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ABSTRACT
N

New fluorimetric methods have been developed for the
determination ¢f cyasnide, aulflide and phosphate at ng/ml
conceritration levels using Iigand-exchmge and oxidation-
reduction principles. ‘ Ligand-exchange reactions are, in
general, infe'rior to oxidation-reduction processes for the
determination of anions by’ fluoreacirfce. Fluorimetric methods
\basegl on oxidation-reduction, which ;llow determination of
mercury(II) and copper{iI), have also been found.. The methods
developed are sensiti&e, tlge results have a go;sd reproducibility
and many interferences may be tolerated in relatively high O
amounts. . e,

For fluorimetric analysis of anions ligancl-exchal'agéz
reac;::lons require effective quenching of a fluorfeacent ligand
by a metal ion; the electron stracture of the metal ion is of
primary importance in this que;ching process. Good selectivity
is achieved in oxidation~reduction reactioms when anions do not
react directly with the ;:rganic reagent; advantage is taken of
their complexing properties ;:hich results in change of the

standard reduction potential.

»

S
i o gt

1



ACKNOWLEDGEMENT -

I am indebted to Professor D. E. Ryan for his valuable

-

advice, help, and continued guidance and encouragement throughout
this work. ’
I also appreciate the awards of a Dalhousie Graduate
Fellowstiip for the years 1969 - 1972 and of a National Research
N -

Council Postgraduate Scholarship for the year 1972 - 1973,

JIRL HOLZBECHER

May, 1973



" INTRODUCTION . . e ‘

L - §

. v »

. - \

- The importance of trace coastituents has received increasing™ .
4 N 4 . ’ .

recognition. The definition of "traces"'«ia not precise, / but unually' -

4

¥

ed

the term "trace element" means an element present in concentrations

~ »

“ below 10'%2. Non-metals make up a significant ;‘.g:actiou of trice \ -

components and many of these exist as, or can be converted

- 18

anions in solutiod. ; o

.

s @

Many exawples ocgur in various systems; in water analysis,

e «
for Ingtance, pRosphorus (as phosphates) “is the key nutrient in

algae gros;th; sul e.2 is indirectly responsible for corrosion of o

-

concrete sewers; fluoride nk_:llgyter provifies protection

-

against dental caries; nitritea in raw water supply“’ is an indicator

of microbiological acti.vitlya. - f ¢

] - - .

Because it is necessary to non;tor (and often control) the
concentration of trace constifuents, there/is an increasing interest
in ana]ﬁical methods for the detection g{d deternination of ;n:gons
at leveis of less than 1 ug/ml. Th:ts(e;uires the development of
either more sgnsiti.:re methods or better preconcentration techniques,
More sensitive methods are attractive since they often permit

.t .

\ the direct déte}"ifgation of the trace without the necesaity for
, [ . ’ S .
, separation or preconcentration of the material; they have, of courge,

the disadvantage of possibly increased wihterference and of handling

\\\ ’




Y e problems. The application of preconcentration methods has the advantage’

P

N . ui:' pe)rmitting(subsdQuent use of we.'ll establighed, ven if less sens:t,tive,

mel:hods of detemination. The obvious disadvdgptagg is the possible loss

T

* of the trace constituent to be detemined. Focus, in ‘the.prea‘ 'work,

» 4

hag, been on the est’dblishmelﬁ‘:of«mre sengitive methods which 'g:ouid be

u

-

directly applied to the determination of anions at the nanograms per

ar .

° milliliter (ng/ml) ievel. . ’ P -

\ ’ -’ -
. “The development of .more sengitive metliods, of co“n:se, tmpbses

some limitations/ s;i/m':eofactdrs which are not critical at higher”

concentratiOns becone impontant in tracg“ analysis. The sensitivity

) -~

. a method is limited by background since the value of the parameter
corresponding tu “the concentration “is given by thndifferencé between

- the blank and sanple.x The background, which may be defined as the

A

&
low concentrations amd signal fluctuations result even underapparently
constant experimental conditions. Al-though permanent contributions to '
’ background (method, reagent impurities, instrmenthdesign) can be
. iﬂ * compensated by an appr;priate blank, an‘it;creased background awill El:lm:lt
,the determinable concehtrations. oL .
) Another'important factor is the e::perinenthi error‘in relation .
‘ to the sensitivity of the method. Clearly, at concentlt-a‘tionn close
to the sensitivity limit the experimental errors become very large.
L d . I

& v

o 3
o N 3

-
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Jonly if the concentration to be detarmined exceeds the sensitivity

S

of thewmethod an?\loyed by: a factor of not less than 10 to 15, does

the experimental exrar become constant and independent of sensitivity.

.-

o Some of the phenomena 1iuiti{1‘g the sensitivity of the method

are unique for the nature of the rea;t;ion ;-ployed, such as,
" solubility of precipitate in precipitation reactions, sensitivity of
color :indicator in titrimetric methods, etc. Thus the lower the

concentntioq of the substhnce to be detemine'd, the smaller becomes

Y

i th; number of methods a{,’it;ﬁie for its direct determinarion. The

available techniques for direct analysis of trace nn.io73 are limited

mainly to selective neubra;xe potentiometric, spectrophotometric and

«

. fluorimetric methods. The majority of the classical analytical methods,
/ a .
‘such as gravinetric’, titrimetric, emission spectrometric and electrical
" methods, are less suitables. Fluorimetyy is thus one of the methods

which holds attractive possibilities for the development of sensitive
~ o

»

. ' methods for anions.

.

% £y
-

o

*
Basic concepts in fluorimetry .
%

Fluorescence methods - which are based %{i the emigsion of light

by excited molecules or atoms ~ are smong the moat sensitive methods

3
I3

3

@ »

. s
This section is summarized from several monographs dealing with
Luninescence’ *329, s
o ¢ ]
o ; ™
k3

.
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for trace analysis. Molecular luninescence spectra (and atomic )

fluorescence spectra) arise from radiative electronic -transitions
between well defined energy levels. A prerequisite of the

luminescence process is an absorption ef.energy.. At.room temperature
e
< mbst molecules are in the lowest vibrational level of the ground .

- 2

electronic state (So in Fig.l.). By absorption of energy electronic
transitions take place populating excited states (51’ sz). In most

cases internal conversion (IC) (accompanied by vibrational relaxation)

.

to the lowest excited singlet state (Sl) quickly follows. By this

fre B

“¥ ““process the excited molecule dissipates its energy in'the form of -,

“

* heat. From the lowest excited singlet state a number of processes
may now occur. The radiative transfer %o the gft‘S?und state (S ) is
called fluorescence. Radia;:ionless Proces;es, internal conversion
(IC) and :lnbtersysten crossing (IX), may also take ‘place.L Intersystem
crossing involves vibrational coupling between the excited singlet )
state and a triplet state resulting in population of tt:lp%et: state (‘1‘1).
The. e-iasi:on from the lowest excited tfa:ipler. state (1'1) gives rise to
phosphorg'sc;nce. Thus fluorescence arises from a singlet-singlet™
tra::gsition while phosphorescence is a result of a triplet-singlet

LU

transition. The multiplicity of the eléctronic states is given by
an expression (2n + 1) where n is the number of unpaired electrons.
Since most molecules possess an even number of electrons their ground

states have a multiplicity of one and are thus singlets. The electrons

«q
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)land

Figure 1. Energy level dfagram of Yadiative (

radiationless (---w--—) trangsitions %P a typieal

>

.organic molecule.

¥

P
SO’ sl’ 52 - singlet'states

Tl, T

~ -

g e triplet states

A ... absorption * F ... fluorescence

P ... phosphorescence IX ... intersystem,

crogsing IC ... internal conversion

N ’
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]
in the excited orbitals can have their spins aligned in the same or
opposite direction to that of the electron in the original orbital
and can thus give rise to singlet or triplet states, respectively.

!adiazi;)nless ptocesses‘ compete with fluorescence by diverting

ES

~

“the absorbed energy to other channels than fluorescence., The

quantum yield (Qf) of fluorescence may be expressed as follows:

-~

»

> v & o

Qf = kfl(kf + kc + kx)

A

. -

where kf, kc and kx are rate cbnatanfs,for fluorescence, internal
< P

conversion and intersystem crossing, respectively., If kf is much

higher than k_ and k_,the quantum efficiency of fluorescence will

approach unity. The rate constants of radiationless procesgses <
‘ s »
competing with fluorescedce are dependent on the molecular structure
and also on the nature of the molecular environment. Other processes *
b »

competing with fluorescence are ia'diationless transfer of excitdtiqn

A

enexrgy to an appropriate acceptor via either "collisional™ or non-
collisional mechanisms and a chemical reaction by a molecule in an

excited state. .

a

To be able to evaluate fluorescence for analytical use it is

4 1

L

necessary to relate it to the structure of the molecule and to :
possible types of electronic transitions. There are three types of

molecular orbitals:




. Orbitals which originate from overlap of two atomic orbitals

along the line joining the nuclei of bonded atoms are called o
- i * \ N

~
‘

orbitals. Because the electronic charge in a ¢ bond is localized
between two atoms there can be no more than one ¢ bond between any
two atoms in a molecule; these electrons are bound very tightly '
and &groeat deal of energy is requireé to excite them. They are
not, therefore, of interest in luminescence spectroscopy.

Overlap'of two atomic orbitals at right angles to the puclei

B

of bonded atoms forms w orbitals. Such 'bond;ing" is weaker than

ﬁﬁding and the distribution of electronic charge is concentrated
. . , A
¢
parallel fo and away from the concentration of o electronic charge;

T electrons are freer to move and are frequently distributed over
several atoms (delocalized). In aromatic molecules n delocalization

extends over the entire molecule and these molecules are of primary

o
r @

interest in molecular luminescence.

Organic molecules can also contain nonbonding electrons

Q;gelectron pairs on atoms suth as nitrogen) which are higher in energy

s

than ¢ or ¥ electrons and can contribute to the molecular spectral
FX v

&
features. . .
*
Absorption of energy by an organic mlecWous
* * * *
excited states: 0, ¢ , W, "™ , n, * , n, ¢ , which may be either singlet
or triplet states, triplet levels being lower inlenergy than

corresponding,singlét levels, Since aliphatic compounds often do not

!
Al L
i
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strongly absorh in, the near UV or visible, they do not usually exhibit
fluorescence unless they possess some aldehydic or ketoanic groups.
Unsubstituted aromatic go;’mda, in vhich the lowest energy trgn-itiau
is »"—r r*, usually glwnam in liquid solutions; Peunlly, the ‘
greliter the number of condensed Mpgs the longer will be the emission
wavelength. Subs;itutim with functional gtb::p- affects the flnorescetf.ceef )
cl;aractetistics of the aromatic molecules. While al.kyjl groups exert '
only slight effect nitro groups gquench strongly the fluorescence as a
regsult of predissociation. Hslogens decrease fluoreacence intemsity,

the decrease being more promounced when passing along the series F,'

C%., Pr, I (intramolecular heavy-atom effect) .‘ Hydroxyl and amino
gzroups, on the other hand, tend to increase the fluorescemce output.

In aromatic carbonyl compounds as well as in the nitrogen .
heterocyclics the lowest energy electronic transition is n —+ !*.

éuch molecules usually do not fluoresce (although they may phosphoresce).
The reason is that n, t* excited states have Imggt 1lifetimes than t,:* )
states and thusg the p).:obubﬂ:l.ty of intersystem crossing is enhanced.

If it is possible, however, to tie up the non-bonding electrons snd

thus remove their influence, fluorescemce may occur. For exawple,

$ The presence of a heavy atom either as a substituent or in the
molecular environment results in in d spin—orbit coupling sad
thus in the increase of intersystem sihg which compates with
fluorescence, .

(9
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s

]/
substitution of groups which can take part in hydrogen bonding
(-oH, -uaz) with carbonyl oxygen of aromatic aldehydes, ketones
o; carboxylic acids leads to fluorescent compounds; a4 typical
exampleyis the non-fluor cenée of henzoic acid’gs compared with
the fluorescence of salicylic acid. Similarly, protonation of

, the lone-pair elegtrons on“nitioggn atom in nitrogen heterocyclics

+ in acid medium or the use of polar soivents leads to fluorescence.

Oxygen heterqusliés usually fluoresce when at least ope aromatic
ring is fused to the oxygen-containing ring.

JMolecular geometry also plays aﬁ important role in the’
fluorescence characteriétics of organic molecules., Fluorescence
is usualiy obgerved with nancules which pos;ess highly rigid,
planar éngCtutes. The rigidity prevents wibrational dissipation

of the excitation energy and thus favors fluorescence; planarity

of the molecule contributes to, effective w-electron delocalizatdon.

In fluorescence spectrofluorimetry the following equation

holds for dilute solutionslo= . ' : E

%
L™

F=2.303 % Ioel cp

Ty F . . . intensity of the fluorescence generated
$ . . . quantum efficiency
1. . . intensity of the incident light

o .

€ » . - molar absorptivity of the substance at the giveﬁ
L -

wavelength of absorption .

-

’



10

LSRN path;len;th ‘ i

¢ . « - coicentration of absorbing speciles )

P « » . fractional factor (arising from viewing only a fraction of
the goéal fluorescence generated by observing only a small

segument of solution in a right angle to the incident

\Lw"l

radiation) .

o &

The fluorescence,intensity is thus directly proportional to the

concentration of observed species. The sensitivity of the method can be

increased either instrumentally (Ia’ %, p) or by selecting molecules with
. high £ and #. The reagents suitable for fluorimetry should, therefore,

absorb strongly in the near UV or visible and their quantum efficiency

should be also high.

’ el
-

Fluorimetry and anjons

I/:f"‘ .

The common inorganic anions do not themselves fluoresce because they
do not possess the unsaturated 7 - electron system which is the common
source of fluorescent propertiés; they cannot, therefore, be analyzed
directly. Reactions must be found which result in fluorescence production,
quenching, or shift of excitation and/or emission wavelengths by action

1

’ *
» of an anion on a suitable organic molecule .

i
Typical fluorimetric methods for common incrganic anions reported ,
in the literature are listed in Table 1.




'

)
Py

, TABLE 1 . *

Typical reactions in fluorimetric determination of common inorganic anioms

A

]

) Sensitivity
Anion Reagent Type of Reaction Reported Major Interferences Remarka Ref.
o 2,3-dia;nino- exchange not reported Hg(ll), 52' ot true 1ligand- 11
naphthalene- ! . exchange ..
Se-complex, ¢ . :
quenched
with Pd .
pyridoxal catalytic 1072 mole not reported ‘ 12
luminol, retardation of 2.88 ug/ml sog", 1 ., chemiluminescence 13
Ho0o, Cu(ll) catalytic react. : .
. p-benzoqui- direct 0.2 ug/ml over 30 ions tested 14
none & other do not interfere
quinone deri~ .,
vatives
Pd complex of ligand-exchange 0.02 ug/ml Sz-, can also be Mg(I1) added to-the 15
8-hydroxy-5- determined 1liberated 1igand
quinoline- :
sulfonic acid ’
chloramine T, direct 0.3 pg/m} not reported;CN , CICN first formed 16
nicotinamide septd. as HCN
Hg complex  ligand-exchange .0.3 ng/ml CN_, SCN~ - 17
with 2,2'~ s
+ pyridylbenzi~
midazole & -

o

1T



TABLE 1 continued

Sensitivity _ 5
Anion Reagent Type of Reaction Reported Major Interferences Remarks Ref.
$°"  fluorescein- quenching 1 ng/ml sog‘, NOj, Br™, I” applied to H,S anals 18,19,
tetra- Fe(II), Fe(III), in the air 20,21.
Dercury= Co(I1), Ni(II)"
' Bcetate ' A \
- — T
Cu complex 52 + Cu2+; 1 ngfml CN can be used for 22
of 2-(o~ excess . - _ CN~ determination
hydroxy- Cu quen..
phenyl)~ reag.fl. .
benzoxa~ , i ; P . 1y
.. _zole a
1nn1nul,12 quenching 10 ngfml not reported chemiluminescence - 23 ‘
SOZ“ Th{IV¥) + SO‘E" + Th“; 0.05 ug/ml * not r;potted Th-reagent complex 24,25,
salicyl- excess Th is non-fluorescent .
fluorone quen.reag.fl. :
Th(IV) + quenching 1ug ¥, POL, wol~, 5T 26
morin citr., As(V), SeOa N
: v04~, Fe(lII),Zr0%+,
‘\ A1L(III) R
.« Zr - calcein fl1, enhancement 2 ug/ml Fe(III),Co(1]), F , mechanism unknown 27
blue oxalate, POZ-,
tartrate, WOE~ . '
520:2; tetramer- 0.5 x 10‘8’ same sensitivity mechanism not given 28
curated mole fr;r _—
fluores- A R
cein ° ‘{‘L
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TABLE 1 continued

. Sensitivity , /
Anion Reagent Type of Reaction Reported Major Interferences Remarks Ref,
5§07 as tetrachloro- quenching 0.02 ug/ml . Fe(IIL), K(I), ¢ Schiff's reaction; 29
2 mercurate(II) 50, in TCM Ca{1l), Mg(II), 50, first trapped ,
SO3 (IcM)y , Cu(Iii), in TCM
Seaminon ‘ I, N07, OAc”
fluorescein and )
POZ- Al - gorin quenching 0.5 ug 34 interfering complexes of Al, Ga, 30
) ions listed Zr with flavones
also studied
quinine quinine molyb- 0.02 ug P . As(V), As(III), & 31
N dophosphate ~ Cr(vVI), Ge(IV), oo
associate Th(IV)s W(VI) KO
formation -
rhodamine B rhodamine B 0.04 ug P As(V), As(11I), : - . 32
molybdo~ V(V), Cr(Vi), L
phosphate - Cr(I1I) .
associate N
formation
glycogen, direct limited by not reported enzymatic method 33,34
triphos~- M reagents X
. phopyri~ purity
dine .
nucleotide,
or nicoti~ .
namideade~-
nosinedi-
phosphate
» ' ’ 3 =
é - -

[
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ud TABLE 1 continued
: : : :
Sengitivity

Anion Reagent Type of Reaction Reported, Major Interferences Remarks Ref.
F Al - PAN quenching 1070 ¥ 1’02". 1~ 35

(1-(pyridyl~ . —

azo) =2~ . T

. naphtol L P
Zr - 3-hydr- quenching . 2 ng/ml AL(ITI), Mo0Z~, citr., 6 *
. . _oxyflavone // tart, ,C,0%" :
Zr - calcein ternary complex 1077 M wo%‘. OAc™, tart,, 37
blue formation POE-, Mooﬁ', SOE",
"ok, man, . ’
’ Ag(1), As(V)
ki Sb(IT1), Be(II),Co(II) 8
Al ~ morin quenching . 0.1 ug 34 interf, ions v 38
. listed; c.f.ref 30 .
" Al-dihydroxy- quenci;ing 0,2 ug Cu(I1), Fe(1lI), Pe(1ll), : 39

azodyes (erio~ Ni(11), Co(1l), Cr(I1I), .

chrome red B, Be(I1), Zr(IY), Th(IV)

superchrome— 3 .

i §arnet Y) N )

no; 2,3~diaminp~ direct 0.01 ug/mi Cu({I1), AL(III), BLi(II}), lm; first - 40 '

naphthalene . RL{I1), . Cr(I1I), Sn(Il), reduced to m2

/ —_Se(1V), Fe(I1I) :
fluorescqin  quenching 0.01 ug/ml m',',"’, Mg(I1), Cu(il), . 41
Pe(III), Fe(II), C1-, - t
Br~, I~, NO7
e —p
» *
- £ o

Yo
>




. ’ & TABLE 1"Zontinued :
Sengitivity ' f .
Anion Reagent Type of Reaction Reported Major Interferences Remarks £f.
NO,  2,3-diamino- direct 6.5 ng/ml Cu(II), A1(III),’ . 42,
naphthalene - - > B4(XII), Ni(1I), .
- Cr(Iil), Sn(iI), - -
Se(IV), Fe(III), v <
Ccl fluoyes~ quenching 2 ng/ml( not reported AgCl gquenches 43
i ¢ein-Na fluorescence of
salt, . ) reagent
Ag(I) s
1~ ‘uranyl- quenching 2 ug SCNE, czof', b4
acetate - - - : 2
; 103, NQZ’ F,
e CELLD va
) %
- A i - * A
¢
* ¢ - -
L 4 ~
' ’
o ¢
. ” .
= o ~ >
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The hasic principles involved in the fluorimetric analysis of
' anions can be summarized as: e
(1) direet feactiog PR
(2) catalysis . N

[ :
- (3) ion assocliate formation ’ .

t

(4) 1ligand-exchange

i {5) P oxidation-reduction .
&

Thé processes which appea:;: initially most .;ttractive are direct
c @ - mdq catalytic reactions since they are often highly selective and
sensitive. In these reactioms the anion either reacts directly with
N— il a suitable organic nol/eéule or it catalyzes (or inhibits) a particular
- ;:eaction to prodnce—/’(ot quench) fluorescence, respectively. It is,

hmver, difficult to devise such reactions from theoretical considera—

tions snd suitable systems are often found by chance.

Some: mﬂ:ions may be determined: after formation of an lon associate ’
with a fluorescent organic reagent. Solvent’extraction of either
w excess of the reagent or of the ion mmm:iat:eo is almost always
. involved; such procedures are useéul in preconcentration processes -
but are not adva;tageuhs when developing direct sensit:l.ln methods.
. Ligand~exchahge and oxidation’-r?duction reactions are more amensble
to a systematic approach and such reactions were therefore studied

1

prefetentiallfr. .

£ +
)
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Ligand-exchange reactions leading to fiuorescence production’

b 1

involve displacement of a fludrescent ligand from 1ts non-fluorescent

, complex by wmeans of an anion; the fluorescence intensity is a

a &

measure of the amount of anion present. It fs therefore necessary,

5
Tae

in such reactiofzs, to havé both a flhuorescent ligand which can be
rendered non~fluorescent by reation with part:l.cul;r metal ions and
an, anion which reacts strongly with the game meg'?’a‘;;,ions. Fluorescing
ligands can be quenched by paramagnetic or heavyimetal ions and common
anions such as fluoride, cyanide, phosphate and sulfide can compete
succes:fully with the complexing molecules.

Various oxganic compounds exhibit different luminescence
behaviour depending on their oxidation state. It is therefore

possible to determ:‘(,ne oxidizing anlons by virtue of their ability

to oxidize a non-fluorescent form of a suitable reagent to its

‘:‘{:a;;iluomacent, oxidized form;. similarly, reducing anions can reduce

a non-fluorescent reagent into a fluorescent, reduced form. :

The present research program has concentrated on a nstudy of the
factors affectin}; ligand-exchange and’ oxidation-reduction procésses )
for the fluorimetric determination of anions. Generally, oxidatiom—
reduction reactions, even with their limitations, showed the highest

analytical potential. ~
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. METHODOLOGY

-3

Introduction

-

4 Fluorescence is radiation emitted from éhe Iowest excited .

singlet state by a molecule or an atom after absorption of energy.
- " Thus absorp?iou of gadiatim is common for both photometric and
fluorimetric methods. The theoretical sen;itivity £ }:hese two
methods, however, is not the same. In photometric mdthods the
‘ analytical »signal (absorbance) is given by the logarithm of the
ratio of intensities of i:;cident and transmi;:ted light whﬁe the
mlyt:’ical signal in fluorimetry (flauorescerome intensit§) is
directly p;:oportional to the intensity of the incident radiation.
Thus, in photometry an increase in incident radiation intensity
or an increase of detector sensitivity will result in no net gain
in the analyticafsighal but it will be increased in fluorinétry.
The' sensiwﬁiviny of fluorimetry is, therefore, generally greater
) than th.;t of ‘absorption photometry.
“u When evaluating the reaction conditions in direct fluorimetric
; methods consideration was always given not only to the fluorescence .
:I.n__.twensdity of th(; "sample" solution (IS) but also to ‘the fluorescence
intensity of the respective b'J.ank (IB)' For analytical purposes the ,
reaction conditions must be such as tg)t‘aintain a constant Is - IB

difference for the game sample toncentration. The ratio Islln is

) v 18

< ,
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also important because it is a measure of the practical sensitivity .
>»

of the method. (For examwple, if, for the same sawple concentration,

Is increases with a change in pH fxrom 20 to 30 and IB increases from

10 to 20, (Is - IB) remains constant but the ISIIB ratio decreases

and the sensitivity decreases.).

The apparatus for balth photometric and Fluorimetric methods
consists of rhe following basic parts: source of radiation, mono-

chromator or filter system, cell and detector. Since excitation and
LY R

emission radiation are dstudied in fluorimetric work, two wavelength

P - % ‘

selecting systems are necessary. d
There are three basic designs for ohservation of fluorescenceas.
The most advantageous one for dilute solutions (and thus ’fo_}' trace -

analysis) is the right-angle arrangement which eliminates most of the
v @ . '
contamination of fluorescence signal by excitation radiation. Frontal

analysis, on the other hand, finds its use in studies of fairly

3 ¢

concentrated solutions and a straight-through arrangement is used s

mainly in phosphorimetry. To correlate specti/; obtained by different

» o
instruments it is necessary to correct for the output of source as well

as the response of detector (usually photommltiplier) which are wave-
length dependent; monochromators' transmissiom cha?actetistics must

also be taken into account. However, these corrections are seldom

necessary in trace analysis work. - . '

|1
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Monochfomating instru-gnts are recommended when high resolutiom
and precision, as in the :lnvescigat:}ian of relatively unknown systems,
are required; t‘the‘r high light losses in such instruments limit their
ugefulness for very sensitive, determinations. Filter instruments, on
tlfe other hand, allow higher sensiti_vit:x and are thus suitable }:'ot
routine analytical work. ‘

,Qp» tII‘I the present stud:;.es a Hanovia :ercury ultraviolet lamp (230 W,
type 16106) was used for qu:litative preliminary observat;iu:ns and an
Aminco-Bowman Spectroph;tofluorhetgr {model 4-8203 with an off-axis
ellipsoidal mirror condensqing system) with xenon 1:mp source was used
for all quantitative wmeasurements. The slits' arrangement was 1, &, 5, \
5, &, ‘3, 5 mm for slits Nos.hl, 2,7 3, &4, 5, 6, 7, respectively, ;Eo give
a good cowbination of resolution and sgnsitivity. A photo-ultfipr:[er
nic:opho.to-eter tube :as used to measure flmtescet';ce intensity. For
fluorescence spectra recordings an XY recorder (Aminco-Bowmsn part No,
1620 - 827) was employed; an external fluorescence standard solution

of 1 ug/ml of quinine sulfate in 0.1 N sulfurlc acid was used throughout

the experiments to calibrate the instrument. ¥

LS
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« LIGAND-EXCHANGE STUDIES

Introduction

The ligand-~exchange reaction for anion determination resulting

-

in fluorescence 'production may be schematically represented as follows:,

g

ML +A—>MA+ L

where: . . ' '

« » » guenched metal complex

« v b

. anion to be determined:
[

« « « metal-anion complex or precipitate

"

+ + » free fluorescent ligand

Thus the basic requirements are a non-fluorescent metal complex

-

whose ligand itself is fluorescent and an anion capable of rapidly

- B » B

displacing thé ligand. Consideration must be therefore gikv;en to the

=

ligand, the metal ion and the anion to be determined. . b
Id B J&

For high sensitivity it is essential that the ligand itself be
highly fluorescent and the metal ion must be capable - as a result of
complexation -~ of effectively quenching the ligand fluo;:escence to
decreassgﬁiine background. At the same tfne the anion wmust be both

kinetically and ”t:hermdynauically capable ofwconéeting successfully

with the ligand for the metal ion. : :

21 i
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OrgnnicR molecules, to be sunitable for these ligmd-emh;nge
reactions, ;ltlst not only fluoresce but -ust also contain complexing
groups which can react with quenching metal ions. Hetallo-:ﬂuoresmt

' indicators a’re a good exaqale; these have built into the fluoresceat”
molecule (such as, e.g., fluorescein or B-methyl~umbelliferone) a
complexing constituent (such as, methyleneiminodiacetic (half of the . ‘
EDTA molecule) or a methylene-N-methyl-glycine group) so that tl;e .
te;ulting compound possesses both fluorescent and chelating properties.

’\) Metal ions which are cknown to quench Afluotescence include pﬂ:i{-
magnetic ions, such as, copper(II), cobalt(II), nickel(II) or irom(III)
or heavy metal ions, such ag, .Iercury(II):;

It is obvious&hat anions forming strong bonds with particular

Paa

metal fons (as evidenced by complexation ox precipitatioﬁ hold the
g

;Ost promise }n ligand-exchange reactions. For example, If a fluori-
metric method was to be devised for fluoride by ligand-exchange then
one nigku: initially consider complexes containing metal ioms, such as,
Fe(I1I); for cyanide a number of metral jons [Ni(II), Cu(lI), Fe(III)]
could be of interest. ‘ .

The experimental data for the kinetics of ligand—-exchange ’
available in thf literature involve mostly complexes of the transition
metals which' are nonlabile bgc&use tI;eir exchange reatftious are, slow

enough to be accessible to cla;l:l.pal kinetic techniques. Only the

complexes of Co(LII), PL(IL), Cr(III), Rh(III), Au(III) and PA(II)

)




have been extensively stﬁdied“. Since labile rather than nonlabile '

metal complexes are promising for the development of analytical
-et'hods based on ligand-exchange, kinetic considerations camnot be fully

employed in the choice of a suitable system because of the insufficient

amount of data available. . i

Choice of ligand

In investigating the potential of ligand-exchange reactioms forx
the fluorimetric determination of anions, the choice of ligand was
limited not only to those compounds Iwhich meet the above stated
requirements but alsobby theixr commerclal availability or ease of
pr%patation. The initial choicé of compounds for study were metallo—
fluorescent indicators. These are fluorescerit complexing agents whose
metal complexes exhibit fluorescence behaviour different from the
ligand sowlecules and they have had considerable success as indicators
in complexometric titrations. The metallofluorescent indicators
studied were: calcein (C) - fluorescein-2,7~bis-methyliminodiacetic
acid; calcein blue (CB) - B-methylumbelliferonemethyleneiminodiacetic
acid; methyl calcein (MC) - fluorescein-di-(methylene-N-methylglycine);
methyl calcein blue (MCB) - B-methylumbelliferoneméthylene-N-methyl-
glycine; stilbene complexone (SC) - 4,4'~dfaninostilbene-2,2"~
disuiphonic acid-N,N,N',N'-tetraacetic acid-sodium salt and dianisidine

£
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co;plem;le (DAC) -~ 3,3"-dimethoxybenzidine-N,N,N' N'~tetraacetic acid-
tetraspdiu- sal;:. A number of fluorescent reagents which do not belong
to the class of metallofluorescent indicators were also investigated;
the;e included: 1,10-phenantl;roline, carminice acid, 2,23' »2"-terpyridine,
salicylic acid, 8-mercaptoquinoline, flavonols, riboflavin, a-nitraso-

g-naphthol, sulfanilic acid.

Quenching

0

The action of quenching metal ions on these compounds was studied
and, if effective quenching took place, an attempt was made to establish
the quenching ratio by means of fluorimetric titration. Qbenching ratio
is the ratioc of metal to ligand required to produce a break in the curve
obtained by plotting fluorescence intensity against moles of ggtal ion
added per mole l;f ligand. It should be emphasized that the quenching
ratio does not necessarily indicate the composition of complex formed
because the quenched species may not be the normal metal complex. The
ligand molecule, for example, may be able to bind more thih :me metal
ion but the first metal ion ?ound may produce effective quencﬁing. On
the. other hand, if the stability cons;:ant of the complex is not wery
high then a considerable excess of metal ion way he(necessary to quench

the fluorescence. Finally, environmental conditions are being changed

on the addition of metal fon and the exieat of quenching thus influenced.

-
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Quenching ratio is,whowever, useful from the practical point of view -
* because it indicates the suitable ratio of metal and ligand which
should lbxe used in investigatio;x of these reagents in ligand-exchange
reactions.

Fig. 2 shows the quenching curves of calcein with Fe(III), Hg(II)
and Cu(II); in all three cases th; quenchingtratio is close to 1:1.
From the shape of the curves one may assume that these metals form
relatively stable complgxes with calcein. 6n1y Cu(IX), however, may
be said to quench calcein fluorescence effectively“sin;e a high
fluorescence background remains with Hg(II) and Fe(III), It was
observed generally with other ligands that Hg(II) and Fe(IIL) complexes
exhibited higher fluogescence.gackgroundwthan those of Cu(II), Ni(1I)
and Co(IT). Thus, it is obvio;s that the formation of a strong complex
is 3 necessary but not sufficient condition for effective quenching to
}ake piace; the nature of metal fon involved is a decisive factor. As
an exauiIe of weak complex formatioé'thé quenching curve of Ni(I1) with .
3—hydroxyfiavune is given in Fig. 3. Although Ni(II) quenches
effectively the fluorescence of, e.g., calcein, giving a simila; ‘
quenching curve as Cu(II), it does not do so with 3-hydroxyflavone;
virtually no break in the quenching curve is observed and high fluo-
rescence- background remains. Suchha complex is, obviously unsuitable

1

for use in ligand-exchange reactions for anions determination. The

L2
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reagent solutions vh%ch were then prepared for inneaéigation of their
-usefulness for anions determination cggtained wetal lon and ligand in
the ratios determined. ’

Effe;tive quenching of the fluorescent ligand by metal ion is,
obvipusly, a prerequisite in development ‘of sensitive ligand-exchange P
methgds., It is also necessary, however, for the anion to readily free o
the ligand from the metal complex. Although some compounds were D
efficiently quenched by particular metal ions, they did not give

s

reproducible result; when reacted with anions for kinetic or thermo-

dynan;c reasons (CB complexes and the Co-C compléx). T - ’
The fluorescence output of the free ligand is, of course,

" important to sensit;vity since the higher the fluorescence vutput

the higher the sensitivity. The relative flvorescence 6ut§pt of the

"calcein" metallofluorescent indicators followed the order: C>MC>CB>MCB.

MCB was not vefy stable under DV irradiation and MC shawed'a high

fluorescence background eve: with Cu{IIl). For these réasons Cu(II)

, and Ni(II) conplexeé of calcein are most promising.

With the exception of DAC all other compounds investigated had

limitations. So;s compoynds, for example, were unsaeple with time or

under UV irradiation (5C, quercetin, sulfanilic acid) or exhibited low

fluorescence yield (1,10-phenanthroline, carminic actd, a-nitroso-8-

naphthol); other complexes exhibited high fluorescence background




Figure 2
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>
Quenching curves of calcein with Fe(III), Hg(II) and Cu(lI).

I ,,. relative fluorescence intensity
7
M/L .., metal ot ligand molar “ratio

-

Instxumental settings: wmeter multiplier (MM): 1.0;

, A
.sensitivity (S): 0.0; excitation wavelength (Agx): 486 nm;

enission yavelength (A, ) 512 nm; (the overall width of

13

slits was decreased by a factor of 40)

-l

- Procedure:

To 2 wl of borate buffgr (pH ~ 7.7) 2 ml of 10'4 M calcein

ﬁwere added, followed by x ml of 2 x 10"" M FeczB, lig(tma)2

or CuC,, respectively; the volume was made up to 10 ml with

twice distilled water; x was varied from 0 to 5 ml.
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nghching curve- of S-hydroxyflavoneﬁ’with Ni(II).
M/L ... metal to ligand molar ratilo

MM: ©0.13 S: 0.0; A

ex’ 350 nm; A%n: 510 nm

Reagent concentration: 1 x '.l.(l"'5 F

’,
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‘ (salicylic acid, riboflavin, 3-hydroxyflavone, morin) or did not resct

- - sgéisfactorily with aniong (2,2',2"~terpyridine); 8-mercaptoquinoline

Y required non-polar solvents to fluoresce. Such limitations prevent
widespread application of ligand-exchange reactions for snions
determination. Practical metrhods h;m been develvped, however, for

cyanide with Cu(II)-calcein and for sulfide with Cu(I1)~DAC; these

-
? -
q

: methods are described in the next section.

LS
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Determination of Cyanide

Introduction

P

Cu(XII)~calcein oppeated to be slightly more sensitive than
lu(II)-calcein tuwatds cyanide and was,' therefore, used :tn
development nf a ,ligand-exchange method for ng/ml of cymmide.
Substoich:lo-etric‘ amounts of latal cmle‘ with respect to cyanide
had to be uged since higher. reage‘mt concentrations gave a relatively
high fluorescence background which overshadowed the changes in
fluorescence intensity caused lﬁr ng/ml of cyanide. In the pH range
of 6 to 8.5, where the highest fluorescence Intensity of free
calcein occurs, the cyanide was not abie to compete successfull,y
for copper(IQ and a higher pH (9.2) had to be used to ob!-:a:!,n
satisfactory results. o

a "

Reagents

s

Stock solutions of 10'4 F potassium cyanide were freshly
prepared for each day's measurement from snalytical reagent grade
potusiu? cysnide (BDH) whose purity was checked by titrition with

standardized silver nitrate. ™

"

Reagent stock solutions of 104 ¥ copper-C were prepared by/”

iy

aixing eguimolar volumes nf 2 = 10 ° F cupric chloride (Hallinck-'-

rodt) and calceid (G.F. S-ith) solutions (1 to 2 drops of 1H sodium

| e '
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hydroxide per. 25 ml wlume were added to increase the solubility of

-
-

calcein}.

The borate buffer (pH ~9.2) was a 0.1 F solution of borax.

Procedure

-

‘ 14

To 1 ml of buffer add 5 ml or less of approximately neutral

mknown solution {containing 0.1 to 0.2? ng of cyar;ide),'l wl of .

-6

L
2 x 10 F reagent and make up to 10 ml in a volumetric flask with

twice distilled 'water. Measure the fluorescence at ’512 nm using an

excitatich wavelength of 486 nm. Determine the amount of cyanide’

v

from a previously prepared calibration curve.

¥

N

e [ -
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Results and discussion

P
+

af

Although up to 250 ng/ml of cyanide can be determined, the
. ; .
calibration curve is a straight line only up to 150 ng/ml; the line

’

does not pass through the origin since there is some background
fluorescence for the reagent itself (Fig. 4). With the limited
number of results.(six), the relative standard deviation on-the
determiniation of 26 ug/ml of cyanide was 6.5X. Sulfide and phosphate

did not interfere at molar ratios of anion to cyanide of 500:1; 1:1 T

r

mole ratios of EDTA to cyanide, however, must be absent.
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Although milligran quantities of snions which react with
copper do produce fluorescence on addition to Cu{II)-C solutions,
- -

only cyanide was capable of doing so at the n;l-l level. This
oo may be because, with cyanide, the reaction i:' not :15;1« ligand-
exchange since copper(II) is reduced to copper(l) in its resction
»  with cysofde. ]
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- : Determination of Sulfide .
Ve ) ) 7 -
L
Introduction -

r- 3
» * 8 .

Fluorescence of dianisidirie complexone (DAC) is effectively
3 A

quanched with paramagnetic wetal ions, such as, Cu(II), Ni(II) or
“Co(I1). Fluorescence is readily restored by reaction of these

- . complexes with such anions as EDTA, cyanide or sulfide. The
quencl::lng ratio of Cu(II) : pAc is 1:2“, The reaction of Cu-DAC

complex with sulfide'vas studied quantitatively.’

Reagents
Reagént solution of 10-5 F Cu(DAC)z was prepared by mixing

-4 -+

10 ml of 10 " F GuCe, (Mallinckrodt) and 20 ml of 10 ~ F DAC (Fluka)

and making up the volume to 100 ml,

Sodium sulfide, Nazs .9 }120 (J.T.Baker) was chosen as a

20,47
»

working standard as recommended by several authors 0.001 F

stock solutions were prepared daily from washed and dried crystals.

The purity was checked by lodometric titration according to Bethgel'a. ;

The borate buffer (pH ~7.7) was prepared by mixing 47 ml of

0.1 N HCZ with 53 ml of 0.05 F borax.
= ) . St

[T -



Figure &

~

Calibration curve for cyasnide with Cu(II)~calcein.
MM: 1.0; S§:.0.0; lex: 486 um; A“: 512 om.
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Procedure ﬁ ;

To 2 ml of buffer (pH mmi add 1 ml of 107 F reagent solution
followed by several ml of approximately neutral unknown containing
0.3 to 1 ug of sulfi}ie; make up the volume to 10 ml with twice
distilled water; read the fluorescence intensity at 400 nm usi:xg an
excitation wavelength of 328 nm . Determine the sulfide concentration

from a calibration curve.

i -

- -

Results and discussion

Figure 5 shows the calibratiom curve obtained with O to 200 ng/ml ~
of sulfide. Although the method is fast and simple, usefyl determination
is possible on;l.y over a limited cdoncentration range (30 to 100 ng/ml).
Since the *;ore sensitive ligand-emchang; reaction between sulfide and
nercury{n:)-—z,2'--pyr:ldylben.-.hi:’.d:;usole]‘7 appeared in the literature when
these studies were being performed, further investigations of the copper-

PAC sulfide reaction were abandoned.

L7
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Figure 5 Calibration-curve for sulfide with Cu(II)-dianisidine

complexone.
," MM:¢0.3; S: 0.0; Rex: 328 nm; ?em: -400 nm -
Q
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OXIDATIOR~REDUCTION STUDIES

Basic requirements for the use of oxidation-reductiom for
anions determination are an organic reagent\{ibiting’ different
fluorescent properties in oxidized and reduced pfom and an amnion
which can either directly or indirectly (as part of a more ;;uplex

' oxidapion-reduction system) oxidize or reduce the reagent to produce
(or quench) fluorescence, ' .

In the choice’ of a suitable organic reagént, some additional
properties are also desirable: ,.r:ap:l;l oxidation-reduction reaction,
high f]\.uorescence output, étabﬂity with time, solubility in water,
eto. For ‘anions, the obvious choice would :seem to be strongly
oxidizing Qﬁr&mgm&te) or téducing (sulfitre) aniona, Direct
axidation-reduction reactions of such anions with or:;anic reagenté
are not, however, ususlly very specific. When the anion is neither
a strong oxidizing or reducing agent and does not.react directiy

‘vith the organic molecule, the complexing properties of the anion
may be used to change the oxidation-reduction potential of a suitable
system; goo&\?)«:tivity is often possible for such anious becamr
interfering .oxidizing or reducing agents can be destroyed ptit;t to
complexation. ) )

A detalled stud; of the varjous parameters affecting oxidation~
reduction reactions has been undertaken. As a result, direct ,

™
.
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fluorimetric methods have been developed for the determination of

cyanide and phosphate; a quenching method has been devised for

sulfide, During these studiea direct methods have also bsen

found for the determinatiom of mercur$y(II) and copper(II).

s

da




39

4

Determination of Cyanide

Introduction
k4

1

. The leucobast of fluorescein (obtained by reduction of

P

fluorescein in alkaline medium) doeas'not‘ fluoresce bui: it can be
49,50,

-

Pl

re~oxidized to flt;oresc;in by various oxidizing agents
Cyani:de (1 pg/wl) has been detected with the fluor;scein leuco~-
base in the presence.of ,cux;ric ion by taking advan;::age of its
complexing ability; although cupric lon itself is not capable of
oxidizing the leucobase, the oxidation potential is sufficiently
increased when cyanide is p;:esent for oxidation to occur. This
reaction has been used in the present work to determine cyanide

I~ &

at the ng/ml level, L

B’

-

Reagents

-

The leucofluorescein reagent solution was prepared as described
by St:aln5 0. To a solution containing 0.0l g of fluorescein, 5 wml of
ethanol, 2 ml of 33X sodium hydroxide and 5 ml of water add zinc dust
in small portions (whilst stirring and heating on the st«;am bath)
until the solution decolorizes. Dilute to 100 ml with water, add
100 wl of ethaunol and allow to stand overnight in the dark; remove

the solid mixture of zinc oxide and zinc by filtration. The filtrate



v

R .
.
&~ -
T ?
hae Y
. » .
o )

K

¥
f
d °

E . a - w
v

h;ps in the d;rk for sevearal months; required concentrations were
prepared from this stock solation ;y dilution with water.
The boratn buffer (pH ~7.2) was prepared by wixing 8 ml of -
0.05 F borax with 92 nl of a solution containing 12.#06 g of boric
acid and 2.923 g 6f sodium chloride pér liter. .
The cyanide and copper Zﬂior:tdeustandnrds were as described
previously {p.30).

o~ .

Bpocedure . , ” .-

F copper chlommc,

>

"fo 2 =1 of borate buffcr sdd 1 ml of 107%

1mlof 3x 10 F reagent (Btock aolul:ion diluted 1:50) and 5 Il

{or less) of approximately neutral unknown uolution (containing

0.01 to 1 pg of cyanide); dilute to 10 ml with tw:lcc dittill.d

water. Measure theWy at 51& nm usin; an )
excitation wavelength of 7" Deterwine the amount of cysuide :

from a calibration curve.

.
o

Results and discusgiou

»
hd »

The flworescence intensiry is a linear fumctiom of comcentratich

.

at low councentrations of cymitie (0 to' 5.2 ng/ml ~ Fig. 6A);
excitation and emisgion maxime are less than 30 nm apart and sccurate
/;"detaruiution of still lower amownts .of cyaumide is not possible because

L} ¢

P
.

EE'S .![ .
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-the scattering effect becomes significant. For higher concentrations

2 - of cyanide (where lower ingtrumental sensitivity is used) there is no

o

ms;reable backgromnd fluprescence and a straight 1iie is obtained

- 3
up to about 25 pg/ml of cyanide (Fig. 6B); it levels off for atill

“

. Bigher concentrations because of an insuffigient amount of reagent.
. The standard deviation of ten determinations of 2.6 ng/al of cyanide
wag 10.6X,

-

Five ng/ml of cyanide was successfully determined in the presence

-

of 500~fold excess of bromide, chloride, perchlorate, fluoride, iodide,
nitrate, acetate, thiq’cyaﬂate and sulfate; a 50-fold excess of phosphate

—~ g and a 5-£oid excess of EDTA did not interfere. Equivalent amounts of
°  sulfide cause a serious decrease in the fluorescence mten;ity and *

sulfide must be absent. ‘Pgtsulfate and ferricyanide increase the s
~f1uorescen¢le intensity and int:rfere’ﬁst;rongly at ion to cyanide molar

- * ratlos of 1:1. -
. . S -
A 500-fold excess of Co(II), Ni(II),;'and Cd(I1) (metal ions

reacting -strongly with /cyanide) did not interfere in the determination

* of 5 ng/ml of cyanide; a 50~fold excess of Zn(II), 91(111), a 25-fold .
excegs of Ma(II) and a 5~fold excess of Fe.(IIi) also';fere without
interference. Equivalent amounts of Hg(II; and l'eﬁI) decrease the

_fluoyescence intensity and these ions must be absent.

The fluorescence -intensity 6f both sample and blank solutions

R o

increased as the pH increased from 6 to 8 but the ratio of fluorescence

-
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Figure 6
fha
S8
.
.
.
N
“
-
t -
. -
.
_ .
. e -

- Yy "

-
®

" Calibration curve for cyanide with “lencofluorescein.

Corve A ... MM: 0.3; S: 0.0 j{
Gurve B ... MM: 1.0; S: 0.0; (Entr.sut width
was decreased by a factor of 3.3) . 1
& »\ -
i
xex‘ 488 nm; Xen: 514 nm .
e -
- . o -
& /ﬂ 1]
% - - > =
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. fluorescence and at lower cogcantt'ntim (10

43
intensities (I /I,) was esseatially wnchanged; this is in agreement
with the cbserved pi dependence of fluorescein fluomséLeeﬁntmuy.
The fluorescence intensity of _cyanide comtaining solutions, however, .
passed through a maximum at pH 7.5 to 8 whilst the blank fluorescence
still im;msad with a‘futt_hct pH Elncreué; measurements were there- *
fore made in the pH range 7.5 to 8 where the fluorescence is about ,J"\" )
10 times lligher than at pi 5. The excitation and emission wavclangth‘
maxima did not change appreciably over the pH range & to 9.

In the concentration range of 1 ~ 100 ng/ml of cyanide, reagent

concentrations of 10_7 F are most suitab!.e’.a Higher reagent concentra-

‘tions result in decreased semsitivity because of higher background

-8 ¥) the scattering
effect becomes serious. For example, for 5,2 ng/ml of cyanide and a

7

reagent concentration of 3 x 10 ' F, the I4/T, ratio vas 3.6 compared

~6

to 1.8 at a reagent concentration of 3 x 10 ~ F so-that a 10-fold

increase in reagent ‘concentrat:lon results in a 50X decrease in
seusitivity.’
Fig. 7 shows t}zc effect of copper concentration on the fluorescence

intensity obtained for 5.2 ng/ml of cyanide (2 x 10—7 ¥); the reagent

concentration was 3 x 10~/

in solutions 10~ to 107 F in cupric fons and @ 107 F final concentra-

-

F, The highest fluoreacence intensity occurs
tion is therefore recommended in the Procedure. This conceatration is

suitable for 1 ~ 100 ng/ml of cyanide; replacemsnt of copper chloride
by copper sulfate does not affect the results.

—




Figure 7

w

-

Effect of copper{Il) concentration on fluorescence
4
intensity. _ ‘

MM: 0.3; 8S: 0.0; A.‘: 488 nm; ).a: 514 nm
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ethanol. For example, the reading of 69 for 5.2 ng/ml

in stock reagc?nt solution) was reduced to 35 in 102 ethanvl and to

e

7 in 502 ethanol. -

*

The ‘fluorescence intenéity of solutions coutaining cyanide

}

-

.

remfﬁe&‘co;s}:;nzftxp ‘t:o 80°C but the background fluorescence increased
steadily with temperature; blank readings were 6 at 20°, 14 at 40° and -
70 at 80°C whereas for 5.2 ng/ml of cyanide the readings were comstapt

at 34; best results are therefore obtained at a roow temperature of

20 -~ 25°G.

The results obtained for 5.2 ng/ml of cyanide were the same
whether measured immediately or 24 hours later; the fluorescence
intensi:tfy :)f both sample and blank increased by a facror of about
four, oﬁ‘standing, but the intensity ratio increased slightly. Blanks
containing no copper (diluted reagent plus buffer) showed an increase
in fluoregcencé intensity of about)\MOZ on 24 hours standing.
Measurements can be made, therefore, immediately aftemr mixing the
;eactanta but the reagent solution should be prepared by fresh
dilution of the stock reagent solutiom.

Figure 8 shows the excitation and emission spectra of fluorescein;

those obtained from leucofluorescein okidized by cupric ion in the

~ W '
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“Pigure 8

. o

Excitation and emission spectra of fluorescein
MM: 1.0; S: 0.0; (the overall width of slits was
decreagsed by a factor of 30)

fluorescein concentration: 3 x 10"6 F
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. to be mOSt sensitive (10

&7

presence ofecyanidc were the gsame, The quinone type structure (I‘.
Ib’ Fig. 9) is preferred for fluorescein because of its color51§ the’
compound "fluorescin" (II) is colorless and ﬂ;mr;a_cein is formed

on its oxidationsz. It is ,prohpgle that “fluorescin® and leuco-

A

fluoreacein have the same structure.

Among the flicrimetric methods for cyanide determipation

_reported in the literature (see Table 1) the procedure proposed

14

by Guilbault and Kramer™  1s most selective (over 30 ions tested

L

do not interfere at 0.1 M concentration); ‘the sensitivity limit

A
is 0.2 ug/ml. The catalytic action of cyamide on pyridonllz appears

-9 nole), its inhetent disadvantage is, of
courgse, its time dependence. The method developed compares favorably
with these methods for cyanide determination because it is simple,
rapid and very low cyamide conce;}trations (dowm to 1 ngl;l) can be
determined with relatively good reproducibility. Large amounts of -
common ious do not interfere but sulfide and strongly oxidizing
anions must be absent. Since cyanide is usually separated as HC!: '
by distillation from acid medium prior to its det;rlinatim, only

sulf:!:de can be considered a serious interference.

¢

I43
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Structural’for.ulae of fln_mresén:'fin (Ia’ Ib) and

"Fivorescin" (}I)
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Determination c;f Copper(I1)

Introduction

14
!

In the previous ::th:io for the determination.of cyanide, the
fluorescence :lntensitf was found to be directly .proportional to the
copper (IT) concentration when cyanide and 1etmof1uoresce§n concentra-
tions were kept comstant. Since ,them. are not wany methods reported
in the literature for the direct fluorimetric determination of
copper(1I), the reaction conditions of copper determination were

evaluated; as a result a very sensitive method has been developed

, which permits determination of 1 ng/ml of Cu(II). Reproducibility”

is excellent but some common metal iong interfere seriously. .

- Ve

.

kS

Reagents
— . ‘ 4 .

The reagent solutions were prepared in the same manner as in’
the previous method. The stock solution of 0.01 M CuC?, (Mallinckrodt)

was, standardized by EDTA titratiou53.

Procedure

-5

To 3 ml of buffer add 1 mI of 3 x 10~ F KCN, 1 sl of reagent

solution (stock diluted 1:100) and 1 to 5 ml of approximately neutral

49
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i

unknown solution containing 0.01 - 0.20 ug of M{II). Make up the
volume to 10 ml and read the fluorescence intensity at 514 nm; the
excitation wavelength is 488 nm. Determipe the concentration from

& calibration curve. s

T
*
r

’ i

Results and discussion

The calibtacwn curve {Fig.10) is linear fm 1 to‘:zo nghl

Py
|4
of copper(1I); at either higher or lower concentrations the curve

flattens slightly. The relative s[hndutd deviation of the iimited
nusber of determinations ¢six) of 12.7 ng/ml of Cu(II) (2 x me'6 who
\

mmole) is.n1X. . l

4

E3 -
Copper(II) (12.7 ng/ml) was determined in the presence of

100-fold molar excess of AL{IIXI), CA(IX), Mn(IXI) and Zan(II), 10-fold

&

excess of Co(1l) nng! NI(II) and an equllolat amount of HNHg(IX), Fe(II)
and Fe(I1I). Thus the metal loans vhich react strongly vith cymide
cannot be tolerated at high excess. 'n:e use of higher cyauide

4 ’

concentutiona does not prevent tlm interfeténce.

&
]

A 10,000-fold excess of acetate, bromide, chloride, mitrate
and sulfate, 1,000-fold excess of iqdide, perchlorate, phosphate and
tartrate and 100-fold excess of fluoride and thiocyanate are without
igterference. Anions stra‘:gly complexing copper, such as, m and

citrate decrease fluorescence intensity even at equimolar amoumts

and must be absent,

-

L

L4




Figure 10

.
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Calibration curve for copper(IL) with leucofluorescein.

MM: 1.0; 8: 0.0; (for f.luorescencg'a intensity readings

higher than 100.0 the width of entrance slit was

" *®

decreased and readings were recalculated);

Aex’ 488 nm; A o’ 514 nm.

[
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Evaluation 6!? reaction variables was performed for 12.7 ng/ml
of Cu(ll). querature and pi variations were not studied since the
optimum conditions for the - reaction had already been established

previously for the determination of cyanide; a borate buffer of

pH 7.2 was used and Fluorescence readings were taken at room é’enpera;—

~

ture.

3

With increasing leucofluorescein concentration both Is and IB

increase. Their ratio, however, reaches maximum at a final reagent

dilution of about 1:1,000. - ’ :

When increasing the final cyanide concenigratinu from 10'-"7 to

10-5 F fluorescence intensity of the sample increases; for still
higher cyanide concentrations, however, it begins to decrease; the

blank fluorescepce intensity follows a similarfpattern, its changes

are, however, hinute. As a result, the highest ISI’Ill ratio is achieved

when the final cyanicfe concentyation is in the vieinitf: L0f 3 x 1(10‘»5 F.

Both sample and blank intenmsities increase slightly with the
progress of time but their ratio remains virtually unchanged &nd ™
immediate messurement is possible. There is, however, a difference
between sample and bllnkhltpbn irradiation; the intensity for the

Wirradiated blank increases more rapidly with time snd the I /L. ratio

Q

decreases sdl:stantiall.y. For fluorescence measurements it is, therefore,

easential to use fresh (previously not irradiated in the instrument)
s

solutions. .y ) ¢

i
t



Provided that buffer is added as a first co-ponent*he highest—
valye for Is is obtained when copper is added last, while IB is
essentially independent of the order of addition of the reactants.
/When cyanide and copper are present together hefore addition of the
N v reagent, low Is va/lues are ob% becAuse the copper 1s consumed

Before it can o:idi;e the reagent.~ The competing refctimn :lnvolnﬁ
can be expressed as follows: .
. " In the analytical reaction copper(I1), in the preaen;:e of

v cyanide, oxidizes leucofluorescein (LF) to the fluorescein (F):

.

‘ P B
v o - . R o -
2efh+smywm%—+r+2n +2 cu(an);

. ' When no leucofluorescein is present copper(II) is first reduced -

S~ {\
to copper{I) by cyanide and then complexed:

-
-

. ‘ 2+ -
2 Cu”" +4 N > 2 CulR+ (W), '

.- . +6CN
f .
S . 2 Su(@)}”
. 5 ‘ *

. ) Some fluorimetric methods used for copper(1I) deteraination are
i .
summarized in Table 2. The main principles used are solid state

rﬂnoresceuce, complex formation and chedlminescencé. Three methods '

54,7351 56, 57

based on complex formation achieve sensitivity in ng/ml

ie .
range. Except for the luminocupferron method, however, measurement. at -

— s
o temperatures or solvent extraction havé to be used.
e ]
< - s;';)‘. , . 5

>

-
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. ‘ . TABLE 2 . . g
v Some reactions in fluorimetric determination of copper
‘ N M
/'\ ’ ' , © Sensitivity- .
N - hugfat . Type of reaction Reported . Major Interferencas Remarks Ref
» g - "
. . L .
luminocupferron complex " 1 ng/ml not reported <‘1 54,55
’ formation - N
aetioporphyrin complex . 0.5 ng/ml Ba, Zn, Cd,.Ni, flm;\siiﬁc; 56-
formstion N Fe(II), Mg and Ca’ measured at g
' tolerable in 1000~ <196°C .
‘ fold "excess
1 rose bengal, ternary 1 ng/ml oN” preseparation with 57
.~ 1,10=-phensn~ complex neocuproine
« throline formation i . , ) . .
. N~(8~-hydroxy- complex 0.1 ug/ml not reported 58 Y
" ethyl)-ana~= formation
, basine
N~(B~hydroxypropyl)~ quenching, 0.5 ug/ml U and P4 tolerabls ) . 59
anabasins, uzoz vavalength shift in 100~fold excess ' -
1,1,3=tricyanc~" complex 0.1 ug/ml 15 netal ions do not 60
2-auino-l-propene  formation interfere at 10:1 - ¢
s i ratio

N !
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i TABLE 2 continued ' .
Sensiéivity . ‘
Reagent . Type of veaction Reported -  Major Interferences Remarks- . Ref
thismine complex 0.1 ;;z/nl mﬁ", cN", 52". Cu(ll) is first reduced 61
. formation Ag(1), Hg(II), Col{Il)to CulX)
- - Fe(IIl)
luminol, 3202 v chcnfluninuctnca 0.% ug/al.  not reported i traces of other matal 62
i Tatalysis ions are kpown to e
v .o catalyze also this i
. ’ - reaction £
3
ZnS~Ag phosphor solid state 0.1 yg/ml oxidizing agents salective for Cu(II) 63
- fluorescence -
CdS~-Ag phasphoy quenching of Hg i-'nngc. Ag, Hg, Pt Cu, Ag, Hg, Pt cannot k7
. solid state . “be distinguished ’
& fluorescenca ) . .
AY §/

141
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The method developed allows determination of 1 ng/ml of copper(II)

at room temperature with a good reptoducifzility. Interference of .some

common metal lons, however, decredses its value for practical applicatiaoxd

unless a suitable preseparation method is employed.

f M L
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. . Determination of Phosphate

-~

Introduction

[

Non-fluorescent thiamine can be readily oxidized by various
. *
oxidizing agents to‘for- a strongly fluorescent thiochrome .
Molybdate itself is not able to oxidize thiamine but when phosphate

is present hexadimolybdatophosphate is formed and oxidation takes

placess. A method based on this principle has begn developed which

-allows determination of phosphate at ng/ml level with telat:iively

»
K]

few interferences. .

A

-
Reagents

Solutions of the desired concentration were freshly prepared
daily by dilution of the following stock solutions: 0,01 F thiawmine
chloride hydrochioride (Aldrich), 0.01 M\(in terms of Mo) wolybdate
from (NH)Ma,0,. . 4 H,0 (Mallinckrodt), and 0.01 ¥ phosphate from
KHZPO& {Fisher). R

The buffer was a 0.1 F solution of borax.

:

B

%
The structural formulae of the thiamine chloride hydrochloride and
of thiochrome are shown ig Fig.ll.

® »

’ A4

-
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Figure 11 Structural formulae of thiamine chloride hydrochloride(I)

.

and thiochrome(1I).
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Procedure " x ;
. d L) a

To 1 ml off 1:100 sulfuric acid add 5 w) {or less) of am
;pprox:lut:ely neutral voknown solution contain:lr;& 0,050 to 1.00 ng
of pmph.te, 0.8 nl of 0.01 N asmcoium -ctlyuue, and 0.8 -alot‘
0.001 F th:luine. - Add-2 =l of 0.1 F borax and dilute to 10 uIl wvith
twlce d}g;}l}gﬂ;ggtar.f Measure the fluorescence intensity at “0 L )
using an excitation wavelength of 3155;9. Determine the :munt of

* phosphate from a calibration curve in preparation of which 'the

3

volume of, phosphate standard used was apptoximtlély the same as the

| ®

unknown. ' : ! -

Remuilts and discussion F—

* Fig. 12A shows a calibration curve obtained without subtract:lou
!

of ‘the blank; it is a straight line up to 30 ng/ml uf phosplute but 1 B

does not pass through the origin because of backgtomd fluorescence.
A straight line through the or:l,gin is obtained uptfn subtraction of ’

the blank (Fig. 12B) and even 1 ng/ml of phosphate can be determined
at higher instrument sen‘sit:l:vity. ’

The standard deviation of seven determinations of 50 ng/ul of
phasphate was 3X; for 5 ng/ml the deviation was less than 10X. &
The nett;od wvas successfully applied to the determination of
phosphate in sodium chloride by standard addition; a simple of te;!mt

LS



Calibration curve for phosphate with thiamine.
Curve A ... MM: 0.1; S: 0.0 7
Curve B ... MM: 0.03; S% 0.0

Az 375mnn; xu: 440 nm
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a . \k
grade Baker & Adamson salt vr found to contain 0.5 ug/al of phospbate. “
Pl
The well established. mlybdemn blue ghotoul:ric ul:hn;d could not be '

_used becuuae no color forud at the sodium chloride co&n«ntntw (2X%)

wable in the fluorine:r:lc proceduxe sad lower ulticoucumum ; ,
-4
phosphate presunt to be detc colorimetyi~

cally. method is more sena:lti'!e than colorimetric
cal factor 1a the forsation of product for

ept. for mercury and iron, most cowmon icas cam be .

- perchlorate and i:hﬁ:\cyma

ially higher concentrations than in th colorimetric
* “w s s ‘

1 .
* ‘
g n @ ‘ ©

s . |

L
phate was succesgfully determined in the
ﬁresgnce of ; 10,000-fo)d®molar excess of acetate, chlorida“. nitrate,
and a 1,060-fold emes; of bronide, flooride

and tartrate. Result:s were aAlso satiefactoty with a 100-fold excess of

citrate,g,EDTA, iod:lde and per lfate. A 10-fold excess of siliciate and
ferricyanide .could be present ‘bit Jarger ‘a'-oupts incressed the fluoresceuce
intensity; am equivalent amount of sulfide stmnﬁy quenched the
fluorescence. ) . T , P

A 10,000-fold mlat excess of mNi(II), Ma(II) and Cd(II) and a
1, OOO-fold fexcess of Cu(II), CO(II), Ca(II) Za(11) and AI(III) did .

ngg 1nterfere. A lo—fold excess of Fe(II,I) and an eqnivlhnt smount N

" of Ft(II) ‘could be % esent but an order of. ugnitude increase fn * o

concentration decrenaed t fluouscence. Mercury(II) and l!g(I)

»

markedly increased the fluorescence even at equiwoldy ratios.
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The fluorescence intensity depends, of course, upon the munt
" of thiochrome obtained by oxidati.on of thiamine by the d:holybdato—- ¥

phosphate formed fronf phosphate & reaction with molybdate in acid:

0

,solution. Provided there are no other species in solution" capable of

1 o,
-

*
oxidizing thiamine to thiochrome, the same fluorescence intensity - |
would be observed for the same phosphate concentration if there are

. no interferences in (a) the formation of dimolybdophosphate (b) the
¢ oxidafiqn of thiamine (c) the fluorescence’output- of thiochrome. Thus
[ * - ’ -
" - silicate interferes because it forms a heteropoly acid capable of

7

. oxidizing thiamine and ferricyanide also oxidizes thiamine to tuhio\chro-e;
o

" sulfide interferes with the ox:ldation oFthiamine. Perrous iron inter- *

- k]
é"m

p T feres in the oxidation gtep and the interference of Fe(II1) is due to.
% e
a L the absorption or scatr:gr ofl fluorescent light by 'nuclei of hydrous
- . oxhde; mercuric and mercurous. ions increase the amount of thiochroms”
2 N \ * PN s
o { formed e{ther t:hrougii direct or cm oxidation of thiamine.

/—I'mportant factors in the determinatian of phosphate with thiamine

,are” the, starting acidity, the th:fﬁmine concentratian, the molybdemm

" . P

. r

) . cancgntrati’cn and the final pH. “ i
v For phosphate concentrations of 5 to 100 ng/ml the ISIIB ratio

-was a maximum when 1 ml of 1:100 32304 was initially present; the .

amount of molybdophosphate is highly ’acid dependenbﬁﬁ. I, w;s fmchanged
L } ’

y B

* - n P .
Oxidiging agents, prior to formation of molybdophosphate, can be destroyed
. - bS' treatment with sulfite; excess sulfite must be removed ’by hut‘:ingi
b hefores addition of molybdate. v =
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_ if more acid was present but Is decreased rapidly; IB increased v:lélf
decreasing acidity whilst I decreasedsslightly. . For euup;.e, the’
o ISIIB ratio was'1.4, 2.1 and 1.6 for 0:25, 1.0 and 2.0 ml of 1:100
1512505 added*tespectively; similar results were obtuine} on’ replacing
- sulfuric w_j.ﬁh hydrochloric or nitric acids.
-, * “The I;/1, ratio re:ained unchanged for final thismine concentra-

-
1

s

tions of 6 tgudl x 10'? F and molybdenum goncentrations of 3 to 10 x = .
"104 M. IS decreased for higher or lgwer thiamine cmc;ntratims (Il
did not change appreciably over the range studied); for higher molyb-

»
= denum concentrations I, increased faster than Is whilst the reverse

e

was true with lesser amounts of uolybdengtﬁg present. Molybdenum-

~4 5, .

toncentrations of +8 x 107 M and thiamine concentrations )of "8 x 10 °M

4 €

+  are recommended for best?sensitivity. .

5

- A final 1;11 of ~8 is neceaéary for maximum sensitivity. Abowve

vl

pH @ the absolute increase in I and'I, was the same but Is/IB’ decreased; :

from pH 2 to 8 the blank fluorescence was constant but Is increased. For ‘

’

example, the IS/IB ratio was 1.0, 6.5 and 2.0 for reSpeétive pH values
\m/ * of 2.3, 8.0 audp 12.0; Is - IB was constant from pH 8 up but the sensi-

tivity decreased as a result of the high blank reading. ’
With {fxéréasing temperature both I; and I; increase to the same ‘
. degree. For exanplr, 47.5 ng/ml of phosphate gave/ Is and FIB values of . E
54 and 5 respectively at 245C and readings of 79 and 27 at 95°C. Again ,

¢ the I

® ‘

v ' 'S

P figure is essentially’unchanged.yhilst fS/IB decmfcea.
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k‘{ change in fluorescence intensity was observed for solutions
allowed to stand for various time periods before rfemrmnt (up to ‘

. 0 n‘inutes before adjustment to 'pH 8 md up to 330 minutes after

adjustment). The fluorescence measurement can therefore be performed

immediately after mixing the reactants and the; fluorescence reading

is stable for several hours at lesst. .

< -
.

There are not many fluorimetric msthods for phosphate determina-

tion reported in the literature (sée Table 1). The quen ‘ oﬁ”

-

Asnfien‘; from many interferences; iom associate nathodan’ involve -

precipitation or solvent extraction, respectively. The enzymatic

33,34

' procedures "seem to be most sensitive (sensitivity is claimed to, -

e be limited only by the purity of reagents used). The most widely used
< L]

gethnd For practical phosphat; determination is still th&‘wll-established.
colorimetric molybdenum blue method. It was compared with the thiaoniine
method in the ptactii;l @eterlination Nof ‘phosphate in sodium chloride.
While the thiamine ;ethod _gave good results no color was formed in the

’ molybdenum blue procedure because of the l\tﬁh salt concentration. The ',
fluorimetric method:1s also superior in that it is -gm sensitive and‘is

.
1
not time dependent. N
.- - .
s
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Introduction . ’ 2

-

. 2 t

3 - P
In gn investigation of the usé\cf thiamine for the fluorimetric

4
te, mercury(I1) was found to react with thismine

to give high fluorescénce. It appears ro be, from the literature survey,

vhich allows determination of ng/wl of mercury in solutions which have
. ' . <

relatively low salt concentrations (<0,02 F). Where digestion with acids ‘

®

- f"( ¢
is pecessary for sample prepautlion (a,@ lorganics)—, sasples cmﬁ:aining

. 1

at 'least 10 ug of mercury are required because the high salt concentra- ,
; | tiouiresulti.nz from neutralization sust be decreased by d:&lution., .

- I [

Reagents | - . - -

“ 1
! I

\
\ A stock solution of GLOI F HgCL, (Merck & Co.) was standardized
67

o

- -

‘by EDTA substitution titrati . The stock aclutj.fmv of thiamine

> chloride hydrochloride vas the same as in the previous nethod: . .
The borate buffer (pH 7.7) was prepared by mixing 47 ml of . :

IN HC1 with 53 ml of 0.05 F borax.




- s

g - -
" Procedure k: = -

"1’5;‘“ N S 4
iy

To 2 ml of buffer in a 10 ml volumetric flask add several =l of

} ¢

approximately neutral unknowa solution (ca;xtaining 0.1 to 5 ug of

mercury), I ml of 3 x 10'5 F reagent and make up to volume with twice

distilled water; the resulting solution should ‘be less than 0:02 F in-

foreign salts. Measure the fluorescence “intensity at 40 nw, after

one hour or mre£ the excitation wavelength iz 375 nm. A hlank <

@

should be run concurrently. A typical calibration curve is showm in

Fig. 13A. .

-

Factors ;iffecting fluorescence - *

" v
o

The determination is based on the oxidative reaction of mercury(II)

s

on thiamine to produce highly fluorescent thiochrome; mercury must,

-

o » ¢ ® 4
therefore, bé present in solution in the divalent staté. Hercnry(I)\
+ solutions give a fluorescence intensity of about one-half that obtained

for the same cm{centration of mercury(1I) and*organc;mrcury compounds can
. » .
only be successfully analyzed after destruction of organic matter and
¢ * j * ¥ -
conversion to inorganic mercury(iI). ' , '“ o ’
N s

“ The ratio of sample to blank intensity ‘is essentially constant
over the pit ran;é of 7 to 8 but decreases rapidly at b?th lower and

highey pH v?lues; no differencesyar’:e observed, for example, ﬂbefwe’en
blank and samgle at pH 4.5 and at pH 11. & T

3 - »*
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The fluorescence intensity is both time and reagent concentration’

a

dependent. Highes£ sensitivity is ’obuimed at i reagent comcentration
of 3 x 10 F after approximately 1 hour's al:anding (Fig. 1&). auntnt

Eluorescence mtensity can be obtained for higher reagent cmmtmim

w:lthin a few ninu:es but a lower sensitiv is w_chieved.

ud*w*

Heating increases the reaction rate o that solutiou heated to ~
90°C for ten minutes give essentially the same reading, after eooling,

as solutions allowed to stand at Yoom temperature for 1 bour before

®

measurement; the reading for the blank does not change appreciably oa

1
5 BT ———_ #

heating, . ' )

Results and discussion d

’
-

The fiwresnence intensity is a linear function of mercury’
concentration from 10 to 200 ng/ml; the curve does not pass through
the origin because of some backg'rotmc_l flmresce;;ca. At higher umufy
concentrations, where lower :lnst:runenv: sensitivicy is,necessary; .
there is no measurable background fluqr;séence and & straight line
is obtained x;p to 500 ng/ml of merqury géifggligj uvader. the procedural
conditions; ‘ a linear relationship between fluorescente inteuslty‘ aod
concentration is obtained st considerably highet- nercury'ihwla if the
reag'fent concentration is inizfeased. The pexcent standard d:viltip on”
‘the 37(.‘13*513 of 50 ng/ml of mercury(I1)- (sem determinations) was '

¢

4.1; {for 100 nglnl {ten det‘e'r-ingtions) it vas 3.22.

-
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i Figure 13 Calibration curve for mercury(II) with thiamine.
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‘Figure 14 "Time dependence of

>y

Wi 0.03; S: 0.0; Xox? 375)tm;u Aot 440 m *
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Curve B .. . respective blank
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’,F:lfty nglnl (2.5 x 1()’6 -ole) of mercury(II} were auccuufuuy
determined in the presence of 'a’ 10, ooo—fold molar, excess of BL(ID,
Co(Il)"and Zu(Il), a 1,000—f01d excess of Cu(il), Cd(II), !fn(II) ‘and
AL(III) and 100-fold excess of Fe(II) and Fe(IID). simtlarly, a

, 106,000-&)1(1 e;cess of the sodiun or potassiym salts of acetate, ‘Q’
chloride, citrate, sulfate and tartrate did not inte:fere. A 10,000-
© fold axcess of t]mride, n:l.tnte, perchlotate and phosplute and &
» ,000-f01¢1 excess of brddide and’ thi mté could be tql’eratad, the
fluoresceni® was mknched by équivailent a-ouuts of cyan:ldq, :lod:l.de,
sulfidé and EDIK. . . L .

e ¢ ~ \}_d .

The uthqd can be applied to nercury analys:ls in various systeu.
i ¥ wt

For euqle, adv;m:nge can be t:aken n,f the relatively l\igh ;wunts of

A

foreign ions vhit:h eaxl bé toletated and nercpry can be datemined in, .

s
Yy

e.g.; -sinc salts. Zinc 0.2 I-oIdy in Zn(t':lol‘)2 »was wasked by addil::lon

s n

b
. of 2 wl of 0.1 l‘ sodj:u- cittatjgg avo:ld zinc precipitation in basic

Il

ned:lnn) and 0. J, 1' bo:ax was ad adjust go the gtopet pH. Using a
atandurd addifiou nethbd 10 32 ,0r moTer n; nercury in. ;inc can be

etermined. A hj.ghdr sensitivity ‘cannot bewchieved becayse of the

o

[

)
L5~: 14 4

A, Anothpr area’of application is the mly ig of wercury in uytte-s

N 4

tontaining organic -atetial.‘ _Thete ate three asic steps involved: .

P

o (1) or:gantc. uterial lms to be mineralized (to remove otpuic matter,

B decquée. orgunnercurial compounds and solubilize inormic mercury

L & B

umea ailmmne cqncentutiou of silts in th [solution to be analyzed.

¥
3

a

LY

7 e
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compounds); (2) colorless solutiom o;mw
', (3) the fluorimetric reaction hu to be perforsied. .
The digestion techuique recommended byPelson et al.

-

68

pplied to water sawples and to otmtcutnh aod was fouwnd to
be very utiafactory; the marhod cauuistl of - boﬂiu the sample
with a mixture of coneentuted sulfuric and nitric acids in an
Erlenmeyer flask fitted with a shortstemmed funmel with care being
taken to prevent charring and resultant mercury loes through carbon
reduction. Sample sizes D-u: be taken to provide 1!; to 500 ug of
mercury. Salt concentrarions (fotned as result of neutralization
“ after acid digestinn) in emn of 0.02 ¥ ;u:rmc the fluo:ucm ¢
intensity and it is ﬁhet,to:e necessary to dilute di;ntod. neutral-
ized solutiouns, otdi&xily by sbout two o:dcrl of mm, to obtain
good results. ) . )

Tap m‘t’er sanples b(zs ul), f?r au;le:, vers spiked with 2?0 ug of
mercuric chloride and were digested with one ml of concentrated Joulfut!cd
acid and one wl of lggn;enttnted Fitrié acid. Afrver di;‘ltim tha -
solutions were neutralized to pB 7.5 to 8 v:l.th 502 sodium hydroxide -

3

(some borax was added to provide buffering) and were then meds wp To

, the original 25;ml volume. An aliquot of this solution was diluted

100 times to decrease the salf conceatration to less than 0.02 F and
the regular pmctdl;te‘with thismine applied. The relatiwe arror of
deternination vas less than 5%. ’

5 W

“ﬂ v
* ‘ ’
N ' *
.
!
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i digested with acids and were auccessfully analyzed for mercury vith
;hunine. The precision was excellent and the relative error of 6%
Vas sati§fact:ory congidering the unknown purity of - the gample. ;

The method developed allows s&lective ‘and si-ple dateuinat:ion
of mercury(II) at the 10 to 500 ng/ml level in solutions less tlun

o

0.02 F in foreign salts by measuring the fluoteacence produced on -

s

reaction vith “thiamine, Sample sizes ta provide 10 ug -or more of .

mergury are required for suples which necessitate aq::td digeation ¢

3 -

prior to analysis (e.g. organ:lcs). ' -

3

The few, reported ’eti:ods for the fluorimetric determination of
5
urcury(II) are listed in Table 3. They involve ion assoc.iatY extrac-

tions or solid state lusinescence’and are neither very ae!!wd.tivg nor
,'
selective., The method developed compares wit:h them favorablg fn

a

. terms of selectivity, sensitivity and simplicity. Its appl:lcab:llity

to analysis of pract;.cal sanples has been demonstrated.

0

P

w

?F;hve mg samples o;,{i—p—tolyluercury (Eastnu;n) were ainﬂwly 1

¥
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Some reactieqs in fluorimetric determination of mercury

%

Al

TABLE 3

2

~

Reagent

¥ Sensitivi
Type of reaction Reported

ty

- S
. ~

Mejor Interferénces Remarks

thodamine S, Br

i

butylrhodamine B,

Bre, crystal
violet

rhodamine B, I~

6'5
tetracyano-

platinate (1I)

%

.Cds~Ag
phosphor

»

ion aisoqiat;\\\\\go ug/ml
extraction //~

ion associate 0.1 ug/ml
extraction

quenching uM range

formation of 5 ug/mL °
fluorescent
precipitate

quenching of Mg range
solid state
fluorescence

-

-

not reported

A&u(III)

T1(II1), P4(II),
Pt(IV), Bi(III),
.Cd(II), Fe(III),
Sb(III) -

Y(III), 2r(IV),’
Ag(1), Zn(1I),
Ccd(I1), AL(III),
Pb(II), La(Ill),
Th(IV)

. Cu, Ag, Pt

by

preseparation by
extraction of crystsl
violet bromomercurate

71

interfering metals form 72

‘also fluorescent preci-
pltates

-
©n

Cu, Ag, Hg, Pt camnot
be distinguished

64
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’ - Determination of Sulfide
¥ R y
Introduction = - - -
, i3
. " In the investigation of the use of thiamine for the determination

_of phosphate and -erf:ury(II) it was found that sulfide inhibited the
oxidation of thiamine to fluorescent thiochrome. A quenching fluori-

h metric method b?sed on this principle has been developéd for ng/ml ‘of
sulfide. Berause of the relatively ullort reaction time, the high
gniit;l.vity, and excellent reproducibility, permanganate was ‘chosen

as the most suitable oxidant.

Reagents *
4

"A stock solution of “0.02 B KMnQ, (Shawinigan) was prepared by

dissolﬂng'&z g of nho‘ in 1 liter of, distilled water and allowing \ ¢

the solution to stand for three days. K The Mo0, formed was then

filtered off through a sintered glass crucible and tlie permangsnate
, ¥
Thlamine and sulfide standard solutions and borate buffer

solution was kept in the dark.

{pH 7.7) were prepared in the same manner as described in previous

-ethod£ - ’ y



*y

3
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c
- +
-

Procedure

To 2 ml of borate buffer (pH n7.7) add 1 ml of 107 F thiamine

vfollowed bxgs ml or less of an approximately neutral unknown solution

Sy Kin0, and make

up the volumgyto 10 ml, After at least 10 min measure the fluorescence

containing 0.03 to 1 ug of sulfide; .add 1 ml of 10

intensity at 440 nm using an excitation wave%gngth of 375 nm. “The blank
reading should be adjusted to the full scale deflection for high -

sensitivity. Determine thg concentration from a previously prepared

\ 14

calibration curve. N

a

Regults and discussion . ,
: 9 i
" A typical calibration curve is shown in Fig. 15, The curve is

linear up to 20 ng/ml and even 3 ng/ml of sulfide can be determined.

( The relative standard deviation of ten determinations of 9.5 ng/ml

of sulfide is 1.3%.

6

Sulfide (9.6 ng/ml, 3 x 10 " mmole) can be determined in the

;resence of 100,000-fold molar excess of fiuoride, 10,600~f01d excess
of acetate and chloride, 1,000-fold exc;ss,of bromide, ilodide, nitrate,
nitrite, perchlorate and sulfate, 100-fold excess of phosphate and
tartrate.and 10-fold excess of thiocyanate ?nd cyanide; f?pxhnolar
concentrations of citrate do not interfere; sulfite and EDTA. interfere

%

strongly and must be absent. ’ -



% . . - ; o

A 10—£old‘exc£:gs of AL(III), Fe(Il) and Zn(II) and equimolar - .

concentrations of Fe{(IIX) ahd Ni{II) can bj tolerated. Equimolar
concéntrations of Cd(II), Co(XII), Hg(II), Mg

(1) and Mn(I1Y interfere °

a
- ’

and must be absent. v v .

The method is based on two, co-'pet'ing reactiouidof pemnga;mtez .
{1) oxidation of thiamine to S:hiochrongi (2) oxidation of sulfide,
The diverse ions can thus interfere in two ways. They 'can(é‘:lther
react with the sulfide present or they may interfere in the oxidation—
reduction reaction between permanganate aad thiasine. The permanganate
may undergo.a nu;b{:r of reduction steps [e.g., to manganate, manganese
dioxide and -an;nesg(n)]. Tixe interfergfxce may thus occur in z?ny of
these steps and to a different degree. 'Thus the net tesult;ing 1;ter-a

ference will depend upon which of these processes ;111‘1 be dominant.

For exaqple, Ni(II) and Zn(II) decrease the fluorescence intens:lt.y' :

of the sample and they also decrease the fluorescence :lntensity of the
blank alone; siuce the blank contains permanganate and thiamine (but no
sulfide) the ,dp-inating factor -ua;: be interference in the oxtidation~

reduction reaction. Phosphate and EDTA, on the other hand, cause an

-

in&:\i‘ease in both blank and sample intensity and must, therefore, favor

the production of thiochrome.
- L3 A
In practicgl work, however, most of the interferences may be

2

removed by distillation of sulfide as }125 from acidic medium and
. M .
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{ a .
mﬂuequent: recapture in base. One of the main interferences - sulfite
~ which :t; carrted over in di;tﬂlation procedure may bé eliminated by
using filters impregnated with 5% KHCO,>. - . ‘ )

'yIn all subsequent Studies of reaction conditions the sulfide

" don concentration was 53 x 10“7 F (9.6 ng/ml). ¢
¥ Both Ty and I, exhibit maxima at pH 7.5 to 8.0. For higher or

lower pH vaiues both intensities dgcr;ease an.d/\so does theilr difference;
-7
for example, at pH 8.6 or 4.2 f:.‘,’ and I, are appro tely equal.
. >
With increasing permanganate concentration the fluorescence |

T
intensities of sample and blank increase to about the same degree.

However, whgn the p’emanganate concentration is greater than 2 : 19'6 F
both blank and samp?le solutions become yellowish in color and the mnk
intgnsity i3 less t}nan that of the a,a-ple. This is due to the fyéim
of dispersed manganese dioxide and changed absorptioih characte;:iatigs
of ’the solutions. The reagent concentration used in the procedurd was,
therefore, 1 x 10“6 F. ' ¢, ’
Maximum value of the f‘luorescence intengity is obtained at a
\final thiamine concentration in the vicinity of 104 F. For still
higher conce;:trations there is a slight decrease in the fluorescence
intensity proba?ly due to the excessive absorption of either the

exciting light or the fluorescence emitted (“immer filter effect™).

*«
\



f The fluorescence intensity increases slightly with time; ' a
\

constant reading is achieved within 10 ninuteu. That 1is, thercfot.,

~

thé minimum time period which should be alloved to elapu betwesn
nk:lng up the aolutions and ﬂmrinetric neuureqeut. .

Vhile the fluorescence intensity of the blank does not depend
on the orde.r of addition of the reagents (prov:lded buffer was added !
first), t:he fluorescence of the sample ia dependent on “the‘sddition
. gequence. If sulfide is added last no quenching occurs, but if
sulfide is added before permanganate, then it doen not matter whetl‘:er
itp:lami\l;fe .1s present from the very beginning or not because quenching
takes place. Thus it is probable that sul.ﬂd; quenches the fluorescence
of the system by consuming part of the permanganate.
\ “ Both sanple and blank intensities increase slightlyf with
:l.ncreasing teuperature while their di.fference te-ains virtually
constant over the rangé studied (20 to 95°C). Sincertheir ratio -
IB/Isydecreuses at higher te-pe;at:ures the measurement at the room
_temperature 1is fecoﬁendeg‘ '

Other reagents may be used 1nsteadl of permanginate to oxidiz;c
thiamine. .Using Iescu’ry(n;ﬂ higher sensitivity for sulfide is achieved
but the reproducibjility is poor. Ferricyanide requires higher pH and

reaction is strongly time dependent.

*
-

The ‘fluorimetric methods for sulfide published in' the literature
are all very sensitive (see Table 1). Since sulfide ﬁﬁx;uall_,y separated .

. B
t - »
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\ .

3

as H,S by distillation prior to analysis the majority of interferences *

can be so avoided. The method developed is comparable to the published

methods in térms of sensitivity and reproducibility. Its advantage is

-

that it employs common, readily available reagents. |, «

-t
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" CONCLUSIONS . ’

The object of thga work has been the development of new,
ﬂmrin}tric methods for the determination of anions at the ng/ml
~con¢entrat?ﬁon‘levels; 'as’a result direct: fluorimetric methods
have been developed for cyanide and phosphate and sulfide has been
determined by quenching; methods tior_ the dege'minati;u,oi
nercu—ry(q) and copper(II) have also been found. The use: of N
ligand-exchange and oxidation-reduction reactions for fluorimetric
determination b§ anions has been studied in detail and some useful

#

conclusions may be drawn. - ’ - .

In the search for reagents suitable tor direct fluorimetz."ric
methods for anions based on ligand-exchange rear_:t?.cma, pgrhapa the °
most important aspect to be kept in mind is how efficlently is the
fluorescent ligand quenched by a particular metal 1on;‘ this chtbr '
18 critical to the resultang background flmr;scence and thus for
the sensitivity of the whol\e method. - ~

It has been stated that reversible elecf;:on transfer between
members of the complex leading to the depopulation of the excited
states is the mechanism for luminescence quenching since the quenching
ability of certain substances correlates well wi;:;x their ionization
potentialku. The second ionization potentials {third for iron(III)]
for some transition metals c;f interest are given in ’rabie 4 together

with the nusber of unpaired electrons in weak ligand fielci.
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TABLE 4 .
Tonization potentials of ‘some transition nétnls7s.
N ’ 3
Metal fon - Fe . ®e?t o?t  m*  w?t z?
# ;f unpaired . T, ¢ .
electrons 5 4 . 3 2 1 7 0

ionization
potential (eVv) “30.64 16.18 -17.05 .18.15 20.29 17.96

¢

For these transition metal. ions, however, the ionization potentials
do not correlate with their quenching ability. 21nca for example, has
its second ionization potenti.;l close: to those of nickel or cobalt and ,
yet zinc(II) is known to form highly fluorescent chelates while nickel(IL)-
and cobalt(Il) are rather effective fluorescence quenchers. Iron(III),
which im t!;m of its ionization potentiaﬁj ‘;hould quenchmfluotescence
effe::tivlely, was found to be a éoor quencher.

Quenching is a complex phenomenon. The extent of flmr;acence
quenching of an organic molecule as a result of complexation with a
metal iom is prinirﬂy influenced by thé‘.'.

(1) electronic structure of the metal ion

(2) mass of the metal iom .

(3) stability of the metal complex formed
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of :ourse, the influence of thue factorl cannot be cohpletcly
separated, for ennple, the snbility of the complex 1: obviougly )
also dependent on’ the nature of the -etal jon in#’olved. “hactioﬁ .

. wit:h a wetal lon results in ‘f change in t)he anergy/of molecular orbitils

o
! i o

\‘ <9
of the organic molecule and the efficiency of excited atate-processes

* v
which compete with fluorescence (intamystgn crossing i‘xteml&, .
~
couversion) may Be influenced.” T,

-~

Diamaghetic complexes of lighter ;etal ions [;(g(II), AL(TIT),
2n{11)] flnotesce stmgly vhereas metal ions wh:l,ch are paramagnetic .

mpaired eJectrons which create a strong, inilouogencoul »°

magnetic field, apd spin-orbit coipling occurs. ‘The prubabuity of

intersystem cXoB us grestly ineteué'd resulting in population .

of the triplet state and fluorescence quenching. = -

@

Nuclei of heavy metal atows are less shieided from their valence °

e

electrons and their nuclear charge results; once again, im increased
spin-orbit coupling and:population of the triplet state. Very heavy

ehnents, such as -ercuryg not oily, quench fluore:cence, but do not

&

increase phosphorescence yield iuy even decrease it. This can be

-

4 v

T

* «Some metal fons may also decresse the fluorescence intensity of the
. system by their absorption in UV ot“ viaible either of excitation or
-En:mn of the fluoreascent reagent. This process is not, -
however, considered to be a true quem:hing. Among the metal ions of
interest, nickel(1I), irou(II) ql iron(III) exhibit appreciable
stgorption ia the near UV and visible. ,
\ .

kK

&
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. explained by the coutraction of electrou:lc energy levels due to high

- nucle& .charge which increases the pgo ity of. internal conversion

("heavy atom effect") : '

f]

3

I}

T

the reaction M + L — ML is given

-
®

o Fora fluaz:escent otgauic ligand {r), fluomsce.‘of which 1is

.« quenched on react‘&l vith a metal ion (H) the stability constant fm: -

ML ,
by T A ‘The higher the '

atability constant of the metal complex the lower will be the amount

> of free ligand present at equﬂ:lbriul and quenching wi]l appeat to be

i 2
~

-ore eff.i.c;/ent. *

L

Q " N

0 The ex;seri-ental results qlgov that copper(II), nickel(II) and

14

cobalt(II) {ons (which possess 1, 2 and 3 mmpaired electrms, respec-

tively) ire more efficient" quenchers thaﬂercury(n) and iron(III). .

Wb

The "heavy atom effect" (mercury) is, apparently, less effective in ,

electrons would predict

Ton(III), where 5 unpaired s

o 3
ghly effective qwnehin"g, hwe% the ‘ét .

least efficient quencher amng' the netal ions studied. The p'cassible

explanation is that half-filled orbit:alq, [d configuration of iron(III)]

wh:lch are particularly.stable are mot as effecti.\;e as partially filled

(dl to d‘ 5

v
bl K‘
.

-
#

s d éo‘ dg) orbitals in spin-orbit coupling;°it 1s known, for

[

- %

No pairing of electrons as a i'esult of complexatiom with EDTA type

gr(;ups is expected. %

5

L4

.

:"
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)nitable reagent. In addition, the stability constant of the reageat.

- - .
L ° 85

exawple, tiuf: light ions with stable pﬁ and a'? electron mf:[\;unti:m

glve strongly fluctesceut complexes.
All metal ions stoudied form rather stable complexes with EDTA

type ,gmups* (vhick are the coi:lnx:l/ng groups of metallofluorescent

indicators); Since the stabilities of mefal complexes of metallo-,
fluoresCent indicators should follow the same sequence as those of
respective EDTA complexes, i.6., Fe(ITD)>Hg(ID)>Cu(ID>NL(IN)>Co(ID)’®,
iron(I11) and mercury(II) might be expected to be the moat effective
quencl;era. Th@is was not, honwn:, the case and thus the n}'m:in

stability of the p;rticnlar metal comglexes was not found to bear any

" relation to the extent of quenching. For the tramsition metal complexes

of metallofluorescent indicators studied the nature of metal ion is,

apparently, the predominant factor In the fluorescence quenching
* ©
efficiency. .

s

Generally, ,:l:t should be emphasized thas ‘fluoresceace qmch:(ngﬂ.;
a complex proogu'bet.:ause of the iarge nder;'of varisbles involvé‘.

4+ 4 -

ef'fec;:l of which cammot be completely separated. NRewertheless, knowledge
of thmphmennbl&s;mmefulder’ to be made In the choice
Fad
of proper reageuts and reaction cond®ions in the development of 1igand-
2 :

exghange methods. 4
An effectively quenched ligsnd is omly ome prerequisite of g

.

%

i »

f.,-;

’_“’.
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(metal-ligand complex) must be sufficiently less than that of the
metal-anion complex for emh_anae to. occur and kinetics, must be also
favorable. For new ligand-exchange methods for snions it is, therefore,
I necauﬁ to Find "Just right? combination of metal ion, fluworescent
‘ligend and anion. This fact limits the application of the ligand- ,
- exchange principle.

Oxidation-reduction reactions have been ‘found th be very useful
in the deulo:.;-ent of fluorimetric uthods; for anions. In the methods
for determination of phospliate and cyanide these anions do not react
direc;:ly with the organic reagent but advantage has been taken of their
complexing properties which resulted in the change of the oxidation-
reduction gotential of a given system; good selectivity has been ao
achieved. The methods are highly sensitive and allow determination at
ng/ml levels with & relatively good reproducibility;‘ many commoir ions
can be tolerated at high excess. The -eth;ds for determination of
phosphate and -arcury(/n) were successfully applied to the analysis of
practical samples. The methods f?r deter;imtim of cyanide and sulfide
cam be also réad:lly’ applied because of possible use of common separation
procedures whereby these anious are.upazated ;; distillation frgn acid
mediom in the form of HCN and BZS’ respectively., The prianciple of
complexation of the aniom to be determined to form species which will
then take part in oxidation-reduction reaction has a potential for
further spplicatiose. For éxample, in a neutral solution cysnide might

»
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1] 87
be determined by complexing with irom(III) to form ferricyamnidé which
can them be reactéed with, #.g., thiamine or leucofluoreséein to gi;n
fluorescent spacies. ) ‘

Although fluorescence has the 'uttraction of high sensitivity,
the present work implies that there are real limitations in its
application to anions’ ll‘lll;lil. Among the procedures developed only
the phosphate ut!\od'(nd‘urcnry(ll) method) can be claimed to have
distinct advantages over methods already described in the litsrature.
The other procedures, although sensitive and of good reproducibility,
are not very selective. .

Fluorescence has been shown to have some merit in the determination
of low concemtrations of anions but other techniquea, ¢.g., selective
newhrane potmtin;gm, would seem t;w hold greater promise, especially
in analysis of practical samples.

Reprints of papers on the fluorimetric determination of cyanide
and of phosphate are attached. A paper on the determination ofm

»
mercury(I1) is in press.

) _ R LT TN
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