine Features of CVL:ODG:HD-OH Mixtures

Figure 5.4 shows colour images of the [1:5.8:48.5] and [1:6.1:25.8] samples.
These samples demonstrated very light colouration in the solid state, the formation of a
coloured state upon melting, and the subsequent loss of colour prior to solidification of
the solvent due to precipitation of the developer from the molten mixture. The colour
density of the melt increased as the samples were further heated to 95 °C, which was
coupled with reduced opacity for the [1:5.8:48.5] sample. As discussed in Chapter 4,
the latter feature is a result of both enhanced developer solubility in the melt and melting

of the developer as the melting point of the developer was approached.

CD: 0.2 0.1 0.1 0.4 0.6 0.6 0.1 0.1 0.1 0.1

T(°C): 25 38 55 62 95 58 54 46 40 30

Figure 5.4. Colour photographs of the CVL:ODG:HD-OH samples at compositions of (a)
[1:5.8:48.5] and (b) [1:6.1:25.8].

The samples shown in Figure 5.4 both underwent colour density decreases prior
to the solidification of the solvent (7ys ip-ong = 48 to 50 "C).144 This was the result of the
precipitation of the developer from the molten solvent during cooling due to the low
solvent concentrations (e.g., z = 25 to 50) and high developer concentrations (e.g., y = 6).

Similar behaviour was observed in the CVL:ODG:TD-OH system (section 5.2.1.1, Figure
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5.2) for samples containing low solvent concentrations (e.g., the [1:6.4:26.7] sample). It
is evident that high solvent concentrations (e.g., z > 60) coupled with high developer
concentrations (e.g., y > 6) are required to generate strong colour formation in the melt
and to obtain good developer solubility to ensure consistent colouration across the entire
temperature range of the molten mixture.

The solvent R-phase generally played a small role in the fine features of colouring
behaviour in this system. During the initial heating portion of the heat-cool cycle, little
change in the colour density upon transition from the solvent LO-phase to the R-phase
was observed for most samples. Colour was only formed after melting of the solvent and
dissolution of the developer. Prior to melting, the developer was sequestered by the
solvent due to the presence of developer:solvent complexes.

Thermal analysis of HDG:HD-OH binary mixtures® demonstrated the existence of
a developer R-phase in the developer rich region (xupc = 0.9 to 1) of the binary phase
diagram, but only the freezing transition was observed at the compositions used in three-
component mixtures (xpey = 0.05 to 0.20), therefore the developer R-phase was not
considered to have a significant impact on the colouring behaviour in ODG mixtures.

On cooling from 95 °C, the colour density of most samples remained nearly
invariant until the freezing point of the solvent was reached. At this temperature, samples
containing relatively low developer concentrations (e.g., [1:5.1:82.4] and

[1:1.9:47.5]) experienced a spike in colour density associated with partial precipitation

¥ Thermal analysis via DSC was carried out in the present work, but is not reported here as HDG was not

used as a developer in thermochromic mixtures.
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of the developer. This spike in colour density was maintained through the R-phase and
into the LO-phase of the solvent, before being lost as the equilibrium state of the mixture
was returned on further cooling. Conversely, ODG rapidly precipitated from samples
containing high developer concentrations (e.g., [1:5.8:48.5]) prior to solvent
solidification, as evidenced by the decrease in colour density of these samples at

temperatures above the literature freezing point of the solvent (7ys ap-on = 48 to 50 °C).

5.2.1.2.3 Conclusions Concerning CVL:ODG:HD-OH Mixtures

The thermochromic behaviour in this ternary system agreed with the hypothesized
behaviour. As a result of the well-matched alkyl chain lengths attached to ODG and HD-
OH, these mixtures demonstrated melt-darkened thermochromism, and high colour
contrast (4CDpax = 0.8) could be obtained due to the low colour density of the solid state.

The developer had poor solubility in the molten solvent, which gave rise to high
melt opacity at temperatures near the melting point of the solvent. Increasing the
temperature of the solvent caused the developer to become more dissolved in the solvent,
which generally reduced the opacity and increased the colour density of the molten
mixture. Also, in accord with behaviour observed in the CVL:ODG:TD-OH system, the
solvent R-phase in these samples had little influence on the colouring behaviour of the
solid state, with negligible changes in colour density observed upon transition to the R-
phase on heating, and little change in the colour density upon transition from the melt

(i.e., on cooling).
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5.2.1.3 CVL:0DG:0D-OH Mixtures
5.2.1.3.1 Gross Features of CVL:0ODG:0D-OH Mixtures

Figure 5.5 shows the colour density versus temperature plots for samples in the
CVL:ODG:OD-OH system. The equilibrium solids were very weakly coloured and
darkened upon solvent melting, with the colour density of the melt dependent on the
developer and solvent concentrations. Very good colour contrast was obtained in samples
containing high developer and low solvent concentrations. In particular, the
[1:5.9:25.2] sample demonstrated high colour contrast (4CD = 0.8) between the

coloured state (CDweie = 0.9) and the decoloured state (CDgquii = 0.1).
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Figure 5.5. Colour density versus temperature plots obtained via colour photo analysis for samples in
the CVL:ODG:0D-OH system. The molar ratios of the three components are given on the figure.
Heating rates during these experiments were d7/ds =1 K min™. T}, represents the melting point of
the pure solvent. Lines are added as a guide to the eye. Error in CD was estimated to be +/-0.15.

5.2.1.3.2 Fine Features of CVL:ODG:0OD-OH Mixtures

The colouring behaviour of the CVL:ODG:OD-OH sample at a composition of

[1:5.9:25.2] was nearly identical to that of the CVL:0ODG:HD-OH sample at a
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composition of [1:6.1:25.8]. Both samples demonstrated high colour contrast (4CDpax
= (.8 for both) and deep colouration at the highest temperature of the heat-cool cycle
(Tnax = 95 °C), and in both cases the colour was not maintained across the entire
temperature range of the melt due to inhomogeneous precipitation of the developer as the
melt was cooled.

A difference between this system and the CVL:ODG:HD-OH system, was that
virtually all CVL:ODG:0D-OH samples that were coloured in the melt demonstrated
colour loss prior to solvent solidification. CVL:ODG:HD-OH mixtures underwent
decolourization of the melt only in samples with high developer concentration (e.g., when
y = 6) and fairly low solvent concentrations (e.g., when y < 50). Pre-solidification colour
loss is indicative of inhomogeneous precipitation of the developer from the molten
solvent, suggesting that ODG has lower solubility in OD-OH than in HD-OH.

Figure 5.6 shows colour photos of the [1:5.2:87] and [1:5.9:25.2] samples. In
the [1:5.2:87] sample, the dye:developer ratio in this mixture was large enough that
colour could have developed in the melt, but the high solvent concentration prevented
colour formation. The equilibrium solid in this mixture was weakly coloured, although
not so much as to define the equilibrium solid as the “coloured state” for these mixtures.

Nevertheless, the melt was colourless and this sample was effectively always decoloured.
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Figure 5.6. Colour photographs of the CVL:ODG:0D-OH samples at compositions of (a)
[1:5.2:87]and (b) [1:5.9:25.2].

A sharp decrease in the solvent loading resulted in a large relative increase in both
the CVL and developer concentrations, which resulted in the formation of a coloured
melt. Figure 5.6 (b) shows colour images of the [1:5.9:25.2] sample. In this sample, the
equilibrium solid was colourless and the melt became strongly coloured at the highest
temperature reached by the water bath due to enhanced developer dissolution.
Furthermore, approaching the melting point of the developer likely increased the
miscibility of previously insoluble developer with the molten solvent, which further
increased colour density in the melt.

Once again, the solvent R-phase played little role in the colouring behaviour of
the CVL:0DG:OD-OH system, mirroring the behaviour observed in the other ODG
systems. Little change in the colour density was observed in the LO-to-R phase transition
temperature range of pure OD-OH (7 0p-oun = 52 to 55 °C),144’148 with only a minor
spike of ACD = 0.1 to 0.2 occurring for some of the samples presented in Figure 5.5. This

spike in colour density at 7= 40 °C was attributed to the conversion of the solvent R-

163



phase back into the LO-phase upon removal from the water bath, which caused the
formation of a weakly coloured metastable solid state, as had been observed in the
CVL:DDG:HD-OH system (section 4.2.2). After solidification of the solvent, little
change in the colour density of the mixtures was observed since the inhomogeneous
precipitation of the developer from the melt caused the colour density to drop
significantly prior to solvent solidification. Cooling to the LO-phase of the solvent
returned the pre-melt colour density without the formation of a coloured, metastable solid

state.

5.2.1.3.3 Conclusions Concerning CVL:ODG:0D-OH Mixtures

The thermochromic behaviour in this ternary system agreed with predictions.
Melt-darkened thermochromism and very good colour contrast (4CDp,x = 0.8) was
obtained in mixtures containing appropriate developer and solvent concentrations.

ODG demonstrated poor solubility in molten OD-OH, which resulted in high
opacity of the melt during heating. At the highest temperature obtained on heating, 7=
95°C, the developer became fully dissolved in the molten solvent for most of the
samples examined. On cooling, inhomogeneous precipitation of the developer caused the
colour density of the melt to substantially decrease prior to solvent solidification. This
behaviour is further indicative of poor developer solubility in the molten solvent.

The solvent R-phase played a minor role in the colouring behaviour. Prior to
solvent melting, a small increase in the colour density of the solid state was observed.
This feature was attributed to transition of the solvent from the R-phase back into the LO-

phase at near LO-to-R transitions temperatures, which caused formation of a weakly
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coloured metastable solid state. Further heating regenerated the R-phase, and the weak
colouration of the metastable state was lost. As a result of the inhomogeneous
precipitation of the developer during the cooling, the R-phase of the solvent did not play
a role in the post-melt colouring behaviour of CVL:0DG:OD-OH mixtures. After solvent
solidification, the colour of the solid state did not vary upon further cooling, indicating
that the slow cooling rate and developer precipitation from the melt rapidly generated the

equilibrium solid state of these mixtures on solvent solidification.

5.2.1.4 Summary of Thermochromic Behaviour in CVL:0ODG:Alcohol
Mixtures

Melt-darkened thermochromic behaviour was observed in each of the ODG-
containing systems. This type of behaviour is characteristic of dye:developer:solvent
systems in which the alkyl chains attached to the developer and the solvent are well-
matched in terms of length. In such mixtures, the equilibrium solid is the decoloured
state, the melt is the coloured state, and good colour contrast can be obtained when the
developer and solvent concentrations are chosen appropriately. In general, high developer
concentrations (e.g., when y > 5) and relatively low solvent concentrations (e.g., when z =
25 to 30) were required to generate a sufficiently coloured melt. The equilibrium solid
was observed to be colourless, or very nearly colourless, in all of the mixtures studied,
indicating that the most important factor in obtaining optimal thermochromic behaviour
in ODG-containing mixtures is the generation of a sufficiently coloured molten state.

As had been observed in DDG-containing systems, ODG often had poor solubility

in the molten solvent. This gave rise to high opacity in the molten mixtures at
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temperatures near the melting point of the solvent. Increasing the temperature of the
solvent caused enhanced dissolution of the developer, which decreased the opacity of the
mixture and contributed to the darkening of the melt at elevated temperatures (in
mixtures that formed coloured melts).

The poor solubility of ODG in each of the molten solvents also resulted in the
inhomogeneous precipitation of ODG during cooling of the mixtures. This caused the
colour density of the melt to drop significantly prior to solvent freezing in mixtures that
contained high developer and low solvent concentrations. Unfortunately, it was these
mixtures that demonstrated the highest melt colour density and best colour contrast. It is
clear from this behaviour that optimal thermochromic properties can be difficult to
achieve. Increasing the developer concentration to enhance colour density in the coloured
state and the overall colour contrast caused detrimental effects such as high opacity on
heating, inhomogeneous precipitation on cooling, and colour loss at temperatures higher
than melting point of the solvent, whereas the melting point has been traditionally used to
control the colour change temperature.'*

The solvent R-phase did not play an important role in the colouring behaviour of
CVL:0ODG:alcohol mixtures, although some pre-melt colour changes associated with
formation of the R-phase were observed. Prior to solvent melting during the heating
portion of the heat-cool cycle, the solvent R-phase was noted to cause a small increase in
the colour density of the CVL:0DG:OD-OH mixtures, but not in the CVL:ODG:TD-OH
and CVL:0ODG:0D-OH mixtures. This resulted from conversion of the solvent R-phase
back to the LO-phase upon removal from the heating bath, creating a weakly coloured

metastable solid state, which became decoloured upon further heating.
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The solvent R-phase had little influence on the post-melt solid state colouration of
CVL:0ODG:alcohol mixtures as a result of the inhomogeneous precipitation of the
developer during cooling. Since most of the developer had precipitated prior to
solidification of the solid, the equilibrium state of the solid mixture was formed almost
immediately upon solvent solidification and the solvent R-phase had little impact on the
post-solidification colouring behaviour.

The influence of the solvent R-phase on the colouring behaviour in
CVL:DDG:alcohols was also noted to be stronger in the HD-OH and OD-OH mixtures
compared with the TD-OH mixtures. The reason for this behaviour is not fully
understood, although it appears that the solvent R-phase has a wider range of stability in
alcohols with longer chain lengths since the inter-chain interactions (i.e. van der Waals
interactions) are more important to defining the solid state structure than the hydrogen-
bonding framework that forms at the end of the chains as the alkyl chain length
increases, '+ !4%-15¢

Additionally, it is likely that the hydrogen-bonding network that forms between
the hydroxyl groups at the end of the chains plays a more important role in defining the
structure of short chain alcohols, as no R-phase is observed in alcohols with carbon
chains of 12 carbon atoms or less.'**'**15¢ In effect, in alcohols containing longer alkyl
chains, the rotator phase has a wider temperature range of stability, and it is this feature
that results in the stronger influence of the rotator phase on the solid state properties of

thermochromic mixtures in samples containing HD-OH and OD-OH compared with

those containing TD-OH.
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5.2.2 Octyl Gallate (OG) Mixtures

The thermochromic behaviour of the three systems containing octyl gallate as the
developer were hypothesized to follow the trends observed for mixtures containing
poorly matched alkyl chain lengths since the alkyl chain attached to octyl gallate is only
eight carbon atoms long, and the shortest alcohol solvent is 14 carbon atoms long. These
features include coloured equilibrium solids, molten phases that can be coloured or
decoloured depending on the developer and solvent concentrations, and optimal melt-
lightened thermochromism below a developer concentration threshold. Above the
developer concentration threshold, melt-darkened thermochromism would be anticipated.

Some preliminary investigations into the colouring behaviour and crystallization
phenomena of CVL:0G:alcohols mixtures have been reported in the literature.'®"'"°
MacLaren and White demonstrated that in CVL:0G:alcohol mixtures, the equilibrium
solid was very strongly coloured over a wide range of developer concentrations, where 3
<y <24 and z = 40, and that the thermally quenched solid maintained virtually the same
degree of colouration after one week on the bench at room temperature.'*"''” Samples in
OG-containing systems were deemed to be essentially non-thermochromic due to the lack

of colour density change between the equilibrium and quenched solid states.'®"''?

5.2.2.1 CVL:0G:TD-OH Mixtures
5.2.2.1.1 Gross Features of CVL:OG:TD-OH Mixtures

Figure 5.7 shows the colour density versus temperature plots for selected samples
in the CVL:0OG:TD-OH system. The hypothesized colouring behaviour was indeed

observed in these samples. The equilibrium solid state was coloured in many of the
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samples, and the colour was lost upon melting for most samples. The [1:5.7:23.6]
sample (containing high developer and low solvent concentrations) demonstrated melt-
darkened behaviour, indicating the existence of a developer concentration threshold

above which the melt is darker than the equilibrium solid.
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Figure 5.7. Colour density versus temperature plots obtained via colour photo analysis for samples in
the CVL:OG:TD-OH system. The molar ratios of the three components are given on the figure.
Heating rates during these experiments were d7/ds =1 K min™. T}, represents the melting point of
the pure solvent. Lines are added as a guide to the eye. Error in CD was estimated to be +/-0.15.

Many of the samples presented in Figure 5.7 have sufficiently low developer
concentrations that most became fully decoloured in the melt, particularly after the
heating bath reached 7= 95 °C. Figure 5.8 (a) shows colour photos of the [1:6.2:103.2]
sample, which displayed very good colour contrast (ACD = 0.8), resulting from the
formation of a strongly coloured equilibrium solid (CDgquit = 0.8) and a fully decoloured
melt (CDyerr = 0).

The large solvent concentration promoted dissolution of the developer in the
molten solvent, thereby reducing the amount of ring-opened CVL present in the molten

mixture. This sample displayed deep colouration in the solid, no colour in the melt, and
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very good contrast between the coloured and decoloured states, satisfying a number of

101,110

the criteria required of useful thermochromic materials.

T(°C):

Figure 5.8. Colour photographs of CVL:OG:TD-OH samples at a composition of (a) [1:6.2:103.2]
and (b) [1:5.7:23.6].

Figure 5.8 (b) shows colour photos of the sample at a composition of
[1:5.7:23.6]. This sample contained substantially less solvent than the [1:6.2:103.2]
sample and, as a result, the sample did not lose colour on heating. This resulted in a
mixture that had effectively no colour contrast between the two states. This type of
colouring behaviour was observed by MacLaren and led to the labelling of systems which
demonstrated this type of behaviour as having “very poor” thermochromic
properties.'”"*!'® Comparing the two samples in Figure 5.8 shows that the most important
factor in determining the degree of contrast in these systems is the relative proportions of
the three components, and in the case of CVL:0G:TD-OH mixtures, a large amount of
solvent was required to properly adjust the colour contrast between the equilibrium solid

(i.e., the coloured state) and the melt (i.e., the decoloured state).
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Comparing the colouring behaviour of the CVL:OG:TD-OH sample at a
composition of [1:5.7:23.6] (Figure 5.8 (b)) with the CVL:0DG:TD-OH sample at a
composition of [1:6.4:26.7] (see Figure 5.2 (a)) and the CVL:ODG:OD-OH sample at a
composition of [1:5.9:25.2] (see Figure 5.6 (b)), it is clear that the melt colour densities
are remarkably similar. The CVL:ODG:TD-OH sample had a melt colour density of
CDyere = 1.2, the CVL:0ODG:OD-OH sample had a melt colour density of CDyc = 0.9,
and the CVL:OG:TD-OH sample had a melt colour density of CDyei; = 0.9. The
similarity in melt colour density across these three mixture compositions, which
demonstrate different optimal thermochromic behaviour (melt-darkened thermochromism
for the ODG-containing mixtures versus melt-lightened thermochromism for the OG-
containing mixtures), provides evidence that the type of thermochromism observed is
largely determined by the degree of interaction of the developer and solvent in the solid
state.

MacLaren’s studies on the binary phase diagrams of alkyl gallate:alkyl alcohol
mixtures can be used to demonstrate that when two components showed compound
formation in the solid state (e.g., the DDG:TD-OH system, see Figure 2.16), archetypal
melt-darkened thermochromism can be expected for three-component mixtures,'?"!!%!4
Conversely, if the compounds lacked compound formation in solid state, such as in the
OG:TD-OH binary phase diagram shown in Figure 5.9, then three-component
thermochromic mixtures will tend to demonstrate melt-lightened behaviour at high
solvent concentrations, resulting from the dye:developer complexes that dominate in the

solid state due to the lack of competition from developer:solvent interactions.''’
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Figure 5.9. Binary phase diagram determined on heating for tetradecanol (TD) and octyl gallate
(OG) mixtures. Note the lack of compound formation and the formation of a single eutectic.
Reproduced with permission from reference 110 (D. C. MacLaren, PhD Thesis, Dalhousie University,
2003).

High solvent concentrations are sufficient to decolourize the melt of many
mixtures, as was observed in the CVL:0DG:0D-OH system, particularly for the sample
at a composition of [1:5.2:87] (see Figure 5.6 (a)), which was not substantially coloured
at any point in the heat-cool cycle. The CVL:OG:TD-OH sample at a similar composition
of [1:6.2:103.2] (see Figure 5.8), was likewise decoloured in the melt, and this gave

rise to high contrast, melt-lightened thermochromism.

5.2.2.1.2 Fine Features of CVL:0G:TD-OH Mixtures

OG showed rather poor solubility in molten TD-OH. This behaviour can be
observed from Figure 5.8. Looking first at Figure 5.8 (a), in particular at the 7= 50 °C
photo during heating, a ring of insoluble developer is observed at the exterior of the

sample vial. The insoluble developer did become fully dissolved in the solvent as the
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temperature was increased past 70 °C, mainly due to the high solvent concentration. The
high developer concentration, coupled with the poor solubility of the developer in the
molten solvent, caused the developer to begin to precipitate from the molten mixture as
the mixture was cooled to 7= 60°C. This is evidenced in Figure 5.8 (a) as a blue ring
forming at the exterior of the sample vial. This increase in colour density prior to
solidification of the solvent is detrimental to the overall thermochromic effect since the
melting point of the solvent should ideally control the thermochromic transition

100,173
temperature, 7

and colour formation was observed well above the melting point of
TD-OH (Ttus tp-on = 36 to 38 °C).'"*

The sample shown in Figure 5.8 (b) remained opaque throughout the entire
temperature range due to the low solvent concentration, which prevented the developer
from becoming fully dissolved in the molten solvent. The low solvent concentration was
also responsible for the maintenance of strong colouration in this sample throughout the
entire heat-cool cycle. This type of behaviour, the lack of colour loss on melting, was a
factor in the labelling of such systems as “very poor” thermochromic materials in
previous research.'*"!1?

The colour density of most of the samples presented in Figure 5.7 increased on
cooling prior to solvent solidification due to the precipitation of the developer. Due to the
fact that the developer precipitated from the melt prior to solvent solidification in
CVL:OG:TD-OH mixtures, near equilibrium colour density values were obtained well

before the transition to the solvent R-phase. For this reason, the solvent R-phase had little

impact on the colouring behaviour of mixtures in the CVL:OG:TD-OH system.
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5.2.2.1.3 Conclusions Concerning CVL:0G:TD-OH Mixtures

Thermochromic behaviour in the CVL:0G:TD-OH system agreed with the
anticipated behaviour: melt-lightened behaviour was observed for most samples. The
equilibrium solid state was coloured in most cases and the melt became decoloured when
the appropriate developer and solvent concentrations were chosen. High colour contrast
(A4CDpax = 0.8) between the equilibrium solid and the melt was obtained in samples with
high developer and solvent concentrations (e.g., for the [1:6.2:103.2] sample).
Otherwise, at developer concentrations that exceeded the developer concentration
threshold, the melt became darker than the equilibrium solid (i.e., melt-darkened
behaviour was observed).

The developer demonstrated rather poor solubility in the molten solvent which
caused the melt to remain opaque until the highest temperature of the heating bath was
reached, particularly in mixtures which contained low solvent concentrations (e.g., when
z < 100). Poor developer solubility also resulted in precipitation of the developer prior to
solidification of the solvent during cooling, precluding the influence of solid-solid phase
transitions on the colouring behaviour in the solid state. Therefore, the solvent R-phase

had virtually no influence on the colouring behaviour of these mixtures.

5.2.2.2 CVL:0G:HD-OH Mixtures
5.2.2.2.1 Gross Features of CVL:OG:HD-OH Mixtures

Figure 5.10 shows the colour density versus temperature plots for selected
samples in the CVL:0G:HD-OH system. The colouring behaviour observed in this
system mirrored that observed for the CVL:OG:TD-OH system. As a result of the poorly
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matched alkyl chain lengths of OG and HD-OH, most of the mixtures studied

demonstrated melt-lightened behaviour. At high developer concentrations and low

solvent concentrations (e.g., in the [1:5.6:23.9] sample), the colour density of the melt

was the same as that of the equilibrium solid, again indicating the existence of a

developer concentration threshold above which melt-darkened behaviour is observed.
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Figure 5.10. Colour density versus temperature plots obtained via colour photo analysis for samples
in the CVL:OG:HD-OH system. The molar ratios of the three components are given on the figure.
Heating rates during these experiments were d7/ds =1 K min™. T}, represents the melting point of
the pure solvent. Lines are added as a guide to the eye. Error in CD was estimated to be +/-0.15.

At high solvent concentrations (e.g., when z = 100), the coloured equilibrium
solid melted to form a colourless molten state, giving rise to mixtures that demonstrated
good colour contrast. In the case of the [1:6.2:102.9] sample, the equilibrium solid was
moderately coloured (CDgquii = 0.6) and the melt was completely colourless (CDei =
0.0), yielding a colour contrast of ACD = 0.6. Although this value is lower than had been
observed in the CVL:0G:TD-OH samples (where ACDy,ax = 0.8), the fact that the melt
was essentially completely colourless indicates that higher contrast might yet be

attainable by increasing the developer concentration.
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When the solvent concentration was reduced, and the relative CVL and developer
concentrations were increased (e.g., in the [1:5.6:23.9] sample), the colour contrast
between the equilibrium solid state and the melt was lost, and the colour density of the
sample remained high across the entire temperature range. Additionally, samples
containing less developer (e.g., the [1:0.6:91.7] sample) demonstrated lower
equilibrium colour density (CDggquii = 0.5), which caused the overall colour contrast to be

reduced.

5.2.2.2.2 Fine Features of CVL:OG:HD-OH Mixtures

Samples in the CVL:OG:HD-OH ternary system demonstrated many of the same
fine features that were observed in the CVL:OG:TD-OH system. Once again, the
developer had rather poor solubility in the molten solvent, which caused the molten
mixture to remain opaque until the melt temperature exceeded 80 °C. This feature is seen
in Figure 5.10 as a small reduction in the colour density of the melt in the [1:5.6:23.9]
and [1:0.6:91.7] samples around 7= 70 — 80 °C, which resulted from reduced melt
opacity associated with increased developer dissolution.

The colour density of samples containing relatively high developer concentrations
(e.g., when y =5 to 6) was observed to spike prior to solvent solidification; this was
attributed to the precipitation of the developer from the molten solvent. In samples
containing low developer concentrations (e.g., the [1:1.9:50.3] sample), the spike in
colour density occurred after solvent solidification (7' < 50 °C). This type of behaviour is
required of useful thermochromic materials since the melting point of the solvent should

be the sole determining factor in defining the thermochromic transition temperature.
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As a result of the inhomogeneous precipitation of the developer from the molten
solvent in samples containing high developer concentrations, the solvent R-phase often
had little effect on the thermochromic behaviour of these mixtures in the solid state. In
samples containing low developer concentrations (e.g., the [1:1.9:50.3] sample), the
developer remained dissolved until solvent solidification occurred. As a result, the
solvent R-phase did play a role in the colouring behaviour of the solid state in such
samples.

Looking at the cooling portion of the heat-cool cycle in Figure 5.10, there were
small but noticeable spikes in the colour density of the low developer concentration
samples (e.g., [1:1.9:50.3]) after the initial solvent-solidification induced colour density
increase. This spike was attributed to conversion from the solvent R-phase to the LO-
phase which acts as a type of thermal “quenching”. Also, prior to solvent melting during
the heating portion of the experiments, spikes in colour density associated with solvent
conversion from the pre-melt solvent R-phase to the LO-phase were noted. As discussed
previously, at bath temperatures just above the LO-to-R phase transition, the solvent is in
the R-phase. Upon removal from the bath, conversion of the solvent from the R-phase to
the LO-phase generates a coloured metastable state, which causes colour density
enhancement in the pre-melt solid state. Further heating to near-melt temperatures returns
the R-phase of the solvent with concomitant decreases in colour density. The solvent R-
phase provides a more dynamic medium in the solid state, which allows for disruption of
the dye:developer complex; this behaviour is akin to the decolourization observed in the

melt due to dissociation of the colour-forming components.
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5.2.2.2.3 Conclusions Concerning CVL:OG:HD-OH Mixtures

The gross features of thermochromic behaviour in the CVL:OG:HD-OH ternary
system agreed with the hypothesized results. Melt-lightened behaviour was obtained in
samples containing low developer concentrations and/or high solvent concentrations. The
high solvent concentration allowed for enhanced developer dissolution in the molten
solvent which disrupted the formation of ring-opened CVL, thereby removing colour. At
low solvent concentrations, the melt retained strong colouration indicating that the melt
could be made darker than the equilibrium solid (i.e., melt-darkened behaviour) by
exceeding the developer concentration threshold. Good colour contrast (ACDyax = 0.6)
was obtained by choosing appropriate developer and solvent concentrations.

The fine features observed in this ternary system were also consistent with those
observed previously in the CVL:OG:TD-OH system. The low solubility of the developer
caused the molten mixture to remain opaque throughout the majority of the heat-cool
cycle. Samples that contained high developer concentrations and/or low solvent
concentrations were characterized by inhomogeneous precipitation of the developer prior
to solvent solidification, which caused the melt colour density to spike prematurely. This
behaviour is detrimental to the overall thermochromic effect as the desired
thermochromic transition temperature should be controlled solely by the melting point of
the solvent.'”

The solvent R-phase played a slightly larger role in this system than in
CVL:OG:TD-OH mixtures, as evidenced by the small increases in colour density
observed prior to solvent melting in a majority of the samples studied, due to conversion

from the pre-melt R-phase back to the LO-phase upon removal from the water bath. On
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cooling, transition from the melt to the R-phase of the solvent did not significantly impact
the colour density of the mixtures, whereas transition from the R-phase to the LO-phase
of the solvent caused substantial increases in solid state colour density in mixtures that
did not suffer from inhomogeneous precipitation of the developer from the molten

solvent during cooling (e.g., when y <2).

5.2.2.3 CVL:0G:0D-OH Mixtures
5.2.2.3.1 Gross Features of CVL:0G:0D-OH Mixtures

Figure 5.11 shows the colour density versus temperatures plots for samples in the
CVL:0OG:OD-OH system. Melting of the coloured equilibrium solid gave rise to a
decoloured melt at sufficiently high solvent concentrations (e.g., when y = 85 to 90).
Decreasing the solvent concentration caused the melt to become strongly coloured in
samples that also contained high developer concentrations, leading to the observation of a
developer concentration threshold above which melt-darkened behaviour was observed
(e.g.,inthe [1:5.9:24.4] sample).

High colour contrast (ACD = 0.8) for the [1:5.2:86.5] sample was observed
between the coloured equilibrium solid (CDgquit = 0.8) and the fully decoloured melt
(CDyert = 0), although this high colour contrast was only observed over a small portion of
the heat-cool cycle, as inhomogeneous developer precipitation during cooling caused the

melt colour density to spike well before solvent solidification.
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Figure 5.11. Colour density versus temperature plots obtained via colour photo analysis for samples
in the CVL:0G:0D-OH system. The molar ratios of the three components are given on the figure.
Heating rates during these experiments were d7/ds =1 K min™. T}, represents the melting point of
the pure solvent. Lines are added as a guide to the eye. Error in CD was estimated to be +/-0.15.

5.2.2.3.2 Fine Features of CVL:0G:0OD-OH Mixtures

While the solid state demonstrated darker colouration than was observed in the
same compositional ranges in TD-OH and HD-OH mixtures, fully decoloured mixtures
could only be obtained by heating to 95 °C. This behaviour is indicative of poor OG
solubility in the molten solvent. The low solubility of OG in the molten solvent is
evidenced by the dramatic spike in colour density at 7= 70 °C (on cooling) for the
majority of samples, which was caused by inhomogeneous developer precipitation
Furthermore, the [1:5.2:86.5] sample demonstrated reduced melt colour density over
the 60 to 95 °C temperature range, indicating that OG continued to dissolve in this
mixture, implying poor solubility in the molten solvent at lower temperatures.

The R-phase of the solvent played an important role in the colouring behaviour

obtained both on heating and cooling in this ternary system. Figure 5.12 shows colour
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photos of the [1:1.9:23.1] sample, which demonstrates the important role of the R-
phase in this ternary system. On heating, the colour density of the solid state was
observed to initially increase at 50 to 54 °C, which is near the low end of the LO-to-R
phase transition temperature range for the pure solvent (7}, = 52 to 55 °C)."**!*® As
before, conversion from the R-phase back to the LO-phase upon removal from the water
bath generated a dark, metastable solid state (due to LO-phase formation). Further
heating of the sample caused near-complete decolouration of the mixture between 58 and
62 °C, which is at the high end of the melting temperature range of the pure solvent
(Ttus.op-on = 56 to 59 °C).'**

On subsequent cooling from 95 °C, the developer precipitated from the molten
solvent at 70 °C. This behaviour was observed for most of the samples shown in Figure
5.11. Cooling to 62 °C caused the molten solvent to solidify into the R-phase resulting in
brief decolourization of the mixtures, as evidenced in Figure 5.12 by the large decrease in
colour density at 62 °C. Further cooling of the mixtures caused the solvent to transition
into the LO-phase (at 58 °C), thereby returning the high colour density of the pre-melt,

equilibrium solid, which was maintained on cooling to 30 °C.

CD:

T(C): 30 42 50 54 58 62 95 80 70 62 58 50

Figure 5.12. Colour photographs of the CVL:0G:0D-OH sample at a composition of [1:1.9:23.1].
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5.2.2.3.3 Conclusions Concerning CVL:0G:0D-OH Mixtures

Thermochromic behaviour in the CVL:0G:OD-OH system agreed with the
behaviour hypothesized for mixtures containing poorly matched alkyl chain lengths. The
equilibrium solid was shown to be strongly coloured at most compositions, the molten
phase could be decoloured when appropriately large solvent concentrations were used,
and good colour contrast (4CDy,.x = 0.8) could be achieved through proper selection of
the concentrations of each of the three components. Unfortunately, the poor solubility of
the developer in the molten solvent caused these samples to suffer detrimental effects
including high opacity in the melt after solvent melting and prior to solvent solidification,
and inhomogeneous precipitation of the developer that resulted in unwanted colour
formation in the melt.

In contrast to what had been observed in CVL:OG:TD-OH and CVL:0G:HD-OH
mixtures, the R-phase of the solvent played a more significant role in the colouring
behaviour in this system. On heating, the colour density of most mixtures increased near
the LO-to-R phase transition temperature of the pure solvent due to the conversion of the
solvent R-phase back to the LO-phase upon removal from the water bath. On cooling,
solidification of the solvent into the R-phase caused a substantial decrease in the colour
that formed due to inhomogeneous precipitation of the developer from the molten solvent
prior to solvent solidification, and subsequent conversion of the solvent to the LO-phase
returned the strong colouration of the equilibrium solid state.

While this system did not display ideal thermochromic behaviour over a wide
compositional range, changing the relative compositions of the three components lead to

the identification of a few mixtures with very good colour contrast. Detrimental effects
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such as high melt opacity and thermochromic transition temperatures that were not solely
controlled by the solvent melting point, however, were observed for most of the samples
studied in this work, indicating that CVL:0G:0D-OH mixtures may not be suitable for

application as thermochromic materials.

5.2.2.4 Summary of Thermochromic Behaviour in CVL:0G:Alcohol
Mixtures

Octyl gallate containing mixtures demonstrated thermochromic behaviour
characteristic of three-component systems in which the developer and solvent alkyl chain
lengths are poorly matched. In such mixtures, the equilibrium solid state usually is
strongly coloured and the molten phase can become fully decoloured if the solvent
concentration is sufficiently high. When a strongly coloured solid melts to form a
decoloured melt, melt-lightened thermochromism with high colour contrast can be
achieved. This optimal thermochromic behaviour was observed in all three OG-
containing systems, in particular when the developer concentration was relatively large
(e.g., 5 <y <6) and the solvent concentration was large enough to cause decolourization
of the melt (e.g., z = 90 to 100). The high developer concentration promotes colour
formation in the solid state and the high solvent concentration promotes dissolution of the
developer in the molten solvent, which results in colour loss in the melt.

In mixtures containing high developer concentrations and low solvent
concentrations (e.g., when 5 <y <6 and z = 25), low colour contrast was observed upon
melting of the mixtures, since the solid and molten states demonstrated similar colour

densities. Melt-darkened thermochromism was observed for the CVL:OG:TD-OH system
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when the developer concentration exceeded a threshold value that was dependent on the
relative solvent concentration in a given mixture. Although the colour intensified on
melting, the strong colouration of the solid state prevented high colour contrast between
the two states, indicating that mixtures at such compositions are indeed poor
thermochromic materials.

Octyl gallate demonstrated poor solubility in each of the three solvents employed
here. This behaviour was not unexpected as solubility issues were noted in DDG- and
ODG-containing mixtures as well. There are two major consequences of the poor
solubility of the developer. First, the molten mixture remains opaque at near-melting
temperatures during the heating phase until the developer is able to fully dissolve in the
solvent. Second, the developer can inhomogeneously precipitate during cooling, prior to
the solidification of the solvent, causing an increase in colour density at temperatures
greater than the anticipated transition temperature of the mixture. The transition
temperature of thermochromic materials is usually defined by the melting point of the
solvent; therefore such instances, in which colour forms above the solvent transition
temperature, are inherently detrimental to the overall thermochromic effect in melt-

lightened thermochromic materials.

5.2.3 Propyl Gallate (PG) Mixtures

In three-component thermochromic mixtures containing propyl gallate as the
colour developer, the developer and solvent alkyl chains are very poorly matched in
terms of length. The alkyl chain of propyl gallate (three carbon atoms in length) is

substantially shorter than even the shortest alcohol used in this work (TD-OH, 14 carbon
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atoms). As a result, the thermochromic behaviour in all of the CVL:PG:solvent systems
examined here was hypothesized to follow the same general trends observed for mixtures
with poorly matched alkyl chain lengths. PG-containing mixtures were hypothesized to
demonstrate melt-lightened thermochromism at high solvent concentrations, the
formation of coloured equilibrium solids at most compositions, and, when the developer
concentration is high and the solvent concentration is low, such that the developer
concentration threshold is exceeded, melt-darkened behaviour was expected.

The colouring behaviour hypothesized for propyl gallate mixtures has been
observed in numerous other systems (e.g., OG-containing mixtures, DDG with HD-OH,
etc.), therefore colour images are not presented in the following subsections. Due to the
similarity of the thermochromic behaviour in all three ternary systems containing PG as
the developer, the results from studies on TD-OH, HD-OH, and OD-OH mixtures are

discussed collectively.

5.2.3.1 Introduction to Studies of PG-Containing Mixtures

Previous work in the field of rewritable thermochromic mixtures examined the
colouring behaviour of CVL:PG:alcohol ternary systems.'"''® MacLaren and White
focussed on the change in colour density between the equilibrium solid and the quenched
metastable solid states in this concentration range and did not consider high solvent
concentrations. For this reason, PG-containing mixtures were deemed of “very poor”
quality as thermochromic materials.'”""''* As noted in the preceding sections of this
chapter, samples containing poorly matched alkyl chain lengths can become completely

decoloured in the molten phase and, therefore, can demonstrate very good colour
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contrast, making these types of mixtures attractive thermochromic materials.

Unsurprisingly, this type of behaviour was indeed observed in the PG-containing ternary

systems.

5.2.3.2 Gross Features of PG-Containing Mixtures

Figure 5.13 shows the colour density versus temperature plots for the

CVL:PG:TD-OH system. The equilibrium solid was strongly coloured in most cases, and

the colour density was dependent on the developer and solvent concentrations. When the

solvent concentration was sufficiently low, the melt also became coloured. The

[1:6:25.9] sample demonstrated higher colour density in the melt (at 7= 95 °C) than

was observed in the solid state, indicating the existence of a developer concentration

threshold above which melt-darkened behaviour is observed and below which melt-

lightened behaviour is observed.
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Figure 5.13. Colour density versus temperature plots obtained via colour photo analysis for samples

in the CVL:PG:TD-OH system. The molar ratios of the three components are given on the figure.

Heating rates during these experiments were d7/ds = 1 K min™'. Ty, represents the melting point of
the pure solvent. Lines are added as a guide to the eye. Error in CD was estimated to be +/-0.15.
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Few samples in the CVL:PG:TD-OH system demonstrated good colour contrast

between the solid and molten phases, although the sample at a composition of

[1:2.1:99.6] demonstrated particularly good contrast. In this sample, the strongly

coloured equilibrium solid (CDggq,i = 0.9) melted to give a completely decoloured melt

(CDyeit = 0, at T =95 °C), yielding high colour contrast (4CD = 0.9). From these data, it

is apparent that most of the samples do not form completely decoloured melts, which

reduces the overall colour contrast, creating mixtures demonstrating less than ideal

thermochromic properties.

Figure 5.14 shows the colour density versus temperature plots for samples in the

CVL:PG:HD-OH system. The equilibrium solid was the coloured state demonstrating

high colour density in most samples, and the melt was decoloured when the solvent

concentration was high (e.g., when z = 100).
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Figure 5.14. Colour density versus temperature plots obtained via colour photo analysis for samples
in the CVL:PG:HD-OH system. The molar ratios of the three components are given in the figure.
Heating rates during these experiments were d7/ds =1 K min™. T}, represents the melting point of
the pure solvent. Lines are added as a guide to the eye. Error in CD was estimated to be +/-0.15.
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A wider concentration range of samples in the CVL:PG:HD-OH system became
fully decoloured in the melt compared with the CVL:PG:TD-OH system (note: not all
data are shown), which could be a result of different solvent strengths of the two solvents.
It was shown for the CVL:DDG:solvent systems that CVL has lower solubility in HD-
OH than in TD-OH (vide supra, section 4.2.2), so it is possible that this decrease in
solubility gave rise to less colour formation in the melt in HD-OH mixtures.
Nevertheless, the [1:6.2:99.0] sample, shown in Figure 5.15, demonstrated high colour
contrast due to a strongly coloured equilibrium solid (CDgg,ii = 1.2) that melted to form a

nearly colourless melt (CDyeie = 0.2), affording the high colour contrast (ACD = 1.0).

CD: 1.2 1.5 1.3 0.6 0.5 0.2 0.7 1.3 1.3 1.2

T(¢C): 25 35 42 50 62 95 58 48 42 30

Figure 5.15. Colour photographs of the CVL:PG:HD-OH sample at a composition of [1:6.2:99.0].
Note the loss of colour on melting (7' > 50 °C), the reappearance of colour upon solidification of the
developer (7 < 58 °C), and further intensification of the colour on solidification of the solvent (7 = 48
°C).

Figure 5.16 shows the colour density versus temperature plots for samples in the
CVL:PG:0OD-OH system. The equilibrium solids were strongly coloured, and mixtures
containing high solvent concentrations (e.g., when z = 100) melted to form a decoloured
melt. The colour of the melt was dependent on the developer and solvent concentrations,
and samples that contained high developer and low solvent concentrations demonstrated
more intensely coloured molten phases, indicating the existence of a developer

concentration threshold.
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Figure 5.16. Colour density versus temperature plots obtained via colour photo analysis for samples
in the CVL:PG:0D-OH system. The molar ratios of the three components are given on the figure.
Heating rates during these experiments were d7/ds =1 K min™. T}, represents the melting point of
the pure solvent. Lines are added as a guide to the eye. Error in CD was estimated to be +/-0.15.

The increase in colour density of the melt for mixtures with lower solvent
concentrations (e.g., when z < 50) resulted in a reduction of the colour contrast in these
samples, thereby reducing the quality of the thermochromic effect. However, samples
containing a large amount of solvent demonstrated very good colour contrast owing to
their completely colourless molten phases. In particular, the [1:2.5:102.7] sample
demonstrated high colour density in the solid state (CDgquit = 1.0) and a completely

colourless melt (CDyerc = 0), yielding excellent colour contrast (ACD = 1.0).

5.2.4.3 Fine Features of PG-Containing Mixtures

The fine features observed in the PG-containing systems were relatively
consistent across the three solvents used. Propyl gallate has a much higher melting point
(Ttus = 146 to 149 °C)'*® than the longer chain gallates (typically Tt =~ 95 to 105

°C)!?%13! which means that increasing the temperature of the heating bath is unlikely to
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promote developer melting and therefore any effects associated with reduced opacity in
the melt, enhanced melt colour density in high developer concentration samples, or
reduced colour density in high solvent concentration samples, must be due to enhanced
developer dissolution in the molten solvent.

In the TD-OH system, very little colour density change was observed across the
heat-cool cycle for the majority of the samples studied here. This indicated that the
developer had particularly low solubility in the molten solvent and heating the mixture to
95 °C did little to disrupt colour formation, except at high solvent concentrations (e.g.,
when z = 100). In the HD-OH system, the colour density of the melt-lightened mixtures
fell off rapidly as the solvent reached its melting point, providing evidence that the
developer was more soluble in HD-OH than in TD-OH, whereby melting of the solvent
promoted developer dissolution and destruction of the coloured complex. The solvent
concentration range for decolourization of the melt was similar in the OD-OH and HD-
OH systems, and was wider than that observed for TD-OH mixtures, again indicating that
the developer is more easily dissolved into the melt of HD-OH and OD-OH mixtures than
in TD-OH mixtures.

The solvent R-phase did not play a significant role in the TD-OH mixtures, as no
colour changes associated with transition from either the LO-phase (on heating) or the
melt (on cooling) were observed. The spikes in colour density on cooling in these
samples were only related to transition of the solvent into the LO-phase and the return to
the coloured equilibrium solid, which was the hypothesized behaviour based on the poor

matching of the alkyl chain lengths in these mixtures.
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Conversely, the solvent R-phase was observed to play a more integral role in the
colouring behaviour in the solid state of the HD-OH and OD-OH mixtures. Figure 5.14
shows moderate spikes in the colour density of HD-OH mixtures prior to solvent melting
(at T= 40 °C), which was attributed to transition from the pre-melt R-phase back to the
LO-phase of the solvent, coupled with formation of a coloured, metastable solid state.
This behaviour was also noted in Figure 5.16 (7= 50 °C), which shows the colouring
behaviour of OD-OH mixtures, and in the CVL:DDG:HD-OH system discussed in
Chapter 4 (section 4.2.2).

After solidification of the melt in both HD-OH and OD-OH mixtures, the
expected spike in colour density associated with solidification of the solvent was
observed. Shortly after this spike in colour density, many of the high solvent
concentration (i.e., z = 100) samples showed an additional gradual increase in colour
density associated with the completion of solvent LO-phase formation, which returned

the colour of the equilibrium solid.

5.2.3.4 Conclusions Concerning PG-Containing Mixtures

As hypothesized, the gross features of thermochromic behaviour in
CVL:PG:solvent mixtures followed the trends for systems containing poorly matched
alkyl chain lengths. The equilibrium solid states were almost always coloured, and the
best colour contrast in these systems was obtained when the melt was fully decoloured,
yielding melt-lightened thermochromism. High solvent concentrations (e.g., when z =

100) were required for decolourization of the melt. High colour contrast samples were
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obtained in all three solvent systems, with the HD-OH and OD-OH systems having the
highest contrast (4CDmax = 1.0) followed closely by the TD-OH system (4CDpax = 0.9).
Poor developer solubility in the molten solvent caused detrimental effects
including high opacity in the melt immediately upon solvent melting and prior to solvent
solidification, and inhomogeneous precipitation of the developer which resulted in
unwanted colour formation in the melt. The influence of the R-phase of the solvent was
not seen in TD-OH mixtures, and was relatively weak for HD-OH and OD-OH mixtures

compared to the results obtained for DDG-containing mixtures.

5.2.4 Gallic Acid (GA) Mixtures
5.2.4.1 Introduction to Studies of GA-Containing Mixtures

The study of mixtures containing gallic acid (GA, Figure 5.17) as the colour
developer presented two important technical challenges. First, gallic acid has
exceptionally low solubility in the alcoholic solvents used in this work. Gallic acid
contains three phenolic protons and a carboxylic acid moiety, and lacks the solubility-
enhancing aliphatic chain of the other developers, which essentially renders GA insoluble
in the molten mixture. Secondly, the melting point of GA is very high (7564 = 250 to
252 °C)"' compared to the long-chain alkyl gallates due to the strong intermolecular
hydrogen bonding network formed by the hydroxyl and carboxylic acid moieties, and the
absence of the long alkyl chain. The long alkyl chain serves to lower the melting point of
alkyl gallates; the melting points for long-chain alkyl gallates level off around 7%, ~ 95 to

128-131

105 °C, beginning with octyl gallate. The gallate developers with long alkyl chains

tend to begin to melt at the temperature of the water bath in the present experiments
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(95 °C), thereby increasing miscibility with the solvent; this was not possible with gallic
acid. Nevertheless, gallic acid mixtures were examined using the same colour photo
analysis techniques used to study the colouring behaviour in mixtures containing long-
chain gallate developers.

HO,

HO
OH

HO
Figure 5.17. The structure of gallic acid (GA).

Due to the large difference in chain length between GA (zero carbon atoms) and
the alcoholic solvents (14 to 18 carbon atoms), thermochromic behaviour characteristic of
systems containing poorly matched alkyl chain lengths was hypothesized. Due to the
similar alkyl chain length mismatch between GA and the three solvents, the
thermochromic behaviour of GA-containing mixtures was hypothesized to be consistent

across all three solvents used, so the three systems are discussed collectively.

5.2.4.2 Gross Features of Behaviour in GA-Containing Mixtures

Figure 5.18 shows the colour density versus temperature plots for samples in the
CVL:GA:TD-OH system. The observed colouring behaviour was rather different from
any of the previously examined systems. In CVL:GA:TD-OH mixtures, the initial solid
state was very weakly coloured, which likely was a result of poor mixing of the three
components during sample preparation. Upon melting of the solvent, samples containing
large amounts of developer (e.g., y = 6) became coloured, while samples containing much

less developer showed only very weak colouration.
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Figure 5.18. Colour density versus temperature plots obtained via colour photo analysis for samples
in the CVL:GA:TD-OH system. The molar ratios of the three components are given on the figure.
Heating rates during these experiments were d7/ds =1 K min™. T}, represents the melting point of
the pure solvent. Lines are added as a guide to the eye. Error in CD was estimated to be +/-0.15.

The major difference between the CVL:GA:TD-OH mixtures and the OG- and
PG-containing mixtures is that the molten phase of CVL:GA:TD-OH mixtures tended to
be opaque at all temperatures as a result of the poor solubility and high melting point of
GA. For this reason, the colour density of the melt was generally higher than anticipated,
even at concentrations where a decoloured melt was hypothesized (i.e., when z = 100).
Upon solidification, the solids became strongly coloured regardless of the colour density
of either the pre-melt solid or the melt, indicating that, in fact, the solid truly was the
coloured state.

A complication associated with the poor miscibility/solubility of GA with the
long-chain alcohol solvent was observed in Figure 5.18. The colour density of samples
containing large developer concentrations (e.g., y = 6) decreased substantially after

solvent solidification (around 7 = 30 °C). This was due to inhomogeneous phase
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separation of the GA developer from the solid solvent, which caused rapid decolouration
of these mixtures in the solid state.

Figure 5.19 shows the colour density versus temperature plots for samples in the
CVL:GA:HD-OH system. The colouring behaviour in the HD-OH system was in good
agreement with the behaviour hypothesized for GA-containing mixtures. The solid
phases were coloured, with the colour being lost upon melting in samples with z > ~50.
Samples with high developer concentrations maintained some blue colour into the melt,
with the colour of the melt due in part to the formation of the coloured form of CVL by
the insoluble gallic acid. Upon solvent solidification, the strongly coloured solid state
returned, with a more intensely coloured metastable state eventually converting to a less
strongly coloured equilibrium solid state. The behaviour observed here closely matches
that observed in the CVL:OG:HD-OH and CVL:PG:HD-OH systems, indicating again

that mismatched alkyl chain lengths can give rise to predictable behaviour.
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Figure 5.19. Colour density versus temperature plots obtained via colour photo analysis for samples
in the CVL:GA:HD-OH system. The molar ratios of the three components are given on the figure.
Heating rates during these experiments were d7/ds =1 K min™. T}, represents the melting point of
the pure solvent. Lines are added as a guide to the eye. Error in CD was estimated to be +/-0.15.
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Figure 5.20 shows the colour density versus temperature plots for samples in the
CVL:GA:OD-OH system. This system showed anomalous behaviour not seen in the
CVL:GA:TD-OH or CVL:GA:HD-OH systems. The colour density of the equilibrium
solid was once again very low, owing to poor mixing of the three components in the solid
state. Heating to just below the melting point of OD-OH (7¥s.0p-0u = 56 to 59 °C)144
caused no change in the colour density of the solid. As the melting point of the solvent
was exceeded, the mixtures became strongly coloured and then quickly lost colour
density on further heating. Colour was almost completely lost at 95 °C, but began to
reform during cooling at 70 °C due to inhomogeneous precipitation of the developer,
followed by further colour formation on solidification of the solvent. After cooling
further past the freezing point of the solvent, colour was lost again as the equilibrium
solid state was returned. Figure 5.21 shows colour photos of the sample at a composition

of [1:6.2:102.8] to demonstrate this strange colouring behaviour.

CVL :GA :0D-OH
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Figure 5.20. Colour density versus temperature plots obtained via colour photo analysis for samples
in the CVL:GA:OD-OH system. The molar ratios of the three components are given on the figure.
Heating rates during these experiments were d7/ds =1 K min™. T}, represents the melting point of
the pure solvent. Lines are added as a guide to the eye. Error in CD was estimated to be +/-0.15.
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Figure 5.21. Colour photographs of the CVL:GA:0OD-OH sample at a composition of
[1:6.2:102.8].

5.2.4.4 Summary of Thermochromic Behaviour in CVL:GA:Alcohol
Mixtures

Thermochromic mixtures containing gallic acid presented an interesting scenario
in which the poor solubility of the developer in the molten solvent played an important
role in defining the colouring behaviour. The low developer solubility made complete
colour erasure in the molten state nearly impossible, even at mixing ratios which were
shown to form fully decoloured melts in OG- and PG-containing mixtures.

The thermochromic behaviour of GA-containing mixtures was quite different
across the three solvents studied here. In the CVL:GA:TD-OH mixtures, the equilibrium
solid state was initially decoloured and the melt became more strongly coloured,
indicating melt-darkened behaviour. However, the post-solidification colour density
remained very high, which suggested that the lack of pre-melt colour was due to poor
mixing of the three components immediately after sample preparation.

CVL:GA:HD-OH mixtures demonstrated the melt-lightened behaviour
characteristic of mixtures containing mismatched alkyl chain lengths. These mixtures
were coloured in the solid state and became less strongly coloured in the melt. The major
detrimental factor observed in such mixtures was the high opacity of the melt due to poor

GA solubility.
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CVL:GA:OD-OH mixtures demonstrated the most interesting features as the
equilibrium solids were generally weakly coloured, likely due to poor mixing of the three
components, and became intensely coloured near the melting point of the pure solvent
(both on heating and cooling). The R-phase may be responsible for this generation of
colour as the heightened degree of rotational freedom of the solvent likely caused
increased molecular mobility in the solid state, promoting the interaction of the dye and
developer and giving rise to colour formation.

Unfortunately, the high opacity of the melt and unpredictable nature of the
colouring behaviour in GA-containing mixtures precludes their utility in thermochromic

applications.

5.3 Summary of the Influence of Developer Chain Length

The results presented in this chapter provide valuable insights into the
thermochromic behaviour of three-component, reversible thermochromic systems
containing alkyl gallate developers and alkyl alcohol solvents, allowing for the prediction
of thermochromic behaviour in such systems.

When the alkyl chains attached to the gallate and alcohol, respectively, are well-
matched in terms of chain length, thermochromic behaviour adhering to the following
trends was observed: (1) at sufficient solvent concentration, the equilibrium solid was
decoloured, (2) the melt was coloured when the developer concentration was relatively
high (e.g., when y > 2) and the solvent concentration was relatively low (e.g., when z <
60), (3) the mixture was effectively never coloured when the developer concentration was

very low (e.g., when y < 2) and the solvent concentration was high (e.g., when z > 60),
198



and (4) at very low solvent concentrations (e.g., when z < 25), the equilibrium solid could
become coloured, thereby reducing colour contrast. In general, melt-darkened
thermochromism was observed for mixtures containing well-matched alkyl chain lengths.

To obtain mixtures with sufficiently high colour contrast, a relatively large
amount of solvent is required in the mixture (e.g., z > 50) to ensure completely colourless
equilibrium solids. To ensure that the colour of the melt is sufficiently high, the developer
concentration must be substantially higher than that of the dye (e.g., y > 5). The three
octadecyl gallate (ODG) containing mixtures, in which the alkyl chain lengths are well-
matched, all demonstrated this type of melt-darkened behaviour.

Alternatively, melt-lightened thermochromic behaviour can be obtained if the
lengths of the alkyl chains attached to the gallate and the alcohol, respectively, are poorly
matched, and the solvent concentration is high (e.g., when z = 100). In three-component
mixtures demonstrating this type of alkyl chain length mismatch, such as the OG-, PG-
and GA-containing systems, melt-lightened thermochromism adhering to the following
trends was observed: (1) the equilibrium solid usually was strongly coloured, (2) the melt
could be completely decoloured if the solvent concentration was high (e.g., when z =
100), (3) the colour density of the coloured state was strongly dependent on the developer
concentration, and (4) the degree of colour loss upon transition to the melt was dependent
on the solvent concentration.

In certain cases, the developer and solvent components can demonstrate
substantial structural dissimilarities which caused other types of problems. For example,
with the developers propyl gallate and gallic acid, the length of the alkyl chain is so short

that these developers were very poorly soluble in the molten phase of the solvent. This
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caused high opacity in what should ideally be a completely colourless, transparent melt.
This behaviour was observed to a lesser extent in other mixtures containing poorly
matched alkyl chain lengths such as the CVL:0G:0D-OH and CVL:DDG:0D-OH
mixtures. When the alkyl chains were well-matched, the developer often demonstrated
better solubility in the molten solvent, reducing melt opacity.

Other issues associated with poor solubility of the developer in the solvent further
complicated the thermochromic behaviour in the molten state. For example, during
sample preparation, and upon freezing of the molten phase, the three components of the
mixture can become phase-separated, thereby preventing homogenous colouration in
solid state. In some instances where the colour of the solid phase was expected to be very
high, as in mismatched systems such as the PG and GA systems, poor mixing in the solid
phase artificially lowered the colour density of the coloured solid phase. This issue could
potentially be avoided by adding additional components to the mixtures, such as
emulsifiers or surfactants to aid in solid state phase mixing, but unfortunately it is highly
likely that these additives would disrupt the expected thermochromic behaviour in such
systems.

The R-phase of the solvent was shown to play a role in the colouring behaviour of
the solid state of these mixtures. Transition to the R-phase from the LO-phase (on
heating) provided a more mobile medium for the dye and developer due to the heightened
dynamical disorder of the R-phase. In most samples on heating, conversion to the R-
phase caused the colour density of the mixture to decrease as the temperature approached
the melting point of the pure solvent. Conversely, near the LO-to-R phase transition

temperature, the R-phase of the solvent converted into the LO-phase on removal from the
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water bath due to localized cooling at the surface of the sample vial. The conversion to
the LO-phase caused the formation of a coloured, metastable solid state (akin to the
increase in colour observed on cooling for R-to-LO phase transitions), which caused the
apparent colour density of the pre-melt solid to increase. Further heating of the mixture
returned the R-phase, which resulted in decreased solid state colour density at
temperatures just below the melting point of the mixture.

On cooling, conversion from the melt to the R-phase generally maintained the
colour density of the melt, or in the event of an increase in colour density due to
inhomogeneous precipitation of the developer from the molten solvent, promoted colour
density decreases on solvent solidification. Conversion of the R-phase to the LO-phase
caused large increases in the colour density of the solid state coupled with a “freezing-in”
effect, akin to the effect of thermal quenching with liquid nitrogen that was used by
MacLaren, Tang, and White to maintain a long-lived metastable solid state in similar
mixtures. "1 Decolourization rates of the metastable solid produced by
conversion to the LO-phase were strongly dependent on the solvent used, with the
decolourization rates dramatically decreasing as the solvent alkyl chain length was
increased.

The results presented in this chapter lead to an interesting question: if the phenolic
developer comes from another chemical family (e.g., benzophenones, bisphenols, etc.)
and demonstrates a high degree of structural dissimilarity with the solvent (i.e., a poorly
matched developer:solvent system), would the thermochromic behaviour of the new
system match that observed in OG-, PG-, and GA-containing mixtures, which have

poorly matched alkyl chain lengths? Chapter 6 is focussed on answering this question.
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Chapter 6 Thermochromic Behaviour in Mixtures
Containing Other Developers and Solvents

6.1 Introduction and Background
6.1.1 Summary of Variable Alkyl Chain Length Experiments

The experiments described in Chapter 4, which examined the influence of the
solvent alkyl chain length on thermochromic behaviour in three-component mixtures, and
Chapter 5, which examined the influence of the developer alkyl chain length,
demonstrated that the type of thermochromic behaviour observed in such systems is
largely dependent on the difference in length of the alkyl chains attached to the developer
and solvent and on the relative concentrations of the developer and solvent.

In mixtures containing well-matched alkyl chain lengths (chain length difference
of zero to four carbon atoms), the equilibrium solid state was almost always decoloured
and the melt could become coloured if the developer concentration was sufficiently large.
This type of thermochromism is referred to as melt-darkened thermochromism in this
thesis.

If the alkyl chain lengths were poorly matched (chain length difference of four
carbon atoms or higher) the observed thermochromic behaviour was strongly influenced
by the developer concentration. At low developer concentrations, little colour was
observed in these mixtures, regardless of the solvent concentration. At high developer
and high solvent concentrations, the solid states were intensely coloured and the molten
phases became decoloured. This type of thermochromism is referred to as melt-lightened

thermochromism in this thesis.
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The degree of colour contrast between the coloured and decoloured states is an
integral characteristic of thermochromic behaviour. Both the melt-lightened and melt-
darkened mixtures examined in this thesis have been shown to demonstrate good colour
contrast. In the case of melt-darkened mixtures, high developer concentrations were
required to generate a dark molten phase and good colour contrast. In melt-lightened
mixtures, high solvent concentrations were required to disrupt colour formation in the
melt and yield good contrast.

In this chapter, the thermochromic properties of mixtures containing CVL as the
dye, HD-OH as the solvent, and two new phenolic developers that do not belong to the
gallate family, are examined. In addition to changing the type of developer used, the
thermochromic properties of a CVL:DDG:solvent mixture containing an alkyl thiol as the

solvent component are examined.

6.1.2 Other Phenolic Developers

Based on the results discussed in section 6.1.1, it was hypothesized that three-
component thermochromic mixtures containing phenolic developers and alkyl alcohol
solvents that displayed substantially different chemical structures would behave in a
manner similar to the previously discussed three-component mixtures that contained
poorly matched alkyl chain lengths. To this end, two phenolic developers commonly used
in thermochromic applications, bisphenol A and 2,4-dihydroxybenzophenone, were

selected for investigation of such ‘chemically dissimilar’ mixtures.
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6.1.2.1 Bisphenol A (BPA)

Figure 6.1 shows the structure of 2,2-bis(4-hydroxyphenyl)propane, also known
as bisphenol A (BPA). BPA is one of the most industrially relevant phenolic compounds
in the world. BPA is a primary component in the common thermoplastic polycarbonate
(found in plastic bottles, greenhouse panelling, DVDs, etc.),””"”*"? is used in the
production of epoxy resins,””’ and is used as the acidic developer component in thermal
receipt paper, in which BPA generates the coloured form of a leuco dye that is embedded

33-36,41,42,105,123,124,201

in the receipt paper. However, it must be noted that BPA is a known

toxic compound that disrupts endocrine function in humans, and as such its usage in

. : 202,203,204,2
consumer end-products has been reduced substantially in recent years.?*>2**20420°
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N
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Figure 6.1. Structure of bisphenol A.

6.1.2.2 2,4-Dihydroxybenzophenone (DHB)

Figure 6.2 shows the structure of 2,4-dihydroxybenzophenone (DHB), which has

- - L e 105,123,124,201
also been employed as a developer in thermochromic applications. ™ """ In

particular, DHB was tested during preliminary development of the thermochromic laser-

jet toner e-blue™, which is currently marketed in Japan by Toshiba Co.*'##200:207:208 Ag

an extension of their work on thermochromic laser jet toners, Toshiba Co. has also

developed thermochromic ink-jet printing technologies which incorporate DHB as a

- 201,209
phenolic developer.”™
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Chapter 8 of this thesis describes work carried out by the present author during an
internship with Toshiba Co. During this internship, it was observed that DHB can be a
very effective developer component in thermally erasable ink-jet printer inks. Based on
the work carried out during the internship, DHB was selected for study as a developer for
use in rewritable three-component thermochromic mixtures (see Chapter 8 for details).

O OH

OH

Figure 6.2. Structure of 2,4-dihydroxybenzophenone.

6.1.3 Other Solvent — Octadecanethiol

Early in the studies presented in this thesis, octadecanethiol (OD-SH) was chosen
for use as a solvent component due to the inherent structural similarities it shares with the
long-chain alkyl alcohols.?'® In a surprising turn of events, and due to a serendipitous
calculation error, it was found that three-component thermochromic mixtures containing
octadecanethiol as the solvent component exhibited thermochromic behaviour similar to
mixtures containing poorly matched alkyl chain lengths. Details of the thermochromic

behaviour of octadecanethiol-containing mixtures are presented in section 6.2.3.
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6.2 Experimental Results and Discussion

6.2.1 CVL:BPA:HD-OH Mixtures
6.2.1.1 Introduction to Studies on CVL:BPA:HD-OH Mixtures

As discussed in section 6.1.2, BPA has previously been employed as a phenolic

100,175 In

developer in studies on three-component, reversible thermochromic mixtures.
such systems, the solid state generally displays strong colouration and the molten phase
can become decoloured if the concentration of the solvent is sufficiently large.'”*'” This
type of melt-darkened behaviour, observed previously in the present work for system

with poorly matched alkyl chain lengths, was hypothesized for the CVL:BPA:HD-OH

system.

6.2.1.2 Gross Features of CVL:BPA:HD-OH Mixtures

To study the thermochromic behaviour of CVL:BPA:HD-OH mixtures, two broad
concentration regimes were tested: (1) the low solvent concentration regime (where z =
20 to 100), and (2) the high solvent concentration regime (where z = 300 to 2000). At all
of the compositions tested, the solid state was the coloured state and the melt became
decoloured. This type of melt-lightened behaviour had been hypothesized for the
CVL:BPA:HD-OH system, due to the lack of structural similarity between BPA and HD-
OH.

Figure 6.3 shows the colour density versus temperature plots for samples in the
CVL:BPA:HD-OH system at low solvent concentration (top, z =20 to 100) and at high
solvent concentration (bottom, z = 300 to 2000). In the low solvent concentration regime,

the colour density of the solid state was very high. It is clear from the colour density
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values that these samples were strongly coloured in the solid states (CDgquii = 1.0 to 1.4)

and nearly fully decoloured in the melt (CDyeit = 0.0 to 0.1). The colour contrast obtained

in this compositional range was the highest observed in this work, with ACDy,.x = 1.1 to

1.4 forthe [1:8:91]and [1:4:95.4] samples.

Colour Density

Colour Density

Figure 6.3. Colour density versus temperature plots obtained via colour photo analysis for
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CVL:BPA:HD-OH samples in the (top) low solvent concentration regime and (bottom) high solvent
concentration regime. The molar ratios of the three components are given on the figure. Heating
rates during these experiments were d7/d7 = 1 K min™'. Ty, represents the melting point of the pure
solvent. Lines are added as a guide to the eye. Error in CD was estimated to be +/-0.15. Note that data
for the high concentration regime were only collected to 90 °C.

The best colour contrast obtained for samples in the low solvent concentration

regime was obtained when the melt became fully decoloured and was completely

transparent. Figure 6.4 (a) shows such an example, the [1:8:91] sample, which was
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deeply coloured in the solid state (CDgquit = 1.4) and was completely transparent and

colourless in the melt (CDyerc = 0.0), giving rise to excellent colour contrast (ACD = 1.4).

CD: 1.4 1.1 0.8 0.6 0.0 0.0 0.1 0.2 0.6 0.8

_-i
(. )

NSV N/

T(¢C): 25 40 44 46 50 95 50 46 44 40

_.L,Ak\/

T(C): 25

CD: 0.8 0.4 0.2 0.0

(d)
T(C): 25 40 42 46

Figure 6.4. Colour photographs of CVL:BPA:HD-OH samples at various compositions; (a)
[1:8:91],(b) [1:6.1:95.4],(c)[1:16:1985],and (d) [1:4:2000].

The same colouring features were observed in many samples in this concentration
regime, particularly in samples with solvent concentrations near z = 100. The
[1:6.1:95.4] sample, shown in Figure 6.4 (b), also demonstrated high colour contrast
(4CD =1.1) and a fully decoloured molten state, indicating that this compositional range

is ideal for melt-lightened thermochromic behaviour.
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The gross features of colouring behaviour in the high solvent concentration
regime (where z = 300 to 2000) were not substantially different from the gross features
observed in the low solvent concentration regime (where z = 20 to 100). Figure 6.3
(bottom) shows the colour density versus temperature plots for a series of samples in the
high solvent concentration regime. In samples containing high solvent concentrations, the
equilibrium solid states were coloured, although less strongly coloured than those in the
low solvent concentration regime, and all of the samples analyzed melted to form
completely decoloured, transparent melts.

The solid state colour densities in the high solvent concentration regime were
generally lower than those observed in the low solvent concentration regime, and covered
a much broader range (CDgquit = 0.1 to 1.2). Although the equilibrium colour densities
were lower, the molten phase of every sample in this regime was fully decoloured and
completely transparent, yielding very good colour contrast (4ACDyax = 1.1) in samples
containing high developer concentrations (e.g., [1:16:1985]).

The samples shown in Figure 6.4 (c) ([1:16:1985]) and Figure 6.4 (d)
([1:4:2000]) demonstrated very similar thermochromic behaviour. The colour density of
the [1:16:1985] sample was slightly higher than that of the [1:4:2000] sample across
the entire temperature range and the overall colour contrast also was greater for the y = 16
sample, however the transition temperatures for complete colour loss on heating
(T > 46 °C) and colour reformation on cooling (7' < 40 °C) were the same for both
samples. Additionally, the colour density of the solid states of the y = 10 and 16 samples
were virtually identical (see Figure 6.3), indicating that a saturation developer

concentration was reached at large y values.
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6.2.1.3 Fine Features of CVL:BPA:HD-OH Mixtures

The most apparent fine features observed for CVL:BPA:HD-OH mixtures were
seen in mixtures containing low solvent concentrations (e.g., when z = 20 to 50). In most
samples with z < 50, the molten phase was observed to contain insoluble dye and/or
developer, which caused high opacity in the melt. Insoluble CVL was easily observed in
the molten solvent at z = 20 to 30 as a yellow solid, as evidenced in Figure 6.5 (a), which
shows the [1:1:23] sample. In this sample, the deeply coloured solid state decoloured on
heating as the solvent melting point was approached (7= 44 to 46 °C), yielding an
opaque, yellow-coloured melt. It was likely that insoluble developer was also present in
the molten phase due to the low solvent concentration, but, due to the yellow colour of

CVL, the white BPA solids were obscured.

CD: 1.2 1.2 0.9 0.3 0.1 0.1 0.1 0.2 0.5 0.8

(b)

T¢C): 25 40 44 46 65 95 50 46 44 40

Figure 6.5. Colour photographs of CVL:BPA:HD-OH samples at low solvent concentrations (a)
[1:1:23] and (b) [1:1.3:47].

Insoluble BPA was also observed in samples containing low solvent
concentrations. When z = 50, the opaque melt was white in colour, indicating that only

the developer was insoluble at these compositions (BPA is a white solid). For example,
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the [1:1.3:47] sample shown in Figure 6.5 (b) demonstrated this type of behaviour.
Nevertheless, the samples shown in Figure 6.5 demonstrated very good melt-lightened
thermochromism, in which the strongly coloured solid state melted to form a decoloured
melt with excellent contrast between the solid and molten states (ACDpx = 1.1 to 1.2).

The colouring behaviour of all of the CVL:BPA:HD-OH samples presented here
followed the same general trends: a deeply coloured solid state melted to form a
decoloured melt with very high colour contrast between the two states; at low solvent
concentrations the melt became opaque due to poor dye and/or developer solubility with
strong colouration returned upon solidification of the solvent.

The change in colour density from the low-temperature solid state to the melt was,
however, remarkably gradual. Figure 6.6 shows this gradual change in colour density
across the heat-cool cycle. The low-temperature solid state (25 to 40 °C) began to
decolour around 42 to 44 °C and continually lost colour density until the solvent became
fully molten (7#ys up-on = 48 to 50 °C).144 The reduction in colour density prior to solvent
melting (42 to 46 °C), and the reformation of colour upon solidification of solvent (50 to
44 °C), indicated that the R-phase of the solvent (7}, = 43 to 46 "C)144’148 plays an
important role in the colouring behaviour of such mixtures.

CD: 14 1.4 1.0 1.1 1.2 0.8 0.6 0.0 0.1 0.2 0.6 0.8 1.3

=

46 44 40 30

Figure 6.6. Colour photographs of the CVL:BPA:HD-OH sample at a composition of [1:8:91]. Note
the gradual loss of colour on heating beginning around 40 to 42 °C before colour is completely lost
upon solvent melting. On cooling, colour did not reappear with solvent solidification (7 < 50 °C),
instead requiring conversion to the LO-phase of the solvent (46 to 40 °C) for the full reappearance of
colour.
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In particular, the increased degree of rotational freedom and heightened
dynamical disorder of the solvent while in the R-phase enhanced the mobility of the
developer, allowing it to dissociate from the dye:developer complex and thereby disrupt
the colour-forming interaction, mimicking the loss of colour that was observed in the
melt. On subsequent cooling, the solvent solidification into the R-phase was insufficient
to cause colour formation in solid state for the same reason (i.e., enhanced developer
mobility in the solid state). As the solvent solidified into the R-phase, colour was only
observed on the exterior of the sample vial because the exterior of the vial is cooler than
in the centre, promoting the formation of the LO-phase near the exterior of the vial,
whereas colour cannot reform near the centre of the vial since the solvent remains in the
R-phase. Further cooling of the mixture generated the LO-phase throughout the sample,

and the pre-melt colouration returned.

6.2.1.4 Conclusions Concerning CVL:BPA:HD-OH Mixtures

The thermochromic behaviour observed for CVL:BPA:HD-OH mixtures
demonstrated features consistent with the behaviour hypothesized for mixtures containing
structurally dissimilar developer and solvent components. The low-temperature solid
states were observed to be strongly coloured at virtually all compositions, indicating that
CVL and BPA undergo stronger attractive interactions in the solid state than BPA with
HD-OH. As the solid was gradually heated, the colour density gradually decreased. This
behaviour is intimately coupled with the transition of the solvent from the low-
temperature ordered phase (LO-phase) to the rotator phase (R-phase), as the colour

density decreases were observed to occur within the LO-to-R-phase transition
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temperature range for HD-OH (7} =43 to 46).144’148 In some instances, the colour
density was almost entirely lost prior to complete melting of the solvent, indicating that
the high degree of molecular mobility in the R-phase was sufficient to disrupt the
CVL:BPA interaction.

Melting of the mixture caused the colour to be completely lost in most samples;
when the solvent concentration was low (e.g., when z < 50) the melt did retain some
colour due primarily to insoluble BPA, and also due to insoluble CVL at very low solvent
concentrations (e.g., when z < 30). High opacity in the melt is generally regarded as
problematic for the purposes of application of thermochromic materials, and as such it is
apparent that the solvent concentration should be kept relatively high (e.g., z> 100) as
this allows for complete dissolution of both CVL and BPA in the molten solvent.

Colour formation on cooling mirrored the behaviour observed during the heating
portion of the heat-cool cycle. Immediately upon solvent solidification, the solvent was in
the R-phase. This phase was shown to promote dissociation of the CVL:BPA complex on
heating, therefore freezing into the solvent R-phase prevented colour reformation during
cooling. Some samples showed blue-coloured rings at the exterior of the sample vial
while the centre of the vial lacked colouration. This colouration was due primarily to the
fact that the exterior of the vial cools more quickly than the interior when removed from
the water bath, promoting transition of the solvent to the LO-phase concomitant with
colour reformation. As the samples were further cooled, the solvent was converted to the
LO-phase and the deep colouration of the pre-melt, LO-phase solid state was returned.

The pre-melt R-phase behaviour seen here for CVL:BPA:HD-OH mixtures also

was noted for CVL:DDG:HD-OH mixtures discussed in Chapter 4, in which the pre-melt
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colour density was shown to increase near the start of the LO-to-R phase transition
temperature range. In that system, conversion of the pre-melt R-phase back to the LO-
phase caused the formation of a more deeply coloured, metastable solid state, and
therefore it appeared that the R-phase was causing colour density increases.

All of the samples in the CVL:BPA:HD-OH system formed strongly coloured
low-temperature solid states, melted to form decoloured melts (i.e., decoloured in the
sense that no blue-CVL was present), and demonstrated a wide range of colour contrast
values varying from good (4CDp,x = 0.7 to 0.8) to exceptionally high (4CDy.x = 1.1 to
1.4). The melt-lightened behaviour seen in these samples was in excellent accord with the
hypothesized behaviour for such mixtures containing structurally dissimilar developer
and solvent components, and represents the best thermochromic behaviour observed in

the present work.

6.2.2 CVL:DHB:HD-OH Mixtures
6.2.2.1 Introduction to Studies on CVL:DHB:HD-OH Mixtures

Although DHB has been identified as a suitable developer for thermochromic

1 123,124,206-2 . . .
05,123.124,206-209 ¢y qate there are no studies in the academic

systems in the patent literature,
literature regarding its potential use as a developer in three-component, reversible
thermochromic mixtures. To this end, and to further test the hypothesis that mixtures
containing structurally dissimilar developer and solvent components would demonstrate

high-contrast melt-lightened thermochromism, DHB was employed as the developer

component in CVL:developer:HD-OH mixtures.
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6.2.2.2 Gross Features of CVL:DHB:HD-OH Mixtures

CVL:DHB:HD-OH samples were prepared in two concentration regimes: the low
solvent concentration regime (where z =~ 15 to 100) and the high solvent concentration
regime (where z = 235 to 2125). Figure 6.7 shows the colour density versus temperatures
plots for samples containing low solvent concentrations (Figure 6.7 (top), z = 15 to 100)
and high solvent concentrations (Figure 6.7 (bottom), z = 235 to 2125).

In the low concentration regime, the colour density of the solid state was very
high in all samples studied, with CD values ranging from ~ 1.0 to 1.5. The colour density
of these mixtures was observed to decrease precipitously as the solvent began to melt
(Ttus.np-on = 48 to 50 °C).144 Most of these mixtures did not become completely
transparent in the molten phase due to the presence of insoluble CVL and/or DHB.
Nevertheless, the blue colour associated with ring-opened CVL was in fact lost in most
samples as the solvent melted, and was returned upon solidification of the solid during

the cooling phase of the heat-cool cycle.
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Figure 6.7. Colour density versus temperature plots obtained via colour photo analysis for samples in
the CVL:DHB:HD-OH system in the low solvent concentration (top) and high solvent concentration
(bottom) regimes. The molar ratios of the three components are given on the figure. Heating rates
during these experiments were d7/d7 = 1 K min™'. Ty, represents the melting point of the pure
solvent. Lines are added as a guide to the eye. Error in CD was estimated to be +/-0.15.

The largest colour contrast was observed in the [1:8:91] and [1:6:93] samples,
which were the samples that contained the highest ratio of developer to dye. Additionally,
of the five samples reported in Figure 6.7 (top), only these two melted to form fully
transparent melts, due to the high solvent concentration (e.g., z = 90).

Figure 6.8 (a) shows colour photos of the [1:8:91] sample. The colour density
was very high in the equilibrium solid state (CD = 1.5) and the blue colour due to ring-

opened CVL gradually weakened as the temperature was increased, first beginning to
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decolour in the range 40 to 45 °C, then rapidly decolouring around 48 °C (the start of the
melting range of the pure solvent), before becoming nearly completely decoloured above
50 °C. The melt became completely transparent at 52 °C but retained weak blue/green
colouration until 95 °C, at which point the blue colouration was completely lost,

indicating that all of the DHB had become dissolved in the molten solvent.
CD:

(2)

T (°C):

CD:

(b)

T (°C):

T(°C): 25 35 40 45 50 95 50 46 40 30

Figure 6.8. Colour photographs of CYL:DHB:HD-OH samples at various compositions: (a)
[1:8:91],(b) [1:6:93],and (c) [1:16:1685].

Upon cooling, the solvent began to solidify below 50 °C and colour began to
return at roughly 45 °C, intensifying rapidly as the mixture was further cooled, and by
30 °C the pre-melt colour density had returned. The high colour density of the solid state,
negligible colour in the melt, and the large colour contrast between the solid and melt
(4CDwax = 1.5) make such mixtures extremely attractive for use in thermochromic

materials.
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The [1:6:93] sample, shown in Figure 6.8 (b), demonstrated thermochromic
behaviour very similar to that of [1:8:91]. The colour contrast of [1:6:93] was very
high (4CD = 1.4) resulting from the conversion of an intensely coloured solid state to a
colourless melt, indicating that high solvent concentrations (e.g., z = 100) are required for
transparent, decoloured molten phases.

Vastly increasing the solvent concentration had two major effects: (1) the colour
density in the solid state was substantially reduced and (2) the molten phases for all of the
samples studied became completely transparent due to the improved solubility of the dye
and developer in the solvent. The consequences of these effects were that the overall
colour contrast in samples with high solvent concentrations were generally much lower
than in low solvent concentration samples, but the improved solubility of the dye and
developer in the molten solvent prevented the formation of high opacity melts, which are
detrimental to the overall thermochromic effect.

Figure 6.7 (bottom) shows the colour density versus temperature plots for a series
of samples in the high solvent concentration regime. The solid-state colour densities were
much lower than those of the low solvent concentration samples (see Figure 6.7 (top))
and fell within a range of CDgquii = 0.2 to 0.8, with most samples in the 0.6 to 0.8 range.
Since all of the samples melted to form completely colourless molten phases, the colour
contrast in these samples was moderate (4CDpax = 0.6 to 0.8), with negligible differences
in colour contrast between samples with high and low dye:developer ratios, except for the

[1:0.3:320] sample, which was weakly coloured in the solid state.
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Figure 6.8 (c) shows colour photos of the [1:16:1685] sample to demonstrate the
general features of the high solvent concentration samples. In the solid state, the sample
was blue with moderate colour density (CDgquit = 0.6). Upon heating, the colour density
decreased gradually. At 35 °C, the colour density was similar to the equilibrium colour
density. By 40 °C, the colour began to fade and was almost completely lost by 45 °C,
indicating transition to the solvent R-phase (7}, = 43 to 46 °C)."**'** It is important to
note here that 45 °C is below the melting point of pure HD-OH (Thy,s = 48 to 50 °C)."** At
50 °C, the sample was completely decoloured, with a small amount of solid solvent
remaining in the mixture (note: the solid must be the solvent as DHB is yellow in colour).
Further heating produced a completely transparent mixture.

On cooling, the solvent began to solidify prior to colour regeneration; between 50
and 46 °C a substantial amount of solvent had solidified without colour generation. By
40 °C, most of the colour had returned to the sample and by 30 °C the colour intensity
reached a maximum value (CD = 0.8). This sample demonstrated good colour contrast
(4CD = 0.6), similar to that of the CVL:gallate:alcohol mixtures discussed in Chapters 4

and 5.

6.2.2.3 Fine Features in CYL:DHB:HD-OH Mixtures

The fine features of thermochromic behaviour in the CVL:DHB:HD-OH ternary
system were reminiscent of those seen in the related CVL:BPA:HD-OH ternary system.
For example, when the solvent concentration was low (e.g., when z = 15 to 50), the

molten phase was usually opaque due to the presence of insoluble dye and/or developer.
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This is evidenced in Figure 6.9 which shows colour photos of the [1:0.2:16] and
[1:1:48] samples. In the [1:0.2:16] sample, the low solvent concentration prevented
dissolution of the dye in the molten solvent, resulting in the retention of yellow
colouration (sometimes cyan) throughout the entire heat-cool cycle. The green colour
formed in the melt was a result of the mixing of the blue colour from residual ring-
opened CVL with the yellow colour of the dye and developer, both of which were not

completely soluble in the molten solvent at this composition.

(b)

T7(°C): 20 40 45 48 52

Figure 6.9. Colour photographs of CYL:DHB:HD-OH samples at compositions of (a) [1:0.2:16]
and (b) [1:1:48]. Both samples demonstrate high melt opacity due to low solvent concentrations.

Increasing the solvent concentration to z = 50 caused the dye to become fully
dissolved in the molten solvent, but was not sufficient to allow for complete dissolution
of the developer across the entire temperature range of the heat-cool cycle. Figure 6.9 (b)
shows colour photos of the [1:1:48] sample in which the developer precipitated from the
molten solvent prior to solidification of the solvent (at 75 °C during cooling). In this
instance, the dye became fully dissolved in the molten solvent, as did the developer at
95 °C, briefly yielding a transparent melt, prior to inhomogeneous precipitation of the

developer during the cooling portion of the experiment. In contrast to the colour
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generation mechanism proposed by Burkinshaw ez al.,'®'® inhomogeneous precipitation
(i.e., phase separation) of the developer did not immediately generate colour in such
mixtures.

All of the CVL:DHB:HD-OH samples shown here (in Figures 6.8 and 6.9)
demonstrate very similar colour change behaviour. The most intensely coloured state
obtained was the low-temperature solid state, which was observed when the solvent was
in the low-temperature ordered phase (LO-phase). Heating the samples to ~ 40 to 45 °C
caused a moderate degree of colour loss, indicating that conversion to the rotator phase
(R-phase) of the solvent was responsible for the colour loss in this range (the transition
temperature range of pure HD-OH on heating is 43 to 46 °C)."**'** Further heating to 48
°C caused more dramatic colour loss as the solvent began to melt, and by 52 °C the
intense blue colour due to ring-opened CVL was nearly entirely lost.

The colour changes on cooling in these samples also indicated that the R-phase
plays an important role in the colouring behaviour of such mixtures. In particular, when
the solvent was in the R-phase the samples usually behaved more like a molten mixture
than a low-temperature solid mixture. Referring to Figure 6.8 (c) and Figure 6.9 (a),
these samples did not display the blue colour associated with ring-opened CVL at ~45 °C
on cooling. At this temperature, the solvent had begun to solidify, as evidenced by the
high opacity of the mixtures. Although the solvent had solidified, no blue colour was
formed in these mixtures, indicating that while in the R-phase the developer and dye were
still sufficiently phase-separated to prevent colour generation.

Looking specifically at 45 °C on cooling, the samples shown in Figure 6.8 (a) and

(b) show the formation of intense blue colouration at the exterior of the sample vials, but
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not in the centre. In the centre of these vials, the solvent was visually observed to be in
the R-phase by virtue of the high glossiness of the solid, which is characteristic of the R-

phase of alkyl alcohols.'*

The central regions of these samples, in which the solvent
remained in the R-phase, were essentially colourless and only conversion from the R-

phase to the LO-phase of the solvent, by further cooling, returned the coloured state of

the samples.

6.2.2.4 Conclusions Concerning CVL:DHB:HD-OH Mixtures

The CVL:DHB:HD-OH mixtures demonstrated features similar to the behaviour
observed for the CVL:BPA:HD-OH mixtures, and in good accord with the behaviour
hypothesized for mixtures containing structurally dissimilar developer and solvent
components. The low-temperature solid states were observed to be strongly coloured at
virtually all compositions, indicating that CVL and DHB experience stronger attractive
interactions in the solid state than DHB and HD-OH.

The colour density of the intensely coloured solid state gradually decreased as the
temperature was raised. This behaviour was intimately coupled with the transition of the
solid from the low-temperature ordered phase (LO-phase) to the rotator phase (R-phase)
since the decrease in colour density was observed to occur within the LO-to-R phase
transition temperature range for pure HD-OH (T = 43 to 46).'**'** In CVL:DHB:HD-
OH mixtures, the blue colouration was nearly entirely lost prior to solvent melting,
indicating that the high degree of molecular mobility in the R-phase is sufficient to

disrupt the CVL:DHB interaction.
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In contrast to the CVL:BPA:HD-OH mixtures, CVL:DHB:HD-OH mixtures often
retained weak cyan colouration into the molten state as a result of the yellow colour of
insoluble DHB overlapping with residual b/ue-CVL. As the solvent was heated to 95 °C,
and the DHB dissolved, this cyan colour was lost. When the solvent concentration was
low (e.g., when z < 50), the melt did retain some colour due primarily to insoluble DHB,
but also due to insoluble /euco-CVL when the solvent concentration was very low (e.g.,
when z < 20). High opacity in the melt is generally regarded as problematic for the
purposes of application in thermochromic materials, and as such it is apparent that the
solvent concentration should be kept relatively high (e.g., z > 100) to allow for complete
dissolution of both CVL and DHB in the molten solvent.

Colour formation on cooling matched the behaviour observed during the heating
portion of the heat-cool cycle, with the exception of the lack of formation of the weak
cyan colour near the freezing point of the solvent. Immediately upon solvent
solidification, the solvent was in the R-phase and samples were not coloured. Some
samples showed blue-coloured rings at the exterior of the sample vial while the centre
remained colourless, due to the exterior ring of the sample vial being slightly cooler than
the interior. As the samples were further cooled, the entire mixture converted to the LO-
phase and the deep colouration of the pre-melt, LO-phase solid state was returned.

Most of the samples in the CVL:DHB:HD-OH system formed strongly coloured
low-temperature solid states, melted to form largely decoloured melts, and demonstrated
a wide range of colour contrasts varying from good (4CDpmax = 0.7 to 0.8) to excellent
(4CDax = 1.4 to 1.5). The melt-lightened behaviour seen in these samples was similar to

the results obtained from studies on CVL:BPA:HD-OH mixtures, and was in excellent

223



accord with the hypothesized behaviour for such mixtures containing structurally

dissimilar developer and solvent components.

6.2.3 CVL:DDG:0D-SH Mixtures
6.2.3.1 Introduction to Studies on CVL:DDG:0D-SH Mixtures

MacLaren and White carried out extensive studies on CVL:developer:solvent
mixtures with a focus on examining time-dependent colour changes after thermal
quenching with liquid nitrogen.'”"''° To extend this work, the current author selected
octadecanethiol (OD-SH) as a new solvent component to test the influence of the solvent
end-group on thermochromic behaviour. During preliminary testing of CVL:DDG:0D-
SH mixtures, it was observed that at conventional mixing ratios (e.g., [1:6:40],
[1:10:100], etc.), all of the samples prepared were very strongly coloured in the solid
state (e.g., CDgquit = 1.0 to 1.5) and even more strongly coloured in the melt (i.e., CDyeit
> 1.5). Although some thermochromism was identified (i.e., ACD # 0), the colour
contrast was poor owing to the fact that both the solid state and the melt were strongly
coloured.

During sample preparation of CVL:DDG:0OD-SH mixtures meant to be in the
[1:y:100] compositional range, a mixing error yielded thermochromic mixtures
demonstrating excellent melt-lightened behaviour. As a result of the accidental 10-fold
increase in solvent concentration, it was observed that strongly coloured solid states
could be melted to form colourless melts. At this point it was realized that this behaviour

could also be possible in systems demonstrating poor colour contrast (e.g.,
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CVL:DDG:0OD-OH, CVL:PG:solvent, efc.) which had been deemed of poor
thermochromic quality in previous studies.''’

This serendipitous mixing error paved the way for the studies presented in
Chapters 4, 5, and 6. Regardless of the importance of this discovery to the present work,
mixtures containing OD-SH will likely never find any practical use due to the
overwhelming stench produced by thiol-containing compounds. Nevertheless, the study
of CVL:gallate:OD-SH mixtures is of importance to the present study, and as such the
results of examination of thermochromic behaviour in CVL:DDG:OD-SH mixtures are

presented in the following sections.

6.2.3.2 Gross Features of CVL:DDG:0OD-SH Mixtures

The thermochromic behaviour of CVL:DDG:OD-SH mixtures was studied using
the observational spectroscopy technique described in section 3.3.1.2, and the colour
scale shown in Figure 3.5 was used to determine the colour density of the solid and
molten states.

To obtain good colour contrast between the coloured equilibrium solid state and
the decoloured melt in CVL:DDG:OD-SH mixtures, very high solvent concentrations
were required. Figure 6.10 shows the colour density versus temperature plots for
CVL:DDG:OD-SH samples containing extremely high solvent concentrations (z = 1900
to 2100). Melt-lightened thermochromic behaviour was observed for most samples in this
concentration regime, with moderately coloured pre-melt solid states (CDgquii = 0.5 to
1.0) melting to form largely decoloured melts. Only the y = 10 sample demonstrated

substantial colouration into the melt (CDyis = 0.4). This resulted in colour contrast
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values on the order of ACDyax = 0.5 to 0.8 for most samples. The sample with y = 2 was

never coloured due to the very low dye and developer concentrations in this sample.
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Figure 6.10. Colour density versus temperature plots obtained via observational spectroscopy for
samples in the CVL:DDG:OD-SH system with z = 1900 to 2100. The molar ratios of the three
components are given on the figure. Heating rates during these experiments were d7/ds =1 K min™.
T1ys represents the melting point of the pure solvent. Lines are added as a guide to the eye. Error in
CD was estimated to be +/-0.15.

The colour density of these samples on cooling generally began to return prior to
solvent solidification (7#s0p-su = 30 to 33 °C).210 Similar behaviour was noted in the
CVL:OG:TD-OH system (section 5.2.2.1) for the [1:6.2:103.2] sample (see Figure
5.8), in which precipitation of the developer from the molten solvent caused colour
formation prior to solvent solidification. The increase in colour density observed for
CVL:DDG:OD-SH samples with z =~ 1900 to 2100 and y > 6 was also due precipitation of
the developer from the molten solvent resulting in the formation of the coloured
dye:developer complex.

Decreasing the solvent concentration caused increases to the colour density in the

solid state and in the melt. Figure 6.11 shows the colour density versus temperature plots
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for samples with z =~ 900 to 1000. Melt-lightened behaviour was observed for most
samples in this concentration regime. The colour densities of the solid state in the z =~ 900
to 1000 regime were generally higher than in the z = 1900 to 2100; in particular the
[1:10:880] sample demonstrated strong colouration in the solid state (CDgquit = 1.2).
The colour density of the melt, however, was also substantially increased (CDpeic = 1.0),

which reduced the overall colour contrast.
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Figure 6.11. Colour density versus temperature plots obtained via observational spectroscopy for
samples in the CVL:DDG:OD-SH system with z = 900 to 1000. The molar ratios of the three
components are given on the figure. Heating rates during these experiments were d7/ds =1 K min™.
T1ys represents the melting point of the pure solvent. Lines are added as a guide to the eye. Error in
CD was estimated to be +/-0.15.

The [1:2:900] sample formed a nearly colourless melt coupled with a moderately
coloured solid state, yielding reasonable colour contrast (4CD = (.5) compared to the
[1:2:1930] sample, which was not coloured at any temperature. The best colour contrast
observed in the z = 900 to 1000 samples was obtained for the [1:5:900] sample, which
formed a coloured solid (CDgquit = 0.9) and melted to give a weakly coloured melt

(CDyeit = 0.3), yielding a colour contrast of ACD = 0.6. As the solvent concentration was
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decreased, the maximum colour contrast obtained in CVL:DDG:OD-SH mixtures was
reduced.

Further deducing the solvent concentration resulted in the appearance of melt-
darkened behaviour at high developer concentrations, although melt-lightened
thermochromism was observed for some samples. Figure 6.12 shows the colour density
versus temperature plots for samples in the z = 650 to 715 (top) and z = 500 (bottom)
regimes. The [1:5:700] and [1:10:700] samples demonstrated melt-darkened
behaviour, indicating the presence of a developer concentration threshold for inversion of

colouring behaviour near y = 5 for the z = 650 to 715 regime.
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Figure 6.12. Colour density versus temperature plots obtained via observational spectroscopy for

CVL:DDG:0OD-SH samples in the (top) z = 650 to 715 and (bottom) z = 500 compositional ranges.
The molar ratios of the three components are given on the figure. Heating rates during these

Colour Density

Colour Density

experiments were d7/df = 1 K min™. Ty, represents the melting point of the pure solvent. Lines are
added as a guide to the eye. Error in CD was estimated to be +/-0.15.

The colour contrast in the z = 650 to 715 regime was poor for all samples studied

due to the shift in thermochromic behaviour (melt-lightened versus melt-darkened) at

intermediate (y = 5) developer concentrations. Below the threshold value the colour

density of the solid state was low (CDgquit < 0.7), and above the threshold value the

colour density of the solid state was relatively high (CD > 0.6), resulting in

thermochromic transformations of low colour contrast (4CDy.x = 0.2 to 0.6).
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Further decreasing the solvent concentration (e.g., samples with z = 500) had the
predicted effect of reducing overall colour contrast even further, while increasing the
colour density of the solid state. Figure 6.12 (bottom) shows the colour density versus
temperature plots for [1:y:500] samples. The [1:4:500] sample demonstrated melt-
darkened behaviour, indicating that the developer concentration threshold was below y =
4 for this series of samples. As with the z = 700 samples, colour contrast values were very
poor in this solvent concentration regime (4CDp,x = 0.3), owing to the high colour of the
solid state (CDgquit = 1.0 to 1.2) and the similar colour density of the molten mixtures.

Two important features emerged from the study of CVL:DDG:0OD-SH mixtures.
First, the colour contrast of these mixtures depended strongly on the concentration of the
solvent, with formation of high colour contrast samples relying on high dilution of the
colour-forming components in the melt. Second, the developer concentration threshold
also depended on the solvent concentration. The dye:developer ratio of the developer
concentration threshold was observed to decrease fromy<5atz=700toy<4atz=
500, although more data in these compositional regimes (where 500 <z < 715) are

required to confirm the exact value of the developer concentration thresholds.

6.2.3.3 Fine Features of CYVL:DDG:0D-SH Mixtures

The fine features observed in the CVL:DDG:0OD-SH system were very similar to
those observed in the previously examined CVL:gallate:alcohol systems. The most
important features were the decolouration of solid samples upon conversion to the R-

phase of the solvent on heating, poor solubility of the developer in the melt at low solvent
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concentrations, and the phase-separation of the developer from the low-temperature (LO)
phase of solid solvent that caused large drops in the colour density in the solid state.

Looking first at the pre-melt solid state colour densities of the samples shown in
Figure 6.10 (where z = 1900 to 2100), it is apparent that the decrease in colour density on
heating was fairly gradual. The low-temperature solid state, which exists below 25 °C,
slowly lost colour density as the mixture was heated to ~30 °C. The solvent was visually
observed to transform to the R-phase over this temperature range by virtue of the change
from a waxy, opaque solid to a glossy, translucent solid. The colour density increase on
cooling from the decoloured melt was also observed to be a gradual process, whereby the
colour began to reform around ~ 40 °C, gradually intensifying in the 40 to 30 °C region
(corresponding to the liquid-to-R phase transition), before rapidly intensifying as the
temperature dropped below 20 °C, at which point the solvent was completely in the LO-
phase. Similar behaviour was observed for the z < 1000 samples, although the
temperature range of gradual colour loss was substantially shorter due to the decreased
solvent concentrations.

In samples containing relatively large developer concentrations (e.g., when y > 4),
insoluble developer was observed in the molten phase of the mixtures. The amount of
insoluble developer increased as the developer concentration increased, as expected, and
in most samples with y = 10, the melt was completely opaque. As before, increasing the
temperature of the water bath to 95 °C was sufficient to cause complete dissolution of
DDG, which reduced the opacity of the melt. Due to the low dye concentration, no
insoluble CVL was observed in the molten phase of CVL:DDG:OD-SH mixtures (i.e.

there was an absence of yellow colour in molten mixtures).
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The poor solubility of DDG in the molten solvent caused inhomogeneous
precipitation of DDG prior to solvent solidification in many of the samples containing
high developer concentrations (e.g., when y > 4). Although this behaviour can be difficult
to identify in the colour density plots shown in this section, some of the mixtures
exhibited increased colour density prior to solvent solidification associated with the
observed precipitation of DDG. Referring to Figure 6.11, which shows samples in the
[1::900 to 1000] regime, the colour density of most mixtures was observed to increase
gradually on cooling prior to solvent solidification. This behaviour indicated that the
precipitation of the developer promoted colour formation in the melt prior to solvent
solidification.

The [1:10:880] sample showed a fine feature that caused substantial difficulties
in the study of low solvent concentration samples (e.g., z < 100) in the CVL:DDG:OD-
SH system: the colour density of the solid dropped to near-zero values near the freezing
point of the solvent. The reason for this was the inhomogeneous precipitation of the
developer from the solvent, without concomitant precipitation of the dye, which
prevented colour formation in the solid state. A wide range of compositions in the
[1:y:20 to 100] mixing range were prepared in milligram quantities during preliminary
investigations into the thermochromic behaviour of CVL:DDG:0D-SH mixtures, but
inhomogeneous phase separation of the developer from the dye and solvent caused
irregular colouring behaviour (i.e., regions of intense-blue colouration coupled with
completely colourless regions within a single sample), which resulted in the need to carry

out thermochromic analysis on bulk (i.e., gram-scale sized) mixtures.
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6.2.3.4 Conclusions Concerning CVL:DDG:0D-SH Mixtures

Thermochromic behaviour in the CVL:DDG:OD-SH system followed trends
hypothesized for mixtures contained poorly matched developer and solvent components.
The solid states generally were strongly coloured, and could melt to form either less
strongly coloured liquid phases (i.e., melt-lightened behaviour) or more strongly coloured
liquid phases (i.e., melt-darkened behaviour). The type of thermochromism observed was
dependent on the concentrations of the developer and the solvent.

Melt-lightened behaviour could be obtained in samples containing very high
solvent concentrations (z > 1000) due to the decolourization of the molten phase. In such
mixtures, high developer concentrations were required to generate solids dark enough to
yield good colour contrast (4CDp,x = 0.5 to 0.8). Reducing the solvent concentration
caused increases in the colour density of both the solid state and the melt, thereby
reducing the overall colour contrast (ACDyax = 0.3 to 0.8) observed in samples with
intermediate solvent concentration (700 <z < 1000).

Reduced solvent concentrations also resulted in the appearance of a developer
concentration threshold above which melt-darkened behaviour was observed, and below
which melt-lightened behaviour was observed. The developer concentration threshold
was observed in z = 700 mixtures to be y < ~5, and in z = 500 mixtures to be y < ~4,
although due to the small amount of data recorded in these compositional regimes it is
possible that the developer threshold value was equal for both regimes. The value of the
developer threshold likely continues to decrease with decreasing solvent concentration

until melt-darkened behaviour is observed at all dye:developer molar ratios. Note: at very
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low solvent concentrations, for example when z < 100, this is the case, as confirmed by
experiments not presented in this thesis.

The R-phase also plays an important role in the colouring behaviour of
CVL:DDG:OD-SH mixtures. Gradual colour loss was observed during the heating
portion of the heat-cool cycle as the solvent transitioned through the R-phase. On
solidification, colour slowly regenerated in the R-phase until the LO-phase of the solvent
was formed, at which point the pre-melt colour density was returned. The low solubility
of DDG in OD-SH caused the melt to become opaque in a number of mixtures containing
intermediate solvent concentrations (500 <z < 1000). The low solubility of DDG also
caused inhomogeneous precipitation of the developer on cooling, which presented
problems such as increased melt colour density prior to solvent solidification and loss of
colour in the solid state due to dye and developer phase separation (as seen in the
[1:10:880] sample). The other pressing issue with using alkanethiols in thermochromic
formulations is the terrible stench produced by such compounds, which limits their use to

strictly academic pursuits.

6.2.4 Binary Phase Diagram Determination

6.2.4.1 Introduction to Binary Phase Diagram Determination

An important aspect in the study of the competition between dye:developer and
developer:solvent interactions in three-component mixtures is the elucidation of the
binary phase diagram for developer:solvent mixtures. The thermochromic behaviour
observed for mixtures containing poorly matched alkyl chain lengths, as discussed in

Chapters 4 and 5, was the result of weak interactions between the developer and solvent
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in the solid state, which liberated the developer to interact with the dye and thereby
generate colour in the solid state.

Thermochromic mixtures containing BPA and DHB as the developer were
hypothesized to have even weaker interactions with the alcoholic solvent in the solid state
due to the low degree of structural similarity between the mainly aromatic developer and
the mainly aliphatic solvent. To this end, phase diagrams of binary mixtures of BPA with
HD-OH and DHB with HD-OH were obtained via differential scanning calorimetry
(DSC) to study the interactions between the developer and solvent in the solid state. The
details of DSC methods are given in section 3.3.2.

The elucidation of phase diagrams for the alkyl gallate:alkyl alcohol binary
systems was previously examined by MacLaren and White."'"'** A summary of their
results was presented previously in section 2.2.2.2 of this thesis. Briefly, the binary
developer:solvent phase diagram of DDG:TD-OH (Figure 2.16) showed the formation of
a compound, (DDG,)*TD-OH, suggesting a strong attractive interaction between DDG
and TD-OH in solid state."'*'* As a result, the developer:solvent interaction dominates
in the solid state of CVL:DDG:TD-OH mixtures, preventing the formation of
dye:developer complexes and, therefore, colour in the equilibrium solid.''*'*?

Conversely, in alkyl gallate:alkyl alcohol mixtures that contained poorly matched
alkyl chain lengths (e.g., PG with HD-OH, Figure 2.17), no compound formation was
observed, suggesting that in the solid state the two components interact very weakly.''
Additionally, the absence of compound formation was also observed in PG:TD-OH,

PG:OD-OH, OG:TD-OH, OG:HD-OH, and OG:0OD-OH mixtures.''° Three-component

mixtures containing these binary developer:solvent combinations all behaved similarly
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(see Chapter 5 of this thesis for thermochromic behaviour of CVL:PG/OG:alcohol
mixtures), with the formation of a coloured solid state due to the dominant dye:developer
interaction.

The low degree of structural similarity between the developer and solvent in the
BPA:HD-OH and DHB:HD-OH systems suggests that the binary phase diagrams of such
combinations should resemble the PG:HD-OH binary system (Figure 2.17). This
expectation was reinforced by both the low degree of structural similarity between
BPA/DHB and HD-OH and by the fact that three-component mixtures containing BPA
and DHB demonstrated thermochromic behaviour similar to mixtures containing OG and

PG as the developer component (see sections 5.2.2 and 5.2.3, respectively).

6.2.4.2 Binary Phase Diagram Determination for BPA:HD-OH Mixtures

The binary phase diagram for BPA:HD-OH mixtures, obtained from the heating
portion of DSC experiments, is shown in Figure 6.13. No compound formation was
observed between BPA and HD-OH and a single eutectic was identified in the region of
0.1 <xgpa <0.2. The shape and features of the BPA:HD-OH phase diagram were very
similar to those of the PG:HD-OH phase diagram shown in Figure 2.17. Both systems,
which demonstrated strongly coloured solid states in three-component mixtures, lacked
the formation of a compound in the solid state, further supporting the hypothesis that
little interaction between the developer and solvent occurs in the solid state of mixtures

that form coloured solid states and undergo melt-lightened thermochromism.
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Figure 6.13. Binary phase diagram determined by DSC on heating for 1-hexadecanol (HD-OH) and
bisphenol A (BPA) mixtures. Note the lack of compound formation.

The boundary curve between solid+liquid regions and liquid-only regions in a
binary phase diagram (i.e., the completion of melting of the mixture) is the liquidus
curve. The boundary curve for the transition from a solid+liquid region to a solid-only
region is the solidus curve. A eutectic is observed when two liquidus curves and a solidus
curve intersect.”''*'%?!* At the eutectic composition, all of the components in the solid
state melt uniformly and completely at one temperature to form a liquid mixture
containing the dissociated components, here called A and B. On either side of the eutectic
point, the liquidus curves for component A and component B, respectively, vary as a
function of composition. The liquidus curves for each pure component begin at the
melting point of the pure component (7°4,) and slope downward towards the eutectic

point as the composition of the binary mixture is changed. The basic curvature of the
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liquidus curve is governed by the ideal freezing point depression of component A by the

addition of component B,

Ao 1 1
In x, = 2l (——,,) (6.1)
R Thsa  Ths

where x, is the mole fraction of component A, Aﬁ,,sHoA is the enthalpy of fusion of pure A,
R is the gas constant, T oqu,A is the melting temperature of pure A, and T’bf fus 18 the
observed melting temperature of the mixture. Deviations from the ideal freezing point
depression are indicative of interactions occurring between the two components of the
mixture. To a simple approximation, a steeper downward slope than the ideal freezing
point depression is indicative of attractive interactions between the two

components.21 1213

From Figure 6.13, the melting point of BPA decreased as a function of xup.op, as
expected from equation (6.1), and demonstrated a slight negative deviation from the
calculated ideal freezing point depression. This behaviour is indicative of the formation
of a solid solution in which the HD-OH and BPA molecules undergo an attractive
interaction. The deviation from ideal freezing point depression is, however, small.

The observed phase behaviour of BPA:HD-OH mixtures provides additional
evidence that in the solid state these two components do not undergo any substantial
attractive interactions. Although a weak attractive interaction was observed, the strength
of this interaction is quite small, and was insufficient to lead to compound formation.

This behaviour causes the dye:developer complex to dominate in the solid state, allowing

for the intense colouration of the solid state in ternary mixtures such as CVL:BPA:HD-
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OH and CVL:PG:HD-OH, which contain structurally dissimilar developer and solvent

components.

6.2.4.3 Binary Phase Diagram Determination for DHB:HD-OH Mixtures

Figure 6.14 shows the binary phase diagram for DHB:HD-OH mixtures as
determined via DSC analysis. The phase diagram of the DHB:HD-OH binary system was
very similar to that of BPA:HD-OH and PG:HD-OH mixtures. DHB was slightly more
difficult to study than BPA due to vitrification of DHB during cooling, which sometimes
prevented crystallization in HD-OH rich mixtures. In such instances, it was either
impossible to resolve DHB melting during heating runs (particularly when xpys < 0.2) or
the glassy DHB crystallized on heating, giving rise to exothermic transitions during the
heating cycles (melting is endothermic, therefore exothermic DHB crystallization peaks
distorted the shape of the HD-OH melting transition peaks). Nevertheless, sufficient data
for DHB melting were obtained across a large portion of the binary phase diagram (0.3 <
xpue < 1) to allow the elucidation of the binary phase diagram for DHB:HD-OH.

No compound formation was observed in the DHB:HD-OH phase diagram, and
the freezing point depression of the DHB liquidus curve had a slightly negative deviation
from ideality. These features are indicative of a weak attractive interaction between DHB
and HD-OH that was not strong enough to cause compound formation in the solid state.
The deviation from ideal freezing point depression was slightly larger for DHB than was
observed for BPA, indicating a slightly stronger attraction in the DHB binary system.
Nevertheless, neither system demonstrated particularly strong attraction between the two

components, in accord with the hypothesized behaviour.
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Figure 6.14. Binary phase diagram determined by DSC on heating for 1-hexadecanol (HD) and 2,4-
dihydroxybenzophenone (DHB) mixtures. Note the lack of compound formation.

6.2.4.4 Binary Phase Diagram Determination for DDG:OD-SH Mixtures

The binary phase diagram for DDG:OD-SH mixtures was determined via DSC
analysis to determine the degree of interaction between the two components in the solid
state. A binary phase diagram similar to those obtained for BPA:HD-OH and DHB:HD-
OH mixtures was hypothesized based on the similar thermochromic behaviour observed
for the three-component system, although the possibility for compound formation was
more likely in the DDG:0OD-SH system due to the similarity in alkyl chain lengths.
MacLaren and White observed compound formation in mixtures of DDG and OD-

OH, "M% Jeading to the possibility of compound formation in DDG:OD-SH.
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The binary phase diagram determined on heating via DSC experiments in shown
in Figure 6.15. The results obtained were markedly different from previous results. The
LO-to-R phase transition temperature and the melting temperature of OD-SH were
essentially invariant across the entire temperature range. Furthermore, the melting
transition of DDG was also essentially invariant across the entire temperature range after
a brief decrease in melting temperature in the range of 0.9 < xpps < 1. The melting
behaviour observed in the DDG:OD-SH binary phase diagram indicates that these two
components do not undergo any appreciable interactions in the solid state even though

both components contain relatively long alkyl chains.
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Figure 6.15. Binary phase diagram determined by DSC on heating for 1-octadecanethiol (OD-SH)
and dodecyl gallate (DDG) mixtures. Note the invariance in the melting and solid-solid phase
transition temperatures of OD-SH and the nearly invariant melting transition temperature of DDG.

Based on the thermochromic behaviour observed in the experiments discussed in

section 6.2.3 (regarding CVL:DDG:OD-SH mixtures), the structure of the binary phase
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diagram is not too surprising. DDG demonstrated poor solubility in the melt and was
prone to inhomogeneous phase separation from the solid solvent (causing complete
colour loss in the solid state in some ternary samples). Additionally, CVL:DDG:0OD-SH
mixtures demonstrated thermochromic behaviour characteristic of mixtures containing
developer:solvent combinations lacking strong attractive interactions in the solid state
(i.e., melt-lightened thermochromism at high solvent concentrations). Therefore the
binary phase diagram aids understanding of the observed thermochromic behaviour of

CVL:DDG:OD-SH mixtures.

6.2.4.5 Summary of Binary Phase Diagram Determination

The binary phase diagrams for BPA:HD-OH and DHB:HD-OH mixtures were
almost identical in structure, and demonstrated remarkable similarities to the phase
diagrams of PG:alkyl alcohol and OG:alkyl alcohol mixtures previously reported by
MacLaren.''? In these binary systems, a single eutectic was observed in the solvent rich
portion of the phase diagram, and slight negative deviation from ideal freezing point
depression was observed for both systems, indicating weak attractive interactions
between the developer and solvent components. For BPA:HD-OH mixtures, the eutectic
was in the range 0.1 < xpp, < 0.2, while for DHB:HD-OH mixtures, the eutectic was in
the range 0.15 < xpup < 0.3. The strength of the attractive interaction of DHB:HD-OH
appeared to be greater than the BPA:HD-OH interaction due to a slightly more negative
deviation from ideal freezing point depression, although the difference was too small to

draw any definitive conclusions about the relative strengths of the interactions.
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Neither BPA:HD-OH nor DHB:HD-OH mixtures demonstrated compound
formation in the solid state indicating that the developer:solvent interactions in
CVL:BPA:HD-OH and CVL:DHB:HD-OH mixtures are weak, likely much weaker than
the competing dye:developer interactions. This result is in accord with the thermochromic
behaviour of three-component systems containing these developers, as described in
sections 6.2.1 and 6.2.2, which showed that the solid state of these mixtures is strongly
coloured due to the formation of coloured dye:developer complexes.

The DDG:OD-SH binary phase diagram was characterized by nearly invariant
liquidus and solidus curves, indicating that little to no interaction occurs between DDG
and OD-SH. In these mixtures, the LO-to-R phase transition and melting temperatures of
OD-SH did not vary across the entire compositional range, and the melting temperature
of DDG underwent only slight depression around xppg = 0.9 to 1. These results are in
accord with the observed thermochromic behaviour of the CVL:DDG:0OD-SH system in

which the solid state of the mixture was strongly coloured at most solvent concentrations.

6.3 Conclusions Regarding Thermochromism in Mixtures
Containing BPA, DHB, or OD-SH

The thermochromic behaviour observed for three-component mixtures containing
chemically dissimilar developer and solvent components was in accord with the
hypothesized behaviour, namely that these mixtures would not form strong
developer:solvent interactions in the solid state and, as a result, the solid states of these
mixtures would generally be strongly coloured, and decolouration of the melt would be
reliant on high solvent concentrations.
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CVL:BPA:HD-OH mixtures demonstrated melt-lightened behaviour across a
wide compositional range. In the low solvent concentration regime (e.g., when z = 25 to
100), all of the samples studied demonstrated highly coloured equilibrium solids (CDgquil
=0.9 to 1.5) coupled with largely decoloured molten phases (CDyeir = 0.0 to 0.2). This
behaviour gave rise to the best colour contrast observed in this work, ACDp,x = 1.4,
obtained for the [1:8:91] sample.

A complication associated with the weak interaction of BPA with HD-OH was
that BPA demonstrated poor solubility in molten HD-OH, which resulted in high opacity
of molten mixtures containing low solvent concentrations (e.g., when z < 50). The binary
phase diagram showed that when xgps > 0.2, BPA melted incongruently from HD-OH.
This behaviour suggests that in three-component mixtures with z < 50, two
inhomogeneous phases exist in which, (1) CVL and BPA are dissolved in molten HD-
OH, and (2) solid BPA comprises a second phase. In the liquid region, the solubility limit
of BPA in the molten HD-OH solvent is reached, and excess BPA remains solid.

Vastly increasing the solvent concentration (e.g., where z > 300) resulted in the
complete dissolution of the developer, reducing the opacity of the melt. However, the
increase in solvent concentration (e.g., 300 <z <2000) also generally caused the solid
state colour density to decrease (CDgquii = 0.8 to 1.2 for coloured samples), thereby
reducing the overall colour contrast in mixtures containing high solvent concentrations
(4CDax = 1.2). Nevertheless, the CVL:BPA:HD-OH ternary system represents the best
example of high colour contrast, melt-lightened thermochromism observed in this thesis.

CVL:DHB:HD-OH mixtures demonstrated melt-lightened thermochromic

behaviour that was largely the same as that observed for the CVL:BPA:HD-OH system.
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At relatively low solvent concentrations (e.g., when z < 100), the equilibrium solid states
were strongly coloured (CDgqii = 1.2 to 1.5) and generally melt to form largely
decoloured molten states (CDyeie = 0.0 to 0.2) that were often highly opaque due to the
poor solubility of DHB in molten HD-OH. Similar to CVL:BPA:HD-OH mixtures, the
CVL:DHB:HD-OH mixtures formed two phases upon solvent melting, a liquid phase
which contained molten HD-OH with dissolved DHB, and a second solid phase which
contained DHB. In this instance, the high opacity of the mixture after solvent melting
resulted in the retention of blue colouration associated with b/ue-CVL that mixed with
the yellow colour of insoluble DHB to generate weak cyan colouration of the opaque
molten phase. This is in contrast to the opaque, molten BPA-containing mixtures, which
were white.

To reduce the opacity of the melt, the solvent concentration could be vastly
increased (e.g., where z > 250). While this reduced the opacity of the melt and eliminated
the cyan colouration associated with insoluble DHB, it also caused a reduction in the
solid state colour density of these mixtures (CDgquit = 0.6 to 0.9). As a result, the overall
colour contrast varied significantly from mixtures containing low solvent concentrations
(4CDax = 1.2 to 1.4, when z < 100) to mixtures containing high solvent concentrations
(ACDmax = 0.7 to 0.8, when z > 250).

The solvent R-phase was shown to play an increased role in the colouring
behaviour of CVL:BPA:HD-OH and CVL:DHB:HD-OH mixtures, as the colour changes
on transition through the R-phase were very gradual. On heating, the strongly coloured
solid state gradually lost colour density through the LO-to-R transition, before colour was

completely lost on solvent melting. On cooling, colour formation was noted near the R-
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to-LO transition temperature at the exterior of the sample vials, which was attributed to
conversion of the solvent from the R-phase to the LO-phase since the exterior of the vial
was cooler than the interior, which had remained decoloured (and in the R-phase).

CVL:DDG:OD-SH mixtures also demonstrated similar behaviour, however
decolouration of the melt required much higher solvent concentrations than the BPA and
DHB mixtures. When 500 < z <715, melt-darkened behaviour was noted for y > 4
samples, indicating the presence of a developer concentration threshold for inversion of
colouring behaviour.

Increasing the solvent concentration of CVL:DDG:0OD-SH mixtures (e.g., z = 900
to 1000) gave rise to mixtures that had coloured solid states (CDgquii = 0.7) and
decoloured melts. To obtain fully decoloured melts across a wide range of developer
concentrations, very high solvent concentrations were required (e.g., when z = 2000). At
these high solvent concentrations, the solid states generally demonstrated moderate
colour density (CDgquit = 0.5 to 1.0) and largely decoloured melts (CDyeie = 0.0 to 0.4),
which resulted in moderate colour contrast between the coloured and decoloured states
(ACDax = 0.5 t0 0.9).

The binary phase diagrams for BPA:HD-OH and DHB:HD-OH mixtures were
very similar showing the presence of a single eutectic and the lack of compound
formation. Deviations from ideal freezing point depression indicated that these
developers experience a weak attractive interaction with HD-OH, but the interaction was
not strong enough to cause compound formation in the solid state. Conversely, DDG:OD-

SH mixtures showed little modification of the transition temperatures associated with
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solvent LO-to-R phase transition and OD-SH melting, indicating that little interaction
between the developer and solvent occurs in this system.

The thermochromic behaviour of three-component mixtures, and the binary phase
behaviour of two-component mixtures, for the systems described in this chapter were in
accord with the behaviour hypothesized for systems that contain chemically dissimilar
components. In general, the three-component mixtures demonstrated coloured
equilibrium solid states that became decoloured on heating, with colour loss beginning
upon transition to the solvent R-phase and intensifying upon melting of the solvent. On
cooling, solidification of the solvent into the R-phase did not cause immediate
regeneration of colour in these mixtures, and conversion of the solvent to its LO-phase
was required to cause the colour to return. In the solid state of such mixtures, the
dye:developer interaction dominates and strongly coloured solid states were obtained a
most compositions. Due to the formation of decoloured melts obtained at high solvent
concentrations, optimal melt-lightened thermochromism should be expected for three-

component mixtures containing chemically dissimilar developer and solvent components.
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Chapter 7 Ternary Thermochromic Phase Diagrams

7.1 Introduction and Background

Studies on the thermochromic properties of numerous dye:developer:solvent
mixtures comprising a wide range of compositions were presented in Chapter 4
(CVL:DDG:alcohol mixtures), Chapter 5 (CVL:alkyl gallate:alcohol mixtures), and
Chapter 6 (CVL with other developers and solvents). These studies showed that
thermochromic mixtures containing well-matched developer and solvent alkyl chain
lengths (e.g., DDG:TD-OH, and the ODG-containing mixtures) generally demonstrated
melt-darkened thermochromism, in which a decoloured equilibrium solid could be
converted to a coloured molten phase at high developer concentrations. In mixtures
containing dissimilar developer and solvent components (e.g., BPA/DHB:HD-OH
mixtures), all of the compositions studied were strongly coloured in the equilibrium solid
and became decoloured upon melting, with varying amounts of insoluble material present
in the molten phase, depending on the composition of the mixture.

In alkyl gallate:alcohol mixtures with poorly matched alkyl chain lengths (e.g.,
PG- and OG-containing mixtures, DDG:OD-OH, efc.), the equilibrium solid state
generally was coloured and the colour of the melt was highly dependent on the
concentration of the developer and solvent. In these mixtures there was often a developer
concentration threshold below which melt-lightened thermochromism was observed (i.e.,
the melt was decoloured compared to the equilibrium solid) and above which the melt-
darkened thermochromism was observed (i.e., the melt was darker than the equilibrium
solid). At the developer concentration threshold, the melt and equilibrium solid had

effectively the same colour density.
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To gain a better understanding of how the composition of thermochromic
mixtures influences their colouring behaviour (e.g., melt-darkened vs. melt-lightened
thermochromism, changing colour density and colour contrast, efc.), ternary
thermochromic phase diagrams can be used to map the type of colouring behaviour
observed in different compositional regimes. An example of this approach, employed in
the analysis of colour fade rates in thermally quenched (i.e., frozen with liquid nitrogen)
thermochromic (or potentially thermochromic) samples prepared by ink jet printing onto
a paper substrate, is shown in Figure 7.1.'9%'*!

LG

0 1

02 08

08 $ird g * 4 o 02

1 . | 1 1 1 0
TD o 0.2 04 06 0.8 T eVvL
Mole Fraction of CVL

@ Permanent colored sample > Colorless sample + Thermochromic sample

Figure 7.1. A ternary thermochromic phase diagram of the CVL:DDG:TD-OH system (note: LG =
DDG, TD = TD-OH). The thermochromic behaviour of thermally quenched samples deposited onto
paper via ink jet printing is mapped onto the ternary phase diagram to identify which type of
behaviour occurs within specific compositional regions of the phase diagram. Here thermochromic
samples became coloured after thermal quenching into a metastable solid state, and colour was lost
after standing at room temperature, after which the decoloured equilibrium solid state was returned.
Reproduced with permission from reference 181 (H. Tang, MSc Thesis, Dalhousie University, 2007).
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Three regions of distinct colouring behaviour were observed for the
CVL:DDG:TD-OH samples prepared by ink jet deposition. At high CVL mole fraction
(xcvr > 0.15 to 0.2) and high DDG mole fraction (x.g > 0.4), most of the samples studied
were permanently coloured. These samples did not decolour over time after thermal
quenching and were therefore deemed non-thermochromic. At low CVL and LG mole
fractions (xcyr = xr.g = 0.05 to 0.15), the mixtures were not coloured at any stage of the
thermal treatment and were labelled colourless. At intermediate values of xcvr and x g,
colour fade was observed after quenching, and therefore these samples were deemed to
be thermochromic.'**'™!

Tang, MacLaren, and White also extended this method of analysis to the
CVL:DDG:HD-OH and CVL:DDG:OD-OH ternary systems.'**'*' However, their
studies were focussed on the colour fade rate after thermal quenching and did not
explicitly compare the difference in colour density between the equilibrium solid state
and the melt, in contrast to the analysis carried out in the present work. As a result of the
different modes of analysis employed, and in particular due to the differences in sample
sizes used , it is difficult to correlate the results of the ternary phase diagram analysis

102,181

obtained by Tang et al. (i.e., the phase diagram shown in Figure 7.1) with the results

presented in the present work. Nevertheless, ternary phase diagrams for the three-

™ Sample sizes in ink jet printed samples were on the order of pg/mm?. It was observed in the present work
that low mass samples suffered from detrimental issues including phase separation, inhomogeneous

colouration, and incomplete mixing, as noted in section 3.2.1.2.
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component systems discussed in Chapters 4 through 6 have been compiled and are
discussed in the subsequent sections of this chapter.

In the present analysis, the gross features of colouring behaviour were used to
define different regions of the ternary phase diagrams. To this end, colour density values
measured via observational spectroscopy and/or colour photo analysis were categorized
into four ranges and given labels to relate the “observed colour” of each sample in the
solid state and in the melt. The colour density ranges for the observed colour are given in

Table 7.1.

Table 7.1. The colour designation of thermochromic samples as a function of colour density.

Colour Designation Colour Density Values
Colourless CD<0.1
Light 0.1<CD<0.5
Medium 0.5<CD<0.38
Dark 08<CD

The thermochromic colour changes of interest in the present work are between the
equilibrium solid state and the melt, and therefore the labelling of each ternary
thermochromic phase diagram relates the change in colour density upon transition from
the equilibrated initial solid state to the melt.”” The measured colour contrast values for
every sample analyzed are not reported in this chapter; only the maximum values of

colour density and colour contrast obtained for each ternary system are reported here. All

" In general, the colour density of most samples was highest immediately after cooling from the R-phase to
solvent LO-phase. Therefore, immediate post-melt colour density values are not suitable for determination

of colour contrast values.
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molar ratios are reported in mole percent, expressed as x,, for numerical convenience
considering the low concentration of dye and developer relative to the amount of solvent

present in each sample.

7.2 Ternary Thermochromic Phase Diagram Determination

7.2.1 Thermochromic Phase Diagrams of ODG-Containing Mixtures
7.2.1.1 CVL:0ODG:TD-OH Thermochromic Phase Diagram

The thermochromic mixtures comprised of CVL, ODG, and alcohol solvent all
demonstrated the type of colouring behaviour hypothesized for mixtures containing well-
matched alkyl chain lengths. In the solid state, all of the samples were colourless, and
when the developer concentration was sufficiently large the melt became coloured.
Figure 7.2 shows a portion of the ternary phase diagram of the CVL:0DG:TD-OH
system. The samples in the region of xops = 4 to 8% showed light colouration in the melt,
while samples that contained more developer (xopc > 10%) became more intensely
coloured in the melt, and samples with less developer (xopc < 4%) were always colourless

in the melt.
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Figure 7.2. A portion of the ternary thermochromic phase diagram of the CVL:ODG:TD-OH system,
showing the melt colouration. The equilibrium solids were all colourless.

7.2.1.2 CVL:ODG:HD-OH Thermochromic Phase Diagram

Figure 7.3 shows a portion of the ternary phase diagram of the CVL:ODG:HD-
OH system. The general features of this phase diagram matched those observed for the
CVL:ODG:TD-OH system. When xcyi. < 4% and xopg < 4%, all of the samples were
colourless. When xopg = 6 to 8%, the samples were lightly coloured in the melt, and
substantially increasing the ODG concentration (xop > 10%) yielded mixtures with much

higher melt colour densities.
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Figure 7.3. A portion of the ternary thermochromic phase diagram of the CVL:ODG:HD-OH
system, showing the melt colouration. The equilibrium solids were all colourless.

7.2.1.3 CVL:0ODG:0D-OH Thermochromic Phase Diagram

Similar colouring behaviour was observed for CVL:ODG:0D-OH mixtures, as
shown in Figure 7.4. Once again, at low developer concentrations (e.g., when xopg < 4%)
the mixtures were always colourless. Increasing the concentration of developer caused
the melt to become coloured, although in this system only lightly coloured melts were
observed in the range of 4% < xopg < 11%. Vastly increasing the developer concentration
to Xopc > 18% resulted in the formation of a dark melt, mirroring the behaviour observed
in the TD-OH and HD-OH systems.

254



Equilibrium Solid
oo O

(@

Symbols
. Ring-opened CVL
(Dye)
Ring-closed CVL
O (Dye)
Octadecyl gallate (ODG)
%/v\/v\/v\/\/\/\ (Developer)

Octadecanol (OD-OH)
(Solvent)

Solid Colouration

Colourless for all samples

Melt Colouration
@ Dark

A Medium
m Light

O Colourless

/\.’ /\,-I /” X X X
0 2 4 6 8 10 12 14 16 18 20 22
Percent Mole Fraction of CVL

©| OO0 Oz (d) [peed

—_— 0,z O
S s | >
TR BN | €

N A I R Cool

Equilibrium Solid Melt

Figure 7.4. A portion of the ternary thermochromic phase diagram of the CVL:ODG:0OD-OH
system, showing the melt colouration. The equilibrium solids were all colourless. Samples with high
developer concentrations (e.g., when xopg > 6%) demonstrated melt-darkened thermochromism in
which (a) the solid state was colourless and (b) the melt was coloured. Samples with high solvent
concentration and low developer concentrations (e.g., when xopg < 4% and xop.on > 94%) were (c)
colourless in the solid state and (d) colourless in the melt. In the schematic diagrams, the number of
dye and developer molecules is shown as being the same for both the solid and melt but, for the ease
of drawing, the number of solvent molecules is not conserved.
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Included in Figure 7.4 are schematic representations of the hypothesized
structural organization of the dye, developer, and solvent molecules in three-component
systems demonstrating well-matched alkyl chain lengths and melt-darkened
thermochromism. Figure 7.4 (a) and (c) show schematic representations of the
equilibrium solid state. The solvent molecules form an ordered structure with the
hydroxyl groups aligned and the alkyl chains forming a regular structure. The developer
can become incorporated into the solvent structure due to the similarity in alkyl chain
length. As a result, the dye is excluded from the developer-solvent complex and no colour
is observed in the solid state.

On heating, two different cases are illustrated (Figure 7.4 (b) and (d)). When the
developer concentration is low and the solvent concentration is high (e.g., when xopg <
4% and xop-on > 94%), no colour is formed in the melt due to the high dilution of the
colour-forming components (Figure 7.4 (d)). Increasing the developer concentration
results in the formation of a coloured molten state, with the colour density of the mixture

dependent on the developer concentration (Figure 7.4 (b)).

7.2.1.4 Summary of CVL:0DG:Alcohol Thermochromic Phase Diagrams

All of the ODG-containing mixtures demonstrated colourless equilibrium solid
states, and some melted to form coloured molten phases, giving rise to the melt-darkened
thermochromic behaviour characteristic of thermochromic mixtures containing well-
matched developer and solvent alkyl chain lengths. Due to the lack of colour formation
observed in the equilibrium solid state of ODG-containing mixtures, the colour contrast

observed in these mixtures was defined by the colour density of the melt. Table 7.2 lists

256



the maximum colour contrast values observed here, and the associated equilibrium solid
and melt colour densities, for each of the three CVL:ODG:alcohol ternary systems
examined in this work. The CVL:ODG:TD-OH sample showed the best colour contrast

with ACDp.x = 1.1, which was among the highest values observed in the present work.

Table 7.2. The colour density and colour contrast values obtained via colour photo analysis for ODG-
containing mixtures, showing data for the samples demonstrating the highest colour contrast for
each ternary system.

Components Composition CDxgquil CDyere ACDwax

[1:6.4:26.7]
CVL:ODG:TD-OH Xong = 19% 0.1 1.2 1.1
Xtp.on = 18%

[1:6.1:25.8]
CVL:0ODG:HD-OH Xopg = 19% 0.1 1.0 0.9
Xup-on =78%

[1:5.9:25.2]
CVL:0ODG:0D-OH | xops= 18% 0.1 0.9 0.8

Xop.on = 19%

7.2.2 Thermochromic Phase Diagrams of DDG-Containing Mixtures

The DDG-containing mixtures demonstrated the widest variation in colouring
behaviour observed in this work. Due to the similar length of the developer and solvent
alkyl chains in the CVL:DDG:TD-OH system, mixtures of this type demonstrated melt-
darkened thermochromism. Conversely, due to the significant mismatch in alkyl chain
length between DDG and OD-OH, and to a lesser extent between DDG and HD-OH,
these two systems demonstrated both melt-lightened and melt-darkened

thermochromism, with complete decolourization occurring when melt-lightened
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thermochromism was observed and higher colour contrast observed in melt-darkened

mixtures.

7.2.2.1 CVL:DDG:TD-OH Thermochromic Phase Diagram

CVL:DDG:TD-OH mixtures were studied by both MacLaren et al.'”"''’ and Tang
et al.,""*"*! although different methods of sample preparation were used in the two
studies. Both found that CVL:DDG:TD-OH mixtures formed colourless solid states,
which could be melted to form strongly coloured molten phases. This behaviour was also
observed in the present work, as evidenced by the data shown in Figure 7.5. At low
developer concentrations (e.g., when xppg < 4%), the samples were always colourless.
Moderate increases to the developer concentration (xpps = 4 to 6%), yielded samples that
demonstrated light colouration in the melt, and further increases to the developer
concentration (xpps =~ 6 to 7%) gave samples with medium melt colour density. To obtain
high melt colour density, high developer concentrations were required (xppg = 9 to 14%).
These developer concentrations were lower than was required for dark colour generation

in CVL:ODG:alcohol mixtures.
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Figure 7.5. A portion of the ternary thermochromic phase diagram of the CVL:DDG:TD-OH system,
showing the melt colouration. The equilibrium solids were all colourless.

The highest colour density and colour contrast values for the molten phase
obtained via observational spectroscopy were observed for the [1:10:60] sample (xcy. =
1.4%, xppc = 14.1%, X1p.on = 84.5%) which had ACDy,ax = 1.8. The colour density values
obtained via observational spectroscopy and colour photo analysis are not easily
comparable due to the fact that the observational spectroscopy analysis lacked
normalization against a white reference material, therefore optical effects associated with
stray light, different brightness of ambient lighting, efc., could have played a role in
modifying the degree of observed colour in observational spectroscopy measurements.

The highest colour density and colour contrast observed via colour photo analysis was
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seen for the [1:9:90] sample (xcve = 1.0%, xpp = 9.0%, X1p.on = 90.0%), which gave a

maximum colour contrast of ACDy.x = 0.8.

7.2.2.2 CVL:DDG:HD-OH Thermochromic Phase Diagram

The CVL:DDG:HD-OH ternary system was also examined by both MacLaren et

101,110 102,181
al. L.

and by Tang et a In their studies of this system, both examinations treated
CVL:DDG:HD-OH mixtures in the same fashion as the CVL:DDG:TD-OH mixtures; the
equilibrium solid was less strongly coloured than the melt and melt-darkened

101,102

thermochromism was observed in both studies. Their experiments used thermal

quenching to force the coloured molten state into a darker metastable solid state, and then

101,102
OL102 The colour fade

measured the colour fade rate as a function of time after quenching.
rates were observed to be substantially slower for HD-OH mixtures than in the related
TD-OH system,'*! and the equilibrium solids generally retained light colouration, which
resulted in this ternary system being deemed of poor thermochromic quality.'*"'"°

It was observed in this work that CVL:DDG:HD-OH could in fact become
decoloured in the melt if the solvent concentration was sufficiently high and the
developer concentration was sufficiently low. In such mixtures, light to medium coloured
equilibrium solids melted to form decoloured melts. Conversely, melt-darkened
thermochromism was obtained in mixtures with high developer concentrations and
relatively low solvent concentrations. Figure 7.6 shows a portion of the ternary phase
diagram of the CVL:DDG:HD-OH system. At low developer concentrations (e.g., when

Xppe = 0.5 to 3%), virtually all samples studied showed melt-lightened thermochromism.

At high developer concentrations (e.g., when xpps > 8%), melt-darkened thermochromism
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was observed for most samples, although due to the high colour density of the
equilibrium solid state, the colour contrast between the solid and melt was rather low.

Included in Figure 7.6 are schematic representations of the hypothesized
structural organization of the dye, developer, and solvent molecules in three-component
systems demonstrating poorly matched alkyl chain lengths, and both melt-darkened and
melt-lightened thermochromism. Figure 7.6 (a) and (c) show schematic representations of
the equilibrium solid state. Due to the difference in chain length between the developer
and solvent, the developer does not pack into the solvent structure as efficiently as in the
case of well-matched chains (e.g., as in CVL:ODG:OD-OH mixtures, see Figure 7.4 (a)).
This mismatch allows the developer to interact with the dye in the solid state, and
generate colour. It is likely that in some instances the developer can interact with the
solid solvent, thereby reducing the colour density of the solid state compared with
mixtures containing alkyl chains with a larger degree of chain length mismatch. In
general, the larger the mismatch in alkyl chain length, the stronger the colour of the solid
state.

On heating, two different cases are illustrated (Figure 7.6 (b) and (d)). When the
developer concentration is low and the solvent concentration is high (e.g., when xppg <
4% and xpp-og > 92%), little to no colour is observed in the melt due to the high dilution
of the colour-forming components (Figure 7.6 (d)). Increasing the developer
concentration results in the formation of a coloured molten state, with the colour density

of the mixture dependent on the developer concentration (Figure 7.6 (b)).
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Figure 7.6. A portion of the ternary thermochromic phase diagram of the CVL:DDG:HD-OH
system. Samples with high developer concentrations (e.g., when xppc > 7%) were coloured in (a) the
solid state and (b) formed darker molten phases on heating, demonstrating melt-darkened
behaviour. Samples with low developer concentrations (e.g., when xppc < 5%) were (c) coloured in
the solid state and (d) became decoloured upon melting, demonstrating melt-lightened
thermochromism. In between these regions (e.g., when xppc = 6 to 7%), samples were sometimes not
thermochromic. In the schematic diagrams, the number of dye and developer molecules is shown as
being the same for both the solid and melt but, for the ease of drawing, the number of solvent

molecules is not conserved.
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A particularly interesting region of the CVL:DDG:HD-OH ternary phase diagram
exists between the melt-lightened and melt-darkened regimes. Figure 7.7 shows a close-
up of this region of the ternary phase diagram. At relatively low developer concentrations
(e.g., when xppg < 5%), melt-lightened thermochromism was observed. Most of the
samples studied demonstrated light-to-colourless (when xpps < 3%) or medium-to-light
(when 3% < xpps < 5%) colour changes, although a few samples within these ranges
demonstrated medium-to-colourless colour changes, which could be useful for
thermochromic applications due to the moderate colour contrast values. In the range of
1% < xeve < 2% and 6% < xppg < 7%, medium-to-medium and dark-to-dark transitions
were observed, indicating that the developer concentration threshold value for inversion

of colouring behaviour lies within this region of the phase diagram.
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Figure 7.7. A close-up view of the solvent-rich region of the ternary thermochromic phase diagram of
CVL:DDG:HD-OH mixtures. In this region, the colouring behaviour was observed to change from
melt-lightened behaviour (when xppg < 5%) to melt-darkened behaviour (when xppc >7%). In the
intermediate region (xppg = 6 to 7%), the colour contrast between the equilibrium solid and the melt
was near zero.
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The highest colour contrast values observed via observational spectroscopy were
seen for samples demonstrating melt-darkened thermochromism, in which a medium- or
dark-coloured solid state melted to form an intensely coloured melt. The [1:10:60]
sample (xcve = 1.4%, xppe = 14.1%, Xup.on = 84.5%), for example, had medium colour
density in the equilibrium solid (CDgquii = 0.5) and melted to form an intensely coloured
melt (CDyeie = 1.5), yielding high colour contrast (ACDyax = 1.0). On the other hand,
melt-lightened thermochromism generally demonstrated lower colour contrast as the
colour density of the equilibrium solid was generally much lower (CDgquii = 0.3 for the
[1:2:90] sample (xcve = 1.1%, xpp6 = 2.1%, Xup.on = 96.8%)) compared to melt-darkened
samples. Although the melt was colourless in such mixtures, the low colour density of the
equilibrium solid resulted in mixtures with low colour contrast (ACDp,x = 0.3 to 0.5).

Using the knowledge gained from observation spectroscopy measurements, melt-
lightened CVL:DDG:HD-OH mixtures with enhanced colour contrast values were
prepared and studied by colour photo analysis. It must be reiterated here that the colour
photo analysis of CVL:DDG:HD-OH samples lacked the use of a white reference
material for colour normalization, and as such the colour densities reported here are
overestimated. Nevertheless, efficient decolourization of the equilibrium solid was noted
in most samples examined in section 4.3.2.3 (regarding the colour photo analysis of
CVL:DDG:HD-OH mixtures). In particular, the [1:3:96] and [1:5:94] samples showed
high equilibrium colour densities (CDgquit = 0.9 to 1.1) and near complete decolouration
of the melt (CDyeie = 0.0 to 0.1), resulting in very good colour contrast values (ACDyx =

0.9 to 1.0).
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7.2.2.3 CVL:DDG:0D-OH Thermochromic Phase Diagram

Figure 7.8 shows a portion of the ternary phase diagram of the CVL:DDG:OD-
OH system. At low developer concentrations (e.g., when xpps < 5%), most of the samples
demonstrated light or medium colouration in the solid state, and melted to form
decoloured melts. The colour contrast associated with melt-lightened thermochromism
was rather low (ACDyax = 0.4 to 0.5) due to the low colour density of the equilibrium
state in such mixtures. The colour contrast obtained for melt-darkened samples was also
rather low in the compositional range studied, with ACDy,.x = 0.5 to 0.7 for the
[1:10:90] (xcve = 1.0%, Xpp6 = 9.9%, Xop.on = 89.1%) and [1:10:80] (xcve = 1.1%, Xpp =

11%, xop.on = 87.9%) samples, respectively.

80y 20

Thermochromism (on melting)

Melt-darkened
® Darkto darker
© Medium to dark

Non-thermochromic
A  Medium to medium

Melt-Lightened

Dark to medium
Medium to light
Medium to colourless
Light to colourless

Oob ==

/ 7 7 7 7 7 7 7 7 7 7
0 2 4 6 8 10 12 14 16 18 20

Percent Mole Fraction of CVL

Figure 7.8. A portion of the ternary thermochromic phase diagram of the CVL:DDG:0D-OH
system. Samples with high developer concentrations (e.g., when xppc > 10% ) demonstrated melt-
darkened thermochromism. Samples with low developer concentrations (e.g., when xppg < 5%)
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demonstrated melt-lightened thermochromism. In between these regions (e.g., when xppg = 6%),
samples were sometimes not thermochromic.

7.2.2.4 Summary of CYL:DDG:Alcohol Thermochromic Phase Diagrams

The colouring behaviour of mixtures in the CVL:DDG:alcohol systems changed
as a function of solvent alkyl chain length. CVL:DDG:TD-OH mixtures demonstrated
melt-darkened thermochromism at all compositions, whereas CVL:DDG:HD-OH and
CVL:DDG:OD-OH mixtures demonstrated colouring behaviour that varied with
composition. At high developer concentrations, melt-darkened thermochromism was
observed, and at low developer concentrations, melt-lightened thermochromism was
observed.

The colour contrast observed for CVL:DDG:TD-OH mixtures was high, and was
similar to that of the CVL:0DG:alcohol mixtures discussed in section 7.2.1. The colour
contrast in CVL:DDG:HD-OH and CVL:DDG:OD-OH mixtures was lower due to the
light to medium colour density of the equilibrium solid over a large compositional range,
and due to the fact that melt-darkened mixtures generally were dark in the solid state. The
colour density and maximum colour contrast values obtained for DDG-containing
mixtures are summarized in Table 7.3 (observation spectroscopy results) and Table 7.4

(colour photo analysis results).
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Table 7.3. The colour density and colour contrast values obtained via observational spectroscopy for
DDG-containing mixtures, showing data for the samples demonstrating the highest colour contrast
for each ternary system.

Components Composition CDgquil CDyere ACDwax

[1:10:60]
CVL:DDG:TD-OH Xppg = 14% 0.0 1.8 1.8
Xtp.on = 85%

[1:10:60]
CVL:DDG:HD-OH Xppg = 14% 0.5 1.5 1.0
Xup.on = 85%

[1:1:22.9]
CVL:DDG:HD-OH Xppg = 4% 03 0.0 03
Xup.on = 92%

[1:10:80]
CVL:DDG:OD-OH Xppg = 11% 0.7 1.4 0.7
Xop.on = 88%
[1:3:80]
CVL:DDG:OD-OH Xppe = 3.6% 0.4 0.0 0.4
Xop.on = 95.2%

Table 7.4 The colour density and colour contrast values obtained via colour photo analysis for DDG-
containing mixtures, showing data for the samples demonstrating the highest colour contrast for
each ternary system.

Components Composition CDxgquil CDyere ACDwax
[1:9:90]
CVL:DDG:TD-OH Xppg = 9% 0.0 0.8 0.8
Xrp.on = 90%
[1:5:94]
CVL:DDG:HD-OH Xppg = 3% 1.1 0.1 1.0
Xup-on = 94%

7.2.3 Thermochromic Phase Diagrams for OG-Containing Mixtures

Due to the difference in chain length between octyl gallate (8 carbon atoms) and
the three alcoholic solvents used (14 to 18 carbon atoms), melt-lightened

thermochromism was observed over a wide range of compositions for CVL:0G:alcohol
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mixtures. The best melt-lightened colour contrast observed for OG-containing mixtures
was seen in mixtures that contained intermediate developer concentrations and that
melted to give colourless molten phases. Melt-darkened thermochromism was obtained
by vastly increasing the developer concentration, but due to the dark colour of the
equilibrium solid in such mixtures, colour contrast values for melt-darkened

thermochromic mixtures were very low.

7.2.3.1 CVL:0G:TD-OH Thermochromic Phase Diagram

Figure 7.9 shows a portion of the ternary phase diagram of the CVL:OG:TD-OH
system. Colourless melts were formed when the percent mole fraction of OG was xog <
6%, with very good colour contrast (ACDw,x = 0.8) observed for the [1:6.2:103.2]
sample (xcve = 0.9%, xo6 = 5.6%, X1p.on = 93.5%), which showed a dark-to-colourless
transition upon melting. Melt-lightened thermochromism was observed for all samples
with xo6 < 8%, although at xos = 8% the melt was light in colour. The developer
concentration threshold value lies somewhere in the vicinity of the xo6 = 10%, as
evidenced by the sample with xoc = 10% that underwent a medium-to-medium colour
change on melting. Vastly increasing the developer concentration (e.g., when xoc =~ 18%)
resulted in the appearance of melt-darkened thermochromism, although the colour

contrast associated with this transition was relatively low (ACDpax = 0.4).
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Figure 7.9. A portion of the ternary thermochromic phase diagram of the CVL:OG:TD-OH system.
Samples with high developer concentrations (e.g., when xoc = 18% ) demonstrated melt-darkened
thermochromism. Samples with low developer concentrations (e.g., when xog < 8%) demonstrated
melt-lightened thermochromism. In between these regions (e.g., when xog = 11%), a non-
thermochromic sample was obtained.

7.2.3.2 CVL:0G:HD-OH Thermochromic Phase Diagram

Figure 7.10 shows a portion of the ternary phase diagram of the CVL:0G:HD-OH
system, which closely resembles the phase diagram obtained for the CVL:0G:TD-OH
system. Colourless melts were formed when the OG mole fraction was below xo6 < 6%,
with good colour contrast (ACDyax = 0.6) observed for the [1:6.2:102.9] sample (xcv =
0.9%, xo6 = 5.7%, Xup.on = 93.4%), which showed a medium-to-colourless colour change
upon melting. Melt-lightened thermochromism was observed for all samples with xog <

8%, although at xo = 8% the melt was light in colour. The developer concentration
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threshold value lies somewhere in the vicinity of the xoq = 10%, as evidenced by the
sample which underwent a medium-to-medium colour change on melting at this
concentration. Vastly increasing the developer concentration (e.g., when xo6 = 17%)
resulted in the appearance of melt-darkened thermochromism, although the colour

contrast associated with this transition was very low (ACDyx = 0.1).
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Figure 7.10. A portion of the ternary thermochromic phase diagram of the CVL:OG:HD-OH system.
Samples with high developer concentrations (e.g., when xoc = 18% ) demonstrated melt-darkened
thermochromism. Samples with low developer concentrations (e.g., when xoc < 8%) demonstrated

melt-lightened thermochromism. In between these regions (e.g., when xoc = 10%), a non-
thermochromic sample was obtained.
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7.2.3.3 CVL:0G:0D-OH Thermochromic Phase Diagram

Figure 7.11 shows a portion of the ternary phase diagram of the CVL:0G:0D-OH
system. The equilibrium colour densities observed for this system generally were higher
than those of the TD-OH and HD-OH systems, and as such colour contrast values tended
to be larger for melt-lightened samples. Colourless melts were formed when the OG mole
fraction was below xoc < 6%, with very good colour contrast (ACDy.x = 0.8) observed for
the [1:5.9:86.5] sample (xcve = 1.1%, xo6 = 5.6%, Xop.on = 93.3%), which showed a
dark-to-colourless transition upon melting. Melt-lightened thermochromism was
observed for all samples with xo < 11%, although a number of samples across this
compositional range demonstrate light colouration in the melt. The developer
concentration threshold value lies between xoc = 10 to 17%, since the xoc = 10% sample
showed melt-lightened thermochromism while the xoc = 19% sample showed melt-
darkened thermochromism, although the colour contrast associated with the melt-

darkened thermochromic transition was, again, very low (ACDyax = 0.1).
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Figure 7.11. A portion of the ternary thermochromic phase diagram of the CVL:0G:0OD-OH system.
Samples with high developer concentrations (e.g., when xqoc = 19% ) demonstrated melt-darkened
thermochromism. Samples with low developer concentrations (e.g., when xo¢ < 11%) demonstrated
melt-lightened thermochromism. No non-thermochromic samples were obtained for this ternary
system.

7.2.3.4 Summary of CVL:0G:Alcohol Thermochromic Phase Diagrams

The colouring behaviour of mixtures in the CVL:OG:solvent systems was
consistent across the three alcohol solvents employed, as expected due to the poorly
matched developer and solvent alkyl chain lengths. In all three systems, the equilibrium
solid states had medium to dark colouration at all compositions studied, and both melt-
lightened and melt-darkened behaviour was observed, although the colour contrast of

melt-darkened behaviour was exceptionally low, even at high developer mole fractions
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(e.g., xoc = 18%). Melt-lightened thermochromism in this system was observed across a
fairly wide compositional range (xoc < 8%), and high colour contrast was obtained owing
to the high colour density of the solid state. The maximum colour contrast values
obtained for each of the three-component OG-containing systems are summarized in

Table 7.5.

Table 7.5. The colour density and colour contrast values obtained via colour photo analysis for OG-
containing mixtures, showing data for the samples demonstrating the highest colour contrast for
each ternary system listed in the table.

Components Composition CDgquil CDyere ACDwax

[1:6.2:103.2]
CVL:0G:TD-OH Xog = 5.6% 0.8 0.0 0.8
Xrpon = 93.5%

[1:6.2:102.9]
CVL:0G:HD-OH Xoo = 5.7% 0.6 0.0 0.6
Xipon = 93.4%

[1:5.9:86.5]
CVL:0G:0D-OH Xoc = 5.6% 0.8 0.0 0.8
Xop-oH — 93.3%

7.2.4 Thermochromic Phase Diagrams of PG-Containing Mixtures

The alkyl chain lengths in mixtures containing propyl gallate (3 carbon atoms)
and alkyl alcohols (14 to 18 carbon atoms) were very poorly matched, even more so than
in the OG:alcohol systems, therefore melt-lightened thermochromism was hypothesized
for these mixtures. Indeed melt-lightened thermochromism was observed over a wide
range of compositions. The best colour contrast observed for PG-containing mixtures was
seen in mixtures with intermediate developer concentrations that melted to give
colourless molten phases. Melt-darkened thermochromism was again obtained in

mixtures containing very high developer concentrations coupled with low solvent
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concentrations, but due to the dark colour of the equilibrium solid in such mixtures,

colour contrast values for melt-darkened thermochromic mixtures was very low.

7.2.4.1 CVL:PG:TD-OH Thermochromic Phase Diagram

Figure 7.12 shows a portion of the ternary phase diagram of the CVL:PG:TD-OH
system. Colourless melts were formed when the percent mole fraction of PG was xpg <
4%, with high colour contrast (ACDyax = 0.9) observed for the [1:2.1:99.6] sample
(xcve = 1.0%, xpg = 2.0%, X1p.on = 97.0%), which showed a dark-to-colourless transition
upon melting. Melt-lightened thermochromism was observed for all samples with xp; <
8%, although between 5% < xp; < 8%, the melt retained light colouration. The developer
concentration threshold value was observed to lie in the vicinity of x,c = 10%, as
evidenced by the sample which underwent a dark-to-dark colour change on melting.
Vastly increasing the developer concentration (e.g., when xp; = 18%) yielded melt-
darkened thermochromism, although the colour contrast associated with this transition

was relatively low (ACDypax = 0.3).
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Figure 7.12. A portion of the ternary phase diagram of the CVL:PG:TD-OH system. Samples with
high developer concentrations (e.g., when xp; = 18%) demonstrated melt-darkened thermochromism.
Samples with low developer concentrations (e.g., when xp; < 8%) demonstrated melt-lightened
thermochromism. In between these regions (e.g., when xpg = 10%), a non-thermochromic sample was

obtained.

7.2.4.2 CVL:PG:HD-OH Thermochromic Phase Diagram

Figure 7.13 shows a portion of the ternary phase diagram of the CVL:PG:HD-OH

system, which was similar to that of the CVL:PG:TD-OH system. Colourless melts were
formed when xp¢ < 4%, with excellent colour contrast (ACDy.x = 1.2) observed for the
[1:2:100.8] sample (xcye = 1.0%, xp6 = 1.9%, Xup.on = 97.1%), which showed a dark-to-
colourless transition upon melting. All of the samples with xp < 4% demonstrated
complete decolouration of the melt yielding a range of samples demonstrating excellent

colour contrast, although the samples containing less solvent (e.g., when xyp.on < 96%)
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were plagued by high melt opacity due to incomplete dissolution of PG in the molten
solvent.

Included in Figure 7.13 are schematic representations of the hypothesized
structural organization of the dye, developer, and solvent molecules in three-component
systems demonstrating very poorly matched alkyl chain lengths and melt-lightened
thermochromism. Figure 7.13 (a) and (c) show a schematic representation of the
equilibrium solid state. Due to the difference in chain length between the developer and
solvent, the developer is essentially excluded from the solid-state structure of the solvent.
This liberates the developer to interact with the dye in the solid state generating strong
colouration in the solid state.

On heating, two different cases are illustrated (Figure 7.13 (b) and (d)). When the
developer concentration was low and the solvent concentration is high (e.g., when xpg <
4% and xpp-on > 94%), little to no colour is observed in the melt due to the high dilution
of the colour-forming components (Figure 7.13 (d)). Increasing the developer
concentration resulted in the formation of a coloured molten state, with the colour density

of the mixture dependent on the developer concentration (Figure 7.13(b)).
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Figure 7.13. A portion of the ternary thermochromic phase diagram of the CVL:PG:HD-OH system.
Samples with high developer concentrations (e.g., when xpg = 7%) were coloured in (a) the solid state
and (b) retained colour upon melting, yielding melt-darkened thermochromism at very large
developer concentrations (xpg > 18%). Samples with low developer concentrations (e.g., when xpg <
4%) were coloured in (c) the solid state and (d) became decoloured upon melting, demonstrating
melt-lightened thermochromism. In the schematic diagrams, the number of dye and developer
molecules is shown as being the same for both the solid and melt but, for the ease of drawing, the
number of solvent molecules is not conserved.
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Melt-lightened thermochromism was observed for all samples with xpg < 8%,
although between 5% < xp; < 8%, the melt retained light colouration. The developer
concentration threshold value was observed to lie in the vicinity of x,c = 10%, as
evidenced by the sample which underwent a dark-to-dark colour change on melting.
Vastly increasing the developer concentration (e.g., when xpg = 18%) resulted in the
appearance of melt-darkened thermochromism, although the colour contrast associated

with this transition was relatively low (ACDyax = 0.4).

7.2.4.3 CVL:PG:0OD-OH Thermochromic Phase Diagram

Figure 7.14 shows a portion of the ternary phase diagram of the CVL:PG:0D-OH
system. Colourless melts formed below xps < 4%, with excellent colour contrast (ACDyax
=1.1) observed for the [1:2.5:102.7] sample(xcy: = 0.9%, xp6 = 2.3%, X1p.on = 96.7%),
which showed a dark-to-colourless transition upon melting. All of the samples with xp; <
4% demonstrated complete decolouration of the melt yielding a range of samples
demonstrating excellent colour contrast, similar to the behaviour observed for
CVL:PG:HD-OH mixtures. In the CVL:PG:0OD-OH system, a wider range of
compositions demonstrated light colour in the molten phase (e.g., where 4% < xp; < 8%),
reducing the overall colour contrast of thermochromic transitions in this compositional

region.
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Figure 7.14. A portion of the ternary thermochromic phase diagram of the CVL:PG:OD-OH system.
Samples with high developer concentrations (e.g., when xpc = 18%) demonstrated melt-darkened
thermochromism. Samples with low developer concentrations (e.g., when xpg < 8%) demonstrated
melt-lightened thermochromism. In between these regions (e.g., when xpc = 10%), a non-
thermochromic sample was obtained.

At xp = 10%, there was no change in the colour density upon melting, as
evidenced by a dark-to-dark “transition” on melting, indicating that a developer
concentration threshold for inversion of colouring behaviour exists within this
compositional range. Vastly increasing the developer concentration (e.g., when xpg =
18%) resulted in the appearance of melt-darkened thermochromism, although the colour

contrast associated with this transition was extremely low (ACDyax = 0.1).
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7.2.4.4 Summary of CVL:0G:Alcohol Thermochromic Phase Diagrams

The colouring behaviour of mixtures in the CVL:PG:solvent systems was very
consistent for the three solvents used in this work. In all three systems, the equilibrium
solid states had medium to dark colouration at all compositions studied, and both melt-
lightened and melt-darkened behaviour was observed, although the colour contrast of
melt-darkened behaviour was exceptionally low, even at high developer concentrations
(e.g., when xpg = 18%).

Melt-lightened thermochromism in this system was observed across a fairly wide
compositional range (xp; < 8%), although the formation of colourless melts was more
limited (xpc < 4 to 8%) than in the OG-containing mixtures. Higher colour contrast was
also observed for PG mixtures (ACDmax pc = 0.9 to 1.2) compared to OG mixtures
(ACDmax.0c = 0.6 to 0.8) due to the darker colour of the solid state. The highest colour
contrast values and associated colour density values, obtained for the PG-containing

systems, are summarized in Table 7.6.

Table 7.6. The colour density and colour contrast values obtained via colour photo analysis for PG-
containing mixtures, showing data for the samples demonstrating the highest colour contrast for
each ternary system listed in the table.

Components Composition | CDgquil CDwyieit ACDyax

[1:2.1:99.6]
CVL:PG:TD-OH Xog = 2.0% 0.9 0.0 0.9
Xrpon = 97.0%

[1:2.0:100.8]
CVL:PG:HD-OH oo = 1.9% 1.2 0.0 1.2
Xion = 97.1%

[1:2.5:102.7]
CVL:PG:0D-OH Xog = 2.3% 1.1 0.0 1.1
Xop.on = 96.7%
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7.2.5 Thermochromic Phase Diagrams for CVL:BPA:HD-OH and
CVL:DHB:HD-OH Mixtures

7.2.5.1 Thermochromic Behaviour of BPA- and DHB-Containing Mixtures

The CVL:BPA:HD-OH and CVL:DHB:HD-OH mixtures discussed in Chapter 6
demonstrated melt-lightened thermochromic behaviour at all compositions studied. Since
both ternary systems behaved nearly identically, both systems are discussed concurrently
in this section. The high colour density of the equilibrium solid state was the result of
weak interactions between the developer and HD-OH, which prevented the formation of
the colour-disrupting developer:solvent interactions that were observed to cause
decolouration in the solid state of CVL:DDG:TD-OH mixtures (i.e., mixtures with
matched alkyl chain lengths).'”! In the solid state, BPA (or DHB) molecules are not
sequestered by the solvent component (e.g., HD-OH) and are free to develop the blue
colour of CVL, thereby producing the strongly coloured solid states observed for all BPA
and DHB samples at relatively low solvent concentrations (e.g., when z < 100).

Upon melting, decolouration of these mixtures was observed due to the
heightened molecular mobility associated with the liquid form of the solvent, which
caused separation of the dye:developer complex, primarily due to dissolution of the
developer. In some instances, insoluble developer remained visible in the molten solvent,
and although its presence was noted, it did not generate colour in the melt. Additionally,
conversion from the LO-phase to the R-phase of the solvent on heating initiated colour
loss as the heightened degree of dynamical disordered associated with the orientationally
disordered R-phase allowed for phase separation of the dye and developer, returning the

leuco form of the dye and disrupting colour formation.
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As a result of these decolourization features, all of the samples studied in the
CVL:BPA:HD-OH and CVL:DHB:HD-OH ternary systems became nearly completely
decoloured on solvent melting. Since the decolourization behaviour of these mixtures at
low solvent loadings (z < 100) was essentially invariant with composition, other
chemical/physical properties of these mixtures were considered for phase diagram
determination. It was noted that when the solvent loading was very low (z = 25),
insoluble CVL and developer were visually observed in the molten mixture. At
intermediate solvent loading (z = 50 to 60), only insoluble developer was observed, and
when the solvent loading was near z = 100, many mixtures became completely
transparent. Therefore the phase diagrams for CVL:BPA:HD-OH and CVL:DHB:HD-
OH at low solvent concentrations (e.g., when z < 100) examine the presence of insoluble

materials as a function of composition.

7.2.5.2 Thermochromic Phase Diagrams for BPA- and DHB-Containing
Mixtures

Figure 7.15 shows a portion of the ternary phase diagram of the CVL:BPA:HD-
OH system at relatively low solvent concentrations (e.g., when z < 100) and Figure 7.16
shows a portion of the ternary phase diagram of the CVL:DHB:HD-OH system in the
same compositional range. When the mole fraction of CVL was xcy. > 3%, both CVL and
BPA became partially insoluble in the melts of both ternary systems. The compositional
regions in which only the developer was insoluble overlapped for the two ternary

systems. In CVL:BPA:HD-OH mixtures, insoluble BPA was observed when 1% < xcy <
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2% and 1% < xppa < 2%, while in the CVL:DHB:HD-OH system this range was 2% <

XcvL <3% and 2% < Xppa < 6%.

Components with
Molten Solvent

CVL,,+BPA,
BPA,
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/ 7 7 7 7 7 7 7 7 7 7
0 1 2 3 4 5 6 7 8 9 10

Percent Mole Fraction of CVL

Figure 7.15. A portion of the ternary thermochromic phase diagram of the CVL:BPA:HD-OH
system, showing the melt phase(s) at relatively low solvent concentrations (where z = 25 to 100).
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Figure 7.16. A portion of the ternary thermochromic phase diagram of the CVL:DHB:HD-OH
system, showing the melt phase(s) relatively low solvent concentrations (where z = 15 to 100).

Rather surprisingly, both ternary systems demonstrated complete dissolution of all
components when the percent mole fraction of CVL was xcyv. = 1% regardless of the
percent mole fraction of developer. This behaviour was unexpected for samples with high
developer loadings (e.g., when xpey > 4%) because samples with similar percent mole
fractions of solvent and developer, yet slightly higher CVL loading, contained large
amounts of insoluble developer (e.g., the samples at [3:6:91] of both Figure 7.15 and
Figure 7.16). This behaviour gives a strong indication that the concentration of CVL in
fact plays an important role in defining the solubility of the developer, where a “salting-
out” type of effect might be occurring as a result of the relatively poor solubility of BPA

and DHB in molten HD-OH. The practical consequence is that the concentration of CVL
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must be kept relatively low, or conversely the solvent concentration must be very high, to
ensure that the developer fully dissolves in, and does not precipitate inhomogeneously
from, the melt in such mixtures.

To ensure the complete dissolution of the dye and developer in the molten
solvent, CVL:BPA:HD-OH and CVL:DHB:HD-OH mixtures at very high solvent
concentrations (e.g., where 160 <z <2650) were examined. Indeed, all of the mixtures
prepared at these high solvent concentrations were completely transparent in the molten
phase, indicating dissolution of the colouring components. However, the substantially
reduced dye and developer concentrations caused the equilibrium solid colour density to
drop significantly; therefore, it is more useful to describe the ternary phase diagrams in
terms of the change in observed colour of these samples.

Figure 7.17 shows a portion of the ternary phase diagram of the CVL:BPA:HD-
OH system at high solvent concentrations (e.g., where z > 160). At low percent mole
fraction of developer (e.g., where xpus < 0.2%) many of the samples displayed light to
medium colour density in the solid state. Also, in general, when the percent mole fraction
of CVL exceeded that of BPA, the mixtures had low equilibrium colour density. Dark
equilibrium solids were only obtained when the mole fraction of BPA exceeded that of
CVL,; the reported stoichiometry of CVL:BPA complexes indicates that four molecules

of BPA are required to fully develop the coloured form of each CVL molecule.'>'"
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Figure 7.17. A portion of the ternary thermochromic phase diagram of the CVL:BPA:HD-OH
system at high solvent concentration (where z = 160 to 2250). Melt-lightened behaviour was observed
for all compositions.

Figure 7.18 shows a portion of the ternary phase diagram of the CVL:DHB:HD-
OH system at high solvent concentrations (e.g., where z > 160). Once again, all of the
samples shown here were transparent in the melt; therefore, it is more useful to examine
the change in observed colour of these mixtures. In general, weaker colour was observed
in this system compared with BPA mixtures at similar compositions. BPA is one of the
most effective developers for generating the ring-opened form of leuco dyes, therefore
the reduced colour density of DHB mixtures compared with their BPA-containing
counterparts was not surprising.188 When the percent mole fraction of DHB was less than

that of CVL, light colour was observed in the solid state. Increasing the DHB
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concentration caused the solid to become more intensely coloured, with the only dark

coloured samples containing very high DHB loading (e.g., when xp;p >0.9%).
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Figure 7.18. A portion of the ternary phase diagram of the CVL:DHB:HD-OH system at high solvent
concentration (where z = 160 to 2650). Melt-lightened behaviour was observed for all compositions.

7.2.5.3 Summary of Thermochromic Phase Diagrams for BPA- and DHB-
Containing Mixtures

Thermochromic mixtures containing BPA or DHB as the developer component
became completely decoloured upon solvent melting at all of the compositions studied in
this work. When the solvent concentration was relatively low (z < 100), the dye and/or
the developer were noted to remain insoluble in the melt when xcy. > 1%. In mixtures
containing similar CVL and developer concentrations (i.e., Xcy. = Xpey), the CVL

appeared to have a type of “salting-out” effect on the developer, and only insoluble
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developer was observed. When the CVL concentration exceeded that of the developer,
both insoluble CVL and developer were observed in the molten solvent.

Completely colourless, transparent molten phases were obtained when the percent
mole fraction of CVL in low solvent concentration samples was xcy. < 1%, and
transparent melts were observed at all compositions when the solvent concentration was
vastly increased (e.g., when z > 150). The substantial increase in solvent concentration,
however, had the detrimental effect of reducing colour density in the equilibrium solid,
thereby reducing the overall colour contrast of the thermochromic colour change.
Nevertheless, high colour contrast melt-lightened thermochromism was obtained in both
the CVL:BPA:HD-OH and CVL:DHB:HD-OH ternary systems. Table 7.7 lists the
highest colour contrast values obtained for the CVL:BPA:HD-OH and CVL:DHB:HD-
OH systems at both high and low solvent concentrations; the colour contrast values
observed for these samples at low solvent concentrations represent the best colour

contrast observed in the present work for melt-lightened thermochromic mixtures.
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Table 7.7. The colour density and colour contrast values obtained via colour photo analysis for PG-
containing mixtures, showing data for the samples demonstrating the highest colour contrast for
each ternary system.

Components Composition CDgquil CDyere ACDwax
CVL:BPA:HD-OH [1:8.1:91] 1.4 0.0 1.4
[1:16:1985]
CVL:BPA:HD-OH |  xpes = 0.79% 1.1 0.0 1.1
Xup.on = 99.16%
CVL:DHB:HD-OH [1:8:91] 1.5 0.0 1.5
[1:16:1685]
CVL:DHB:HD-OH | Xous = 0.92% 0.6 0.0 0.6
Xup.on = 99.02%

7.2.6 Thermochromic Phase Diagram for CVL:DDG:0D-SH Mixtures

CVL:DDG:OD-SH mixtures showed a wide range of thermochromic behaviour
due to the large range of concentrations studied. Both melt-lightened and melt-darkened
thermochromism were observed for CVL:DDG:0D-SH mixtures, similar to the
behaviour of the CVL:gallate:alcohol systems containing poorly matched alkyl chain
lengths, however, the concentration of solvent required for decolouration of the melt was
an order of magnitude larger in CVL:DDG:0OD-SH mixtures.

Figure 7.19 shows a portion of the ternary thermochromic phase diagram of the
CVL:DDG:OD-SH system. At very high solvent concentrations (e.g., Xop.sy = 99.6 to
99.9%), decolourization of the melt was observed for samples with xcy; < 0.2%, although
the colour of the equilibrium solid was often light. The best colour contrast obtained for
melt-lightened mixtures was obtained at xcy, = 0.05%, and when 0.2 < xppg < 0.4%. In
this region, medium and dark coloured equilibrium solids melted to form colourless,

transparent molten phases. Increased developer concentrations (e.g., xpps > 0.4%) and
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dye concentrations (e.g., xcvi > 0.1%) caused retention of colour into the molten phase,

which reduced the colour contrast of melt-lightened mixtures.
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Figure 7.19. A portion of the ternary thermochromic phase diagram of the CVL:DDG:OD-SH
system at very high solvent concentrations (where z > 500). Melt-darkened thermochromism was
obtained at relatively high CVL and DDG concentrations (e.g., when xcvy, > 0.2% and xppg = 0.4%).
Samples with low developer concentrations (e.g., when xppg < 0.5%) demonstrated melt-lightened
thermochromism. Some samples were non-thermochromic at high developer concentrations (e.g.,
when xppc = 0.8%).

Increasing the dye and developer concentrations to much higher values caused the
colouring behaviour to change from melt-lightened to melt-darkened thermochromism.
At high DDG concentrations (e.g., when xpp > 0.6%) and high CVL concentrations (e.g.,
when xcy > 0.1%), melt-darkened thermochromism was observed at virtually all
compositions. The transition region from melt-darkened to melt-lightened behaviour was
very narrow in this system owing to the need for extremely high dilution of the colouring

components to generate the decoloured form of the dye in the melt. Two samples
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showing medium-to-medium transitions were observed in the region of xcv = 0.12%,
and 0.4 < xpps < 0.6%, indicating that the region of transition between thermochromic
behaviour possibly lies somewhere in this compositional range.

The thermochromic behaviour of CVL:DDG:OD-SH mixtures was shown to
change as a function of mixture composition, with samples containing very high solvent
concentrations (e.g., when xop.su = 99.6 to 99.9%) demonstrating melt-lightened
thermochromism, and samples containing relatively high dye and developer
concentrations demonstrating melt-darkened thermochromism (e.g., when xcy. > 0.1%
and xppg > 0.6%). Similar behaviour was noted in the CVL:gallate:alcohol systems
containing poorly matched alkyl chain lengths, however the lack of strong interaction
between DDG and OD-SH resulted in the need for very high dilution of the colouring
components to give rise to melt-lightened behaviour.

The colour contrast values for CVL:DDG:0OD-SH mixtures were relatively low
compared with the PG-, BPA-, and DHB-containing mixtures due to the low
concentration of the colour-forming components. The practical consequence is that OD-
SH containing mixtures are not particularly suitable for use in melt-lightened
thermochromic applications, as high colour contrast is a basic requirement of good
thermochromic materials.'’! The maximum colour contrast values, obtained via
observational spectroscopy, for melt-lightened samples in the CVL:DDG:OD-SH ternary

system are summarized in Table 7.8.
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Table 7.8. The colour density and colour contrast values obtained via observational spectroscopy for
CVL:DDG:OD-SH mixtures, showing data for the samples demonstrating the highest colour contrast
for each compositional range studied listed in the table.

Components Composition CDgquil CDyere ACDwax
[1:6:2070]
CVL:DDG:OD-SH Xppg = 0.29% 0.8 0.0 0.8
XoD-SH — 99.67%
[1:2:900]
CVL:DDG:OD-SH Xopg = 0.22% 0.7 0.1 0.6
XoD-SH — 9966%
[1:1:715]
CVL:DDG:OD-SH Xpp = 0.14% 0.2 0.0 0.2
XoD-SH — 9972%
[1:0.5:500]
CVL:DDG:OD-SH Xppg = 0.10% 0.2 0.0 0.2
XoD-SH — 99.7%

7.3 Conclusions Regarding Thermochromic Phase Diagram
Determination

Thermochromic phase diagrams can be used to map out the colouring behaviour
of three-component rewritable thermochromic mixtures. Comparing the colour density of
the equilibrium solid state to that of the molten mixture allows for the determination of
the colour contrast between the two states. The colour contrast of the thermochromic
transition is considered to be among the most important properties of thermochromic
materials, therefore mapping out the change in colour contrast as a function of
composition is a fruitful endeavour.

Throughout this work, it has been shown that CVL:alkyl gallate:alkyl alcohol
mixtures can display different types of thermochromism. When the alkyl chains attached
to the developer and solvent are well-matched in length, melt-darkened thermochromism

can be obtained. High colour contrast in such mixtures, which include the
292



CVL:0ODG:alcohol and CVL:DDG:TD-OH systems, can be obtained when the developer
concentration is sufficiently high to generate a coloured melt. Due to the strong
interaction of developer and solvent molecules in the solid state, which results from the
similar length of the alkyl chains, the equilibrium solid states of such mixtures are
virtually always decoloured.

CVL:alkyl gallate:alkyl alcohol mixtures that contain alkyl chains of vastly
different lengths generally become strongly coloured in the solid state. The colour
densities in the solid state, at similar mixture compositions, were shown to increase as the
degree of alkyl chain length mismatch increases. Propyl gallate-containing mixtures
demonstrated the highest equilibrium solid colour densities of the CV:alkyl gallate:alkyl
alcohol mixtures, and when the solvent concentration was sufficiently large to cause
decolourization of the melt, they also showed the highest colour contrast values.
CVL:DDG:HD-OH and CVL:DDG:0OD-OH mixtures have been shown in previous work

101,110,143 and as a

to undergo relatively strong attractive interactions in the solid state,
result the colour density of these mixtures was substantially lower compared to PG- and
OG-containing mixtures.

In mixtures containing poorly matched alkyl chain lengths, melt-darkened
thermochromic behaviour was also accessible, however very high developer
concentrations were required to generate darker melts. Since the equilibrium solid state of
such mixtures was coloured at virtually all compositions, the colour contrast of melt-

darkened thermochromism was generally rather low. The colour contrast of melt-

darkened thermochromism was also noted to decrease as the difference in alkyl chain
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length increased, which is understandable given that mixtures containing alkyl chains of
similar lengths generally had less strongly coloured solid states.

Mixtures containing BPA or DHB as the developer component were strongly
coloured in the solid state at most compositions owing to the lack of attractive
interactions occurring between the developer and solvent. These mixtures were also
effectively decoloured upon melting of the solvent due to disruption of the dye:developer
complex. However, at relatively low solvent concentrations (e.g., z < 100), the dye and/or
developer often remained insoluble in the molten mixture as a result of poor solubility of
the two components. Vastly increasing the solvent concentration (e.g., z > 150) reduced
melt opacity at the cost of lowered solid state colour density.

In summary, high colour contrast mixtures that displayed the two types of
thermochromic colour change, melt-lightened and melt-darkened thermochromism, were
obtained by selecting appropriate developer and solvent components, and by modifying
mixture composition. Ideal melt-darkened thermochromism was obtained for mixtures
containing well-matched developer and solvent alkyl chain lengths (e.g., DDG with TD-
OH, ODG with OD-OH, efc.) when the developer concentration was very high.
Alternatively, ideal melt-lightened thermochromism was obtained in systems that
contained poorly matched alkyl chain lengths (e.g., PG- and OG-containing systems, efc.)
and in systems with chemically dissimilar developer and solvent components (e.g., BPA
or DHB with HD-OH) due to the intense colouration of the solid state. By mapping
thermochromic colour changes and component solubility behaviour of such mixtures onto

ternary thermochromic phase diagrams, the compositional regions of ideal
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thermochromic behaviour can be quickly identified and used in the preparation of

mixtures with optimal thermochromic properties.
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Chapter 8 Thermally Erasable Ink-Jet Printer Inks**

8.1 Introduction and Background

8.1.1 Thermally Erasable Laser-Jet Toner - e-blue™

8.1.1.1 Background

In 2003, Toshiba Co. announced the launch of a thermally erasable laser-jet toner,
e-blue™, which can be decoloured (i.e., erased) by heating.*!-*#2°1:290207214 The main
driving force behind the development of this technology has been the potential reduction
in energy consumption and greenhouse gas production associated with reducing the
amount of office paper sent to recycling facilities.”'>*'® Although e-blue™ has seen use
in Japan, the product was not launched globally as a result of technical limitations which
include substantial post-erase shadows (i.e., ghost images remaining on the page), low
image colour density, expensive specialized equipment, reduced paper quality after

multiple erasings, and limited colour options (only blue toner is available).'*>4!%¥

8.1.1.2 Composition and Function

The e-blue™ toner is composed of a white-to-blue colour-changing leuco dye, a
phenolic developer, a chemical “erasing agent”, and a polymeric binder resin used to hold
the components together.*'**2°*2"” The structure of the leuco dye used in e-blue™, blue

203, is shown in Figure 8.1. In the presence of an acidic developer, /euco-blue 203

* This work was carried out at Toshiba Co. RDC in Kawasaki, Japan
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(Figure 8.1 (a)) can be converted to the ring-opened coloured form, which is blue (Figure

8.1 (b)).
(b) Et
I
N—Et
Et\
N Me
+HY l
-H' c* O/\/\/\
O
N ~
\ /¢
-0 H'

Figure 8.1. The structure of the e-blue™ dye, blue 203. (a) The leuco form of blue 203. (b) The ring-
opened form of blue 203, which is formed in the presence of an acidic developer.

The developer used in e-blue™, ethyl gallate, is a low molecular weight member
of the alkyl gallate family of phenolic developers, discussed extensively in this document.
The e-blue™ toner is blue prior to printing indicating that the dye and developer have
already interacted to convert leuco-blue 203 to the ring-opened, coloured form.
Polystyrene is used as a plastic binder resin which forms the majority of the mixture (>
90 mass %) and is used as both a transfer medium and to hold the components together
during printing.*'4*2%62%7

Although the exact structure of the erasing agent added to e-blue™ was not
explicitly disclosed for trade secrecy reasons, chemicals suitable for application as
erasing agents have been described in the patent literature.”'” A commonly stated
example is the bile salt cholic acid, which is a cholesterol-derived, steroid-like compound
produced in the liver.*"

The function of the erasing agent is to trap the phenolic developer during the

erasing process (i.e., heating) and sequester it from the dye. Ethyl gallate (MW = 198.17
297



g mol™) has a low molecular mass compared to blue 203 (MW = 539.71 g mol ™) and the
low molecular mass steroids (400 — 500 g mol™), giving the developer heightened
mobility within the toner particle. Upon heating, the dye-developer interaction is
disrupted and the developer diffuses to and binds with the erasing agent. This not only
removes colour during erasing, but also prevents colour reformation after cooling. The
increased effectiveness of “oven-erasing” compared with “iron-erasing” can be explained
by this phenomenon, since the heating time in the oven is substantially longer than the
heating time with the iron allowing for more complete diffusion of the developer away

from the dye.*""'*°

8.1.1.3 Technical Problems with Erasable Printing Inks

There are numerous technical drawbacks associated with e-blue™ which have
prevented widespread use. An exhaustive list of the technical issues is out of the scope of
this work, so this section will focus on the problems associated with e-blue™ that are
potentially transferable to ink-jet printing applications.

Perhaps the most challenging technical problem associated with erasable printing
applications is the maintenance of paper quality across multiple print/erase cycles.'”
Paper can become degraded in many ways, viewed as two categories: unavoidable
damage from regular use and avoidable damage due to limitations with the erasable ink
technology.

Unavoidable damage to printing paper includes (1) folds and creases on the page
which prevent the page from being fed into the printer, (2) damage around the edges of

the page from staples, paper clips, etc., which can also prevent proper feeding into the
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printer, (3) the use of permanent inks on the page that can obscure future printing, and (4)
reduced sharpness of printed images due to build-up of ink on the page.

Avoidable damage is highly dependent on the method of printing employed and
the erasable ink system used. When using the erasable laser-jet toner, the polymeric

binder resin remains on the surface of the page.*"'?®

This presents two issues: (1) the
polymeric binder is not completely transparent and can be seen as a grey shadow (i.e.,
ghost image) after erasing,218 and (2) after numerous printings, the polymeric binder
forms a relatively thick layer on the surface of the paper which gives the page a stiff,
brittle feeling. The stiffness of the page can create problems with the feeding mechanism
of the laser-jet printer and is also unpleasant to the touch. The page can also be damaged
by repeated application of heat as a result of the erasing process leading to problems such
as paper browning and curling, both which prevent re-use of the sheet.'”

There are other issues associated with e-blue™ which preclude it from
widespread use. These include the high cost of purchasing a new laser-jet printer which
can use the e-blue™ toner, purchasing and housing the ‘oven’, foul odours associated
with heating a ream of paper inside an office, and the lack of other colours for erasable
laser-jet toners. Some of these issues are transferable to ink-jet printing applications (e.g.,
foul odours, paper browning, shadowing effects, etc.) but some can be avoided entirely
(e.g., paper will not become brittle since there is no binder, no need for an expensive
printer, many colours become available, etc.). It is the avoidance of these technical issues

that led to the project to study the development of the thermally erasable ink jet printer

(IJP) ink at Toshiba Co. RDC.
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8.1.2 Thermally Erasable Ink-Jet Printer Inks
8.1.2.1 Composition and Function

Erasable IJP inks are very similar to e-blue™ in both composition and function,
although the transport medium was changed to accommodate the different deposition
method.?*'** In the case of e-blue™, the transport medium was the polystyrene binder;
in the case of IJP inks, an aqueous/organic volatile solvent blend was used to carry the
colour-forming components to the page.”*'** IJP inks are generally colourless when
dissolved in the volatile solvent with colour formation occurring on the page as the
volatile solvent evaporates.”'

As was the case for e-blue™, the colour-forming components in IJP inks are a

291 The dyes and developers used in IJP

combination of leuco dye and phenolic developer.
inks must be soluble in the volatile aqueous/organic solvent, which places constraints on
the types of dyes and developers that can be used in this technology. As a result of the
different deposition method, the colouring agents in IJP inks need to have a much deeper
colour (i.e., large molar absorption coefficient, &, than dyes which can be used in laser-jet
printing.?*"*%

The reason for requiring high molar absorption coefficient dyes for IJP inks is
described schematically in Figure 8.2. In laser-jet printing, the toner is deposited directly
onto the surface of the page with minimal ink penetration (Figure 8.2 (a)). As a result,
most of the light incident on the page is reflected back to the observer after interaction
with the dye, and little light intensity is lost due to scattering within the page.

Conversely, 1JP inks are able to easily penetrate into the page due to the mobility of the

volatile solvent. This movement can carry the colour-forming components deep into the
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page causing a reduction in the observed colour density compared to an equivalent
amount of dye deposited by laser-jet printing (Figure 8.2 (b)). Incident light striking a
portion of the page with little dye present will reflect without significant spectral
modification causing the printed image to appear lighter. Additionally, dye particles
found deep in the page can scatter light within the page, preventing the light from

reflecting back to the observer, decreasing overall image brightness and quality.*'***°

(@ (b)

Figure 8.2. (a) Laser-jet toner is deposited on the surface of the page, incident light is reflected back
to the observer, and little light intensity is lost to scattering within the page. (b) IJP inks penetrate
deeply into the page due to the high mobility of the volatile solvent. Dye molecules found deep in the
page appear with less contrast due to scattering of light within the page, and reflective losses from
the surface of the page further reduce image colour density.”?

The other major difference between e-blue™ and IJP inks is the volatile solvent.
The major component of the solvent used in IJP inks is ethanol, which is deemed to be
one the safest organic solvents available that is capable of dissolving the colour-forming
components.”’"** Ethanol also is preferred due to its low boiling point (7. vap = 18 °C),
high volatility at room temperature, relatively pleasant odour, miscibility with water, and
very low cost.”*!
The use of ethanol as the volatile solvent does present some challenges. Many

leuco dyes are highly hydrophobic in nature due to their extended n-conjugated networks

and therefore have limited solubility in pure ethanol. To increase the solubility of such
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leuco dyes, solvent modifiers such as propylene glycol monomethyl ether (PGMME) and
isopropanol can be added.””" Additionally, IJP inks need to be filtered prior to addition to
the printer cartridge to prevent clogging of printer heads (i.e., print nozzles). An aqueous
surfactant solution also is added to the solvent to prevent clogging of the printer heads.”"'

Due to the impact of ink penetration on the colour density of IJP inks, the

viscosity of ethanol must be considered. The viscosity of ethanol at room temperature is
rather low, being only slightly higher than that of water (#gon = 1.074 x 10° Pas™, N0

=8.94x 10" Pas™).”! As a result, deposition of large amounts of ink can cause page
wetting and extensive ink penetration, even through the entire thickness of the page.”**
Ink penetration creates technical problems including reduced image colour density, poor
image quality and sharpness, difficult erasing, and the prevention of double-sided
printing which eliminates some of the benefits of erasable printing (i.e., reduced paper

. 215,216,223,224
consumption).” 7 7

Viscosity modifiers such as soluble polymers (e.g., poly(vinyl
alcohol)) and higher viscosity solvents (e.g., PGMME) can be added to increase solvent

viscosity and reduce ink penetration and page wetting.*"'

8.1.2.2 Colour Density Threshold Values

To determine if a dye-developer combination was suitable for further study,
colour density threshold values were established. The lower bound of the optimal colour
density of printed images is considered to be CD = 0.4. At these colour densities, the
printed image is dark enough to be easily read at arm’s length under most lighting
conditions. The optimal colour density after erasure is considered to be CD < 0.08. At

these colour densities, the printed image is considered completely erased and is
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essentially invisible to the naked eye.'®® A troublesome consequence of increasing the

printed colour density is that the erased colour density usually increases also.

8.2 Results and Discussion
8.2.1 Enhancement of the Colour Density of IJP Inks

One of the biggest limitations associated with e-blue™ was the poor colour
density of printed samples and, as described in section 8.1.2.2, this issue is magnified in
IJP inks. A number of ink compositions had been prepared and tested at RDC prior to the
start of the internship and the best of these compositions was used as a starting point

during the internship.

8.2.1.1 IJP Inks Containing CVL

The first ink composition studied in this work had been previously prepared by
researchers at Toshiba RDC and was known to have high printed colour density and good
erasability, but suffered from spontaneous colour loss within the first few days after
printing. The colour former in this ink was CVL and the developer was bisphenol F. The
structure of the latter is shown in Figure 8.3. CVL is preferred as a dye due to its large
molar absorptivity (¢ =2.8 x 10* L mol”' ¢cm™ in CH;CN, developed with acetic acid)®
and low cost, while bisphenol F was used due to its high solubility in ethanol, lack of
colour (very faint pink), ability to develop most leuco dyes, and reduced endocrine-
mediated properties (i.e., less disruptive to the endocrine system) compared to its

analogue bisphenol A.*%*%
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Figure 8.3. The structure of the phenolic developer, bisphenol F.

Five inks were prepared using CVL as the colour former; the exact compositions
are shown in Table 8.1. Different solvent compositions were used to modify the amount
CVL present in the printed image, to change the evaporation rate of the solvent, and to
change the viscosity of the solvent. Figure 8.4 shows the colour density fade curves for
the various CVL-containing inks as a function of time after printing (note that Day 0 is

the day samples were printed).

Table 8.1. The compositions of CVL inks.

Sample Mass of Mass of Mass of Mass of Sanizole Mass of

Name CVL/g BisphenolF /g Ethanol/g Solution/ g PGMME /g
CVLInk#1| 0.05 0.6 7.5 1.5 1
CVLInk#2| 0.05 0.6 10 1 0.5
CVLInk#3| 0.05 0.6 8.5 1.1 1
CVLInk#4| 0.05 0.6 8.5 1 0.5
CVLInk#5| 0.05 0.7 8.5 1 0.5
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Figure 8.4. Colour density fade of CVL-containing IJP inks as a function of time. Rapid colour loss
was observed within the first few days after printing. Note: lines are added as a guide to the eye.

Although most of the inks prepared approach the CD = 0.4 threshold, indicating
very good initial colour density, it is apparent that these CVL containing inks
demonstrate very poor colour stability over time. Within four days of printing, inks #2,
#3, and #4 were completely erased (CD = 0.08) and the other two were essentially erased

on sitting for two weeks.

8.2.1.2 1JP Inks Containing Blue 63 and Blue 203

The results presented in section 8.2.1.1 indicate that CVL likely is not a suitable
dye for use in erasable IJP inks due to very poor colourfastness (i.e., resistance to colour
fade).'” To mitigate issues with poor colourfastness, the leuco dyes blue 63 and blue 203
(structures shown in Figure 8.5) were tested to determine if the colour densities of these
dyes could match that of CVL inks. blue 203 is the dye used in e-blue"™ and is known to

have good colourfastness, while blue 63 is also expected to demonstrate good
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colourfastness due to its structural similarities to blue 203. The only difference in
structure between the two compounds is the length of the alkoxy chain attached to the

“free” aminophenyl moiety.

Blue 63 Blue 203

Figure 8.5. The structures of (a) blue 63 and (b) blue 203. The highlighted regions indicate the
structural differences between the two leuco dyes.

Three inks were prepared using bisphenol F as the developer, two containing blue
203 with the other containing blue 63. The compositions of these inks are given in Table
8.2. Figure 8.6 shows the colour fade behaviour of blue 63 and blue 203 inks, with CVL
ink #5 presented for comparison. The colourfastness properties of blue 63 and blue 203
inks were indeed much better than CVL inks; however, the initial colour densities were
substantially lower. The initial colour density of the blue 203 inks (CD = 0.32) was
higher than that of the blue 63 ink (CD = 0.28), but both fell short of the CD = 0.4
threshold needed for optimal initial image colour density. The excellent colourfastness
properties associated with blue 203 were negated by the low initial colour densities which

led to the study of other blue leuco dyes.

306



Table 8.2. The compositions of blue 63 and blue 203 inks.

Sample Name

Blue 63 Ink #1
Blue 203 Ink #1
Blue 203 Ink #2

Mass of Mass of Mass of Mass of Sanizole = Massof  Mass of iso-
Dye /g Bisphenol F/g Ethanol/g Solution /g PGMME /g propanol/g
0.058 0.6 9.5 1.5 0.5
0.065 0.6 9.5 1.5 0.5

0.08 0.65 9 1.5 1 0.25
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Figure 8.6. Colour fade of blue 63 and blue 203 inks as a function of time. CVL ink #5 is presented
for comparison. Although little colour fade was observed in these inks, the initial colour density was
low. Note: lines are added as a guide to the eye.

8.2.1.3 1JP Inks Containing Blue C40OH, Blue C6NH2 and PS-Blau

The final set of blue leuco dyes tested was selected due to their strong blue

colouration in the ring-open form and lack of colour in their leuco forms. Figure 8.7

shows the structures of blue C40OH, blue C6NH2, and PS-blau.
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Blue C40H Blue C6NH2 PS-Blau

Figure 8.7. The structures of the leuco dyes (a) blue C40H, (b) blue C6NH2, and (c) PS-blau. The
highlighted regions indicate the structural differences between blue C4OH and blue C6NH2.

These three dyes, along with blue 63 and blue 203, all share a common backbone
structure with modifications occurring on the “free” aminophenyl moiety and/or on the
indole moiety. The influence of the side-chains on the stability of the ring-opened form of
a leuco dye, and subsequently the colourfastness of printed images, is not well
understood, but there are marked differences in the behaviour of the dyes when subtle
changes in the molecular structure are introduced.'®*

Comparing blue 63 to blue 203, the only structural difference between the two
compounds is the length of the carbon chain of the ether attached to the aminophenyl
moiety. The blue 63 ink is shown (see Figure 8.6) to have a lower initial colour density
than the blue 203 inks, which could be a consequence of enhanced solubility of blue 203
due the presence of the longer alkyl chain attached to the ether oxygen.

In the case of blue C40OH and blue CONH2, it is possible that the presence of an —
OH or —NH; group on the ether chain provides additional hydrogen bonding sites for the
ring opened form, stabilizing it and giving rise to better colourfastness in the ring-open
form. The presence of polar —-OH and —-NH; groups might also enhance solubility in

solvents such as ethanol and water due to additional hydrogen bonding sites. CVL lacks
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functional group modifications (i.e., no ether oxygen, hydroxyl or amino groups) in the
vicinity of the lactone ring, which could provide an explanation for the poor
colourfastness demonstrated by CVL inks; the lack of additional hydrogen bonding sites
due absence of oxygen and nitrogen atoms reduces the stability of the open form, which
causes the ring-opening equilibrium to shift to the leuco form.

The compositions of blue C40H, blue C6NH2, and PS-blau inks are given in
Table 8.3. Note that a PVA solution (0.35 mg per 1 g water) was used in these inks to
modify the viscosity of the solvent. An analysis of the impact of viscosity modification is

given in section 8.2.3.

Table 8.3. The compositions of blue C40H, blue C6NH2 and PS-blau 203 inks.

Mass of Mass of Mass of  Mass of Aqueous Mass of

Sample Name . .
Dye/g Bisphenol F /g Ethanol/g PVA Solution/ g PGMME/g

Blue C40H Ink 0.06 0.525 6 3 3
Blue C6NH2 Ink 0.06 0.525 6 3 3
PS-Blau 0.06 0.525 6 3 3

Figure 8.8 shows the colour fade behaviour of the inks containing blue C40H,
blue C6NH2, and PS-blau. The best colour density properties observed in this work
belong to inks containing blue C4OH and blue C6NH2. Both these inks demonstrate high
initial colour density, matching that of CVL containing inks and exceeding the CD = 0.4
threshold required for ideal image quality. Inks containing blue C40H and blue CONH2
also demonstrated good colourfastness as the colour density remained near CD = 0.3 for
up to 10 days after printing. The inks containing blue 203 were able to maintain CD = 0.3
for up to three weeks after printing, but the initial colour density (CD = 0.3) was

substantially less than that of blue C40H inks (CD = 0.45). The ink containing PS-Blau
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behaved very similarly to inks containing CVL, but with better colourfastness coupled

with lower initial colour density.

0.50
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Figure 8.8. Colour fade of inks containing blue C40H, blue C6NH2 and PS-blau as a function of
time. CVL ink #5 is presented for comparison. Initial colour densities in the blue C4OH and blue
C6NH2 inks exceeded the CD = 0.4 threshold, and colourfastness was substantially better than in
CVL inks. Note: lines are added as a guide to the eye.

8.2.2 Effectiveness of Erasing — IJP Inks

A useful erasable ink needs to be just that: erasable. The following sections
discuss the effectiveness of erasing of the inks discussed in section 8.2.1. The reader is
referred to the subsections of section 8.2.1 for ink compositions. Printed samples
generally were erased on the same day they were printed, with Day 0 being the day of
printing and erasing. Two characteristics were examined during the erasing studies; (1)
the reduction of colour density caused by the erasing procedure (CD = 0.08 is considered

fully erased) and (2) the resistance to colour reformation over time, which is required to
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maintain the erased image. Unless otherwise noted, all erasing was carried out using the

“oven”.

8.2.2.1 IJP Inks Containing CVL

The effectiveness of erasing for inks containing CVL is shown in Figure 8.9.
These samples were erased using the “iron-eraser”, which is known to be less effective
than the “oven-eraser”. Nevertheless, all five of the CVL containing inks demonstrated
very good erasure immediately after printing and were able to maintain the erased state
for an extended period of time. CVL ink #1 demonstrated a slight increase in colour
density within the first few days after printing; this increase was attributed to being the
first attempt at erasing samples using the hot iron, resulting in less than ideal erasing.
CVL inks were expected to be easily erased based on the results presented in section
8.2.1.1, since CVL inks were shown to spontaneously decolour over time. As will be
demonstrated in the following sections, there is a correlation between poor colourfastness

and effective erasing, and vice versa.
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Figure 8.9. Colour density versus time after erasing for CVL inks. The erasing of these samples was
carried out using the “iron-eraser”. Initial colour densities before erasure were CD = (.35 to 0.40.

Note: lines are added as a guide to the eye.

8.2.2.2 IJP Inks Containing Blue 63 and Blue 203

IJP inks containing blue 63 and blue 203 were shown (section 8.2.1.2) to have

very good resistance to colour fade over time. Unfortunately, this good fade resistance

was coupled with poor initial colour density. Figure 8.10 shows the change in colour

density after erasing as a function of time for “oven-erased” samples. It is evident that the

erased colour density approached the CD = 0.08 threshold immediately after erasing. A

slight increase in the colour density was observed in blue 203 ink #2 over the course of a

few weeks. A consequence of this was the reappearance of visible images on the page

that could obscure future printing.
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Figure 8.10. Colour density versus time after erasing for inks containing blue 63 and blue 203. All
three inks show good colour erasure and maintain the erasure over time. Initial colour densities
before erasure were CD = (.25 to 0.30. CVL ink #5 is shown for comparison. Note: lines are added as
a guide to the eye.

The blue 63 ink demonstrated good erasing behaviour despite also having good
colourfastness. This is likely due to the low initial colour density of the blue 63 ink,
which makes it much easier to reduce the colour density to the CD = 0.08 threshold than
would be possible for an ink with equivalent colourfastness but higher initial colour

density.

8.2.2.3 1JP Inks Containing Blue C40H, Blue C6NH2 and PS-Blau

1JP inks containing blue C40H and blue CONH2 demonstrated very promising
initial colour density values as well as good resistance to colour fade over time. Figure
8.11 shows the colour erasure behaviour of these inks. The promising blue C4OH and
blue C6NH2 inks demonstrated poor initial colour erasure and also suffered from poor
resistance to colour reappearance over time. As discussed in section 8.2.2.1, there appears

to be a correlation between good colourfastness and poor erasing. The practical
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consequence of this correlation is that an ink demonstrating good initial colour density
and good resistance to colour fade will often also suffer from poor erasing and poor

maintenance of the erased state, as observed for the blue C40OH and blue C6NH2 inks.
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Figure 8.11. Colour density versus time after erasing for inks containing blue C4OH, blue C6NH2
and PS-blau. The three inks show fairly poor colour erasure and do not maintain the erased state
over time. Initial colour densities before erasure were CD = 0.35 to 0.45. The colour fade behaviour of
CVL ink #5 is shown for comparison. Note: lines are added as a guide to the eye.

8.2.3 Modification of the Viscosity of IJP Inks

The viscosity of IJP inks is known to play an important role in the quality of
printed images. Low-viscosity inks can be deposited on the page at a much higher rate
than high-viscosity inks due to the deposition method employed in IJP printing (the
printer literally fires a jet of liquid ink onto the page).181 High penetrability of low
viscosity inks results in a number of detrimental effects that reduce the quality of printed
images including print mottle (uneven colour density across an image), decreased colour

226 11 an effort

314

density, and the appearance of the image on the opposite side of the page.



to increase the viscosity of IJP inks, viscosity modifiers such as PVA, gelatine, and corn
starch were added to the inks. PVA was used most extensively in this work and therefore

it is the only viscosity modifier discussed in detail.

8.2.3.1 IJP Inks Containing CVL Modified With PVA

A series of six inks containing varying amounts of PVA were prepared and tested
for colour fade rate and erasing effectiveness. CVL (50 mg) was used as the dye for these
studies in an effort to enhance the colourfastness of CVL inks and to take advantage of
the low cost of CVL. The developer used in these inks was bisphenol F (500 mg). PVA
was added, in the form of a stock solution (0.35 mg PVA per | g of water), in varying
amounts to create a range of PVA concentrations. The final concentrations of PVA in the
six inks are listed in the legend of Figure 8.12, which shows how colour density changes
as a function of time after printing.

It is apparent from the data shown in Figure 8.12 that there is little correlation
between the initial colour density and the PVA concentration, as well as little
modification of the colour fade rate. All of the curves follow the same colour fade
behaviour and only one ink (PVA = 0.05 mg/g) had a colour density matching that of the
previously studied CVL-containing inks. The increased initial colour density in the 5
mg/g ink compared with the other PV A-containing inks is not fully understood. One
explanation is that the increased PVA concentration caused the viscosity of the ink to
increase, reducing ink penetration and causing the colour density of the printed image to
become larger due to the fact that more of the dye remained near the surface of the page.

The final colour density after less than a week on the bench approached CD = 0.08 for all
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inks, indicating that these inks demonstrated very poor colourfastness and would be

easily erased.

0.5

8 =+=0.05mg/g
= -=-0.025 mg/g
'E =+0.0125 mg/g
5 0.008 mg/g
a 0.005mg/g
[ =o~-0 mg/
= 99
—
8 _____________________________
=0.08
O 1 { 1 { 1 { 1 I 1 I 1 i 1 i 1
0 1 2 3 4 5 6 7 8

Days After Printing

Figure 8.12. Colour density fade as a function of time after printing of CVL-containing inks to which
PVA was added. The legend indicates the concentration of PVA in the final ink mixture. There
appears to be little correlation between PV A loading and colourfastness as all samples behave
similarly. Note: lines are added as a guide to the eye.

There was essentially no difference in the colour erasing behaviour between the
samples, as demonstrated by the results shown in Figure 8.13. All of the samples were
well erased (CD = 0.1) and none of the images showed colour reappearance over time.
From the data reported in Figure 8.12 and Figure 8.13, it appears that PVA generally had
little influence on the colouring behaviour of CVL-containing inks. A potential
explanation is that the PVA concentration was too low to affect any change in the system.
To further study the influence PVA might have on the colouring behaviour of erasable

IJP inks, Blue C40H inks containing PVA were prepared.
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Figure 8.13. Colour density after erasing for CVL inks containing PVA. The legend indicates the
concentration of PVA in the final ink mixture. All of the samples demonstrate very good erasing and
no colour reformation over time. Initial colour densities before erasure were CD = 0.25 to 0.40. Note:
lines are added as a guide to the eye.

8.2.3.2 IJP Inks Containing Blue C40H Modified With PVA

A similar set of inks was prepared using blue C40H (50 mg) as the dye and
bisphenol F (500 mg) as the developer. A new PV A stock solution in water (3 mg/g) was
prepared to increase the concentration of PVA in the inks. From the data shown in Figure
8.14 (colour fade) and Figure 8.15 (colour density after erasing), it is apparent that there
was little correlation between PV A concentration and colour change behaviour in these
inks. This finding matches the results obtained in section 8.2.3.1 for CVL-containing
inks. In this instance, the ink containing 0.1 mg/g PVA (in the final ink mixture), which
was the intermediate PVA concentration, had the highest initial colour density. This is in
contrast to the inks shown in Figure 8.12, in which the ink with the highest PVA
concentration had the highest initial colour density, further demonstrating that the

colouring behaviour of IJP inks was not strongly dependent on PVA concentration.
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Figure 8.14. Colour density fade as a function of time after printing for blue C40H inks modified
with PVA. The legend indicates the concentration of PVA in the final ink mixture. There appears to
be no correlation between PVA loading and colourfastness as all curves behave similarly. A CVL-
containing ink, modified with PVA, is shown for comparison. Note: lines are added as a guide to the
eye.
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Figure 8.15. Colour density after erasing for blue C40H inks modified with PVA. The legend
indicates the concentration of PVA in the final ink mixture. All of the samples demonstrate good
erasing with little colour reformation over time. Initial colour densities before erasure were CD =
0.30 to 0.40. A CVL-containing ink, modified with PVA, is shown for comparison. Note: lines are
added as a guide to the eye.
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It is possible that the concentration of PVA was simply too low to have a
detectable effect on the penetrability of IJP inks. High water temperatures (e.g., 80 to 90
°C) and long mixing times (e.g., over 60 minutes) may be required to fully dissolve PVA
into water at high PVA concentrations (> 10 mass%),”?’ therefore extended studies of the
influence of PVA on IJP inks were considered to be too time-consuming for the purposes
of the internship.

Nevertheless, the higher PVA concentration stock solution (3 mg/g) was added to
the inks discussed in subsequent sections. On visual inspection of inks containing PVA
compared with inks lacking PV, it appeared that sharper printed images were obtained
with PVA present in the ink. This was likely due to slightly increased viscosity, which
reduced ink penetrability into the page, causing the ink to become less laterally dispersed
during printing and, therefore, sharpened the printed image. However, neither the
concentration dependence of the colouring behaviour, nor the concentration dependence

of the sharpness of the printed image, was studied further.

8.2.4 Best Ink Prepared During the Internship

The best set of inks prepared during the internship contained blue C4OH as the
leuco dye (50 mg) and 2,4-dihydroxybenzophenone (DHB, see section 6.1.2.2 and Figure
6.2 for structure) as the developer (500 mg). DHB was not used during earlier studies of
IJP inks due to its yellow colour, however when coupled with blue C4OH the initial
colour density is very high (CD = 0.4) and the post-erase shadow was so faint that it was
barely visible to the naked eye. The inks containing blue C4OH with DHB also showed

good colourfastness, with the final colour density values falling in the range of CD = 0.2

319



to 0.25 up two weeks after printing, as shown in Figure 8.16. The main reason these inks

were selected as the best (of those prepared during the internship) is the excellent erasing

behaviour demonstrated by these inks, evidenced by the data shown in Figure 8.17.
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Figure 8.16. Colour density fade as a function of time after printing for blue C40OH/DHB inks
modified with PVA. The legend indicates the concentration of PVA in the final ink mixture. Note:
lines are added as a guide to the eye.
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Figure 8.17. Colour density after erasing for blue C4OH/DHB inks modified with PVA. The legend
indicates the concentration of PVA in the final ink mixture. All of the samples demonstrate very good
erasing and essentially no colour reappearance over time. Initial colour densities before erasure were
CD = 0.35 to 0.40. Note: lines are added as a guide to the eye.
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One additional modification to the ink composition was made during the final
stages of the internship: the addition of acetic acid. Addition of acetic acid (1 gofa 1 M
aqueous solution to an ink with a total solvent mass of 15 g) resulted in a darkening of the
printed image as acetic acid is able to easily convert the leuco form of blue C40H to the
coloured form. The addition of acetic acid does not influence the erasing ability of the ink
due to its volatility ; the heat treatment in the oven causes the acetic acid to evaporate
(Thgp =118 °C).**! Initial concerns about paper browning due to the presence of acetic
acid were unfounded as the acetic acid did not degrade the paper at this low

concentration.'*°

The colour fade and erasing properties of the acetic acid-modified blue
C40OH/DHB ink are shown in Figure 8.18. Erasing was nearly ideal (CD = 0.08) with this
ink, and the initial (CD = 0.4) colour density and the value after a week (CD = 0.3) was

among the best observed during the internship.
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Figure 8.18. The best ink prepared during the internship containing blue C4OH as the dye, DHB as
the developer, PVA as a viscosity modifier, and acetic acid as a colour deepener. Note: lines are
added as a guide to the eye.
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Figure 8.19 shows examples of the printed and erased images obtained via printed
with the blue C4OH/DHB ink, modified with both acetic acid and PVA. The printed
images (Figure 8.19 (a)) were sharp, the initial colour density is very good, and the ink
did not penetrate through the entire thickness of the page. The dark colour of the images
allows the page to be easily read, even in low light conditions. The increased viscosity of
the inks, and concomitant reduction in ink penetrability, allows for double-sided printing.

The erased images (Figure 8.19 (b)) were almost completely invisible to the
naked eye (an extremely weak yellow shadow is visible if the page is held very close to
the eye) and colour did not reform in these samples over the observation period (two
weeks). Although some technical issues associated with colour fade remain, the high
quality of printed images and the excellent erasing demonstrated by the blue C4OH/DHB

inks indicate that erasable 1JP ink technologies might be close to commercialization.

+ Heat

Figure 8.19. (a) Printed image and (b) erased image created with the blue C4OH/DHB ink modified
with both PVA and acetic acid. The printed image has good colour density and the text is sharp. The
box marked (1) was used as a placeholder, so that when the ink is erased it was possible to record the
colour density of the erased image. No residual shadows are observable on the erased image.
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8.3 Conclusions Regarding Thermally Erasable Ink-Jet Printer
Inks

A number of conclusions about the design and function of erasable IJP inks can
be drawn from the results presented in this chapter. First and foremost, the development
of erasable ink technologies is very difficult as the optimization of one property (e.g.,
colourfastness) is often detrimental to another property (e.g., erasing ability).*'** In
general, inks that were resistant to colour fade over time were also more difficult to erase.
Many of the inks tested were not very resistant to colour fade over time, especially inks
containing CVL, and were subsequently easily erased.

Attempts to modify the colouring behaviour of IJP inks by modifying the
viscosity of the solvent ultimately proved inconclusive. There was little correlation
observed between the amount of PVA added to an ink and the initial printed colour
density or colour fade rate. This could be the result of PVA concentrations being too low
or the PVA not modifying the viscosity of the ink enough to change penetration depths.
Although viscosity of the inks was not quantified during the internship (or in this thesis),
inks containing a large amount of PVA (e.g., 0.4 mg/g) were generally sharper than
images printed with inks that lacked PVA. The increased sharpness of images printed
with PV A-containing inks does provide indirect evidence for viscosity modification as
higher-viscosity IJP inks, which penetrate less deeply into the sheet, usually produce
sharper images.***

There are a number of factors at play that can influence the colour fade rate, and
although some of these factors can be easily controlled (e.g., exposure to light can cause

photobleaching,” so samples were stored in the dark), some factors are beyond control
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(e.g., humidity in the air can decrease initial colour density). Water is known to play an

important role in the colouring and erasing reactions in these systems.'"

Unfortunately,
control of atmospheric humidity in the laboratory was very difficult to maintain due to
governmental limitations placed on electricity consumption in the wake of the 2011
Tohoku earthquake and tsunami which disrupted the electrical grid throughout Japan.
The blue C4OH/DHB inks modified with PVA and acetic acid showed the best
colour properties of the inks studied during the internship, and represented a culmination
of the progress in the understanding of the chemical processes that give rise to the
colouring behaviour observed in erasable IJP inks. Resistance to colour fade and colour
erasing ability were inversely related; inks that were easily erased were less resistant to
spontaneous colour fade. Colour deepeners, such as acetic acid, can be used to enhance
the initial colour density of inks that were initially weakly coloured, without detrimental
impacts on the erasing ability. Low solvent viscosity arising from the use of ethanol and
iso-propanol, which are much less toxic than more effective halocarbon solvents, caused
poor image sharpness and extensive page-wetting. These two detrimental effects can be
overcome by modification of the viscosity of the solvent with polymeric materials such
as PVA. The identification of technical issues, and the development of potential
solutions, allowed for the engineering for thermally erasable ink-jet printer inks that

demonstrated high initial colour density, good resistance to colour fade, sharp image

formation on printing, and excellent erasing ability.
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Chapter 9  Summary, Conclusions, and Future Work

9.1 Summary of Reversible Thermochromism in Three-
Component Mixtures

The influence of the length of the alkyl chains attached to the alkyl gallate
developer and the alkyl alcohol solvent on the reversible thermochromic properties of
CVL:gallate:alcohol mixtures was examined in the present work. Two colour
determination methods, observational spectroscopy and colour photo analysis, were used
to study the change in colour density of these mixtures upon transition from the
equilibrium solid state to the molten state. Chapter 4 examined the influence of
modifying the solvent alkyl chain length, Chapter 5 examined the influence of modifying
the developer alkyl chain length, and Chapter 6 explored the influence of other
developers and solvents on the thermochromic properties of three-component, reversible
thermochromic mixtures. Chapter 8 discussed studies on the properties of thermally
erasable ink-jet printer inks. The following sections briefly summarize the most important

results obtained in the present work.

9.1.1 Influence of the Solvent Alkyl Chain Length

In Chapter 4, the thermochromic behaviour of CVL:DDG:alcohol mixtures was
shown to be dependent on the difference in length of the alkyl chains attached to DDG
and the alcohol solvent. When the alkyl chain lengths were well-matched (e.g., two
carbon atom difference in CVL:DDG:TD-OH mixtures), melt-darkened thermochromism
was observed. Increasing the length of the solvent alkyl chain caused the alkyl chain

lengths to become mismatched (e.g., four carbon atom difference in CVL:DDG:HD-OH
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mixtures, and six carbon atom difference in CVL:DDG:OD-OH mixtures). This range
resulted in melt-lightened thermochromism at low developer and high solvent
concentrations for HD-OH and OD-OH mixtures. In the same systems, melt-darkened
thermochromism could be obtained by increasing the developer concentration and
decreasing the solvent concentration.

CVL:DDG:TD-OH mixtures were shown to display melt-darkened
thermochromism over a wide compositional range (e.g., 2 <y < 10 and 25 <z < 100).
The solid state usually was colourless since DDG and TD-OH undergo strong attractive
interactions,'”’ which sequester the developer from the dye and prevent colour formation
in the solid state. Coloured molten phases were obtained when the concentration of the
developer was sufficiently large to generate the coloured form of CVL. A graphical
summary of the observed behaviour of CVL:DDG:TD-OH mixtures at high solvent

concentrations (e.g., z > 80) is shown in Figure 9.1.
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Figure 9.1. A stylized summary of the observed thermochromic behaviour of CVL:DDG:TD-OH
mixtures at high solvent concentrations (e.g., when z > 80). The equilibrium solid state was always
colourless, and melt-darkened thermochromism could generate a coloured melt at high developer
concentrations (e.g., y > 9).
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melt-lightened and melt-darkened thermochromism, depending largely on the

The CVL:DDG:HD-OH and CVL:DDG:0D-OH systems demonstrated both

concentration of the developer and solvent. Between these two regions, some samples did

not display any colour change on melting and were considered non-thermochromic. The

general features of thermochromic behaviour for CVL:DDG:HD-OH and

CVL:DDG:OD-OH mixtures, for high solvent concentrations (e.g., z = 80 to 100), are
shown in Figure 9.2. Melt-darkened thermochromism was observed at high developer
concentrations (e.g., y = 6 to 10), melt-lightened thermochromism was observed at low

developer concentrations (e.g., y = 0.5 to 4), and non-thermochromic behaviour was

obtained at intermediate developer concentrations (e.g., y = 4 to 6).
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Figure 9.2. A stylized summary of the thermochromic behaviour of CVL:DDG:HD-OH and
CVL:DDG:OD-OH mixtures at high solvent concentrations (e.g., when z = 80 to 100). The
equilibrium solid state usually was coloured, with melt-darkened thermochromism occurring at high

developer concentrations (e.g., y = 6 to 10), and melt-lightened thermochromism occurring at low

developer concentrations (e.g., y = 0.5 to 4).

Colour Density
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9.1.2 Influence of the Developer Alkyl Chain Length

Chapter 5 explored the influence of changing the alkyl chain length of the gallate
developer on the thermochromic properties of three-component systems.
CVL:0ODG:alcohol mixtures demonstrated melt-darkened thermochromism in the
compositional ranges examined in this work. Due to the similarity in alkyl chain length
for ODG:0OD-OH (zero carbon atom difference) and ODG:HD-OH (two carbon atom
difference) mixtures, melt-lightened thermochromism was expected, but melt-darkening
was observed. The behaviour of the CVL:ODG:TD-OH system was somewhat surprising
given that the difference in alkyl chain length was the same as the CVL:DDG:HD-OH
system (which demonstrated melt-lightened thermochromism at most compositions). The
longer alkyl chain of the ODG, therefore, stabilized the developer:solvent complex in the
solid state of CVL:ODG:TD-OH mixtures more than in CVL:DDG:HD-OH mixtures.
Figure 9.3 summarizes the thermochromic behaviour of CVL:0DG:alcohol mixtures at
the low solvent concentrations (e.g., z = 25), for which the best colour contrast was

observed.
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Figure 9.3. A stylized summary of the observed thermochromic behaviour of CVL:0ODG:solvent
mixtures at low solvent concentrations (e.g., when z = 25). The equilibrium solid state was always
colourless, and melt-darkened thermochromism generated high melt colour density at high developer

loading (e.g., y = 6).
Mixtures containing octyl gallate (OG) and propyl gallate (PG) as the developer
demonstrated melt-lightened thermochromism over a much wider compositional range
than the CVL:DDG:HD-OH and CVL:DDG:0OD-OH mixtures. The large degree of alkyl
chain length mismatch in octyl gallate (six to 10 carbon atoms) and propyl gallate (11 to
15 carbon atoms) caused the attractive interactions between the developer and solvent in
the solid state to be substantially weakened. This resulted in the formation of deeply
coloured equilibrium solid states at virtually all compositions studied in this work. It was
therefore difficult to obtain melt-darkened thermochromism, whereas complete
decolouration of the melt was obtained when the solvent concentration was sufficiently
large (e.g., z = 100). PG- and OG-containing mixtures demonstrated some of the best
colour contrast observed in this work due to the formation of strongly coloured solid

states and fully decoloured melts. Figure 9.4 summarizes the observed thermochromic
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behaviour for PG- and OG-containing mixtures at high solvent concentrations (e.g., z =

85 to 100).
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Figure 9.4. A stylized summary of the thermochromic behaviour of CVL:PG:alcohol and
CVL:0G:alcohol mixtures at high solvent concentrations (e.g., when z = 85 to 100). The equilibrium
solid state always was coloured, with melt-lightened thermochromism occurring at virtually all
developer concentrations (e.g., y = 0.5 to 6), and complete decolourization of the melt occurring when

y<2.

Mixtures containing gallic acid (GA) provided an interesting example of some of
the technical difficulties associated with poorly soluble developer components. Prior to
solvent melting in the TD-OH system, no colour was observed. Solvent melting
generated colour, which was maintained on cooling. In the HD-OH system, the colour
density was high in both the equilibrium solid and molten phases, yielding effectively no
colour change. In the OD-OH system, the colour density in the equilibrium solid and in
the high temperature melt was low, whereas strong colouration formed just above the
melting point of OD-OH. All of the gallic acid mixtures examined were plagued by low

reproducibility of the colouring behaviour and high melt opacity.
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9.1.3 Other Developer and Solvent Components

Bisphenol A (BPA) and 2,4-dihydroxybenzophenone (DHB) were used as
developers and showed that a low degree of structural similarity between the developer
and solvent is sufficient to generate mixtures demonstrating high contrast, melt-lightened
thermochromism. In BPA and DHB mixtures, the equilibrium solid state was coloured at
all compositions studied, with low solvent concentration samples (e.g., z < 100)
demonstrating high equilibrium colour density. DSC experiments showed that both BPA
and DHB experience a weak attractive interaction with HD-OH, which was insufficiently
strong to generate compound formation, as had been observed in the DDG:TD-OH
system. Consequently, the solvent was not able to sequester the developer from the dye in
BPA and DHB three-component mixtures, and strong colouration of the equilibrium solid
was observed at all compositions. Figure 9.5 summarizes the observed thermochromic

behaviour for BPA and DHB-containing mixtures at low solvent concentrations (e.g., z <

100).
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Figure 9.5. A stylized summary of the thermochromic behaviour of CVL:BPA:HD-OH and
CVL:DHB:HD-OH mixtures at low solvent concentrations (e.g., when z < 100). The equilibrium solid
state always was coloured, with melt-lightened thermochromism occurring at all compositions.

At low solvent concentrations (e.g., z = 25 to 60), CVL and/or BPA (or DHB) did
not become fully dissolved in the molten solvent. Solid CVL was observed at very low
solvent concentrations (e.g., z < 30) and solid BPA (or DHB) was observed at
intermediate solvent concentrations (e.g., when z = 45 to 60). To reduce the opacity of the
melt, the solvent concentration was vastly increased (e.g., z = 110 to 2600). Although the
opacity of the melt was reduced, the colour density of the solid state also was reduced,
generating mixtures with lower colour contrast than the z < 100 mixtures. Figure 9.6
summarized how the colour density of the solid state varied with solvent and developer

concentrations at high solvent concentrations (e.g,. z =110 to 2600) for BPA and DHB

mixtures.
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Figure 9.6. A stylized summary of the thermochromic behaviour of CVL:BPA:HD-OH and
CVL:DHB:HD-OH mixtures at high solvent concentrations (e.g., when z > 100). High solid-state
colour densities were obtained at high developer (y = 10 to 16) and low solvent (z < 500)
concentrations. Low solid state colour density was observed at very low developer (e.g. y = 0.3 to 0.5)
and high solvent (e.g., z = 1000) concentrations.

Finally, octadecanethiol (OD-SH) was used as a solvent component in three-
component mixtures to examine the influence of the solvent end-group. CVL:DDG:0D-
SH mixtures demonstrated melt-darkened thermochromic behaviour over a wide range of
compositions (e.g., where z < 100). Very high dilution of the colouring components (e.g.,
z > 500) was required to obtain melt-lightened thermochromic behaviour. DSC analysis
showed that DDG and OO-SH do not experience any attractive interactions in binary
mixtures, therefore the developer was not sequestered by the solvent in the solid state in
ternary mixtures, and consequently the equilibrium solid state was strongly coloured at
virtually all compositions. Very high solvent concentrations (e.g., z > 900) were required
to cause consistent decolourization of the melt, allowing for melt-lightened
thermochromism to occur. Figure 9.7 summarizes the change in thermochromic

behaviour for CVL:DDG:OD-SH mixtures, y = 5 to 6 and 500 <z <2000, with melt-
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lightened behaviour observed at high solvent loading, and melt-darkened behaviour

observed at low solvent loading.
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Figure 9.7. A stylized summary of the thermochromic behaviour of CVL:DDG:OD-SH mixtures at
high developer loading (y = 5 to 6). Melt-darkened thermochromism was obtained at low solvent
concentrations (z < 500). Melt-lightened thermochromism was obtained at high solvent
concentrations (900 < 7 <2000). Between these two regimes, z = 700, non-thermochromic behaviour

was observed.

9.1.4 Influence of the Solvent Rotator Phase

The rotator phase of the solvent was shown to play a role the decolourization of
coloured equilibrium solids as the solvent was heated from the low temperature ordered
phase (LO-phase) to the rotator phase (R-phase). In mixtures that displayed melt-
lightened thermochromism from a coloured solid state, the heightened degree of
orientational disorder of the solvent R-phase allowed for heightened molecular mobility
of the developer and/or dye in the solid state. This allowed the developer to dissociate

away from the dye, similar to the mode of decolourization in the melt where the dye and
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developer dissociate away from one another, causing the solid mixture to become
decoloured when the solvent transitioned into the R-phase.

Another feature associated with the solvent R-phase was the anomalous increase
in colour density in the solid state near the low end of the LO-to-R phase transition
temperature range for the pure solvent. This feature was most pronounced in the
CVL:DDG:HD-OH system. As the solvent transitioned into the R-phase, slight
decolouration of the coloured equilibrium solid occurred. Upon removing the sample
from the water bath, the solvent transitioned back into the LO-phase due to sample
cooling near the exterior of the sample vial. Conversion to the LO-phase was noted, for
most samples, to generate strong colouration in the solid state due to the formation of a
metastable solid; this was akin to the thermal quenching technique employed by
MacLaren, Tang, and White to generate thermochromism in previous studies.'*"'*
Further heating returned the R-phase of the solvent with concomitant colour loss.

On cooling, the R-phase of the solvent was formed immediately on solvent
solidification and generally did not substantially impact the colour density of the mixture.
Melt-lightened mixtures usually maintained low colour density on transition from the

melt to the R-phase of the solvent, with large increases in colour density occurring on

transition into the LO-phase of the solvent.
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9.1.5 Melt-Lightened vs. Melt-Darkened Thermochromism and Maximum
Colour Contrast

The colour contrast between the equilibrium solid state and the melt is one of the
most important physical properties of a thermochromic material. To obtain high colour
contrast, either the melt or the equilibrium solid state should be fully decoloured. For
melt-darkened mixtures, decolouration of the solid state was reliant on strong attractive
interactions between the developer and solvent components. This was possible when the
solvent and developer alkyl chain lengths were well-matched (e.g., for DDG:TD-OH and
ODG-containing mixtures). Conversely, melt-lightened mixtures required decolourization
of the melt to allow for high colour contrast. Melt decolourization was obtained by
increasing the solvent concentration (e.g., z > 100), which resulted in destruction of the
coloured dye:developer complex by dissociation of the colouring components initiated by
dissolution into the molten solvent.

Maximum colour contrast values obtained for each ternary system examined in
the present work are listed below. The results obtained via colour photo analysis are
presented separately from those obtained via observational spectroscopy. Additionally,
melt-darkened mixtures and melt-lightened mixtures are presented separately for ease in
comparing the colour contrast values.

Table 9.1 lists the colour contrast values and equilibrium and melt colour
densities for melt-darkened samples analyzed via colour photo analysis. The
CVL:ODG:TD-OH mixture demonstrated the highest colour contrast (ACDpax = 1.1),
while the other systems demonstrated moderate colour contrast values (ACDyax = 0.7 to

0.8). The excellent colour contrast and decoloured solid state observed for the
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CVL:ODG:TD-OH system is a promising result when considering applications in
thermochromic materials.

Table 9.1 Colour contrast values and equilibrium solid and melt colour densities obtained via colour
photo analysis for melt-darkened thermochromic mixtures. The samples listed demonstrated the
highest colour contrast observed here for each ternary system.

Components Composition CDgquil CDyere ACD pax
CVL:DDG:TD-OH [1:9:90] 0.1 0.8 0.7
CVL:ODG:TD-OH [1:6.4:26.7] 0.1 1.2 1.1
CVL:ODG:HD-OH [1:6.1:25.8] 0.2 1.0 0.8
CVL:0ODG:OD-OH [1:5.9:25.2] 0.1 0.9 0.8

Table 9.2 lists the colour contrast values and equilibrium and melt colour
densities for melt-darkened samples analyzed via observational spectroscopy. The highest
colour contrast for these samples (ACDpax = 1.8) was for the CVL:DDG:TD-OH, which
is unsurprising given that only this system contained well-matched alkyl chain lengths.
The solid states of CVL:DDG:HD-OH and CVL:DDG:0OD-OH were coloured as a result
of the weakened interaction of DDG with the solvent component. Although the colour
density of the melt of the CVL:DDG:HD-OH sample was very high (CDyeic = 1.5), the
increased solid-state colouration (CDgq,i1 = 0.4) was detrimental to the overall
thermochromic effect (since one state should be fully decoloured). CVL:DDG:HD-OH
and CVL:DDG:OD-OH are more suitable melt-darkened mixtures since the solid state

was coloured at virtually all compositions.
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Table 9.2 Colour contrast values and equilibrium solid and melt colour densities obtained via
observational spectroscopy for melt-lightened thermochromic mixtures. The samples listed

demonstrated the highest colour contrast observed here for each ternary system.

Components Composition CDxgquil CDyere ACD pyax
CVL:DDG:TD-OH [1:10:60] 0.0 1.8 1.8
CVL:DDG:HD-OH [1:10:60] 0.4 1.5 1.1
CVL:DDG:OD-OH [1:10:90] 1.0 1.7 0.7

Table 9.3 lists the colour contrast values and equilibrium and melt colour

densities for melt-lightened samples analyzed via colour photo analysis. The colour

density of the solid state as observed to increase upon changing the developer from octyl

gallate to propyl gallate. Propyl gallate mixtures experienced weaker developer:solvent

interactions in the solid state, allowing for more intense colouration. A consequence of

this was the retention of colour into the melt due to the reduced solubility of the

developer, as evidenced by the melt colour density of the CVL:PG:HD-OH sample

(CDmeit=0.2 for [1:6.2:99.0]). Decreased developer concentrations were required to

fully decolour the melt in PG-containing mixtures.
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Table 9.3 Colour contrast values and equilibrium solid and melt colour densities obtained via colour
photo analysis for melt-lightened thermochromic mixtures. The samples listed demonstrated the
highest colour contrast observed here for each ternary system. Note: the CVL:DDG:HD-OH mixture
was measured without the use of a white reference material for brightness normalization and,
therefore, the colour densities are artificially high.

Components Composition CDgquil CDyere ACD pyax
CVL:DDG:HD-OH [1:5:94] 1.1 0.1 1.0
CVL:0G:TD-OH [1:6.2:103.2] 0.8 0.0 0.8
CVL:0G:HD-OH [1:6.2:102.9] 0.6 0.0 0.6
CVL:0G:0D-OH [1:5.2:86.5] 0.8 0.0 0.8
CVL:PG: TD-OH [1:2.1:99.6] 0.9 0.0 0.9
CVL:PG:HD-OH [1:6.2:99.0] 1.2 0.2 1.0
CVL:PG:OD-OH [1:2.5:102.7] 1.0 0.0 1.0

Table 9.4 lists the colour contrast values and equilibrium and melt colour
densities for melt-lightened samples containing BPA and DHB. These mixtures
demonstrated the highest colour contrast observed in this work as a result of the intense
colouration of the solid state and complete decolouration of the melt. Weak solid-state
interaction between BPA/DHB and HD-OH was responsible for the high colour density

in the equilibrium solid state.

Table 9.4 Colour contrast values and equilibrium solid and melt colour densities obtained via colour
photo analysis for melt-lightened mixtures containing BPA and DHB. A sample from the low solvent
concentration regime (e.g. z < 100) and high solvent concentration regime (e.g. z > 150) is listed for
both systems.

Components Composition CDg quil CDmert ACDnax
CVL:BPA:HD-OH [1:8:91] 1.4 0.0 1.4
CVL:BPA:HD-OH [1:10:1990] 1.2 0.0 1.2
CVL:DHB:HD-OH [1:8:91] 1.5 0.0 1.5
CVL:DHB:HD-OH [1:16:1685] 0.6 0.0 0.6
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Table 9.5 lists the colour contrast values and equilibrium and melt colour
densities for melt-lightened samples analyzed via observational spectroscopy. The colour
contrast values observed for these samples were substantially lower than those of PG-
containing mixtures due to enhanced interaction between DDG and the long chain
alcohols in the solid state, and the need for very high dilution of the OD-SH samples due
to the lack of interaction of DDG and OD-SH in the solid state. OD-SH mixtures were
often strongly coloured in both the equilibrium solid and the melt, and therefore good

colour contrast was difficult to obtain in this system.

Table 9.5 Colour contrast values and equilibrium solid and melt colour densities obtained via colour
photo analysis for melt-lightened thermochromic mixtures. The samples listed demonstrated the
highest colour contrast observed here for each ternary system.

Components Composition CDgquil CDyere ACD yax
CVL:DDG:HD-OH [1:1:23] 0.3 0.0 0.3
CVL:DDG:0OD-OH [1:5:90] 0.8 0.1 0.7
CVL:DDG:OD-SH [1:8:1910] 0.8 0.1 0.7

9.2 General Conclusions Concerning Reversible
Thermochromic Behaviour in Three-Component Mixtures

Three-component mixtures containing CVL as the dye, alkyl gallates as the
developer, and alkyl alcohols as the solvent can undergo both melt-lightened and melt-
darkened thermochromism. When the alkyl chains attached to the developer and solvent,
are well matched in terms of length, melt-darkened behaviour is exclusively observed.
When the alkyl chain lengths are poorly matched, both melt-lightened and melt-darkened
behaviour can be observed, with melt-lightened behaviour generally demonstrating

higher colour contrast due to the formation of a decoloured molten phase.
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When the alkyl chain lengths are well-matched (e.g., CVL:DDG:TD-OH,
CVL:0ODG:solvent), the solid state of the mixture is decoloured. This results from the
formation of a strong developer:solvent complex in the solid state (compound formation

: . . 101,102,110
was previously observed in DDG:alcohol mixtures), =

which prevents the
developer from interacting with the dye in the solid state. Melting of the solvent liberates
the developer from the developer:solvent complex and both the dye and developer can
dissolve in the molten solvent. If the developer concentration is too low, no colour forms
in the melt. Therefore, high developer concentrations are required to develop the colour
of melt-darkened mixtures.

When the alkyl chain lengths are poorly matched (e.g., PG- and OG-containing
mixtures), the solid-state developer:solvent interaction is weak, and the developer is not
sequestered by the solvent. This situation allows the developer to interact with the dye to
generate the coloured form of the dye. In general, mixtures with poorly matched alkyl
chains always show strongly coloured solid states, even at low developer concentrations.
To obtain good colour contrast in these mixtures, a fully decoloured melt is required.
Since the developer:solvent interaction is weak, the developer tends to show low
solubility in the melt, which not only causes colour retention after melting but also high
melt opacity. To counteract this effect, high solvent concentrations are required to fully
dissolve the developer.

In mixtures containing BPA and DHB, very weak interactions between the
developer and solvent components resulted in the observation of intensely coloured solid

states, coupled with fully decoloured melts. Such mixtures demonstrated the best colour

contrast observed in this work (ACDyx = 1.4 to 1.5) due to the extremely high colour
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density of the solid state and complete decolourization of the melt. DSC analysis
demonstrated that weak solid-state interactions between the developer and solvent
precluded the formation of strong developer:solvent complexes, allowing the developer
to generate the coloured form of the dye in the equilibrium solid state.

Finally, the rotator phase of the solvent was shown to play a role in the colouring
behaviour of the solid state in three-component thermochromic mixtures, particularly on
heating. The heightened degree of orientational disorder in the R-phase, compared with
the LO-phase of the solvent promotes the dissociation of coloured dye:developer
complex prior to solvent melting. This effect was most significant in mixtures
demonstrating melt-lightened thermochromism (e.g., PG-containing mixtures and BPA

/DHB with HD-OH).

9.3 Conclusions Regarding Thermally Erasable Ink-Jet Printer
Inks

A number of conclusions about the design and function of erasable IJP inks can
be drawn from the results presented in Chapter 8. The development of erasable ink
technologies is very difficult as the optimization of one property (e.g., colourfastness) is
often detrimental to another property (e.g., erasing ability).?*'**’ In general, inks that
were easy to thermally erase were also poorly resistant to colour fade. CVL-containing
inks were particularly prone to colour fade; on the other hand, they were easily erased.

Attempts to modify the colouring behaviour of IJP inks by modifying the
viscosity of the solvent ultimately proved inconclusive. No correlation between the
concentration of PVA and the initial printed colour density or colour fade rate was
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observed. Nevertheless, the increased sharpness of images printed with PV A-containing
inks does provide indirect evidence for viscosity modification as higher viscosity IJP inks
usually produce sharper images.”*

The blue C4OH/DHB inks modified with PVA and acetic acid showed the best
colour properties measured during the internship, and represented a culmination of the
progress towards understanding the chemical processes that gave rise to the colouring
behaviour observed in erasable 1JP inks. The identification of technical issues, and the
development of potential solutions, allowed for the engineering for thermally erasable
ink-jet printer inks that demonstrated high initial colour density, good resistance to colour

fade, sharp image formation on printing, and excellent erasing ability.

9.4 Future Work

The present research has been useful in developing a more complete picture of the
mechanisms for colour generation in reversibly thermochromic, three-component
systems. Nevertheless, questions remain about some of the fundamental aspects of colour
generation in multi-component mixtures. The following sections detail some suggestions

of potentially useful future directions for thermochromism research.
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9.4.1 Compilation of Thermochromic Phase Diagrams Using
Combinatorial Methods

The determination of thermochromic phase diagrams allowed for the
identification of compositional regions of interest by mapping a few data points (i.e.,
sample compositions) over a wide compositional range. The methods of analysis
employed in this work, while more rapid and time-efficient than those used in previous
studies, were still very time- and labour-intensive. With the development of highly
automated combinatorial sample preparation methods, it should be possible to more
quickly map out the thermochromic phase diagrams for similar systems in the near future.

An attempt at using a solution-based, nanolitre dispensing robot to generate large
libraries of combinatorially produced samples (akin to ink-jet printing) was considered
during the early stages of the present research, however, the minute sample size proved
problematic for obtaining reproducible, thermochromic behaviour. Moving forward,
automated mixing of large sample masses could provide a more rapid method of sample
preparation, and across a much wider compositional range, which could aid in the rapid

identification of compositions of interest.

9.4.2 Structural Analysis Using X-Rays

Another interesting avenue for research is the application of small angle scattering
(SAXS) experiments to the study of the structure of the dye:developer and
developer:solvent complexes. The general principle behind small-angle scattering is that
the scattering angle of an X-ray beam (or light and neutron beams) due to elastic
collisions of the X-rays with particles in a sample is proportional to the inverse of the
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particle size. For very small particles (e.g., atoms and molecules) scattered beams would
be collected at fairly large angles (10 to 90 °) due to small interatomic distances, bond
lengths, and crystallographic lattice parameters (1 to 10 A).

X-rays scattered from larger particles (~10 to 100 nm) will have scattering at
much lower angles (~0.1° to 10°) and need a specialized instrument for their detection.
For this reason, SAXS instruments were developed to study macromolecular complexes
and other large scale physical objects. Two predicted structures for the metastable
coloured state, shown in Figure 2.10, suggest the formation of macromolecular
complexes on appropriate size scales for study with SAXS. It is possible that by studying
the system using SAXS, aggregates of different size scales might be observed. This
would undoubtedly provide further understanding of the underlying mechanisms
controlling colour formation and erasure in three-component thermochromic mixtures. As
with other techniques, some experimental hurdles will likely arise from the need for
controlled heating and cooling during colour formation and erasure; both of these issues
can be overcome with clever cell design.

X-Ray diffraction studies as a function of temperature could also be carried out to
determine the exact temperature of the phase transition from the LO-phase to the R-phase
as the two crystalline phases have different diffraction patterns. XRD correlated with
colour measurements of the mixtures might provide more insights into the role of the R-
phase during heating and cooling. The influence of the solvent R-phase in thermochromic

mixtures has not been studied in any great detail in the literature.
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9.4.3 Thermal Analysis

DSC experiments carried out in the present work, and in previous studies,' "
demonstrated that weak solid-state interactions between the developer and solvent
components were integral in the formation of a strongly coloured solid state. Strong
solid-state interactions between the developer and solvent have previously been
suggested to be responsible for the decolouration of the solid state due to the formation of
developer:solvent complexes'*"''%; therefore, analysis of the strength of solid-state
interactions between candidate developer and solvent components could be used to
predict the thermochromic behaviour of three-component mixtures containing those
components.

The impact of the R-phase of the solvent could also be further explored via
extended DSC analysis. Techniques such as isothermal DSC, which maintains a constant
sample temperature while measuring heat flow into the sample, could be used to correlate
colour density changes with transition into and out of the R-phase. Other considerations
include exploring the impact of super-cooling of alkyl gallates, as observed for DDG and

ODG, and the potential impact of alkyl gallate R-phases (observed for HDG, but not

DDG).

9.4.4 Extension of Design Rules

The variation in thermochromic behaviour of three-component systems as the
developer alkyl chain length was modified, and as the developer and solvent components
were changed, provided strong evidence that by controlling the strength of the

developer:solvent solid-state interaction, a variety of thermochromic behaviours can be

346



obtained. With this knowledge, the preparation of high-contrast thermochromic materials
can be aided through the predictive use of binary interaction strengths, chemical
compatibility of developer and solvent components based on molecular structure, and
developer effectiveness based on pK, values, dielectric constants, and solubility
coefficients. The knowledge gained through such studies, combined with previous studies
reported in the literature, will undoubtedly aid in the future design of three-component

mixtures demonstrating reversible, high colour contrast thermochromism.
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