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ABSTRACT

This thesis is a comparative computational study of the local structure of
three widely used representatives of 1,2-disubstituted ethanes, namely ethylene
glycol (EG), ethylenediamine (ED) and 2-aminoethanol (AE), in liquid state and
their mixtures with water. Classical molecular dynamics combined with three-
dimensional atomic density maps, known as spatial distribution functions
(SDF’s), are the computational tools used in this study.

The present work consists of three parts. In the first part, twelve molecular
models were designed and gas-phase simulations were carried out for each. The
results obtained were compared with the most reliable experimental estimates in
order to test different force fields and molecular representations. In the second
part liquid-phase simulations were performed on the most successful
(AMBER/OPLS-based) models. The heats of vaporization and self-diffusion
coefficients were used as criteria for the final selection of molecular models to be
employed in the subsequent simulations of aqueous solutions.

In the third part, a detailed structural analysis was performed. As an
essential part of this analysis the dihedral angle distributions were calculated and
relative populations of conformers with respect to the central dihedral angle were
determined for pure EG, ED and AE, as well as their mixtures with water, where
four compositions of each compound were considered. It has been confirmed
that in the liquid phase the gauche conformation accounts for the major
population of rotational isomers for EG and AE, while ED exhibits a significant
population of trans conformers. Additionally, the first theoretical estimates of the
compositional dependence of self-diffusion coefficients for the aqueous solutions
of EG, ED and AE were obtained. The analysis of radial distribution functions in
conjunction with calculated numbers of nearest neighbors around oxygen and
nitrogen atoms of the main functional groups provided some structural insights
into the H-bonding pattern of the systems studied. The number of strongly H-
bonded neighboring groups was determined and their possible positions were
located by means of SDF’s. The possibility of four-membered H-bond
arrangements (comprised of two strong and two weak H-bonds) found around
oxygen and nitrogen atoms leads to the conclusion that in the liquid phase the
generalized H-bonding pattern for EG, ED and AE can be described as a three-
dimensional, branched network.

Xiv
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CHAPTER | - INTRODUCTION

This work builds on a series of investigations which have focused on the
spatial solvation structure within selected strongly associated, hydrogen-bonded
liquids and solutions. One of the primary tools in this investigation is three-
dimensional atomic density maps, known as the spatial distribution functions
(SDF's). The results obtained for the liquids and solutions studied so far (see
Chapter Ill) confirmed that the SDF's provide a very detailed picture of the
solvation structure. They make it possible to define much more clearly and
quantitatively a “hydrogen bond” and allow the investigation of the average local
environment around the molecule within the liquid. The present work is a
comparative investigation of the local structure in pure liquids and the solvation
structure in aqueous solutions for a set of “simple” molecules with two functional
groups, each of which can simultaneously act as donors and acceptors of
hydrogen bonds. A detailed analysis of such relatively small molecular systems
should help us to understand better the role of cooperative effects in the
hydration structure of these particular molecules as well as to provide insights
into the hydration structure and behavior of larger molecules containing similar
functional groups.

1,2-Disubstituted ethanes are the class of saturated molecules with the

general formula XCH,CH,Y where the functional groups X and Y are, for
example, F, Cl, NHz, OH [1]. In the present study the common and widely used

representatives of this class containing amino and hydroxy!l groups, in

particularly, (CH,NH,), (ethylenediamine), NH5(CH,),OH (2-aminoethanol) and
(CH,0H), (ethylene glycol), henceforth ED, AE and EG, respectively, will be

considered.



Ethylenediamine is one of a variety of molecules containing two amino
groups which is used extensively in both organic and inorganic (coordination)
chemistry. ED and similar larger molecules (1,3-diaminopropane and 1,4-
diaminobutane) are widely used as chelating agents for some metal ions and are
precursors of biologically relevant polyamines (e.g. spermidine and spermine)
that play an essential role in cell growth and differentiation in eukaryotic
organisms. Moreover, some metal complexes (e.g. Pt2*) formed with these
amines are known to display anticancer properties through DNA-binding [2]. The
exact nature of these biochemical mechanisms still remains unknown and
requires additional intensive studies.

2-Aminoethanol is a polar organic molecule that contains both an alcohol
and amine group. Alkanolamines are mainly used as aqueous solutions in the
petroleum industry to eliminate H>S and CO2 from natural gas streams. Precise
knowledge of the structural and thermodynamical properties of alkanolamine
solutions is important for designing and operation of refining and purification
processes [3].

Ethylene glycol is the simplest example of a saturated carbon compound
with two vicinal hydroxyl groups and represents the monomeric entity of the
polyethylene glycol (PEG) polymer. EG as a solvent has many applications
especially as a cryogenic liquid, like other members of the family of organic
molecules with multiple hydroxyl groups. Aqueous solutions of EG are widely
used as antifreezes and cryoprotectants. What makes this substance superior to
other polyols is that lower concentrations of EG are needed to obtain the desired
results. This lowers the toxicity, which is of crucial importance in cryopreservation
of living cells and tissues. Another aspect of this solvent relevant to its use in
biology relates to the prevention of denaturation of proteins, which adopt a more

ordered structure in polyol solvents or aqueous polyol solutions [4].



One more important issue concerning these three compounds is that they
can be used in developing parameters for macromolecular modeling. They can
serve as small prototypical systems that contain amino and hydroxyl groups and
exhibit both intra- and inter- H-bonded molecular interactions. For example, an
accurate depiction of the intramolecular H-bonding patterns of vicinal hydroxyl
groups (in EG) is crucial to the modeling of sugars and their polymers [5]. EG is
particularly interesting as a model compound due to its amphiphilic character (it
possesses at the same time polar and non-polar groups), its importance as an
organic solvent, and the occurrence of hydroxyl groups in the side chains for
serine, threonine, tyrosine and several less common amino acids [6]. Amphiphilic
molecules in aqueous solutions can self-associate into aggregates called
micelles [7,8] where the contact between water and hydrocarbon is greatly
reduced while the polar groups maintain their hydration [9]. In addition EG is one
of the simplest organic molecules which may be considered as a water analog.
EG has one of the lowest ratios of weakly polar methylene or methyl groups vs.
polar hydroxyl groups in alcohols which means that the properties of this system
will be strongly influenced by hydrogen bonding (HB) interactions. Previous
studies have shown that likely both EG and water have four nearest H-bonded
neighbors on average and both present three-dimensional HB structures [4]. In
contrast, the structure of short monohydric alcohols consist of mainly linear
winding chains of H-bonded molecules [10-14].

One distinctive feature of pure molecular liquids of ED, AE and EG is the
possible competition between inter- and intramolecular interactions (H-bonds)
which is not present in water. This also raises an interesting question with
respect to aqueous solutions of these compounds: are the intramolecular H-

bonds found between amino and hydroxyl groups in the gas phase disrupted in



aqueous solution in order to permit additional H-bonding with water molecules?
The present study will help to elucidate both of these issues.

This thesis is organized as follows. A literature review of previous
computational results for 1,2-disubstututed ethanes (and analogous systems
containing hydroxyl and amino groups) in the gas phase and in the liquid phase
is presented in Chapter Il. The results of conformational analysis of EG, ED and
AE performed using ab initio methods, as well as evaluations of the rotational
flexibility of these molecules through examination of the potential barriers and
contributions from the gauche effect and H-bonded interactions in the lowest
energy conformers, will be discussed in detail. Only a few studies of 1,2-
disubstituted ethanes (in particular EG and AE) in the liquid phase were found in
the literature and hence the trends observed on small analogous molecular
systems (e.g. methanol and methylamine) were examined in order to provide
grounds for understanding the more complicated flexible molecules in a liquid
environment.

Knowledge of the structure specific for the compounds of interest
becomes of utmost importance. In the first part of Chapter 1l the structural results
obtained for EG, ED and AE in gas, liquid and solid states from experimental
(mainly spectroscopic) and theoretical investigations will be presented and
discussed. A separate section is devoted to the analysis of previous X-ray
studies taking into account the possibility that some structural features typical for
these species in the solid state could survive in a liquid environment.
Conventional and novel theoretical approaches explored in the structure
determination of molecular liquids as well as their link with experimentally
determined parameters will be presented in the second part of this chapter.

A brief description of molecular dynamics simulation, which served as the

main simulation technigue in the present work, will be given in Chapter IV. In



particular, the most common approaches used in computational practice for
solving the equations of motion, in conjunction with some specific procedures
(e.g. implementations of constraints, thermostats, velocity scaling) implemented
in the computational package utilized, will be discussed in some detail. The
distinctive features of the standard interaction potentials (force fields) and the
potential functions specifically designed for simulations of liquid alcohols, amines
and alkanolamines will be outlined. In the final (methodological) section the
selected force field parameters employed in the present study and simulation
specifications are given as well as descriptions and definitions for the properties
of interest and characteristics used in structural analysis.

The results of simulations of pure EG, ED and AE and their aqueous
solutions followed by elucidation of the local structure in these systems are
presented in Chapters V and VI, respectively. The analysis starts with a
comparison of simulated gas-phase geometries and conformations for different
models created in order to help identify the best potential representation for each
of the compounds. After elimination of the least successful models, further
criteria are proposed and on their basis some models are chosen for liquid-phase
simulations. During the simulations performed for pure compounds, the different
force field regimes (with and without scaling of 1-4 nonbonded interactions) are
also examined in order to achieve the best agreement with available
experimental data for each of the compounds. The detailed structural analysis of
the pure systems and their aqueous mixtures was performed by means of radial
and spatial distribution functions; the results of this structural elucidation are
presented and discussed in a comparative manner. Finally in the Chapter VII
concluding remarks are made as well as proposals with regard to the most
suitable strategy for future computational investigations of this class of

molecules.



CHAPTER Il - SURVEY OF PREVIOUS COMPUTATIONAL RESULTS

A detailed review of previous theoretical studies of 1,2-disubstituted
ethanes and some relative compounds are presented in this chapter. In the gas
phase the conventional conformational analysis of EG, ED and AE, which
includes determination of the most stable unique conformers and their relative
stabilities, has been performed by means of ab initio techniques at the HF and
MP2 levels of theory. There have also been some interesting attempts to
evaluate the rotational flexibility of these molecules through examination of the
heights of potential barriers for the most important conformational
interconversions. The relative contributions to the stability of the lowest energy
conformers due to the H-bonded interactions and the gauche effect were also
examined in a comparative manner for the compounds of interest. A discussion
devoted to the theoretical studies of liquids and aqueous solutions of simple non-
electrolytes starts by reviewing previous results obtained for methanol and
methylamine. The trends observed for these small analogous molecular systems
will aid in furthering our understanding of the behavior specific to more
complicated flexible molecules in a liquid environment represented by molecules
of the same kind or by molecules of a polar solvent (water). Only a few
investigations of EG and AE in liquid state have been published and they will be
described in some detail; it appears that there are no computational studies

reported to date on liquid ED and its aqueous solutions.

2.1 THEORETICAL STUDIES OF THE GAS-PHASE SYSTEMS
2.1.1 Conformational analysis
Several conformational studies based on theoretical calculations are
reported in the literature for ED, AE and EG [1,2,5,16-26]. Conformational
6



isomers of the set of saturated molecules XCH>CHoY differ by the specification
of the three possible rotameric dihedral angles, one about C-C bond and one
about each of the C-X and C-Y bonds. Assuming typical 3-fold torsion potentials
with minima for angles 60°, 180° and 300° (-60°), this gives rise to 27 (i.e. 33)
conformational minima. Symmetry makes many of these degenerate; 10 unique
possible conformers can be generated for ED and EG and 14 for AE. The
notation for identifying rotational isomers of the XCH2CHyY is given below.

1. The uppercase symbols T (trans) and G (gauche) are used to describe the
arrangement of X and Y about the central C-C bond [1].

2. Orientations about the C-X and C-Y bonds (where X or Y are NHo or OH) are
defined by CCOH and CCN(L) dihedral angles for OH and NH2 groups,
respectively (where (L) is used for the lone pair direction) [1].

3. The lowercase symbols t, g and g’ refer to the positions of OH or NH» groups.
The prime is used to distinguish the positive direction of the rotation from the
negative one [1,15]. In Ref. 1 the appropriate dihedral angles are 180, +60 and -
60° for t, g and @', respectively (see Fig. 1).

4. The rotational angle is defined from either side of the axis. The positive
direction is defined such that the front bond is twisted anticlockwise against the
rear bond (the same as IUPAC definition).

5. In the present study the range of the rotational angle ¢ is -30°< ¢ <300 for the
cis; -90°< ¢<-30° or 30°<¢ <90° for the gauche; and -150°< ¢<150° for the
trans conformation [15].

It is well known that 1,2-disubstituted ethanes (XCH,CH,Y) possess

internal rotation about the central C-C bond which leads to nonequivalent
staggered arrangements corresponding to a frans and a pair of gauche

structures [1]. If the internal rotation potential function has minima near these



NN

H H H
H H H H
/'Y\ "
g g G
t
)

Figure 1. Notation used to specify rotational isomers [1].

staggered arrangements, the molecule will have distinct rotational isomers
(rotamers). Radom et al. [1] used standard LCAO-SCF orbital theory with the
extended 4-31G basis set to obtain a complete set of total and relative energies

for staggered conformations of XCH2CH2Y molecules. They also presented

calculated and experimental values of the energy change for the formal reaction

XCH,CH,Y + CH;CH; — CH,CH, X + CH,CH., Y . (2.1)

These energies measure 1,3 interactions between bonds. It has been shown that
for the ED molecule the most stable conformations (among 10 examined) are
tGg’ and gGg’ (see Fig. 2, Chapter 3), which are stabilized by intramolecular H-
bonds (N-H-N). The 1,3-interaction energies for these rotamers are stabilizing
while all remaining conformers have negative interaction energies [1]. The
semiempirical MNDO/HB method was used in the work of Rodnikova et al. [16] to

evaluate the relative stability of the cis, gauche and trans conformers of ED. The



calculations were performed with optimization of all geometric parameters except
the bond lengths and bond angles, which were set accordingly to the
experimental values. The results for the heats of formation and the dipole
moments of the cis, gauche and trans conformations obtained by rotation of one
NH, group around the C-C bond showed that the tGg’ conformation with the
optimal value of the NCCN dihedral angle of 65° has the greatest stability [16]. A
different conformer, gGg’, was identified as the most stable in the work of Chang
et al. [17], where the global conformational potential was obtained at the MP2/6-
311+G(2d,p) level of theory. Kudoh et al. [18] reported results of DFT
calculations performed to optimize the geometrical structures with a 6-31++G**
basis set and the B3LYP density functional. Again, in contrast to the results
obtained in other work [1,16] these authors reached the conclusion that the most
stable conformer is gGg’ and the second most stable conformer is tGg’, although
their energy difference was only 0.63 kJ/mol. This result is in excellent
agreement with data reported by Bultinck et al. [19] where the Hartree-Fock (HF)
level of theory with the same basis set was used to calculate the relative
energies of ED. In addition it has been shown [18] that tTt is the most stable
among the trans (around the C-C axis) conformers, however, all the trans
conformers are less stable than gGg’, tGg’ and gGg.

A majority of the theoretical as well as experimental studies indicate that a
free molecule of EG exists only in the gauche arrangement with respect to the
central bond. Radom et al. [1] predicted the tGg’ form (see Fig. 3, Chapter 3) with
an intramolecular O-H---O H-bond to be the most stable and the only low energy
conformation. However, electron correlation effects, which are especially
important in systems with strong non-bonded interactions, were not included in
their calculations. Chang and co-authors [17,20] found the same global minimum

for EG in gas-phase corresponding to the tGg’' conformer; their calculations were
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performed at the MP2 level of theory. Teppen et al. [5] optimized the geometries
of 10 conformers of EG at the HF/4-21G, HF/6-311G** and MP2/6-311G** level
in order to better understand intramolecular H-bonding and to develop more
reliable energy and geometric parameters for future molecular modeling.
Absolute and relative energies demonstrated that correlation effects split the
conformers into two broad energy groups, those within 7.5 kJ/mol of the global
minimum (the tGg’ conformer) and those more than 11.7 kJ/mol above the
minimum. The first group is stabilized by intramolecular H-bonds that are
enhanced by the delocalizing effects of electron correlation. Compared with HF
energies, the MP2 energies of the second group rise relative to the most stable
conformer only by an average of 1.7 kJ/mol. These authors also showed that the
inclusion of electron correlation markedly influences the absolute values of the
geometric parameters. For instance, the MP2-optimized structures have C-O and
O-H bonds up to 0.02 A longer, OCC and HOC angles 1 and 4° smaller,
respectively, and torsional angles deviating from ideal trans or gauche values by
an additional 5-8° compared with HF/6-311G** results. The net effect of these
changes is to greatly enhance intramolecular hydrogen bonding. It was
concluded that electron correlation selectively stabilizes the conformers with
more intramolecular H-bonds, but decreases the energy differences among
conformers with the same number of H-bonds [5].

Following the same aim as Teppen et al. [5], Cramer and Truhlar [21]
performed correlated ab initio calculations on 10 rotational isomers of EG at both
the HF and MP2 levels (with cc-pVDZ and cc-pVTZ basis sets). They also have
found some interesting trends. First, isomeric relative energies differ considerably
with improving basis set. For identical geometries on going from the cc-pVDZ to
the cc-pVTZ basis set, energies relative to the global minimum (tGg’ rotamer)

change by up to 3.4 kd/mol at the both HF and MP2 levels. The larger basis set



11

appears to stabilize conformers with t-hydroxyl orientations relative to the global
minimum, which itself has a single t-hydroxyl. The largest stabilizations were
observed for the tTt and tGt conformers where both hydroxyl torsions are trans.
The larger basis set also decreased the energetic separation between the two
internally H-bonded conformers and the eight others and this effect is reduced at
correlated levels compared to the HF level. In addition it was noted that the
difference in potential energy between the lowest energy intramolecular H-
bonded conformer and the lowest energy conformer without such a H-bond is
4.184 kJ/mol and also the difference in energy between the lowest energy
gauche C-C conformer and the lowest energy trans conformer is 10.9 kJ/mol.
Finally it was predicted that EG adopts a gas-phase population of conformers at
298 K comprised of 98% gauche (where 83% of rotamers possess intramolecular

H-bonds) and 2% trans rotamers about the C-C bond [21].

For AE there are several conformations in which intramolecular hydrogen
bonding is possible and these have been found in computational studies to have
the lowest energies. Radom at al. [1] reported g'Gg’ (see Fig. 4, Chapter 3) with
an N---H-O H-bond as the most stable form. The gGt and tGt conformers both
have N-H---O type H-bonds and they are, respectively, 1.17 and 2.88 kJ/mol
higher in energy than g’Gg’. The intramolecular H-bonds in these three
conformations are reflected in positive 1,3-interaction energies. The calculated
interaction energies suggest that the N---H-O H-bond is stronger than the N-H---O
bond [1]. These estimates are in very good agreement with the previous
experimental findings [22,23] (as discussed in Chapter 3). A similar conclusion
about the relative strengths of the two possible H-bonds in AE was made by
Kelterrer and Ramek [24] who performed ab initio self-consistent field (SCF)
calculations with a 4-31G basis set. The relative energies of ten symmetry-

unique equilibrium geometries of AE indicated that the only conformation with the
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N---H-O interaction (g’Gg’) corresponds to the global minimum. In this
conformation the molecule forms an envelope-like type five-membered ring with
an N---H distance of 2.336 A. The authors concluded that the N-+-H-O type of H-
bond is much stronger than N-H---O ones and its presence has a more
significant influence on bond lengths, vibrational frequencies and energetics [24].

All the possible rotamers of AE were more recently studied at a higher ab
initio level of theory, namely MP2/6-31G**, with correlation energy inclusion and
zero-point energy evaluation by G. Buemi [25]. When optimizations of AE were
performed in this work 13 out of the 14 conformers expected on symmetry
considerations were found. The gGg' form was missing because during the
minimization procedure it evolved toward the g’Gg’ conformer (the related energy
barriers being essentially nonexistent). In agreement with previous literature
reports [1,24], the g’Gg’ conformer was again found to be the most stable. Its
absolute stability with respect to the other forms was not confirmed because
(taking into account the very low energy barriers between some conformers) the
energy values involved depend on the basis sets used in the calculations and on
the inclusion of the correlation energy [25]. Buemi deduced approximate values
for the H-bond strength, E, ., as the difference between the energy of the
conformer under consideration and the energy of a reference structure showing
no H-bond. For the O-H--N bridge of the g’Gg’ conformer (assuming tTt or gGt
as reference structures) the calculated EHB value was about 17 kd/mol, which is
in reasonable agreement with the value of 13.4 kJ/mol obtained by Penn and
Curl [23] using simple point charge models. E,, for the O-H---N bridge of the
gGt conformer was found to be more than twice (~8 kJ/mol) that calculated for
the N-H---O bridge [25]. Performing calculations at the same level of theory but
with an extended basis set (6-311+G(2d,p)) Chang et al. [17] confirmed that

g'Gg' is the prevailing conformation in AE. In their study they reported relative
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energies for 13 rotamers and evaluated the conformational energy
decomposition due to the so-called “intrinsic gauche effect’ and H-bonding. The
former issue will be discussed in detail below.

Recently Vorobyov et al. [26] performed geometry optimizations of AE
conformers using DFT with the B3LYP hybrid functional and the
6-311++G(2d,2p) basis set. In this study the emphasis was placed on the nature
of the intramolecular hydrogen bonds between the OH and NH, groups in
monomers as well as intermolecular H-bonds in AE dimers. Natural bond orbital
(NBO) theory [26] was used to analyze H-bonded conformers in terms of orbital
interactions. It was found that for the stable conformers of AE the formation of O-
H---N or N-H---O intramolecular H-bonds enhances the stability of those
conformers, causes elongation of the O-H or N-H bonds, contraction of the COH
or CNH bond angles, and red shifts and increases the [R intensity of the v(OH)
or v(NHZ) normal modes. NBO analysis explains these changes as a
consequence of remote n— o * electron delocalizations, which bring electron
density from the lone pair of a hydrogen bond acceptor into the antibonding
orbital of the donor. These energetically favorable charge-transfer processes are
the strongest for the global minimum, which corresponds to the O-H---N
hydrogen-bonded g'Gg’ conformer. Hydrogen bonds of the N-H---O type appear
to be much weaker and the stabilizing effect of remote delocalizations is mostly
canceled by the opposing stereoelectronic effects [26]. The geometric
parameters obtained demonstrate that both intramolecular H-bond types are
markedly bent, which results in the increase in steric exchange repulsion and
consequent weakening of these interactions. It was further demonstrated in this
computational study with sets of AE dimers that intramolecular H-bonds can be
easily overcome by stronger and more linear intermolecular H-bonds. The

formation of intermolecular H-bonds is the main stabilizing factor in the
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dimerization of AE monomers. To investigate possible cooperative effects a few
representative structures were considered, in particular, dimers composed of two
AE monomers in the gas-phase global minimum g’Gg’ conformation and in the
most abundant liquid-phase gGt conformation [27] with an N-H---O
intramolecular H-bond. Six AE dimers, two of them cyclic, each one with two
equivalent intramolecular H-bonds of the O-H---N or N-H---O type, and four
open-chain structures with four possible types of intermolecular H-bonds were
studied. The trends in interaction energy show that among cyclic structures the
dimer with two O-H---N intermolecular H-bonds (gGt/gGt) has the largest
magnitude of interaction energy while for the open-chain dimers the magnitude of
the interaction energy decreases in the order (gGt/gGt, O-H---N)>(gGt/g’Gg’, O-
H---0)>(g'Gg’/gGt, N-H---N)>(g'Gg’/g’Gg’, N-H---0O). Vorobyov et al. [26]
predicted that it is very likely for open-chain structures composed of gGt
conformers with the strong O-H:--N intermolecular interactions to be formed in

polar condensed media.

2.1.2 Rotational barriers and stabilization factors

In conformational analysis relative values of conformational energy are
commonly used as a measure of the stability of one conformation with respect to
another. However these data by themselves in fact do not provide sufficient
information needed to explain the origin of their apparent high or low stability. In
spite of the fact that conformational energy landscapes can be efficiently
described in terms of the height of potential barriers, this parameter appears not
to be often reported in the relevant literature. It has been estimated theoretically
that chain molecules (in particular, n-mer alkanes) possess many high dihedral
barriers in the range of 12-25 kdJ/mol, which makes their potential surfaces quite

complex [28]. Clearly, the highest rotational barriers for these molecules are



15

associated with rotation around C-C bonds and, therefore, one might expect that
an analogous trend could be observed in the case of 1,2-disubstituted ethanes.
Unfortunately, there are only a few sources reporting heights of rotational barriers
available in the literature for EG, ED and AE and the data presented are not
consistent with one another [17,25,29,30].

Nagy et al. [29] in their study of the gauche-trans equilibrium in EG looked
at the potential energy change as a function of the HOCC and OCCO torsions
and concluded that there are high barriers along the minimum energy paths
probably hindering certain rotations. They found (assuming that their values are
somewhat overestimated by the neglect of geometry optimization) that the C-C
rotation has a barrier 33.5-37.5 kJ/mol, where the rotation of the internally bound
hydroxyl group requires more than 21 kJ/mol. Buemi [25] estimated the rotational
barriers between the most important conformations of AE. The highest barriers
are those due to the rotation around the C-C and C-N bonds and, in particular,
the interconversions starting from the most stable g’'Gg’ conformation. For
instance, the barrier height for the gGg'—g'Tg’ transformation (the rotation
around C-C) is 32.66 kJ/mol and for gGg'—>tGg’ (the rotation around C-N) is
32.10 kJ/mol. Surprisingly, extremely low barriers were found for some
interconversions involving rotation around the C-O bond (i.e. 0.68 kJ/mol for
g'Gt—>g'Gg’, 1.25 kd/mol for tGg' —1Gt). According to data reported in Buemi’s
study [25] the average energy penalties for rotation about the C-C and C-N
bonds in AE are 23.00 and 16.12 kJ/mol, respectively, while it is 4.25 kJ/mol for
rotation around the C-O bond. Burgess et al. [30] performed empirical
conformational energy calculations of EG, ED and AE exploring their so-called
“empirical potential using electrons and nuclei” (EPEN). They have reported
values 31.38, 28.7 and 26.98 kJ/mol for ED, EG and AE, respectively, for barriers

(averaged when appropriate) to rotation in going from conformer G to conformer
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T (i.e. rotation about C-C bond). Thus, the barriers heights decrease in the order
ED>EG>AE. It is worth noting that this estimate for the rotational barrier in AE
appears to be in good agreement with that calculated by Buemi [25] for the
corresponding type of rotation. However, as has been mentioned by Burgess et
al. [30], the procedure adopted in their work differs significantly from the usual
procedures for calculations of conformational minima and rotational barriers and,
therefore, any comparisons should done with a caution. This can be illustrated by
looking at the values extracted from the minimum energy paths for the rotation
around the C-C bond shown in the study of Chang et al. [17]. The barrier heights
for the interconversions from the global minima are 21.33 (g'Gg—g'Tg), 22.38
(tGg' —1Tg’), 23.43 (9Gg'—>gTg) kJ/mol for ED, EG and AE, respectively. In this
case one can immediately notice the trend is opposite to that predicted in Ref.
[30]. The results shown above lead one to the conclusion that the absolute
numerical values for the rotational barriers can not be directly compared with one
another because they appear to be rather sensitive to the computational
procedure used, in particular, type of potential, the means of scanning
conformational space, the level of theory and basis set employed in calculations.
However, some common trends can be revealed. It is clear that in 1,2-
disubstituted ethanes the average height of the rotational barrier around the C-C
bond lies in the range of 20 to 30 kJ/mol, which is in good agreement with
predictions made for n-mer alkanes. There is also a definite trend of decreasing
barriers (up to 5 times compared with those for C-C bonds) for the rotation
around the C-N and especially the C-O bond. It is very likely (relying on the
“quality” of the interaction potential used) that for the rotation involving the central
dihedral angle the rotational barriers of ED, EG and AE follow the trend observed

in Ref. [17].
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Another closely related question arises; namely, what kind of interactions
are responsible for the strong stabilizing effects observed and what are their
relative contributions for the compounds of interest? The current responses of
researchers to these questions have included contributions from two stabilizing
factors: H-bonding and the so-called “gauche effect”. The gauche effect can be
defined as the preference of the gauche to the trans conformation in the
molecular structures X-C-C-Y in which X and Y are groups with large
electronegativities [17]. Originally the term “gauche effect’ was applied to 1,2-
difluoroethane and related compounds which demonstrated a much greater
stability of their gauche forms than one might have predicted from steric and
electrostatic effects. On the basis of conformational data for hydrocarbons, in
which the energy (or enthalpy) of the gauche conformation was found to be by
approximately 3.3 kJ/mol less stable than that of trans conformation, one might
expect the 1,2-difluoroethane systems to behave in a similar fashion. This energy
difference might be expected to be even smaller for fluorines where the C-F
bonds contain sizable dipoles causing larger repulsion in the gauche
conformation than in the trans. This expectation was also in good agreement with
the very first ab initio calculations performed for these compounds at the HF level
using relatively small basis set. These calculations did not reveal any
abnormality: the frans conformation was found to be more stable. Nevertheless,
reliable experiments as well as more recent ab initio calculations, which have
included electron correlation, definitely show that the gauche conformation is
actually more stable (by about 4.2 kJ/mol) than the trans in the difluoride [31].
The effect has been rationalized as being a consequence of an interaction
between the adjacent electron pairs and/or polar bonds of the molecular
fragments as the conformation varies; the bond bending caused by large

electronegativity of susbstituents destabilizes the trans form more than the
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gauche [32]. This anomaly, referred in the literature as “the gauche effect’, was
later observed in other 1,2-disubstituted ethane derivatives such as EG [33,34],
AE [23], 2-fluoroethanol [35] and ED [36]. Oxygen and nitrogen are less
electronegative than fluorine and so one might expect that these atoms cause a
similar but less pronounced effect than that caused by fluorine. For EG, AE and
ED the situation becomes somewhat more complicated because of the
intramolecular H-bonding present in these compounds, which leads to a situation
where the two stabilizing effects (gauche effect and H-bonding) overlap.

Chang et al. [17], who developed ab initio global conformational potentials
for ED, AE and EG, have analyzed the different types of conformation
interactions in these compounds in detail. They have made one of the first
attempts to separate and measure quantitatively the gauche effect contribution.
In the proposed procedure the full conformation potential was decomposed
according to the nature of three types of conformational interactions: (1) H-
bonding between the functional X...Y groups, (2) the interactions between the
functional groups and their geminal CH, groups and (3) the gauche interactions.
Interactions of type (1) were represented by dipole-dipole, dipole-quadrupole and
quadrupole-quadrupole terms, (2) by the net multipole (electrostatic) term and
type (3) by the decoupled-rotor potential (T-G) [17]. The energy difference
between the G and T conformers in the decoupled-rotor potential is defined as
the stabilization energy due to the intrinsic gauche effect.

For ED the decoupled-rotor and NH,:--CH, interaction potentials were
combined into one because of the interdependency of these two potentials in the
fitting procedure. The energy difference for this combined potential between the
G and T forms is 1.84 kJ/mol. In addition it was calculated that through
intramolecular H-bonding the G form is stabilized with respect to the T form by

3.5 kd/mol. The three most stable conformers, 9Gg’, tGg’, and gGg, are all
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stabilized by intramolecular H-bonding with different multipole interaction
weights. It was confirmed that the most stable conformer, gGg’, is stabilized
mainly by the dipole-quadrupole term (-2.0 kJ/mol), while the next two stable
conformers, tGg' and gGg, are stabilized primarily by the dipole-dipole term (-3.6
and -3.2 kJ/mol, respectively).

The energy decomposition analysis of Chang et al. [17] shows that for EG
the intrinsic gauche effect of the two hydroxyl groups contributes 3.5 kd/mol to
the extra stability of the G form compared with the T form. The most stable
conformer (tGg’) is further stabilized by the dipole-dipole interactions between the
OH groups. For this conformer the dipole-dipole, dipole-quadrupole and
quadrupole-quadrupole potentials of OH:--OH and the net electrostatic

contribution of the OH---CH, interaction are -6.7, 0.92, -0.38, -2.5 kJ/mol,

respectively. These results suggest that tGg’ is mainly stabilized by the dipole-
dipole interaction and secondarily by the OH---CH, electrostatic interactions.

The decoupled-rotor potential of AE yields an intrinsic gauche energy of
1.8 kJ/mol. The angular dependence of the decomposed conformational energies
shows that the most stable conformer, g'Gg’, is further stabilized mainly by the
NH,:--OH dipole-dipole interaction as part of the O-H:--N H-bond. Their analysis
of the interaction contributions for the three most stable conformers reveals that
g'Gg’ and gGg’ are stabilized by a O-H---N type and gGt conformer is stabilized
by a N-H---O type of H-bond. The intramolecular H-bond of the gGg’ conformer is
much weaker than that of g’Gg’ although they both belong to the same category.
The H-bonding strengths of O-H---N (g’'Gg’) and N-H---O (gGt) are 15.35 and
3.22 kd/mol, respectively [17]. These results are in agreement with the energy
ordering of these two types of H-bonds reported in the previous literature. The
multipole interaction weights for these and some other representative stable

conformers of AE can be found in Ref. [17].
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To complete the study of the gauche effect in molecules with
intramolecular H-bonds, in particular, to predict an intrinsic gauche energy of ED,
Chang et al. [17] also calculated the energy differences, AET_G, between
gauche and trans conformers of 1,2-dihaloethanes (XCH,-CHoY, where
X,Y=F,Cl,Br). These authors suggested that the intrinsic gauche energies
obtained using the decoupled-rotor potentials are consistent with the
conventional gauche energies for the simpler 1,2-dihaloethane systems. Their
idea was based on the correlation between the gas-phase energy differences of
gauche and trans conformers and the sum of electronegativities of the halogen
atoms of 1,2-dihaloethanes observed by Phillips and Wray [37]. Using the
intrinsic gauche energies determined for the set of 1,2-dihaloethanes along with
the intrinsic gauche energy of EG (3.5 kJ/mol) and AE (1.8 kJ/mol), the
relationship of these energies with various group electronegativity scales was

examined by the equation

AE, .=a+ bei : (2.2)

where in is the sum of the two group electronegativities. Four electronegativity

scales were considered by Chang et al. and the value of the gauche energy for
ED was predicted to be -2.0 kd/mol [17].

The final conclusion to be drawn from this conformational analysis is that
the gauche effect and the intramolecular H-bonding are both important for a
complete characterization of the unusual stability of the gauche conformers of
EG, ED, and AE in the gas phase. The intramolecular H-bonding plays the major
role in the stabilization of gauche conformers in comparison with trans
conformers. The gauche effect further stabilizes the most stable gauche
conformers of ED and AE but destabilizes that of ED [17]. On the basis of this

conclusion and previous theoretical estimates [21], Chang et al. [17] made
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predictions with regard to possible behavior of these molecular systems in the
condensed phase. In particular, since the strength of the H-bond decreases in
the order AE=EG>ED, it would be expected that in the condensed phase this
trend will be preserved i.e. AE should behave conformationally similarly, while

ED would behave differently, from EG [17].

2.2 LIQUIDS AND AQUEOUS SOLUTIONS
2.2.1 Liquid methanol, methylamine and their mixtures with water

Among the variety of representatives of hydrogen-bonded liquids the
smaller alcohols are of particular interest. They are economical to simulate and
they have been the objects of much experimental effort. Methanol (ME) is one of
the most widely studied molecular liquids [6,38-45]. The pattern of H-bonding in
ME and ME-like systems seems to be very different from that found in water. For
example, X-ray studies of liquid ME [38] have shown that instead of forming
tetrahedral networks each monomer engages in approximately two H-bonds
which is consistent with a chain-like structure similar to that found in the solid
state [39].

Haughney et al. [40] performed MD simulation of liquid ME. They reported
results of detailed studies of four different intermolecular potential models. All
four were three-site models with the centers of interaction positioned on the
carbon (C) and oxygen (O) nuclei and the hydroxyl proton (Ho), and the
conventional representation of Columbic and Lennard-Jones terms for each site-
site potential. Two of the models (J1 [41] and J2 [6]) were proposed by
Jorgensen where model J2 was a revised version of J1. Models H1 and H2 were
developed by the authors [40] in order to improve J1; H1 differs from J1 in the
choice of charge distribution and H2 differs also in the values used for the

Lennard-Jones parameters. Conventional (constant volume and energy) MD
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calculations were carried out with the molecules treated as rigid objects. The
adequacy of these four models was tested and results were reported for
thermodynamic (internal energy and pressure) and structural (site-site
distribution functions - gaﬂ(r)) properties, self-diffusion coefficients and
reorientational correlation times. The static characteristics of H-bond formation
(i.e. the mean number of H-bonds per molecule, the mean energy of H-bonded
pairs) in the four models at three different temperatures were examined as well
as the dynamics of the H-bonded network (H-bond lifetimes). Two of the models
H1 and J2 gave results in good agreement with a wide variety of experimental
data while two other models (J1 and H2) were substantially less realistic. The
results for models H1 and J2 suggested that at room temperature the dominant
structural units in liqguid ME are chains consisting of fewer than ten monomers
and the lifetime of individual H-bonds is of order 1 to 2 ps, which is several times
larger than the corresponding time for liquid water [40].

Some years later Svishchev and Kusalik [42] reported results from MD
simulations of liquid ME at room temperature performed with the H1 model of
Haughney et al. They determined spatial distribution functions (SDF) for the
oxygen-oxygen ( gOO(r,Q)) and oxygen-carbon ( gOC(r,Q)) correlations and
have used these to elaborate further the equilibrium structure in this liquid. These
authors showed that a structural analysis based on SDF’s (rather than on radial
distribution functions) greatly improves our understanding of the local structure in
molecular liquids. The integration of the first peak in gOO(r,Q)due to nearest
neighbors yields an average coordination number of 1.92, which is in a very good
agreement with the previous results from chain length analysis [40]. The
examination of SDF’s has also provided insights into the packing pattern of
chains in the bulk liquid. It appears that H-bonded chains in liquid ME prefer a

local parallel arrangement, similar to that found in the solid state. The authors
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suggested that O---CH3 interactions are important when considering H-bonded
chains in liquid ME [42].

Methanol, as the simplest (smallest) alcohol, can also serve as a suitable
model molecule for studies of structural aspects of solvation in aqueous mixtures.
In dilute aqueous solutions the CH3 group is thought to reinforce the water
structure while the OH group makes the whole molecule soluble in water [43]. In
accordance with previous theoretical suggestions ME would simply substitute
water in its H-bonding network in dilute solutions. Jorgensen and Madura [44]
carried out Monte Carlo (MC) simulations for a dilute solution of ME in water at
room temperature. The water-ME interaction potential (TIPS) employed, which
explicitly incorporated methyl hydrogens, allowed the internal rotation of the
methyl group to be included in the calculations. It was shown that in agueous
solutions ME prefers to be staggered (gauche, ¢ =60°) rather than eclipsed (¢
=0°) just as it does in gas phase. Structural results obtained from a detailed
analysis of the solute-solvent radial distribution functions confirmed that the water
molecules form a cage around the methyl group, while two or three water
molecules are H-bonded to the hydroxyl end of the methanol. These findings are
in reasonable agreement with the more recent neutron diffraction studies by
Soper and Finney [45] which suggest that water molecules form a distorted cage
around the methanol molecule. According to Soper and Finney [45], the cage
around the methyl group consist of approximately 20 water molecules and is
believed to be comparable to the water clathrate structure around a methane
molecule. Laaksonen et al. [43] performed MD simulations at room temperature
for five water-ME liquid mixtures scanning the entire range of compositions. Both
oxygen-oxygen radial distribution functions (RDF) and oxygen-oxygen spatial
distribution functions were employed in their work to estimate the coordination

numbers (around oxygen atoms) and to analyze the three-dimensional local
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structure in water-ME solutions. It was shown from the RDF analysis that water
has higher H-bond coordination numbers than ME; the total coordination around
water is consistently about one molecule larger than for methanol, over the entire
composition range. In the water-rich mixtures the total coordination around a
water molecule drops from 4.5 (in pure water) to 4.0. For water in methanol-rich
solutions and for methanol in water-rich mixtures their numbers of H-bonded
neighbors approach 3. However, these authors [43] demonstrated that RDF’s
provide an incomplete and sometimes even misleading picture with respect to
the local order in these liquid mixtures. Detailed analysis based on oxygen-
oxygen SDF’s in water-rich solutions confirmed a high degree of ordering
characterized by a strong preference of tetrahedral arrangements with water
molecules most highly localized around the hydroxyl group of the methanol
solute. In methanol-rich solutions the water-water correlations are evident even
at longer range while those for ME resemble its pure liquid structure [43].

Usually the study of small functionalized organic molecules is an essential
first step in modeling of large biomolecular systems in their natural agueous
environment. For instance, N-H---O and NH+---O H-bonds are important factors
determining conformational and crystals structures of biomolecules.
Understanding of the hydration of a small molecule such as methylamine could
provide insights into the hydration structure of larger molecules containing amino
groups. Previously reported investigations of aqueous amine solutions include
MC simulation studies of low concentration water-methylamine mixtures [46-48],
a hybrid RISM-SCF study of methylamines examining their basicity anomaly in
aqueous solution [49], several simulation studies focused upon solvation free
energies of simple amines [50-52], and investigations of the solvation structure of
methylamine in aqueous solutions [53,54]. Kusalik et al, [54] carried out MD

simulations of liquid methylamine and 10 and 30 wt% aqueous solutions of
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methylamine. A three-site simple point charge model (SPC/E) [55] was used for
the water interaction potentials and the four-site model of Impey et al. [53] with
the methyl group represented as a united-CH3 atom was used for methylamine.
Radial distribution and spatial distribution functions were employed in their
structural analysis. In pure liquid methylamine the nitrogen-nitrogen RDF
revealed roughly four nearest neighboring nitrogen atoms while the nitrogen-
hydrogen RDF showed that each methylamine molecule makes only two strong
H-bonds. The SDF’s provided the necessary information required to determine
that the remaining nitrogen coordination is due to either weak or non-H-bonding
first neighbors or closely lying second neighbors. SDF’s also clearly showed that
the methylamine molecules prefer arrangements with a few amino groups
clustered together in small compact ring or ring-like structures unlike the chain-
like arrangements found in liquid methanol [43]. The authors found that the
information provided by RDF’s is not sufficient to resolve entirely the complex
local structure in methylamine aqueous solutions. Furthermore, aspects of the
determined hydration structure were rather unexpected. Two primary types of H-
bonded water molecules were found. Two molecules are involved in making
strong H-bonds, one as an accepting neighbor and one as a donating neighbor.
The second H-bond forming site of the amino group is not vacant but rather is
occupied by a more distant nearest-neighbor water that forms only a weak H-
bond to the amino hydrogen [54]. The water molecules around the methy! group
tend to lay flat against its hydrophobic surface. In addition there were no long
range correlations of methylamine molecules observed as was the case in dilute
methanol solution [43]. These authors remarked that it may be particularly
interesting to observe the local structures in aqueous systems with both alcohol

and amino groups present.
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2.2.2 Liquid phase 1,2-disubstituted ethanes

A limited number of theoretical studies of liquid 1,2-disubstituted ethanes
and their aqueous solutions have been published within the last decade
[4,6,11,21,29,56-57,59,63-67], while EG was investigated the most extensively. It
is also somewhat surprising that no computational studies of liquid ED or its
mixtures with water were found in the available literature.

Padro, Saiz and Guardia [11] performed a series of MD simulations to
investigate H-bonding in liquid methanol, ethanol, ethylene glycol and glycerol at
298K. H-bonding statistics as well as the mean lifetime of the H-bonds were
analyzed and results were compared with those obtained for liquid water. It was
shown that the H-bonded structure within these systems differs markedly.
Methanol and ethanol are characterized by H-bonding patterns that may be
described as linear winding chains while EG and glycerol appear to show three-
dimensional H-bonding patterns, which are not well characterized [11]. The same
group of authors [4] later examined the structure of liquid EG at room
temperature by carrying out MD simulation studies for four different force fields,
namely, J [6], JMOD [4], WP [56] and HTN [57]. The J model is a generalization
of the OPLS model proposed by Jorgensen [6] for simulations of liquid alcohols.
In WP and JMOD models several aspects (e.g. the torsion potential) of the OPLS
model were modified. Models J, JMOD and WP, all being OPLS-based models,
have identical parameters for the intermolecular interactions [6]. For the HTN
model an entirely new force field was developed by Hayashi et al. [57], where the
EG molecule consisted of six interaction sites (i.e. was modeled using an united
atom approximation) and bond lengths and bond angles were kept fixed during
the simulations. The molecular shape of EG was studied through an analysis of
the distribution of dihedral angles for motions about the C-C and C-O bonds. For

example with respect to C-C bond, it was found that for the WP model the
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percentage of gauche conformers (45.2%) is slightly lower than the percentage
of frans conformers. In the case of the J model, most of the molecules adopt a
gauche conformation and only 5% of the molecules remain in the trans form. For
the HTN model the percentage of trans conformers (58%) is similar to that found
for the WP model; eclipsed and gauche forms equally share the rest of the
population. The gauche maxima are located at about +60° for the J model, at
1750 for the WP model, and at +80° and 500 for the JMOD and HTN models,
respectively. A description of the local structure in the liquid was obtained on the
basis of RDF’s. It was found that the structure is dominated by a three-
dimensional network of H-bonded molecules with a mean number of H-bonds per
molecule slightly lower than four [11]. Interestingly, the structural results obtained
were similar for each model and appeared to be independent of the mean
conformation of the molecule. On the contrary, the data obtained for the
dynamics indicated that the four models give quite different results. The authors
found good agreement for the self-diffusion coefficients between the OPLS-
based models (7.4x10-7 and 11.7x107 cm?/s for J and JMOD, respectively) and
the experimental value of 9.0x10-7 cm?2/s[58].

In the force field proposed by Hayashi et al. [57] to simulate EG in the
liquid state a newly developed torsional potential was combined with the
standard OPLS intramolecular potential [6] for non-bonded interactions. The
simulations were carried out on 25 mol% mixtures of EG with water and EG with
Xe in order to examine the solvent effect. Comparison of the results for the
aqueous solution of EG with Xe solution revealed that there is a preference for
the trans form (up to 97%) in the aqueous solution in spite of the occurrence of
some gauche conformations possessing intramolecular H-bonds [57]. These

results contradict the findings reported by other authors [21,29,59] possibly
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because in this work two interaction potentials of different origin were combined
together without appropriate re-parameterization.

Aqueous solvation effects on the EG molecule were studied theoretically
with explicit solvent inclusion by Nagy et al. [29] and Hooft et al. [59]. The former
authors performed MC simulations using the OPLS force field [6] and the TIP4P
water model [60]. Changes in free energies were monitored while individual
dihedral angles were driven from one conformer to another and four conformers
(tTt, tGg’, gGg’, g'Gg’) were considered throughout. The latter group employed
MD methods using the GROMOS force field [61] and the SPC [62] water model.
In their work all conformers (with only bond distances frozen) were sampled
during the simulation run assuming that the simulation time was long enough for
this to occur in practice. Both studies found that the tTt rotamer is better solvated
than tGg’' with a free energy difference of 5 kd/mol. Considering that there is only
one frans conformer (1Tt), Nagy et al. [29] predicted a 99:1 gauchef/trans ratio for
the rotation about the C-C bond. In contrast, Hooft et al. [59] considering all
possible conformers, predicted about 67:33 gauche/trans ratio for the same
equilibrium in aqueous solution. Most of the difference in these estimates is due
to the gas-phase energy values to which the differential solvation free energies
were added; Nagy et al. [29] used gas-phase free energies calculated at MP2/6-
31G*//HF/6-31G* level, while Hooft et al. [59] obtained their gas-phase energies
using the GROMOS force field. Hooft et al. [59] also concluded that the gas-
phase preference for internally H-bonded solute molecules disappears
completely in dilute aqueous solution.

An alternative method, in which the solvent was represented by a
continuum dielectric, was used by Alagona and Ghio [63] and Varnek et al. [64]
to analyze the effects of aqueous solvation on EG. The polarized continuum

model of Tomasi and co-workers [65] was used to this end. Alagona and Ghio
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[63] considered differences only in the electrostatic portions of the solvation free
energy at the HF/4-31G and HF/6-31G* levels for the four most stable
conformers. At both of these levels they found that the tTt rotamer is better
solvated than the tGg’ rotamer by only 0.83 kd/mol, but gGg’ and g'Gg’ are better
solvated than tGg’ by 2.5-4.6 kJ/mol. Varnek et al. [64] taking into account both
the solvation and the intrinsic energy term reported the order of relative stabilities
among cis, gauche and trans conformers of EG in water. They found that the
most stable form is gauche (with OCCO dihedral angle of 549) < cis (AE=18.8
kd/mol) < trans (AE=45.2 kJ/mol) [64]. Their prediction of the gauche form being
the most stable is consistent with the results of Nagy et al. [29] with explicit water
included in the simulations.

In view of the large portion assigned to the trans population by Hooft et al.
[59], Cramer and Truhlar [21] questioned whether this dramatic predicted
solvation effect is valid. They presented a third approach for analyzing the
conformational equilibrium in aqueous solutions of EG, employing quantum
statistical solvation models, in particular, the Austin Model 1 (AM1-SM1a, AM1-
SM2) and Parameterized Model 3 (PM3-SM3) solvation models, which are
discussed in detail in Ref. [21]. These models divide the free energy of solvation
into two parts. The first accounts for the mutual polarization of solute and solvent
(like in a continuum model) and the second includes local effects specific to the
first solvation shell (like in an explicit solvent simulation). Their results for
aqueous solution together with gas-phase calculations suggest that on passing
from the gas phase into aqueous solution there is a relative increase in the
population of trans conformers by a factor of 3-5 (or to about 6-10%). For
instance, for the relaxed SM3 model the gauche/trans ratio is 92:8 vs 98:2 in the
case of gas phase. This difference comes from the increase in the population of

the trans conformers tTg and gTg' at the expense of conformer g'Gg’ [21].
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Overall these estimates for the gauche/trans ratio lie somewhere in between
those obtained by Nagy et al. [29] and Hooft et al. [59]; unfortunately a more
precise comparison with results from explicit water simulations is difficult.

The number of theoretical studies of liquid AE is small and presently none
have focussed on its thermodynamics and structural behavior in aqueous
solutions. In 1996 Button et al. [66] used MD simulations to study hydrogen
bonding in liquid AE. The authors employed a force field which is a combination
of those reported for alcohols [6] and amines [66]. The results were not
compared with experimental data and the only major conclusion of Button et al.
[66] was that “different behavior was observed for the alcohol and amine
functional groups”. Later Alejandre et al. [67] developed a special force field for
AE as a precursor of a more general modeling potential for simulations of
alkanolamines and their aqueous solutions. The geometry of AE, the bending
and torsional energies, and the charges were first obtained by means of ab initio
calculations. The charges obtained give a dipole moment of 3.044 D, which is in
excellent agreement with the experimental value of 3.05 D [67]. The torsion angle
potential chosen reproduced the observed experimental behavior for the most
stable conformation [21] of AE (with 1800, 80° and 50° for NHCC, NCCO, CCOH
torsional angles, respectively) quite well. Canonical MD simulations were carried
out for the liquid phase and for the liquid-vapor equilibrium state. To explore the
formation of H-bonds the simulations were performed at six temperatures
between 298 and 530 K. From RDF analysis it was found that the H-bond is
favored when a hydrogen of the hydroxyl group is at a distance of ~1.8 A from an
oxygen or nitrogen of another molecule. The hydrogen of the amino group does
not favor H-bonding with the oxygen or the nitrogen from neighboring molecules.
The proposed force field satisfactorily reproduces the experimental liquid and

vapor densities and the surface tension.



CHAPTER Il - ANALYSIS OF STRUCTURAL CHARACTERISTICS

In this chapter emphasis is placed on the structure specific to 1,2-
disubstituted ethanes, as obtained from experimental and theoretical
investigations. All three compounds of interest have been extensively studied in
the gas phase using gas electron diffraction and microwave spectroscopy, while
the elucidation of their structures in the liquid and in the solid state have been
mainly performed using spectroscopic (Raman and IR) methods. Unfortunately,
spectroscopic methods do not provide a precise picture of the local structural
arrangements of molecules within the liquid. However, one might reasonably
expect the local structural pattern in the liquid phase to resemble somewhat that
found in the solid state, and hence a separate section will be devoted to results
obtained on solid samples using X-ray diffraction. A summary of the most
abundant conformations in the gas, liquid and solid state is given at the end of
this section. Conventional theoretical approaches used in the determination of
the structure of molecular liquids are primarily based on analysis of radial
distribution functions. The relationship between radial distribution functions and
structure factors obtained from scattering experiments, as well as the extraction
of pair distribution functions from experimental data using such numerical
techniques as spherical harmonic reconstruction, reverse Monte Carlo and
empirical potential structure refinement will be discussed in detail. Finally a novel
structural probe, namely the spatial distribution function will be presented. The
function can be obtained computationally and then visualized to give a more
complete representation of the average local structure within a liquid system and

particularly its hydrogen-bonding pattern.
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3.1 EXPERIMENTAL STUDIES OF 1,2-DISUBSTITUTED ETHANES

Information on the structures, relative energies and the potential barriers
between the separate rotamers of ED, AE and EG in the gas, liquid and solid
states has been obtained by a wide variety of experimental methods [2,22-
23,36,68-70,74,79]. Structural properties of the ED molecule have been studied
most extensively in the gas phase. Yokozeki and Kuchitsu [69,70] investigated
the structure and the rotational isomerism of ED by means of gas electron
diffraction. One of the characteristic aspects revealed by this study was that this
molecule has a large-amplitude torsion about the cis conformation. Preliminary
results [69] suggested a dominant gauche conformer. Further analysis took into
consideration the hydrogen positions of the amino groups. The structural
parameters were estimated from an analysis of the molecular intensity on the
assumption that the central dihedral angle was 60°. The presence of one
(gauche) conformer with the NCCN angle of 641+4° measured from the cis
position was revealed in the vapor phase (at 50-120° C) [70]. For a quantitative
examination of the fractions of the gauche conformer and other possible
candidates, an analysis of the scattering intensity observed in the small-angle
region was undertaken [70]. The gauche conformer was found to be by far the
most stable in the gas phase and the fraction of any other rotamer, if present,
was estimated to be less than 5% (conformational notation is shown on Fig. 1).
The microwave spectrum of ED has been investigated in the 12.4-39.5 GHz
spectral region by Marstokk and Mollendal [36]. The two NCCN gauche
conformations denoted | (1Gg’) and Il (gGg’') were identified (see Fig. 2). Both
rotamers have NCCN angles of 631+2° and posses intramolecular H-bonds with
the two amino groups acting, respectively, as proton donor and acceptor within
each conformation. The roles of the amino group of each conformation may be

interchanged by appropriate rotation about both C-N bonds. The existence of two
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identical forms of each of the conformations | and Il leads to separate double
minima in the potential for the appropriate transformation motion. The tunneling
frequencies of the transformation motion for each conformation were identified
and a moderate barrier height in the 17-25 kJ/mol range was estimated for each
conformation. It was found [36] that the gas phase is composed roughly of 2/3 of
conformation | and 1/3 of Il where conformation | is favored by 1.26£0.8 kJ/mol
relative to conformation Il. However, it appears that the gauche form of the ED

molecule is not preferred in the liquid and crystalline state [2].
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Figure 2. The most stable conformers of ED.

Batista de Carvalho et al. [2] performed conformational analysis of ED
using Raman spectroscopy of the pure liquid, the agueous solution and the solid.
A complete assignment of the vibrational spectra was made for both the non-
deuterated and N-deuterated molecules. In the liquid phase it was possible to
assign the Raman band observed at 473 cm™1 to the tTt conformer and the bands
at 341 and 512 cm! to the conformations displaying a “skeletal gauche

arrangement” [2]. In the solid sample the band at 470 cm! confirmed the
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existence of only the tTt conformer. In aqueous solution this band was also
clearly detected while the bands corresponding to gauche arrangements seemed
to disappear. The authors concluded that for the pure liquid, the aqueous solution
and the solid sample the conformational preferences of ED are determined by
the relative importance of intra- versus intermolecular H-bonds [2]. Further
evidence that in the solid phase the molecule adopts the NCCN trans
conformation is available from X-ray data [71] and infrared and Raman spectra
[72]. The infrared and Raman spectra of crystalline ED have been obtained at
200 and 78 K and interpreted by Righni and Califano [72] on the basis of the
earlier measured crystal structure [71]. In an earlier investigation of the solid ED
[73] the existence of two crystalline modifications (hereafter forms | and I1) with a
phase transition temperature at about 203 K was discovered. Since only the
crystal structure of the high temperature phase (form I) is known [71] it was
possible to perform a meaningful calculation of the vibrational spectrum only for
this phase [72]. It was found that form | is a monoclinic system, space group
Cgh, with two molecules in the unit cell and the ED molecule in the crystal has a
trans-planar conformation of C2h symmetry. On the basis of spectroscopic
observations the authors also concluded that the phase transition between forms
I and Il involves a conformational change in the molecule such that the center of
symmetry is preserved. The only possible conformational change is then a
rotation of the NH, groups around C-N bonds in opposite directions. Thus in form
Il the NCCN backbone remains trans-planar whereas the NH, groups assume a
gauche conformation with respect to the CH, groups [72].

The conformation and structure of EG have been the subject of several
experimental investigations [34,74-79]. The structure of EG in the gas phase has
interested chemists for years: Bastiansen [34] reported an electron diffraction

study of this compound in 1949. Only the heavy-atom gauche conformation was
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detected in this work and its stability was ascribed to intramolecular H-bonding
[34]. In 1981 Caminati and Corbelli [74] measured the microwave spectrum of the
two possible O-monodeuterated species so that the four possible H/D hydroxyl
species were present with a 25% concentration each. It had been noted
previously that the microwave spectrum of EG is complicated by the tunneling
motion between the double minima in the potential due to the simultaneous
rotation of the two hydroxyl hydrogens. The isotopic substitution combined with
an application of an ordinary semi-rigid rotor model, which excludes tunneling
effects [74], allowed these authors to reach a definitive conclusion about EG’s
conformation. Again only one conformer was detected: one oxygen is gauche
with respect to the other; one hydroxyl hydrogen participates in the H-bond while
the second one is trans with respect to C-C bond [74] (tGg’, see Fig. 3). The
microwave spectrum of EG was assigned for the first time using microwave-
microwave double resonance and molecular beam Fourier transform microwave

spectroscopies [75]. These techniques were explored because they select the

Figure 3. The lowest energy conformer of EG.
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desired lines in the crowded spectrum, which does not follow a standard rigid
rotor pattern because of the large-amplitude motion displayed by the molecule.
As a result of this analysis the existence of the tGg’ conformer of EG was again
verified [75]. However, Kristiansen et al. [76] analyzing the microwave spectrum
of an asymmetrical isotopically substituted species (e.g. HOCH,CD,OH) have
found two possible heavy-atom gauche conformations possessing internal H-
bonds: tGg’ and gGg’. It was shown that the gGg’ conformation (with a OCCO
angle of 53.9£69) is 1.4+£0.4 kJ/mol less stable than tGg’ (with a OCCO angle of
53.4169). The fact that the OCCO dihedral angles of both conformations are
approximately 6° less than a completely staggered arrangement indicates a
strong interaction between the two hydroxyl groups in this molecule. It was
suggested that in EG the internal H-bond alone cannot account for this stability
and that a gauche effect [32] must augment the H-bonding and be of
considerable magnitude [76].

The equilibrium configurations of EG in liquid phase have been studied by
Crupi and co-authors using Fourier transform IR spectroscopy [77,78]. The
extracted activation and binding energies were attributed to the transition from a
gauche configuration stabilized by an intramolecular H-bond to a simple gauche
configuration. It was shown that the existence of an intramolecular H-bond
makes the corresponding gauche conformation the most energetically favored
[77]. Finally, the equilibrium configuration of EG in the vapor, liquid and solid
phases was investigated by IR spectroscopy of the two isotopically substituted
molecules (CD20H)2 and (CH20D)2 by Buckley and Giguere [79]. The
assignments of most of the fundamental frequencies, the phase and temperature
behavior of the spectra confirmed that in all cases EG exists only as gauche
conformers, which are more stable than the trans as a result of intramolecular H-

bonds. Interestingly, the positions of OH stretching and especially bending
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vibrations, which are strongly shifted towards higher frequencies, indicates the
presence of highly bent (i.e. weak) H-bonds. However, the EG molecule retains
the gauche conformation up to fairly high temperatures (398 K) [79] and is
interpreted by some as evidence that an effect in addition to the internal H-
bonding must be operative [76]. In addition to the analysis of hydrogen bonds in
EG, some molecular energetics were also examined by Buckley and Giguere
[79]. For instance, the average rotational barrier heights were estimated to be of
the order of 42 kJ/mol for the rotation about the C-C bond, and 12.5-16.5 kJ/mol
for the rotation about C-O bonds. These results seem to be markedly
overestimated in comparison with theoretical predictions for the analogous
parameters, in particular, the barrier heights for the rotation about the C-C bond
in EG were found to be 28.7 and 23.43 kJ/mol by Burgess et al. [30] and Chang
et al. [17], respectively.

In contrast to ED and EG, for AE only a few sources of experimental
structural information are available. Kreuger and Mettee have carried out an
infrared spectroscopic study [22] and showed that in dilute tetrachloroethylene

solutions AE exists in three forms. The most stable one (g'Gg’, see Fig. 4) is a
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Figure 4. The most stable conformers of AE.
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H-bonded form in which the hydroxyl group is the proton donor and the amino
group is the proton acceptor (O-H:--N). A trans (or non-H-bonded form) is less
stable than the O-H---N form by 2.93 kJ/mol. There is another H-bonded form
(gGt, Fig. 4) in which the amino group is the proton donor and the hydroxyl group
is the acceptor (N-H-:-O). This form is 5.86 kJ/mol less stable than the O-H---N
form. The microwave spectra of six singly substituted isotopic species of AE have
been measured and assigned by Penn and Curl [23]. They found that the
molecule exists in a gauche form with an intramolecular H-bond of O-H-:-N type.
The internal rotation dihedral angles assume values that minimize the distance
between the hydroxyl proton and the lone-pair electrons of the nitrogen. This
corresponds to the O-H bond halfway between the eclipsed and staggered
conformation with respect to the C-C bond [23]. The results of an infrared study
of AE isolated in matrices at low temperature [80] demonstrate the presence of at
least five different conformers in the samples: the most stable O-H-:-N
intramolecularly H-bonded g’Gg’ form and the conformers gGt, tGt, tGg and gGg.
The latter four conformers possess an N-H---O intramolecular H-bond and have
energies within 10 kJ/mol of the most stable conformer. The molecular
structures, relative energies, dipole moments and vibrational spectra (infrared
and Raman) of the possible conformers of AE in liquid phase were reported by
Silva et al. [27]. Their data are consistent with the absence of the intramolecularly
H-bonded g’Gg’ (or gGg’) form and the presence of gGt and tGt conformers as
the most abundant species in the liquid phase. It was also pointed out that no
evidence of trans conformers (about the NCCO axis) was found in the liquid
phase spectra [27].

A summary of experimental structural data used as the input for MD
simulations performed for ED, EG and AE in the present work (see Chapter V) is

given in Table 1.



39

Table 1. Structural parameters for ED, EG and AE used in the present work.

AE [23] ED [36] EG [74] EG [79]
Bonds (A)
CC 1.526 1.546 1.526 1.54
CcO 1.396 - 1.423 1.43
CN 1.475 1.469 - -
OH 1.139 - 0.956 1.00
NH 1.017 1.017 - -
CH - 1.093 1.090 1.08
Angles (deg.)
CCO 112.1 - 109.5 110.0
CCN 108.1 111.50 - -
CCH - 109.48 109.0 -
CNH 110.4 109.48 - -
111.3
COH 103.7 - 108.0 105.0
HNH 109.86 109.48 - -
HCH - 109.48 - -
Dihedrals (deg.)
OCCN 55.4 - - -
NCCN - 63.2
OCCO - - 60.0 74.0
CCOH 28.3 - -28.0 -
198.0
CCNH -78.2
159.5

3.2 SOLID STATE STRUCTURAL DETERMINATION FOR ETHYLENE
GLYCOL ETHYLENEDIAMINE AND 2-AMINOETHANOL

As has been shown in the previous section, the structural information
available for the compounds of interest in liquid state is rather limited and it

becomes especially noticeable where the secondary (or intermolecular) structural
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arrangements are concerned. In this case the structural details obtained from the
X-ray scattering experiments may serve as important complementary material in

the elucidation of liquid state structure.
A structural study of the alkanediols HO-(CH5)-OH (n=2-10) and

alkanediamines HoN-(CHo)-NH, (n=2-8), referred to as diols and diamines

hereafter, was undertaken by Thalladi et al. [81] to investigate interference
between hydrogen bonding and hydrophobic interactions. The X-ray data were
collected at the same temperature (130 K) for all the compounds to allow a
comparison of calculated densities. The density gives a measure of compactness
in the packing and it was shown that the odd-numbered members are more

poorly packed than the even-numbered members in both homologous series.
The even diols with n>4 form layer-like networks (space groups P24/n and P2,/c)

and the odd members form three-dimensional structures (P242424 space group)
[81].

The end groups in the diols and diamines form H-bonds and the alkyl
chains participate in hydrophobic interactions. The common packing pattern in

both even and odd n-alkanes is a column-like structure with the molecules

stacked such that CH, groups of successive molecules are intergrooved (such a
close packing of CH, groups occurs at an intermolecular separation of 4.7 A
[82]).

Since both OH and NH, groups act as H-bond donors and acceptors
simultaneously, they form several types of structural patterns, the most common
of which is a chain pattern [83). For the diols formation of O-H---O chains at both
ends of the molecule can lead to a layered structure consisting of molecules in
columns, where successive molecules in a column are separated by 5.1 A, a

distance that is too long for the hydrophobic packing observed in n-alkanes. The
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Figure 5. Hypothetical layered structure formed by O-H---O hydrogen-bonded

chains in even diols [81].

corresponding anticipated structure is given in Fig. 5. However, it was observed
that the layer structure of the even diols differs slightly from that depicted in Fig.
5. The molecules are offset along their length in such a fashion that the a-CH,
groups fit into supramolecular grooves, and adjacent columns are inclined to
preserve the O-H:--O chains (see Fig 6a). This arrangement becomes possible
because of the all-trans conformation observed in even diols, which leads to an
antiparallel projection of the two C-O groups. In odd diols these groups are
projected in the same direction precluding the formation of O-H::-O chains at the
opposite ends of the molecule (Fig. 6b). In addition in the odd diols one of the C-
O groups adopts a gauche conformation, leading to the formation of a three-
dimensional network with the packing of the hydrophobic moiety not as effective
as in the even diols [81].

The layered structure in even diamines is similar to that found in even diols
except that the N---N separation (3.2 A) is generally longer than O---O separation
(2.8 A). Adjacent molecules are now spaced at 5.2 A and the hydrocarbon chain
therefore swivels around the main molecular axis by 45 to fill the corresponding

gaps. Odd diamines, unlike odd diols, form a layer structure with N-H---N chains
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(a)

Figure 6. (a) Offset of even diol molecules within a column due to the
intergrooving pattern of hydrophobic interactions. (b) Geometrical hindrance of
molecular offset on odd diols; the H-bonded chains are formed only at one of the

ends [81].
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but without the offset of the molecules within a column (adjacent molecules are
now separated by 5.7 A). This structure is analogous to the hypothetical layer
shown in Fig. 5. In spite of the swiveling of the hydrocarbon chain the odd
diamines appear to be less densely packed than the even ones. The interlayer
packing in even and odd is similar with the second NH group forming a longer N-
H---N hydrogen bond between the layers [81].

Unfortunately, the only basic structural information relevant to EG and ED
was reported in Ref. 81 (summarized in Table A1). Thalladi et al. [81] only briefly
mentioned that “the packing patterns in 1,2-ethanediol (EG) and 1,2-
ethanediamine (ED) are different from those described in this work because in
these lower members the H-bonds overrule the hydrophobic interactions”. Two
years earlier Boese and Weiss [84], who are the co-authors of Ref. 81, published
a paper devoted exclusively to structural elucidation of EG. The crystallization
was performed on the diffractometer at a temperature of 245 K with a miniature
zone melting procedure using a focused IR-laser beam. They reported that in the
solid state EG adopts a gauche conformation with the torsion OCCO angle of
-64.4°, The packing consist of a “catamer-like” [85] two dimensional network with
four hydrogen bonds per molecule parallel to the [100] plane (O---O distances
are 2.711 and 2.730 A, and O-H---O angles are 176 and 1719) [84]. Comparison
of these results with the general trend observed for higher members of the diol
series leads to the conclusion that EG rather resembles the structural specificity
of the odd representatives of this series. In particular, it has a similar space group
(P242424) and conformation (gauche), but differs in the type of packing pattern,
forming 2-D chains instead of a 3-D network.

The crystal structure of pure ED was determined by Jamet-Delcroix [71] in

1973 from three-dimensional single-crystal X-ray data obtained at 213 K. The
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basic structural parameters agree well with those reported by Thalladi et al. [81]
including the fact that ED (an even diamine) adopts the trans conformation. Itis

also in agreement with the findings presented for a series of diamines [84], where

it was reported that the NH, groups of ED are responsible for the formation of
two H-bonded chains and the formation of molecular layers parallel to the bc (XZ)
plane [71].

The crystal structure of 2-aminoethanol (AE) was determined by Mootz et
al. [86] by low-temperature single-crystal X-ray diffraction. The measurements
were performed at a temperature of 263 K on a Syntex P24 diffractometer. A
miniature zone-melting technique using focused heat radiation was applied. The
authors found that the crystal structure of AE is governed by the geometry of the
molecule (see Table A1) and extensive intermolecular H-bonding. Molecules in
crystalline AE are linked by strong (short-2.05 A) N-H---O hydrogen bonds into
angular chains parallel to the longer diagonal of the ac plane (direction [107]).
Markedly weaker N-H---O and O-H-:-N hydrogen bonds (2.23 and 2.36 A,
respectively) were observed between these chains [86]. This structural
arrangement leads to the formation of a three-dimensional network with
molecules hydrogen-bonded to six nearest neighbors (see Fig. 7). It has to be
noted that in contrast to the hydroxyl oxygen of EG, which acts as a single donor
and a single acceptor of H-bonds, the oxygen of AE appears to be a single donor
but a double acceptor forming simultaneously one strong and two weak H-bonds.

As a brief conclusion on experimental results presented and discussed in
Sections 3.1 and 3.2, Table 2 summarizes the experimental findings related with

the conformations of ED, EG and AE.
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Figure 7. Projection of the structure of AE. All atoms are of arbitrary size and the

H atoms of the CH, groups are not shown for clarity [86)].

Table 2. The most abundant conformations with respect to the central dihedral

angle for ED, EG, AE in the gas, liquid and solid state.

ED EG AE
Gas gauche gauche gauche
[36,69,70] | [34,74-76] | [22,23,80]
Liquid trans gauche gauche
2] [77,78] [27]
Solid trans gauche trans
[71-73] [79] [86]

3.3 STRUCTURE OF MOLECULAR LIQUIDS: FORMAL DESCRIPTIONS
3.3.1 Radial distribution function (RDF)

The structure in molecular liquids can be completely described by its N-

body distribution function:
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which is a function of the positions, 7, and orientations, @, of all the molecules
in the system [87]. This function represents the relative probability density of
finding N molecules of the system in any particular configuration. Unfortunately,
the complexity of such a function makes it virtually useless in understanding the
structure within a liquid. The most important distribution function in liquid state
theory is the pair distribution function, g(z)(Fz,cﬁz), which represents the
probability of finding any two molecules at any two points in space with any two
orientations. For a molecular liquid (i.e. an isotropic homogeneous fluid) this

function becomes invariant to the choice of the position and orientation of the first
molecule. This g(z)(?z,c?)z) can be expressed as g(7;,,®, ), where 7}, (the

separation vector between molecules 1 and 2) and 5)2, respectively, defines the

position and orientation of the second molecule relative to that of the first.
However, the practical considerations of presenting and then analyzing this full 6-
dimensional function have made it virtually inaccessible [87].

For atomic liquids represented by only spherically symmetric interactions,
the pair distribution function has no angular dependence. Therefore the structure
of such systems will be completely described by the radial distribution function,
g(r), where r =|F| is simply the magnitude of the separation vector. Knowledge
of the radial distribution function is sufficient to determine most thermodynamic

quantities of atomic systems. For instance, energy and pressure can be

calculated using g(r) as

E .
<TVZ = %kBT + %p [g(ru(r)dr, (3.2)

and

BP __(Bp au(r) -
?—1 (6jfg(r)r - dr , (8.3)
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_1 .
respectively, where Bz(kBT) , P is the density and u(r) represents the
atomic potential [88].
The isotropic nature of a liquid allows one to examine its structure through
its structure factor, S(k), obtained from an X-ray or neutron scattering
experiment on the molecules within the liquid. In the case of a homogeneous

fluid the function, S(k) can be written as the Fourier transform of g(r)[89]:

S(k) =1+ p [exp(—ik - F)g(F)dF (3.4)

and conversely, g(r) is the Fourier transform of S(k)

g(®) =1/ p2n)? [exp(ik - F)[S(k) —1]dk , (3.5)
where k is the wavevector. For an isotropic system where kz‘E‘ eqn 3.4
becomes

S(k)=1+47p jr2g(r)§‘2#dr. (3.6)

The structure factor of a fluid can be obtained experimentally from
measurements of the cross-section for scattering of neutrons or X-rays as a
function of scattering angle.

In the case of neutron scattering the differential cross-section, do/dQ,

for scattering into a solid angle, dQ2, in the direction 0, ¢ is given by

& =Iror. @7)

where f(0) is the intensity (amplitude) of the scattered component. The
amplitude of the scattered component is usually given by the Fourier transform of
the scattering potential, V(7). Also f(6) can be expressed as a matrix element

of the interaction V(7) between initial and final plane wave of the neutron (see
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Ref. 89 for the detailed derivation). The final expression for do/dQ in terms of

S(k) becomes

do ;2 9 =
- Nbinc + NbCOhS(k), (3.8)

where the subscripts refer to incoherent and coherent scattering, respectively, b
is the scattering length and the amplitude of the wave scattered by a single fixed
nucleus is f(0) =—b [89]. The structural information for the fluid can be obtained
entirely from the coherent contribution to the cross-section; there is no incoherent
contribution from a sample consisting of a single isotopic species of zero nuclear
spin. The expression for the cross-section in the absence of incoherent scattering

then becomes

do 27
10 = Nb-S(k), (3.9)

where Nb2 is the scattering from N independent nuclei and S(k) represents the
effect of correlations.

For the scattering of X-rays there is no separation into coherent and
incoherent contributions but the expression for the differential cross-section has
the same general form as egn. 3.9. The main difference is that X-rays are
scattered by the atomic electrons and instead of b the atomic form factor, f(k),
has to be used. Unlike b, the atomic form factor is a function of kand it is

defined as

f(l€) =< % exp[—il—g (F" —F.)> , (3.10)
n=1 L L 0

where the subscript Q indicates a quantum-mechanical expectation value, rl”
represents the coordinates of the n-th electron of the i-th atom (with nuclear

coordinates ri), and Z is the atomic number [89].
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The radial distribution function can be obtained by substituting the
appropriate experimental data in eqn. 3.5. This functional relationship can also
be extended to systems of more then one component. In this case a partial
structure factor has to be defined and then related to the partial radial distribution
function. The analogous procedure can be performed to establish the connection
with experimental data for a site-site radial distribution function within a one
component homogeneous fluid. For example, site-site partial structure factors,
and therefore site-site radial distribution functions, gaﬁ(r), can be extracted
using the recently developed technique of isotropic substitution [90-92] in neutron
diffraction experiments. Unfortunately, even a complete set of site-site radial
distribution functions cannot properly reconstruct the full molecular pair
distribution function because gaﬁ(r) represents integrals (convolutions) over the
full pair distribution function. In order to allow a more complete description based
on the pair distribution function to be extracted from sets of 8, ﬁ(r) provided by
scattering experiments, the numerical techniques of spherical harmonic
reconstruction [93], reverse Monte Carlo (RMC) [94] and empirical potential
structure refinement [95] have been developed.

The spherical harmonic reconstruction (SHR) technique was first
developed for diatomic molecules [92] as an attempt to generate a three-
dimensional picture of the local orientations in a molecular liquid directly from a
set of measured partial structure factors. It has been shown by Soper [93] that
the structure of the molecular liquid is fully characterized by the orientational pair
correlation function between neighboring molecules which plays the same role as
that played by the pair correlation function for simple liquids. The problem is that
the site-site partial structure factors (PSF) that can be measured for a molecular
liquid involve averages over molecular orientations and therefore represent only

indirect information about the true molecular structure at the microscopic level.



50

The SHR technique, generalized by Soper to the case of molecules of
arbitrary shape, appeared to be a method capable of extracting sufficient
orientational information from PSF data [93]. Soper concluded that in order to
make such an extraction possible any estimated pair correlation function should
be smooth but also consistent with the data. The algorithm proposed in Ref. [93]
is based on the relationships of Gray and Gubbins [96] where both the
orientational pair correlation function and the site-site partial structure factors are
expanded as a series of spherical harmonic functions. They are related to one
another by a straightforward Fourier-Bessel transform,

©

S lnny3k) =4mp ({rzh(lllzl;nlnz;r) jykr)dr, (3.11)
where the coefficients for each expansion are labeled as h(lll2l;n1n2;r) for
h(7,» ,a)z)[= g(r,o ,coz)-—l] and as S(lllzl;nlnz;k) for the partial structure
factors Sa,B(k)’ and jl(kr) is a spherical Bessel function of order [ [96]. The
basic aim is to minimize a statistic factor, which measures how well the trial
structure factors fit the measured data, and the noise function, which measures
how much variation there is in the trial h(lllzl;nlnz;r) coefficients. The lower the
noise value then the smoother the radial dependence of h(lllzl;nlnz;r). The goal
to make this dependence as smooth as possible but still remain a sensible fit to
the data can be achieved by using the maximum number of coefficients that can
be accommodated in a reasonable computing time scale. The main stage of the
reconstruction is to generate the set of perturbation coefficients, A(lllzl;nlnz;r),
which are obtained as the difference between the current and the previously
generated reference coefficients. The A(lll2l;nln2;r) are then used in place of
h(lllzl;nlnz;r) to reconstruct the orientational pair correlation function for the

specified molecular orientations [93].



51

The SHR method was applied to the partial structure factors of water to
extract a map of the 3-D structure in water and a picture of the local orientation of
neighboring molecules. The results show that in addition to the conventional view
of water as a tetrahedrally coordinated liquid there is a possibility of other local
structural arrangements. In particular, trigonal and pentagonal structures are also
compatible with the data [93].

RMC modeling [97] is a variation of the standard Metropolis Monte Carlo
(MMC) method. Since 1988 it has become a powerful and widely used tool for
the structural analysis in disordered materials [94]. The aim of RMC is to produce
a structural model (usually called configuration) which is consistent with one or
more sets of experimental (X-ray or neutron diffraction) data within their errors
and subject to a set of constraints [95]. The basic procedure of a RMC simulation
is to set up distributions of particles, which are consistent with measured
quantities such as the site-site pair correlation function. It is normally assumed
that short-range interactions exist between the particles to prevent atomic
overlap. The simulation follows that of a standard Monte Carlo simulation
algorithm with random moves. The site-site pair correlation function is calculated
(providing a move does not violate atomic overlap) and then compared with the
data using a xzstatistic factor. This factor measures how well the simulated

correlation function fits the data:

g(r)

where g(r) is the simulated site-site pair correlation function, gD(r) is the

2 Z{ g(-g (r)} | 6.12)
-

correlation function obtained from diffraction data and &(r) represents the

experimental error. If the change in 752 is negative then the move is accepted
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and the “new” configuration becomes the “old” configuration. If Xz is positive the
move is accepted only with a Boltzmann-type probability distribution. Otherwise it
is rejected. As the number of accepted moves increases ;(2 will initially decrease
until it reaches an equilibrium value about which it will then oscillate. The
resulting configuration will yield a pair correlation function that is consistent with

the experimental data within its errors [94,95].

Comparison of the RMC method with conventional MMC reveals that
some analogies can be made. In MMC modeling the quantity sampled is
U, —UO)/kT, where U is the potential energy of the configuration, T is the
temperature and k is Boltzmann’s constant. In the example of the RMC
procedure given above the correlation function plays the role of the energy and
&(r) plays the role of the temperature. The convenience of this analogy
determined the functional form of xz. The RMC algorithm can be easily modified
for simultaneous fitting to different sets of data. The types of data used include
neutron diffraction (including isotopic substitution), X-ray diffraction (including
anomalous scattering), electron diffraction, extended X-ray absorption fine
structure (EXAFS) and NMR (magic angle spinning and second moment) [94].
However, in computer simulations of the site-site pair correlation function using
the RMC method certain problems may arise. For instance, xz is unable to
distinguish between two configurations of particles, one of which has a large
statistical uncertainty but lies within the supplied data, and the other, with lower
statistical uncertainty located out of the peaks. Another problem is that for any
computer simulation the pair correlation function will have its own statistical
uncertainty, which for a moderate sized system was estimated [95] to be 10% at
r= 3 A. On the other hand, modern diffraction data usually have statistical

uncertainties much better that 1%. Therefore any attempt to fit g(r) better than
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its intrinsic uncertainty by changing the size of &(r), may result in the simulation
“trapped” in a local minimum without proceeding on a true random walk.

Soper extended the RMC algorithm so that it establishes empirically an
effective site-site pair potential (or set of potentials in the case of multicomponent
systems) which reproduces quantitatively the site-site pair correlation function
obtained from diffraction data [95]. Comparison of conventional RMC with this
empirical potential Monte Carlo method (EPMC) reveals that the energy rather
than xz is the equilibrated parameter. Therefore it is less likely for the simulation
to become locked in a local configuration and the simulated pair correlation
functions have correct statistical uncertainties.

The starting point of the EPMC algorithm is the potential of mean force
between atoms a and S in the fluid,

l»‘/aﬁ(") = —len[gaﬁ(r)], (3.13)
where 8, ﬂ(r) is the simulated site-site pair correlation function. There is also an
equivalent potential of mean force l//o?ﬂ(r) for the corresponding correlation
function obtained from diffraction data, ggﬁ(r). The procedure continues by
introducing an assumed reference potential, U(; eg(r), between sites acand .
The potential of mean force (eqn. 3.13) is then used to generate a new potential

energy function, U (r) as a perturbation to the initial potential:

U (N =Upg(n)+1y (1) =y 5] = Ug (r)+ KT{Inlg 5 (r)/ g p (M1},
(3.14)

where the initial potential Ugﬁ(r) and the site-site correlation function gaﬂ(r)
equal their reference values Uref(r) and grelf;(r), respectively. The new
potential, U ﬁ(r) replaces U ﬁ(r) in the simulation which now proceeds with

the revised potential. This process is repeated until convergence is reached, i.e.
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Ugﬁ(r)zU(%(r) and gaﬂ(r)wgol?ﬁ(r). (3.15)
As a result an empirical potential energy function is determined that is able to
reproduce the observed site-site pair correlation function of the material of
interest [95]. EPMC method has been tested on the SPC/E model and on
experimental water and it gave excellent results in both cases. It revealed the
strong similarities between the H-bonding in SPC/E water compared to
experimental water as well as highlighted the similarities and differences
between the model and the empirical potential. Soper also concluded that for
complex systems and complex-shaped molecules EPMC analysis appears to be

preferable in comparison with alternative methods such as SHR [93].

3.3.2 Spatial distribution function (SDF)

In molecular systems (e.g. water) with a very strong directionality in the
interaction potential, the local arrangements of neighboring particles is expected
to be quite anisotropic. Yet, this angular dependence will be simply lost in the
angle averaged radial distribution function. It is clear that a complete picture of
the local packing pattern around each molecule is essential for understanding the
anisotropic local structural order in such molecular systems. There are two ways
to solve this problem. In the first approach one could try to extract structural
information exploring the angular dependence of the pair distribution function
(e.g. using spherical harmonic expansions or geometrical constructions such as
Voronoi polyhedra) [87, 98]. The second approach utilizes a guantity termed the
spatial distribution function (SDF).

The position of a neighboring particle can be localized (within the local

frame of the central molecule) by means of the function given by
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8(7);—"8(712)=<g(712,552)>@2, (3.16)
where (...) @, denotes the average over all orientations of the second molecule.
While not reproducing the full pair distribution function, the SDF does completely
describe the local packing structure [87]. As a three-dimensional function, SDF
can be visualized and its accumulation becomes manageable with modern
computer technology.

There are some special issues, which have to be taken into account in the
representation, accumulation and visualization of SDF’s. These issues arise
because of their three-dimensional nature. In comparison with a RDF, a SDF
requires a considerably longer simulation run in order to obtain a reasonably well
averaged function because of its higher dimensionality. For pure molecular
liquids a smooth SDF can be obtained by averaging a system of a few hundred
molecules over a trajectory of 100-200 ps, while in mixtures (especially if one of
the components is present at low composition) a run length of at least 0.5-1.0 ns
may be necessary.

Another important issue is an appropriate choice of the local frame. The
local frame for rigid molecules, once chosen, can always be clearly specified.
However, if the molecule is very flexible, care should be taken to prevent an
interchange of axes in the resulting local frame. The local frame for a flexible
molecule may experience the influence of frequently occurring conformational
transitions as well as large fluctuations at ambient temperatures. In this case the
calculated SDF’s could become highly distorted because of the geometrical
changes undergone by the central molecule. When the solvation structure near
specific areas of large flexible (organic) molecules is of primary interest, it is
usually recommended to define a local frame on specific parts of the molecule
like a residue, functional group or any other reasonably rigid unit in the area of

focus. The accumulated SDF will then provide detailed information about the
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local structure around the particular molecular residue or functional group. The
technique of assigning the local frame proceeds according to the following steps.
If two axes are fixed between any two pairs of atoms, then a third perpendicular
axis can be defined by their vector (cross-) product; after that the interatomic site-
site distance vector can be transformed into this temporary local frame.

Once a local frame is defined one has to choose a coordinate system to
express the separation vectors. The spherical-polar coordinate system, in which
7 has the components (r,0,¢) can be a good choice, especially for small rigid
molecules. Unfortunately, the spherical-polar representation of an SDF also has
some disadvantageous. The major one is that it samples the different regions of
the local space non-uniformly introducing difficulties in visualization. In this case
Cartesian coordinates represent an attractive alternative. The data structure
obtained is uniform over the local space and can be easily accessed, normalized
and visualized. Use of the Cartesian representation appears to be a necessity for
complex or very flexible molecules [87].

The visualization of SDF’s requires additional consideration. There are two
basic choices, either to view the variation of the SDF in two-dimensional slices
through the full three-dimensional data set, or to examine the structure present in
the data at particular threshold values. Both approaches offer different benefits.
The first approach provides an immediate sense of the three-dimensional
structures. This can be done by analyzing many different two-dimensional slices
and noting how the observed features change with slicing plane. The second
gives the better sense of the specificity of structural features. This approach is
based on observations of how the nature of three-dimensional isosurfaces
changes with threshold value. In either case the main goal of such an analysis is
to obtain information on the variations of the SDF over the entire local three-

dimensional space. The generation and viewing of SDF isosurfaces can be
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performed by means of available graphics software packages developed for
visualization of three-dimensional data sets.

Two examples of oxygen-oxygen SDF’s for liquid methanol [42] and
water- methanol mixtures [43] are shown in Figs. 8a and 8b, respectively. From
Fig. 8a one can see the two features due to H-bonded neighbors. It has been
noted [42] that the feature due to H-bond donor neighbors appears similar in
shape to that found for water [99], although it contains only a single neighbor and
has its maximum at the dipole rather than tetrahedral positions. The H-bond
acceptor feature in methanol, when compared with that of water, is more highly
localized indicating the strong association in this liquid. For a 3:1 water-methanol
solution the neighboring water-oxygen density around methanol is shown in Fig.
8b. Two features due to nearest H-bond neighbors can be clearly seen. The third
and the fourth features are represented by the upper edge of the cap over the
methyl group and the upper part of the second neighbor ring surrounding the H-
bond acceptor cap. The latter feature becomes resolved as three distinct
tetrahedral second neighbors indicating the strong tetrahedral character of the
local structure in water-rich solution.

It is worth noting that the evaluation of solvent effects by considering the
local structure of water around a solute molecule on the basis of spatial
distribution functions is a relatively new approach. It has been developed by
Svishchev and Kusalik and first published in 1993 [99]. Since then it has been
successfully applied to many different molecular systems where much of this
work has been carried out by the research groups of P.G. Kusalik and A.
Laaksonen. It is very encouraging that recently Hata and Ono [100] carried out
Monte Carlo (MC) simulations for an infinitely dilute aqueous solution of EG at
298K with the major goal to establish the optimal analysis method for their SDF’s,

when applied to the hydration structure of a large molecular system. They
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Figure 8. Oxygen-oxygen SDF’s for (a) liquid methanol [42] and (b) a 3:1 water-

methanol solution [43] at 298 K and isosurface threshold of 1.9.
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intended to proceed by employing SDF’s in the analysis of fundamental small

molecular systems.

The authors examined the oxygen (solute) - oxygen (water) SDF’s
obtained for two stable conformers (gGg’ and tGg’) and three additional
conformations in between for a EG molecule in liquid water. The oxygen-oxygen
SDF was partitioned into three categories defining different high-density regions:
hydrogen acceptor (HA), hydrogen donor (HD), MIX (for overlapped distributions
of HA and HD), and hydrophobic hydration (HH) regions. The maximum
distributions of the hydrogen and oxygen atoms of the hydration water molecules
form a triple-layer structure in the HA region and the HA part of the MIX region;
their spatial orientations are of a linear type. On the other hand, the maximum
distributions of oxygen and hydrogen atoms in the HD region and the HD part of
the MIX region form double-layer structures and their spatial orientations are also
of a linear type. In addition, it was apparent that the spatial orientations of water
molecules were of the linear type throughout the conformational change from the
gGg’ to tGg'. From the oxygen-oxygen difference SDF (DSDF) between the two
conformers the authors concluded that the distribution of hydration water
molecules in the HA and HD parts of the MIX region are governed by the
competition of internal H-bonds between the hydrogen atom and the two lone-

pairs on the oxygen atom of EG molecule [100].



CHAPTER IV - SIMULATION METHODOLOGY AND MODELS

This chapter starts with a brief description of a cornerstone of molecular
dynamics simulation, the equations of motion and the most successful
computational methods to achieve their solution. In particular, the Gear predictor-
corrector and Verlet predictor integrating schemes in conjunction with the SHAKE
algorithm, which introduces the concept of constraint into the equations of
motion, is described in some detail. Important conceptual quantities, such as
statistical ensemble, are introduced and the ensembles most commonly used in
simulations are characterized. In addition to the procedure of scaling velocities,
the implementation of thermostats within a simulation to generate the constant-
temperature ensemble is discussed in the context of the present study. All
simulations reported in this thesis were carried out using a molecular dynamics
computational package; the general scheme, distinctive features and advantage
of this particular program are presented. A separate section is devoted to the
description and comparison of the standard interaction potentials (force fields)
such as AMBER, CHARMM and OPLS implemented in the MD program used.
Two OPLS-based potential functions for liquid alcohols and amines, as well as a
special force field for alkanolamines, are also characterized and the selected
parameters taken from these force fields and employed in the present work are
summarized. The simulation specifications will be given for all stages of the
calculations performed. The properties of interest both static and dynamic, such
as average configurational energy, enthalpy of vaporization, and seli-diffusion
coefficient, as well as some characteristics specifically used in structural analysis
(coordination numbers, torsional angle distributions, H-bonding) are defined in

the final methodological section.

60



61

4.1 MOLECULAR DYNAMICS METHOD

4.1.1 The equations of motion

The term molecular dynamics (MD) is conventionally used to describe the

numerical solution of the classical (Newtonian) equations of motion

—

mf¥,; = f,, (4.1)
for a set of molecules. In eqgn. 4.1 m; is the mass, r; is the Cartesian
coordinates, and f; is the force on atom i. Within a MD computer simulation, the
history of an initial arrangement of molecules is followed by calculating the
trajectories of all the particles under the influence of the intermolecular potentials.
Newtonian equations of motion can be used to predict where each particle will be
after a short time interval (typically 1 fs for rigid molecules, which is significantly
shorter than the time between collisions), and then the calculation is repeated for
many (typically thousands or millions) such steps [101].

The equation 4.1 may also be represented in Lagrangian or Hamiltonian

form. The most fundamental form is the Lagrangian equation of motion

where the Lagrangian function L(é,E}) is defined in terms of kinetic and potential
energies as L=K-V. It is considered to be a function of the generalized
coordinates, qk, and their time derivatives, q'k. In other words, the Lagrangian
formulation is given in terms of generalized coordinates and velocity with time as
a parameter. In contrast, the Hamiltonian form for the equations of motion use

generalized coordinates and generalized momenta as the independent variables

[102]. The generalized momentum, pk conjugate to qk’ is defined as



62

_5M%ﬂk0

= . 4,

The change in independent variables can be performed by means of a Legendre

transformation, which results in the definition of the Hamiltonian function,

H(ﬁ’q’t)z q’ p —L(q 9q. ’t)' (4'4)
2P~ Uap g

Substituting the Hamiltonian obtained from eqn. 4.4 into equations referred to as

Hamilton’s canonical equations of motion [102]

. _OH

q, =55 and (4.5)
k

. 9H

yields first-order equations of motion. For Cartesian coordinates, Hamilton's

equations become

7= p; /ml., (4.7)

p;=-V, U=f;, (4.8)

i
where p; is the momentum of particle i. Therefore, the time evolution of a
system of N molecules interacting via a potential U involves solving either a
system of 3N second-order differential equations, eqgn. 4.1, or an equivalent set

of 6N first-order differential equations, eqns. 4.7 and 4.8.

4.1.2 Integrators for the equations of motion
A standard method of solving coupled ordinary differential equations, such

as equations 4.7 and 4.8, is the finite difference approach. The general idea is to
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obtain at time ¢ new positions and velocities at a later time ¢ + d¢. Many different
algorithms fall into the general finite difference pattern and they can be classified
as either predictor or predictor-corrector methods. In the predictor methods the
molecular coordinates are updated from quantities which are either calculated in
the current step or known from previous steps. Examples of predictor algorithms
are the Verlet algorithm [103] and its modifications [104,105]. In contrast,
predictor-corrector algorithms involve predicting new molecular coordinates,
using the predicted coordinates to calculate the value of some function and then
using this value to correct the initial prediction. The most widely used in
molecular dynamics is the Gear predictor-corrector algorithm [106]. Both these
algorithms are most easily applied to atoms while for molecular systems (e.g.
rigid molecules) special modifications are required.

The main principles of a predictor-corrector method may be described as
following. For the continuous classical trajectory, an estimate of the positions,

velocities etc. at time ¢ + 6t may be obtained by Taylor expansion about time ¢:

FP(t+8t) =F(t) + S5 (1) + 1/ 2862 (1) + 1/ 6£3b(8) + ...,

VP (¢ +8t) = V(£) + 8t (t) +1/26¢%b (£) + ...,

aP(t+6t)=a@t) +6tb(t) +..., (4.9)
where 7, v and a stand for the positions, velocities and accelerations,
respectively, and b denotes the third time derivatives of 7. The superscript p
marks these as “predicted” values. However, an equation like eqn. 4.9 will not
generate exact trajectories as time advances; to help remedy this situation a
correction step is added. From the new positions 77 one may calculate the
forces at time ¢ + &t and hence the correct accelerations a“(t + 6t). These have
to be compared with the predicted accelerations (from eqn. 4.9) to estimate the

size of the error in the prediction step:



64

AG(t +8t)=aC(t+ o6t)—al (1 + o). (4.10)
This error as well as the results of the predictor step are included in a corrector

step which reads as

Fe(t+6t)= *P(t+5t)+c0Aa(t+6t),

\7C(t+5t)=17p(t+5t)+clAZi(t+5t),

‘(¢ +61)=aP (t + )+ c,Ad(t + 1), (4.11)
where €y and c, are coefficients which depend upon the order of the
differential equation being solved (here it is second order since the double time
derivative of position is being compared with the accelerations computed from
7). Values for these coefficients were proposed by Gear [106] and they can also
be found in Ref. [101]. The resulting values of 7°(¢t+0dt), VvC(z+4t) etc., are
better approximations to the true positions, velocities, and accelerations [102].

The general scheme of a step-wise simulation, based on a predictor-
corrector algorithm (Gear predictor-corrector scheme), is summarized below
[101]:

(a) predict the positions and velocities at a time 7 + ¢, using the current

values of these quantities and their derivatives;

(b) evaluate the forces using the new positions;

(c) correct the predicted positions and velocities and their derivatives,

using the new forces and eqns. 4.7 and 4.8;

(d) calculate any variables of interest, such as the energy, order

parameters etc., and carry out the accumulation of any time averages,

before returning to (a) for the next step.
The simple predictor-corrector algorithm described above is a representative

example of the many possibilities.
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Among the most widely used methods of integrating the equations of
motion is that initially proposed by Verlet [103]. This method gives a direct
solution of the second-order equations (eqn. 4.1). It is based on positions (%),
accelerations a(t), and the positions r(t—0t) from the previous step. In
common with the corrector-predictor algorithm the starting point is the Taylor

series expansions about 7 :

F(t+8t) =F(t) + 59 (2) + 1/ 262G (t) +..., (4.12a)
F(t—6t) =F(t) - 85 (t) +1/26¢2G(t) + ... . (4.12b)
When eqns. 4.12a and 4.12b are added then the equation for advancing the

positions becomes

F(t+81) =27 () - F(t — 8t) + 612G (2). (4.13)
Equation 4.13 is known as Verlet’'s algorithm [102,103]. It can be seen that the
velocities do not appear in eqn. 4.13. Although the velocities are not needed to
compute the trajectories, they are essential for estimating the kinetic and total

energies of the system. They can be obtained as

v(t)=[F(t+0t)—r(t—0t)]/26t. (4.14)

The Verlet method is compact, easy to implement, time reversible and has

excellent energy conserving properties. The main disadvantages of this algorithm

are that it does not handle velocities well and its numerical precision in not
optimal [102].

The one of various modifications of the original Verlet algorithm was

proposed by Hockney [104]. This so-called “leap-frog” scheme makes use of the

velocity at half-time intervals:
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F(t+6t)=r(t)+otv(t+0t/2), (4.15a)
v(t+6t/2)=v(t—0t/2)+ dta(t), (4.15b)
v(t)=[v(+0ot/2)+v(t—-o6t/2)]/2. (4.15¢)

The algorithm follows the same general procedure as the Verlet algorithm; the
difference is that the calculation of velocities now becomes an integral part of the
algorithm. The calculated accelerations are used to determine the half-time
velocities, which then are used to update the atomic positions and current
velocities. The current position and the previous half-time velocity must be stored
at each time step and updated following each change in coordinates [104]. The
main advantage of the leap-frog algorithm is that the numerical imprecision is

reduced because of the use of smaller differences.

4.1.3 Integrators for molecules: SHAKE algorithm

The integrators described above can be used directly to solve the
equations of motion for atoms interacting via an appropriate potential (e.g.
square-well, Lennard-Jones and other potentials). Unlike atoms, which are
treated as spherical particles, the simulation of molecules is complicated by the
presence of rotational motion, intramolecular bonds, etc. In particular, molecular
bonds constrain the motion of the atoms that comprise the molecule and they
have to be taken into account in the methods used for integrating the equations
of motion.

Molecules are constrained by various intra-atomic separations and bond
angles. For the case of a triatomic molecule comprised of atoms i, j and k
there are at least two bonding constraints (angular constraints will be ignored for

simplicity):
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7»12 di2. =0
2J 2’ , (4.16)
r]k _djk =0

where rij and r, are intra-atomic distances and the dvalues are the equilibrium
bond separations. For a rigid bond constraint if one of the conditions (eqn. 4.16)
is not satisfied a bond is broken and the molecule is fragmented. In general, a

molecule composed of N atoms can have M constraints,
01(7) =0 )

b (4.17)

O'M(F) = 0)
where o(7) represents a constraint [107].

The concept of constraint can be introduced into Lagrangian and

Hamiltonian mechanics to model the dynamics of large molecules. The resulting

3N Euler-Lagrange equations [102] for the molecule have a form:

dlJoL| L .
et Bl Py, o 41
dt 8?;. 0?;. gl’ (4.18)

where L is the Lagrangian for the system of N atoms and gl. is the constraint

force on atom i, which is defined as

;-4 A é‘o-a 4.19
l

Ineqn. 4.19 )'a are the undetermined multipliers associated with the constraints.
De Leeuw et al. [107] used eqns 4.18 to derive 6N Hamiltonian equations of

motion:
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s B 1 U199 (4.20)
o=t — : :
iom, ml.a=1ya oF

l

%o

. M N a l= (4.21)
L=t E z r., .
it A oror, |

o

where 7y, =/’La. These first-order equations can be rewritten as 3N second-

order expressions

F=d.——YA a | 4.22
l m.%‘ x o7 ( )
1

where Ezl. is the acceleration of the atom i.

The required values for the multipliers /la can be obtained (see Ref. 102
for details) and, therefore, the solution of eqn. 4.22 (or 4.20 and 4.21) can be
found. However, a direct solution leads to considerable numerical inaccuracy and
the error associated with it increases progressively with time. Ryckaert et al.
[108] proposed a method to calculate the equations of motion for molecules
which are subject to constraint. This, so called, SHAKE algorithm was developed
specifically to be used in conjunction with the Verlet integrating scheme.

Substituting for the acceleration in the Verlet equation (eqn. 4.13) for

unconstrained atoms one can write

., = 52 -
r. (t+5t)—2ri(t)_ri(t—5t)+7ifi' (4.23)

If constraints (e.g. bond separations) are applied then the true positions are

2
Fi(t+5t)=2;§(t)—7i(t—5t)+%(]§—g‘i). (4.24)
; 4



69

Substituting the constraining force (eqn. 4.19) into eqn. 4.24 and rearranging

terms gives

. - 5t M
ri(t+5t) =T (z+5t)—7n:azzll/la (4.25)

00, (F(1))
é’?i '

In addition the atomic coordinates at time 7+ 6t must obey the constraint
conditions represented by egn. 4.17, i.e.
al(r(t+6t))=0 )

. (4.26)

O'M(r(t+6t))=0J
In the SHAKE algorithm the unconstrained atomic positions rl.' (t+ot) are
obtained (eqn.4.23) and then adjusted iteratively until the constraint equations
(eqn.4.26) are satisfied to within a specified degree of accuracy. Each iteration
goes through all the independent constraints where each given constraint usually
involves only a sub-set of all atoms. At the I-th iterative loop, the forces of
constraint act on these atoms to yield new positions that allow for the evaluation
of the Lagrange multiplier. The multiplier calculated for the M-th constraint of the
I-th iteration is then used to obtain a new guess for the atomic positions. After
roughly ten such iterations, all the constraints are successfully satisfied and the

new constrained positions are known [108,109].

4.1.4 Sampling from ensembles

MD simulation generates information at the microscopic level (atomic and
molecular positions, velocities etc.) and the conversion of this information into
macroscopic terms such as pressure, energy and many others is the field of

statistical mechanics. The thermodynamic state of a one-component
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macroscopic system is usually defined by a small set of parameters (the number
of particles, N, the temperature, T, and the pressure, P). Other thermodynamic
properties (density, p, chemical potential, u, heat capacity, C,,,) are state
functions, which may be derived through knowledge of the equation of state and
the fundamental equations of statistical thermodynamics. Although these
properties clearly depend on the microscopic structure and dynamics of the
system, their values are completely dictated by the few variables (e.g. NPT)
characterizing the thermodynamic state of the system, not by the numerous
atomic positions and momenta that define the instantaneous mechanical state
[101].

However, the positions and momenta can be considered as coordinates in
the multidimensional phase space. The collection of points in the phase space
described by a probability density is determined by the chosen set of
macroscopic parameters (NPT, NVT etc.) and is referred to as an ensemble. The
four ensembles of most common use are the microcanonical (constant-NVE)
ensemble, the canonical (constant-NVT) ensemble, the isothermal-isobaric
(constant-NPT) ensemble and the grand-canonical (constant-puVT) ensemble.

In computer simulations the choice of the ensemble determines which
thermodynamic properties can be evaluated and it also governs the overall
simulation algorithm. For instance, there are a few different ways to generate the
NVT ensemble. The simplest method to obtain constant temperature is velocity
scaling [102]. Exploring two expressions for the kinetic energy, the kinetic energy
per particle for the ensemble

i

(K) =2_§v-<zmivi -vi> 4.27)

and the expression from the kinetic theory of gases
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(K)= %kBT : (4.28)

one can obtain the following relationship for temperature

1 .
T= 3NE, <;mivi -vi>. (4.29)

From equation 4.29 the actual temperature (T7,) can be determined for the
ensemble at any time. The velocities can then be scaled to achieve a desired

temperature (7p)):

. . [T
e =, ?2 (4.30)
A

In the microcanonical algorithm the kinetic energy is not a constant of
motion, therefore, periodic re-scaling of velocities during the equilibration period
is essential. In the velocity scaled algorithm for the canonical ensemble velocity
scaling after the initialization phase is optional [102].

The NVT ensemble can also be generated by applying a thermostat,
which requires modification of the equations of motion. Among the various
strategies [102] the Nosé-Hoover algorithm [110,111], which includes a thermal
reservoir as an integral part of the system, appears to be the most
straightforward way for generating the NVT ensemble. The Nosé-Hoover

equations of motion are

7 =-n1%, (4.31)
1

p=f(F)-&, (4.32)

£= %(kTA ~kT), (4.33)

where g is the number of degrees of freedom of the physical system and Q is

the thermal inertia parameter which couples the thermal reservoir to the real
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system and affects temperature fluctuations. In the Nose-Hoover equations & is
a friction coefficient, which evolves with time according to eqn. 4.33 and must be
re-evaluated at each time step. The integration of the eqgns. 4.31-4.33 can be

performed by means of either Verlet or Gear algorithms [101,102].

4.2 M.DynaMix SIMULATION PACKAGE FOR MOLECULAR MIXTURES

The M.DynaMix - MD simulation package has been developed for
simulations of arbitrary mixtures of both rigid and flexible molecules [112]. It
employs modern simulation techniques for high-quality simulations and it is built
around widely used conventional force fields (AMBER [113,114], CHARMM
[115,116] and GROMOS [61]). The program also allows inclusion of the most
common water models (rigid or flexible) in the simulations of aqueous solutions.
Besides the NVE statistical ensemble, both the NVT and NPT ensembles can be
sampled by the program by employing the appropriate Nosé-Hoover thermostats
and barostats [112]. The following MD schemes and statistical mechanical
environments are implemented in the package:
1. Standard Newtonian NVE molecular dynamics with the Verlet leap-frog
algorithm [104]. If needed, the temperature can be controlled by scaling the
velocities; this procedure is recommended in the case of initial states for
simulations of dynamical properties.
2. Constant-temperature Nosé-Hoover molecular dynamics in a constant-volume
cell [110,111].
3. Constant-temperature-constant-pressure molecular dynamics with isotropic
cell fluctuations [117].
4. Constant-temperature-constant-pressure molecular dynamics with anisotropic
cell fluctuations, which allows the simulation cell to fluctuate separately in the

three coordinate directions [117].
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In the case of flexible molecular models the double time-step algorithm of
Tuckerman et al. [118] was implemented. Forces due to fast intramolecular
motion and fast nearest short-range non-bonded interactions are recalculated at
every short time-step. The forces due to long-range non-bonded interactions (the
more slowly fluctuating internal forces) are recalculated at each long time-step.
Typical values for the short and long steps are 0.2 and 2.0 fs, respectively. In the
case of rigid molecular models or if the fast motion of bond stretching needs to
be frozen, a constrained dynamics using the SHAKE algorithm [108] is applied
(see Section 4.1.3 for details).

The issues related with the implementation or choice of a particular force
field for MD simulations require special consideration. In the conventional MD
method all atoms of the simulated system move according to classical equations
of motion. The forces acting on the atoms are defined from the gradients of the
potential energy (force field) and as functions of the distances between all
interacting sites in the system (see eqn. 4.8). In the more popular conventional
force fields such as AMBER, CHARMM, OPLS [119,120] and GROMOS the core
of the interaction potential can be represented by the following functional form:

V=3 K (r-rg’+ ¥ Kg(0-6,,)

bonds angles

+ > 1/ 2Kt(1 + cos(mt(b - 7t))

torsions

o 2 (6] o
+3 14e, LA N RV R (4.34)
<P W) | T

where the first sum runs over all covalent bonds, the second runs over all bond

angles, the third over all torsional angles and the fourth sum runs over all non-
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bonded atom pairs. Kb, ar A€ the force constants, r, qand Qeq are equilibrium
values for the bond lengths and bond angles, 0 and € are the Lennard-Jones
parameters, and rij is the distance between the atoms i and j. Usually the
cross terms (between atoms of different types) of the Lennard-Jones parameters

are calculated by the Lorentz- Berthelot combination rules

gij = (Eisj )1/2 and (4.35 a)
O'ij=(0'i+0'j)/2. (4.35 b)

One of the most prominent features of the M.DynaMix program is that in
addition to the standard form of the interaction potential, its authors have
implemented a variety of auxiliary terms for inter- and intramolecular

contributions. Some of them are given below.

1. Morse potentials for covalent bonds [112]:

Vpong= DAL= exp(=p(r =15, ))°). (4.36)

2. The MM3 force field potential for torsional angles [121]:

Viors = K1 /2(1+ cos(¢)) + K2 /2(1—cos(2¢)) + K3 /2(1+cos(39)). (4.37)

3. Ryckaert-Bellemans potential for torsional angles [122]:

5 .
Vors = %Ki(cos((b—lSO)’). (4.38)

Originally this potential was intended for hydrocarbon chains and polymers.
However, it has recently been used successfully as a part of an unconventional
force field by Alejandre et al. [67] to describe the rotational motion in AE.

4. Improper torsional angle potentials [113]:

Vimp = Kimp 1 200 = W,)%. (4.39)
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5. Lennard-Jones 10-12 potentials [113] for explicit inclusion of H-bonds:

¢; Dy
Vibona =, bz <210 | (4.40)
—bonds rl] T’U

This type of potential allows for better control of H-bond distances.

M.DynaMix can be run on any single processor computer or on any
parallel system with the MPI library installed. There are two conventional ways to
parallelize MD programs. In the replicated data (RD) method [123] all the nodes
keep the position of all the particles in the system, while the calculation of
different contributions to the forces is divided between the nodes and is done in
parallel. In the domain decomposition (DD) approach [124] the particles are
distributed between the nodes with each of the nodes being responsible for the
particles in the corresponding subcell. The RD method is normally preferable for
a parallel simulation of complex biomolecular systems on computers with less
than 100 processors and it has been implemented in the M.DynaMix program
[112].

The general organization of calculations with the M.DynaMix package is
presented in Fig. 9. The program reads the main input file through the standard
input. This file specifies the system being studied and all the simulation
parameters. For each molecular species a specific topology file must be created,
which describes its molecular structure and parameters of the force field. These
so-called .mol files contain information about relative coordinates of all atoms, ¢
(charges), 0 and € (Lennard-Jones) parameters, and some additional optional
force field parameters (see Section 4.3). These files can be prepared/edited
manually or using a supplied utility (makemol) which was designed to simplify the

procedure of writing .mol files for large molecules. This provides considerable
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flexibility in changing force field parameters. Additionally, some features in the
force field can be specified through the input file, for example, the scaling of the
“1-4” intramolecular interactions. During the execution, the program periodically
dumps a restart file containing the current configuration of the system and all
averages calculated to that point. There are separate restart files for the radial
distribution functions (RDF) and time correlation functions (TCF) if they are
calculated during the MD run. Hence, the program can be interrupted at any time
and the execution can be continued later from the restart file. The program
produces an output file containing all the basic information and simulation results.
The final configuration of the system can be dumped in appropriate format and
then visualized by a molecular viewer (e.g. XMOL). During the simulation
trajectories of the atomic coordinates can be produced and stored in sequentially
numbered files. A set of files can be analyzed later using an analysis program
named TRANAL. TRANAL allows one to extract the following additional
properties of the simulated system:

- SDF’s in a local coordinate system attached to a given molecule or residue.
Output of SDF’s can be later visualized using packages such as gOpenMol
[125] or Data Explorer (DX);

- three-body correlations (i.e. a density distribution of a third particle around
two particles separated by a specified fixed distance);

- RDF’s;

- time dependence of the root-mean-square displacement of molecules and
the self-diffusion coefficients;

- residence (life) times of specified atoms to be within a certain distance
around another atom;

- population distribution of specified torsion angles.
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The main block of the TRANAL module reads the trajectory files in binary format
and then performs the required calculations for specified properties.

The M.DynaMix package has been successfully used in simulations of a
wide variety of molecular systems such as aqueous electrolyte solutions, double-
helix DNA fragments surrounded by water and ions, dicarboxylic acids in
solution, tert-butyl alcohol in aqueous solution and disaccharides in water and

water-DMSO mixtures [112].

4.3 FORCE FIELDS
4.3.1 General features and comparison of molecular force fields

A general description of the molecular modeling force fields in use today
can be given in terms of a composite potential which incorporates the
contributions of various possible intra- and intermolecular interactions. The four
main energetic contributions are those associated with the deviation of bonds
and angles away from their reference or equilibrium values, the rotation of bonds
and the interaction between non-bonded parts of the system. More sophisticated
force fields may have additional terms such as the out-of-plane bending potential,
or/and the “cross terms” due to bond-angle or angle-angle interactions, but
invariably contain these four components. The functional form for a force field
that can be used to model single molecules or assemblies of atoms and/or
molecules is given by eqn. 4.34.

In order to define a force field not only the functional form but also the
parameters (the various constants such as Kb, arr O and € in eqgn. 4.34) have
to be specified; different force fields may have an identical functional form but yet
have very different parameters. Some of the terms in a force field are essentially
independent of all others (particularly the bond and angle terms), however a

force field should be considered as a single entity. It is not correct to divide the
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total energy into its individual components and to use some of the parameters
from one force field in conjunction with parameters from another force field. The
accuracy of the force field (intermolecular potential) can depend critically on the
accuracy of the various parameters used. The bond and angle parameters can
be obtained from X-ray, IR, NMR and microwave data. The non-bonded
parameters can be obtained from experimental data for second virial coefficients
and molecular beam experiments. The parameters can also be calculated using
ab-initio and semi-empirical methods.

Force fields are generally designed to predict certain properties of certain
molecular systems and therefore have been parameterized (optimized)
accordingly. For instance, the Optimized Potential for Liquid Simulation (OPLS)
[119] is specifically optimized to reproduce properties of liquids (which is
reflected in its values for non-bonded parameters). The interaction sites of OPLS
can be either nuclei or (CH),, groups modeled as a single pseudo particle (or
united atoms). Other examples of potentials include the Chemistry at HARvard
Macromolecular Mechanics (CHARMM) [115,126] and Assisted Model Building
with Energy Refinement (AMBER) [113] potentials originally designed for
simulations of proteins and nucleic acids, as well as molecular mechanics (MM2,
MM3) potentials for modeling organic molecules in the gas phase [127,121].
These force fields contain the four components mentioned above with the non-
bonded term represented by Lennard-Jones (for van der Waals interactions) and
Coulomb (for point-charge electrostatic interactions) contributions. The CHARMM
force field includes a contribution from out-of-plane bending (improper torsional
potential) of the form

V= T K29 (4.41)

angles
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where y is the out-of-plane angle and K)C is the force constant for out-of-plane
bending. The CHARMM and AMBER force fields use the same representation of
non-bonded forces; the only difference is that unlike CHARMM, the AMBER force
field includes a hydrogen-bonding (the 10-12) term which is given by eqn. 4.40.
The MMS3 force field incorporates a more elaborate description of the various
bonded and non-bonded intreraction potentials. For instance, a Morse potential is
used in the bond stretching term and the accuracy of the bond angle bending and
out-of-plane bending is improved by using higher order expansions. A distinctive
feature of the MM3 potential is the inclusion of different cross-terms. Such a
complex functional form is necessary for reproducing vibrational frequencies and
subtleties of molecular geometries [102].

There are two important concepts that are common to most force fields.
The first one is that of an atom type. The atom type is defined by such
characteristics as atomic number, hybridization and details of the local
environment. For example, for carbon atoms a distinction must be made between
sp3, sp?, and sp hybridized carbons, which adopt tetrahedral, trigonal and linear
geometries, respectively. The geometry of the atom type in turn affects the
values of potential parameters. The local environment also affects these
parameters. In the AMBER force field the carbon atom at the junction between a
six and five-membered ring is assigned an atom type that is different from the
carbon atom in an isolated five-membered ring [128].

The second common concept of the AMBER, CHARMM, MM3 and OPLS
models is the assumption that the charge distribution associated with each atom
does not depend on the conformation of the molecule. This concept gives rise to
an important feature, namely transferability of the parameters of a force field.
Transferability means that the same set of parameters chosen within a potential

model can be used to model a series of related molecules. Unfortunately, in the
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models discussed above the rearrangement of valence electrons found in
molecular bonds is not taken into account and therefore site-site interactions are
often not transferable to another molecule in the same group [102,128]. To
overcome this problem it is sometimes desirable to define a new set of
parameters specific to the molecular systems where particularly accurate work is

required. Two examples of such a refinement are considered below.

4.3.2 Potential functions for liquid alcohols and amines

W. Jorgensen [6] developed intramolecular potential functions for liquid
alcohols and other molecules with hydroxyl groups using standard procedures
and Monte Carlo (MC) simulation techniques. These functions are based on
earlier work for liquid hydrocarbons (the original OPLS potential model [119]) and
required introduction of a few new parameters. In the process of
parameterization Jorgensen followed the same guidelines as in earlier work [119]
and the initial parameters derived in this way were then tested on H-bonded
dimers of liquid methanol and methanol-water complexes. The density appeared
to be a little low so some adjustments were made for the ¢ of oxygen. After this
refinement simulations were performed at 298 K and 1 atm for five liquid
alcohols: methanol, ethanol, 1-propanol, 2-propanol, and 2-methyl-2-propanol. It
was found that the same parameters could be successfully used for the hydroxyl
group in each case. It is worth noting that only four independent parameters were
added to the OPLS set to describe alcohols, the charge, 0 and € for oxygen
and the charge on hydrogen. The € for oxygen was assigned an average value
based on oxygen in water and amides. The charge on C(O) (carbon with
attached oxygen) was determined from molecular neutrality and the Lennard-
Jones parameters for hydroxyl hydrogen were taken to be zero [41]. The

selected parameters for alcohols are given in Tables 3, 4 and 5 in Section 4.4.
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Thermodynamic and structural results were obtained by Jorgensen [6] for several
liquids and compared with experimental data. The computed and experimental
data were found to be in excellent agreement with an average difference only
1.3%. The intramolecular energies were slightly lower in the liquids than in the
gas phase. It was also demonstrated that the OPLS functions yield excellent
densities for liquid alcohols with an average deviation from the experimental
values of 1.8%. The results for heat capacities and compressibilities are also in
good agreement with experimental data. The quality of the agreement between
simulation and experiment is remarkable in view of the simple form and
straightforward parameterization of the potential functions [6].

Early studies of free energies of hydration for both amines and amides
revealed that standard force fields failed for these systems [129,130]. Rizzo and
Jorgensen [52], using free energy perturbation calculations in Monte Carlo
simulations (MC/FEP), developed force field parameters for amines primarily by
fitting to experimental data for pure liquids and to hydrogen bond strengths from
gas phase ab initio calculations. Initially standard bond-stretching and angle
bending parameters (for the first two terms in eqn. 4.34) were assigned from the
OPLS all-atom parameter set [120], and the main focus was placed on the
development of the Fourier coefficients (eqn. 4.37), partial charges, and Lennard-
Jones parameters. The details of parameterization as well as parameters
obtained can be found in Ref. [52] (the selected set of parameters for amines is
also presented in Tables 3, 4 and 5). Calculations were performed by Rizzo and
Jorgensen [52] for ammonia, methylamine, dimethylamine and trimethylamine.
The results obtained give that the most favorable AGhy 4 occurs for methylamine
in accord with the experimental data, but in contrast with previous computational
reports. It was noted that the computed heats of vaporization are most affected

by the choice of partial charges, while densities are particularly sensitive to the
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Lennard-Jones radii. MC simulations of thirteen additional amines, not included
in the original parameterization, demonstrated the transferability of this force
field. The authors concluded that the prior problems with classical force fields for
amines were a result of non-optimal parameterization rather than a lack of
inclusion of explicit polarization [52].

Finally it is worth mentioning here the attempt of Alejandre et al. [67] to
develop a force field for pure alkanolamines and their aqueous solutions. The
authors chose AE to start their investigation in which they combined ab initio
calculations with canonical MD simulations carried out for the liquid phase and
for the liquid-vapor equilibrium. The potential includes intramolecular interactions
given by harmonic type potentials for bond angles, and Ryckaert-Bellemans
potentials for torsional angles (eqn. 4.38), and intermolecular interactions
represented by the standard Lennard-Jones and Coulomb potentials. The
potential parameters for AE are presented in Ref. [67]. The proposed force field
gives a good description of the liquid-vapor coexistence in AE. The liquid density
obtained at 298 K is 1.003 g/cm3 which compares well with the experimental
value of 1.012 g/cm3. The estimated critical point is located at 584 K and 0.32
g/cm3 in comparison with the experimental result of 614 K and 0.31 g/cm3. The
surface tension calculated at 323 K (43.2+2.5 mN/m}) is in excellent agreement

with the experimental value of 44.81 mN/m.

4.4 METHODOLOGICAL DETAILS
4.4.1 Molecular and potential models

In the present study each molecule was first modeled using a united atom
approximation [131]. In this approximation the EG molecule consisted of six, the

AE molecule of seven and the ED molecule of eight interaction sites. The

methylene groups (CHo) were considered as single interaction sites with their



84

centers located at the position of the carbon atoms. In the united atom approach,
the hydrogen atoms of the methylene groups are not explicitly considered; they
are taken into account implicitly in the parameters. Furthermore, the united atom
description allows us to ignore some internal rotation within the molecule (i.e. the
methyl rotation, which is believed to play a minor role in determining the
hydration structure). All bond lengths were kept fixed by means of the SHAKE
algorithm [108] during the major part of the present simulations. However, for the
purposes of comparison, two additional models were constructed: a rigid all-atom
model of EG represented by 10 interaction sites and a flexible united atom model
of AE. Both these models were studied in the gas phase as well as in the liquid
state. Only rigid, united atom molecular models of EG, ED and AE were used
throughout the simulations of aqueous solutions.

Three AMBER/OPLS-based force fields by Jorgensen et al. [6,52,120]
were considered in the present study. The generalizations of the OPLS model
proposed for simulations of liquid alcohols [6] and amines [52] were used to
describe intra- and intermolecular interactions in EG and ED. For AE force field
parameters such as bond lengths, bond angles and non-bonded parameters
specifically related to hydroxy and amino groups were taken from Refs. 6 and 52,
respectively. These parameters are summarized in Tables 3, 4 and 5. Table 4
does not include parameters (i.e. Fourier coefficients) adopted for the NCCO and
OHCC dihedral angles of AE; the appropriate force constants (for XCCX, where
X stands for a non-hydrogen atom, and OHCC dihedral angles) can be found in
Ref. 113. The all-atom characteristics for the methylene groups from Ref. 120 in
conjunction with parameters for hydroxyl groups and the torsion potential from
Ref. 6 were used in the all-atom molecular model of EG. In addition two auxiliary

force fields, CHARMM and the one proposed by Alejandre etal. [67], were
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Table 3. Geometrical parameters and force constants2 used in simulations

of pure molecular systems and their aqueous solutions.

Compound | Bond lengths, A Ky,d Bond angles, deg. Kgd

EGb C-C 1.526 | 1087.840 CCO 109.5 334.72
C-O 1.423 |1615.024 COH 108.0 230.12
H-O 0.956 | 2313.752

ED¢ C-C 1.546 | 1087.840 CCN 111.5 334.72
C-N 1.469 | 1535.528 CNH 109.5 146.44
H-N 1.017 | 1815.856 HNH 106.4 182.45

AEd C-C 1.526 |1087.84 CCO 109.5 334.72
C-O 1.425 |1615.024 CCN 111.2 334.72
C-N 1.471 1535.528 COH 108.5 230.12
H-O 0.960 |2313.752 CNH 109.5 146.44
H-N 1.010 | 1815.856 HNH 106.4 182.42

a - units for K's are kJ/mol; b - [74]; ¢ - [36]; d - [6,52].

Table 4. Fourier coefficients2 for intramolecular rotational potential functions.

Compound | Dihedrals Ko Ky Ko Ks
EgP OCCO 0.000 2.9372 -0.8870 12.8031
HOCC 0.000 3.4895 -0.4853 3.1254
Edc NCCN 0.000 10.0081 -2.8200 2.3012
ED, AE HNCC 0.000 -0.7950 -1.7447 -1.7489

“a - units for K's are kJ/mol; b - [6]; ¢ - [52].

applied to AE for the sake of comparison of potential models. For all models 1-4

non-bonded interactions (for the sites separated by exactly three covalent bonds)

were included in the calculations. For selected models 1-4 electrostatic and

Lennard-Jones interactions were scaled by the factors of 1/1.2 [132] and 1/8

[133,134], respectively.
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Table 5. Non-bonded parameters [6,52].

Atom or group q c, A g, kd/mol
CH, (EG) 0.265 |3.905 0.494
0] -0.7 3.07 0.711
H(O) 0.435 0.0 0.0
CH, (ED) 0.18 3.905 0.494
N -0.9 3.3 0.711
H(N) 036 |0.0 0.0
CH, (AE) 0.257 3.905 0.494
0 -0.644 |3.07 0.711
N -0.938 3.25 0.711
H(N,0) 0374 |0.0 0.0

In addition to the parameters listed in Tables 3-5, specific topology files
(.mol files) created for the most successful molecular models of EG, ED and AE
(see Chapter V for details) and explored in the present work are given in

Appendix B.

4.4.2 Simulation specifications

The M.DynaMix program [112] has been used in the present work to
perform calculations of EG, ED and AE in gas and liquid state as well as in
aqueous solutions. The gas-phase geometries (conformations) of ED, AE and
EG have been used as the starting geometries for all liquid phase simulations.
MMS3 type potentials (given by eqn. 4.40 [6,52,121]) have been used for torsional
angles of ED, EG and AE. The SPC/E water model [55] has been employed in
simulations of aqueous solutions. All calculations were carried out at room
temperature (298 K) and experimental densities [135,136,137] (see Table C1).
Both canonical (NVT) and isothermal-isobaric (NPT) conditions have been used

throughout this work. The latter has been applied to a binary mixture of pure
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compounds (EG and ED) as part of an investigation of cooperativity effects and
to selected compositions of aqueous solutions when accurate experimental data
were not available as an attempt to obtain uniform values for the self-diffusion
coefficient.

To model gas phase conditions single molecule calculations of a total
duration of 25 ps with a time step of 1 fs were carried out. For pure liquids and
their aqueous solutions the total number of molecules was 256 per simulation
cell. Liquid systems were simulated for 300 ps (with averages collected after 100
ps) for pure compounds and 1 ns (with averages collected after 200-300 ps) for
most aqueous solutions. A detailed description of simulation specifications is

given in Table 6.

Table 6. Simulation specifications for pure compounds and their aqueous
solutions at 298 K.

Run Pure
I Il 11} v liquid
Number of H20O 248 230 179 51 -
Number of solute 8 26 77 205 256
Xxa 0.03 0.1 0.3 0.8 1
Time step (fs) 0.5 0.5 0.5 0.5 1.0
Equilibration (ns) 0.3 0.3 0.2 0.2 0.1
Production (ns) 1.4 0.7 0.3 0.8 0.2

a - mole fraction of solute.

To prepare initial configurations of aqueous molecular systems the
simulations are started at constant volume and the thermostat turned off. In this
case simple velocity scaling regulates temperature. In addition the simulations

are always started at low density (i.e. with a large simulation box). This
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essentially produces gas phase conditions reducing the probability of overlapping
atoms during the automatic generation of an initial configuration. Also any total
force acting on any atom growing above a specified level is cut (truncated) to the
threshold value. Then in a sequence of short runs (100-200 time steps) the
density is gradually increased to the experimental value. During this procedure
the molecules have enough time to adjust and organize themselves so as to
avoid overlaps. Finally all the “emergency settings” (velocities, forces) are turned
off at this point.

In addition to the main MD simulation package (M.DynaMix) other
computational software has been explored in the present study. Molecular
geometries were optimized by means of the GAUSSIAN 98 program [138]. It also
has been used to produce starting coordinates for all molecular models under
consideration. Visualization of current configurations and SDF's has been

performed using XMol and gOpenMol [125] software.

4.4.3 Properties of interest

The positions, velocities and accelerations obtained as a result of solving
Newton’s equations of motion for a particular thermodynamic state of the system
allow one to determine various thermodynamic, structural and dynamical
properties.

The total average configurational energy, <U>, which includes the average
Coulombic and Lennard-Jones energies, <Uqg> and <U| 4>, respectively, is
reported as part of the standard output of the M.DynaMix program. This quantity
can be directly compared with experimentally determined heats of vaporization.
Such a comparison appears to be the first (and main) criterion in conventional
(e.g. AMBER, OPLS) force field developments. The (molar) heat of vaporization,

can be determined as
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AH vap = AE + PAV,, (at constant P) (4.42)
or
AHvap = (Einter (&)- Einter(l)) + (Eintra (8- Eintra (D)+RT, (4.43)

where El.mer(l) is the internal energy of the interacting molecules in the liquid
(the intermolecular van der Waals and electrostatic contributions), Ein tm(g,l)
the intramolecular energy (bond lengths, angles and torsions as well as
intramolecular van der Waals and electrostatic terms) for the gas or liquid, R is
the gas constant and T is the temperature (here RT accounts for the PAVm
term) [133]. If Ein ter(g) for the gas phase is approximated as zero (assuming an

ideal gas) then egn. 4.43 becomes

=E_ (8)-E, () +RT. (4.44)

vap intra

()-E,

nter ntra
To determine values of the heat of vaporization, the energy was substituted by
the corresponding values of the appropriate energies in eqn. 4.44.

The discussion devoted to definitions and developments of structural
quantities, such as radial and spatial distribution functions, can be found in the
Chapter 3 of this thesis. By definition, the orientationally averaged radial
distribution function, g(r), represents the probability of finding a neighboring
particle at a separation r from a chosen one. In spite of the fact that it usually
provides only limited information on the local structure, it can be used to

determine so-called the first coordination number, CN, defined in Ref. [139] as

CN =4np, | g(r)yr?dr, (4.45)
0

where r,, indicates the location of the first minimum in g(r) and p,, is number
density in N/A3 (see Table C2). In other words, numerical integration of the first

peak of g(r) may provide important quantitative information about the number of
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nearest (possibly H-bonded) neighbors with respect to the chosen atomic site.
This parameter can be especially useful in conjunction with results obtained from
the analysis of SDF in elucidation of the local structure for simple liquids.

Since the main focus of the present work is a set of strongly associated
liquids and the final goal is elucidation of their H-bonded structural patterns,
some essential definitions have to be made in this regard. To date the term
“hydrogen bond” has been applied to a wide range of interactions. Very strong H-
bonds resemble covalent bonds while the energies of very weak hydrogen bonds
are close to those of van der Waals forces. The majority of H-bond interactions
are distributed between these two extremes [140]. In 1960 Pimentel and
McClellan in the book “The hydrogen bond” [141] made a very general definition
which appeared to satisfy all investigators at that time. With this
phenomenological definition experimentalists could take different views as to
what constitutes evidence of H-bonding. The definition of H-bond adopted in this
study is closely related to the definition proposed by Reichardt for strongly
associated liquids [142] while remaining in complete accord with that of Pimental
and McClellan. In Ref. 142 it is stated that “Liquids possessing OH groups or
other groups with a H atom bound to an electronegative atom X are strongly
associated”. Consequently for our particular case hydrogen bonding is “a special
type of attraction that exists between the hydrogen atom in a polar bond
(particularly an H-O or H-N bond) and an unshared electron pair on a nearby
electronegative atom (O or N) on another or the same molecule” [140].

In polyatomic fluids molecules usually possess internal rotations that give
rise to a variety of conformational possibilities which, in turn, dictate certain
structural arrangements of molecules within the liquid. In this case, knowledge of
the dominant molecular conformations is essential for recognizing the basic

structural pattern. In principle, the average values of the torsional angles can be
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obtained as part of the main output. Unfortunately, if the actual distribution of the
torsion angle under consideration is not uniform, e.g. includes positive and
negative values with approximately the same or entirely different probabilities,
the final (average) value appears to be rather more confusing than helpful. To
overcome this problem the module TRANAL has been used to obtain the
average torsional angle distributions for all possible dihedral angles of EG, ED
and AE. It has been noted, however, that the distributions with respect to
peripheral dihedral angles (angles due to the rotation around C-O and/or C-N
bonds) demonstrates sensitivity to the simulation conditions (i.e. run lengths)
and, therefore, the main focus in the present analysis will be on the evolutions of
the distributions with respect to central (Y-C-C-X) dihedral angle.

Usually the quantities based on the time-dependent behavior of the
system (dynamical properties) require knowledge of time correlation functions.
Time correlation functions measure how a value of some dynamic quantity A(z)
may be related to the value of some other quantity at some other time B(t'). The

unnormalized cross-correlation function is defined as

Cyp(1)=<A(0)-B(2)>, (4.46)
where (0) denotes an arbitrary initial time and <...> the statistical ensemble
average [1483]. When A and B are the same quantity, C is called an
autocorrelation function. For example, the normalized velocity autocorrelation
function can be written as

<7,(0)-7;(t) >

<Vi2>

C(t)=

(4.47)
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where v, is the center-of-mass velocity of a molecule i and <vi2 > is its
average square velocity. The velocity autocorrelation function can be utilized to

compute the self-diffusion coefficient, D,

D= % [<¥;(0)-3,(t) >at. (4.48)
0

The corresponding Einstein relation for the self-diffusion coefficient is

.1/ 2
D= tlgiloa<‘ri(t) - ri(O)‘ > (4.49)

where 7,(t) is the position of a molecule i [101]. Self-diffusion describes the
random Brownian motion of the molecules in a homogeneous system. Therefore,
the self-diffusion coefficient can serve as a measure of the mobility of each
component in binary or muiticomponent mixtures. In the present work the values
for self-diffusion coefficients were taken from the standard output as a result of

application of eqn. 4.49.



CHAPTER V - ELUCIDATION OF THE LOCAL STRUCTURE IN PURE
COMPOUNDS

5.1 GAS-PHASE SYSTEMS

In the present study gas-phase (single molecule) simulations were
performed as a first and essential stage in the investigation of structural behavior
in liquid systems. It is well known [4] that in liquid phase simulations the quality of
the final results depends strongly on the adequacy of the chosen force field and
modeling conditions. In this context vacuum (gas-phase) simulations represent
an attractive choice for preliminary testing of potential and molecular models. The
fact that a significant amount of information related with geometric
(conformational) and energetic characteristics of single molecules of AE, ED and
EG is available from computational studies, provides an excellent opportunity for
comparing results and making careful choices. Additionally, gas-phase
simulations are absolutely crucial for this sort of computational work because
they allow for comparison with the experimental literature. In numerous
publications devoted to the development of model potentials it has become
common practice to use the experimentally determined heat of vaporization as a
main criterion for evaluating the quality of the parameterization. It is unfortunate
that such a comparison appears to have been abandoned in the majority of
publications on 1,2-disubstituted ethanes in the liquid state, independent of what
kind of the force field (conventional or newly developed) was in use. In this work
the computed heat of vaporization, which was defined in Chapter IV as a
difference between total configurational energies in gas and liquid state (see eqn.
4.47), is compared with available experimental data to help select the best model

representation for pure liquids of AE, ED and EG and their aqueous solutions.
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Gas-phase simulation results for thermodynamic and structural properties

(i.e. the average bond angle and dihedral angle energies, <Uy> and <Ug>,
respectively, the average Coulombic and Lennard-Jones energies, <Uqg> and
<ULy>, respectively, and the total average configurational energy, <U>, averaged
and final values of dihedral angles) for different models of AE, ED and EG at
298 K are given in the Tables 7 and 8. In accord with experimental and
theoretical findings (see Chapters Il and Ill for details) the lowest energy
conformations in the gas phase are g'Gg’ (or gG'g), g’'Gt and gGg’ for AE, EG
and ED, respectively. To allow comparison with these findings the final
conformational arrangements for each model are also included in Tables 7 and 8.

The applicability of different force fields, in particular Jorgensen’s
AMBER/OPLS-based [52,120] and a “combined” model potential [6,52],
CHARMM [115,116], and the special force field by Alejandre et al. [67], have
been tested with the corresponding equilibrium geometries in single molecule
simulations of AE (denoted as the AEeq, AEcmb, AEchm, and AEtst models,
respectively, in Table 7). Comparing data from Tables 1 (for experimental
geometries), 3 (for equilibrium geometric parameters) and 7 one can clearly see
that both the AEeq and AEtst models give very good performance in terms of
reproducing the corresponding gas-phase geometry, while the CHARMM
potential causes noticeable distortion of the NCC and OCC bond angles, and as
a result of this generates an eclipsed conformation with respect to the central
torsion angle. AE was also used to examine the possible influence of molecular
model! representation (not shown in Table 7). No noticeable difference in the
average molecular geometry was found between rigid and flexible molecular
models, but there was a smali (~1 kJ/mol) change in the average intramolecular

configurational energy.
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United and all-atom AMBER/OPLS molecular representation were tested
on two models of EG (in Table 8 EGeq and EGaa, respectively). Only a very
subtle discrepancy in the average geometrical parameters for both these models
was noted while the configurational energy contributions were significantly
rearranged. The rearrangement mainly involved the energy contributions from
bond angle and intramolecular interaction (both Lennard-Jones and electrostatic)
terms. The latter fact can be appropriately evaluated when gas-phase
configurational energies are compared with corresponding values from liquid
phase simulations.

In the test of the different model potentials the most important observation
is related with the reproducibility of the lowest energy conformation for each
compound of interest. There are two complementary ways to clarify this issue.
Firstly, the most stable conformation (obtained experimentally or by ab initio
methods) is used as an initial input for these classical vacuum simulations and, in
the case of an appropriate choice of the force field, the final conformation is
expected to be essentially (within acceptable error) unchanged. Secondly, when
the most successful force field has been identified, the simulation run is repeated
starting from an arbitrarily chosen conformational arrangement to prove the
ability of the potential in again generating the lowest energy conformer. From
Tables 7 and 8 one can see the results of the application of this procedure.
Relying on average values for the dihedral angles all potentials (with the
exception of CHARMM) reproduce the initial arrangement quite well. There are,
however, slight variations in the final configuration. In the case when the special
AE force field was employed (AEtst), the optical isomer of the most stable
conformation of AE with desirable values for the dihedral angles was produced,
while for the AMBER/OPLS-based models (AEop and AEeq) the value for the

HOCC angle was definitely lowered (in comparison with the conventional value
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for a gauche position). Model AEcmb was designed to test a “combined” torsion
potential where the Fourier coefficients for the NCCO and HOCC torsion angles
were taken from a force field for liquid alcohols [6] and those for the HNCC angle
came from a model potential for amines [52]. At the present level of analysis it
appears that AEcmb gives a fairly good representation of an AE molecule in the
gas phase. In particular, it is the only model among all those considered for AE,
which exactly reproduces its most stable conformation (g'Gg’) with a reasonable
average value (550) for the NCCO torsion angle.

An analysis of the gas-phase simulation results obtained from
models developed using different geometric parameters also revealed some
interesting trends. The following three groups of geometry-dependent models
were considered: those based exclusively on experimental parameters such as
EGex1 (gas-phase data by Caminatti and Corbelli [74]), EGex2 (liquid-phase
structure by Buckley and Giguere [79]), EDex and AEex (gas-phase
measurements by Marstokk and Mollendal [36] and Penn and Curl [23],
respectively), models based on optimized structures such as AEop and EDop,
and models based on AMBER/OPLS equilibrium parameters such as AEeq and
EGeq. In all cases these model molecules were treated as rigid bodies using a
united atom representation and the AMBER/OPLS force field. The final structural
characteristics for the EGex1, EGex2 and EDex models nicely correlate with the
original experimental data (see Table 1). Both the EGex1 and EGex2 models
predict very similar geometries as well as thermodynamic properties (see Table
8). Entirely analogous behavior is observed for EDex and EDop characteristics.

In contrast to EG and ED, the experimental-geometry-based model for AE
(not shown in Table 7) appeared to be a special case. At an early stage of the
simulation process the AEex model exhibited a totally distorted structure and

calculations were automatically interrupted. Following optimization of this
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experimental structure with a modest basis set (6-31+G(d)) at the MP2 level of
theory, this situation was significantly improved; simulations performed for AEop
exited normally and final geometric parameters were in good agreement with
data obtained from the tests for AEeq and AEcmb. Overall structural parameters
for both AMBER/OPLS-based models appear to be lowered in comparison with
those for AEcmb as is apparent in the magnitudes of bond and dihedral angle
energy contributions. However in the absence of reliable experimental data it is
difficult to make a definite conclusion about relative quality of calculated
geometries for an isolated molecule of AE.

It was expected that equilibrium-geometry-based models would give
results very similar to those observed for those models based on high quality
experimental data; all the characteristics for EGeq, when compared with EGex1
and EGex2, confirm this suggestion. It is remarkable that all the models
presented in Table 8 reproduce fairly well the most stable conformations of EG
and ED, indicating a consistently adequate combination of the force field and
model geometry.

One might argue that employing the experimental gas-phase structural
parameters as input for the liquid phase simulations is, in principle, not an
optimum choice. Unfortunately, liquid phase experimental geometric parameters
for these compounds are either incomplete and augmented by unreliable
theoretical assumptions (e.g. the experimental structure of AE) or simply
unavailable. Moreover, as mentioned earlier, there is some experimental
evidence for a trend among the compounds investigated to prefer the same

conformation in the liquid state as in the gaseous state.
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5.2 LIQUID-PHASE SIMULATIONS

The analysis of gas-phase simulations results has shown that the
information obtained is essential but not sufficient for a critical assessment of the
quality of the molecular models and interaction potentials. On the basis of gas-
phase results only two models, namely AEchm (showing an entirely wrong
conformation with respect to the central dihedral angle) and EDop (giving
essentially the same results as the model EDex) were excluded from calculations
of liquid AE, ED and EG. At this point it became clear that for future calculations
of aqueous mixtures there was still a need to impose additional criteria which

would allow the elimination of at least half of the models in the present set.

5.2.1 Criteria for selecting liquid-phase models

The criteria chosen for selecting liquid-phase models were the liquid
density and heats of vaporization. The density, p, is available from a constant-
temperature, constant-pressure MD simulation as the total mass of the N

molecules divided by the average volume of the periodic box [133]:

ma
_ SN

< volume >

) (5.1)
box

ED has been chosen as a representative density test for all AMBER/OPLS-based
models. Its liquid density (0.9443 g/cm3) obtained from a constant-pressure MD
run for the EDex model, for example, was in reasonable agreement (within ~5%)
with the experimental value of 0.8990 g/cm3 [135] confirming the applicability of
the AMBER/OPLS force field to the compounds of interest.

Another criterion, the (molar) heat of vaporization, can be determined
using eqn. 4.44. The different contributions to the total configurational energies

for the selected liquid-phase models are given in Table 9, as well as the
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calculated (by substituting thermodynamic data from Tables 7, 8 and 9 into eqn.
4.44) and experimentally determined heats of vaporization. Special note should
be made with respect to the experimental values. In particular, in the
contemporary scientific literature one can find at least three different values
namely 57.07 [144], 58.71 [145] and even 65.6 [146] kd/mol, for AH, 4, of EG at
298 K. The latter value is the most recent (1988) estimate deduced from direct
calorimetric measurements of alkanediols [146-148]. For AE the only
experimental value of AH,,, was measured at its boiling temperature (T,=444
K) [149] making a direct comparison with data obtained at 298 K difficult;
however it is clear that this value at 444 K should be somewhat lower than the

value at 298 K.

Table 9. Coulombic and Lennard-Jones contributions to the total configurational

energy and heats of vaporization of liquid EG, ED and AE at 298 K.

EGex2 EGaa EDex AEcmb AEtst

intra.

<Ug> 88.17 -194.30 61.29 81.11 169.49
<UpLs> 0.89 161.65 1.68 0.87 -0.16
Inter.

<Uq> -60.38 -34.35 -35.54 -48.16 -36.80
<UpLy> -8.65 -16.15 -15.98 -13.62 -16.37
Total

<U> 29.21+0.04 | -60.79+0.02| 19.32+0.03 | 34.67+0.03 | 128.36+0.03
AHvap 63.04+0.07 | 50.92+0.03 | 34.83+0.05 | 52.04+0.05 | 37.90+0.03
Experim.

AH\,ap 57.0-65.62 | 57.0-65.62 44.98P 49.83¢ 49.83¢

(Units for energy and AHvap are kJ/mol; a - [144-146]; b - [145]; ¢ - [149]).
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From Table 9 one can see that the heat of vaporization calculated for the
AEtst model is in rather poor agreement with the experimental value while
AEcmb gives excellent performance. It can also be noted that there is a marked
discrepancy between the experimental and calculated results for the EDex and
EGaa models. The EDex model has the lowest magnitude AHvap among the all
models presented in Table 9.

An analysis based mainly on values for the heat of vaporization allowed

for highlighting and elimination of some of the least successful models for each

compound. In particular, model EGaa (with its rather large error in Aﬂvap) and

EGex2 (with a similar magnitude error in AH,,, as for model EGex1 but with a

very undesirable self-diffusion coefficient, results for which will be discussed
below) were removed from further consideration. Hence, on this stage only one
model (EGex1) remained for EG; for ED the EDex model was chosen (in spite of
its large error in AHvap) since no obvious better alternative was available. For
AE three models were chosen for a further consideration: both the AEeq and
AEcmb models which have almost equally good basic static and dynamic
properties and AEtst as the test-representative of the specifically designed model
potential.

In force field development [132,134] one of the ways for possibly
improving the agreement between calculated and experimental data is by
adjusting parameters in the Coulomb and Lennard-Jones energy terms for the so
called 1-4 interactions (see Chapter 1V). This can be technically achieved by
using appropriate scaling factors. All the data reported in Tables 7, 8 and 9 (with
the exception of the AEtst model) were obtained with scaling factors of 0.833 and
0.125 for the electrostatic and Lennard-Jones (LJ) non-bonded interactions,
respectively. It has been previously shown that the 1-4 LJ scale factor of 0.125

should be used in conjunction with the AMBER/OPLS force field [134] and in the
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study of simple alcohols, amines and EG [4,132] it was found that a 1-4
electrostatic scale factor of 0.833 gives the best model representation. However,
for the present systems the heat of vaporization appears not to be the only
parameter which should be taken into consideration when scaling is applied. In
the case of 1,2-disubstituted ethanes, 1-4 interactions strongly influence the
molecular conformation. Hence the major population of rotational isomers and
the self-diffusion coefficient, D, in liquid-phase simulations are rather sensitive to
the values used to scale these non-bonded parameters. In this thesis five
different pairs of values for 1-4 scaling were tested, in particular, (1) 0.25 and
0.25, (2) 0.5 and 0.5, (3) 0.833 and 0.125, (4) 0.125 and 0.833 (as discussed
above), as well as (5) 1 and 1 (i.e. no scaling used) for van der Waals and
electrostatic terms, respectively. The tests for the first three pairs were performed
on the EGex1 model and the poor results obtained confirmed their inapplicability.
For all three pairs the values for the self-diffusion coefficient appeared to be the
major problem. For example, the values of D for pairs (2) and (3) were four and
two times, respectively, lower than the experimental estimate and for pair (1) D
was overestimated by almost two times while the average value of the OCCO
torsion angle were dramatically shifted towards the cis conformation. Therefore,
only two pairs of scale factors, namely (4) and (5), were chosen for further

analysis in the most promising models.

5.2.2 Dihedral angle distributions

At this stage the conformational characteristics (dihedral angle
distributions) will be examined for the models EGex1, EDex, AEeq (henceforth
EG, ED and AE, respectively) considered as the basic models, as well as AEcmb
and AEtst as test models. For each of the models EG, ED and AE two separate

liquid-phase simulation runs were carried out with the standard scale factors
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(0.125 for Lennard-Jones and 0.833 for electrostatic) and no scaling (1 and 1,
respectively) used. Only one (the former) scaling scheme was used for AEcmb
and the latter for the AEtst model.

The dihedral angle distributions obtained for all models are shown in Figs.
10-13. It can be seen from Fig. 10a that for EG when 1-4 scaling is used the
major population of rotamers (99%) is in the gauche conformation with respect to
the OCCO dihedral angle with the maximum probability of the distribution
centered at 57.5°. Distributions for both HOCC torsions exhibits three probability
maxima, centered at -82.5, 77.5 and 187.5° for one angle while the other torsion
has maxima at -82.5, -32.5 (these two peaks overlap in Fig. 10a) and 57.5°. In
contrast, for the EG model simulated without scaling of the 1-4 interactions (see
Fig.10b) all molecules are in the trans conformation (182.5°) with respect to the
central dihedral angle and both distributions for the HOCC angle demonstrate a
similar pattern with maxima located at about -80 and 185°.

The ED model simulated with 1-4 scaling (Fig. 11a) has two peaks in the
NCCN dihedral angle distribution located in the G (83.4% of conformers) and G’
(16.6% of conformers) regions. As it was expected one pair of HNCC torsions
(from one end of the molecule) has similar distributions with three maxima
corresponding to two gauche (about -70 for g’ and 77.5 and 47.5° for g) and one
trans (about 185°) conformation. Another pair of HNCC torsions has distributions
with two maxima centered at -62.5 (for both HNCC angles) and at 52.5 or 172.5°.
Again a similar trend of generating a significant population (64.2%) of trans
rotamers with respect to the central torsion angle was observed for ED simulated
without 1-4 scaling (see Fig. 11b). In addition, two types (g and g') of gauche
conformers were present on this distribution with an overall population of 35.8%.
Each distribution for HNCC angles in Fig. 11b has two maxima located in gauche

(g and/or g’) and/or trans positions.
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Distributions for all three dihedral angles of AE obtained using appropriate
scale factors exhibit the most complicated behavior (Fig. 12a). The distribution of
the NCCO dihedral angle has almost equal population (54.4 and 45.6%) of
conformers located at -32.5 and 27.59, respectively, which indicates (analogously
to the situation for the gas-phase) a shift towards the cis position. In addition it
should be noted that these two peaks are significantly overlaped. This trend is
also clearly seen in the distributions for the OHCC dihedral angle (virtually one
broad peak corresponding to a cis conformation with maxima at -17.5 and 17.5°)
and one of the HNCC angles (visible overlap of two peaks located at 87.5 and
162.59). In contrast, all peaks on the distributions shown in Fig. 12b (no scaling
used) are nicely distinguishable and appear at the expected locations
corresponding to two types of gauche (at about + 60°) and a trans (170-1800)
populations of conformers for this compound.

Finally the torsion angle distributions for two test models of AE were
examined in order to understand better the specificity of the observed
conformational behavior. From the probability distribution of the NCCO dihedral
angle for the AEcmd model shown in Fig. 13a one can see a single intense peak
corresponding to a 100% population of gauche rotamers. In contrast the same
distribution for the AEtst model indicates the presence of both gauche (20%) and
trans (80%) conformers (see Fig. 13b). In both models the distribution of OHCC
dihedral angles exhibits two maxima, for AEcmd at -77.5 and 182.5° and for the
AEtst model at -52.5 and 42.5°. The corresponding distributions of the HNCC
torsion angles also differ markedly. For the AEcmb model there are three
maxima at about -50.0, -70.0 and 180.0°, while the distributions for AEtst has a
peak at -62.5 and another peak at 177.5°. Such a diversity of conformational
patterns of AE leads one to the conclusion that this compound will require special

consideration during the further analysis.
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5.2.3 Results and final choice of models

The results of simulations carried out with and without scaling of the 1-4
non-bonded interactions on the basic liquid-phase models of EG, ED and AE are
summarized in Table 10. One can clearly see that for virtually all compounds the
conformation of molecules with respect to the central dihedral angle changes
from gauche to trans (a mixture of both kinds of rotamers are present in the case
of ED) upon removal of scaling. These results can be interpreted by taking into
account the information given in Table 2. It has been shown experimentally that
gauche (Q) is the most abundant conformation for EG [77,78] and AE [27] in the
liquid state, which corresponds to results obtained when 1-4 scaling is used. For
ED the experimentally determined conformation (G+T or T) [2] is in excellent
agreement with our observations from the scaling-free run. The populations of
conformers of these models were calculated and these are presented in Table
11.

As the next step, the experimental values for the heat of vaporization are
compared with calculated parameters. From Table 10 one can see a trend of
increasing magnitudes of AHvap for all three compounds comparing
conventional and scaling-free regimes. Interestingly, for both AE and EG the
latter values of 57.99 and 67.4 kJ/mol appear to be overestimates when
compared with the experimental results of 49.83 [149] and 58.71 kJ/mol [145],
respectively. In contrast, for ED the value obtained from the scaling-free run
(39.96 kJ/mol) is closer to the experimental value (44.98 kJ/mol) [145].

Comparison of estimates of the self-diffusion coefficient, D, reveals a clear
trend of decreasing magnitude in this quantity for the scaling-free simulation
runs. For AE, D becomes approximately 3.5 times smaller with no 1-4 scaling
(unfortunately there is no experimental estimate available); for EG the decrease

is even more pronounced where the calculated value of 0.012x10-5 cm?/s is
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7.5 times lower than the experimental one (see Table 10). Somewhat
surprisingly, the diffusion coefficient of ED decreases only slightly and achieves
excellent agreement with experimental findings [150] with no scaling applied.

The results obtained for two test models of AE (not shown in Table 10)
can be summarized as it follows. The AEtst model gives rather poor performance
for all quantities considered, in particular, the wrong conformation (see also
Section 5.2.2 for details) and a very low magnitude for the heat of vaporization
(87.88 kJ/mol). The self-diffusion coefficient for AEtst was found to be 0.35x10~>
cm?/s. The results for AEcmd can be classified as more satisfactory. This model
exhibits the gauche conformation for the NCCO dihedral angle, has a heat of
vaporization of 51.98 kJ/mol and D of 0.22x10-5 c¢cm2/s, these results being
comparable to those obtained for the basic AE model. The absence of an
experimental result for D for AE and the fact that the only experimental heat of
vaporization available corresponds to the boiling temperature of AE does not
allow one to make a completely justified choice between these two model
representatives.

As a result of the present analysis the basic EG model simulated using the
standard scaling scheme [132,134] was chosen as the most realistic one. It is
also clear that all characteristics of the basic ED model obtained with scaling
applied were dramatically improved in the scaling-free simulation run, which
makes the latter model the superior choice for the further investigation. In the
case of AE the final choice between the basic AE and AEcmd models was made
on the basis of accumulated experience with the modeling of this class of
compounds. The basic AE model simulated with standard scaling was chosen for
the further structural investigation and for the simulations of aqueous solutions.

The major thermodynamic characteristics, in particular, Coulombic and Lennard-
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Jones contributions to intra- and intermolecular energies, as well as the total

configurational energies for the models of choice are given in Table 12.

Table 12. Thermodynamic characteristics of liquid EG, ED and AE at 298 K.

AE EG ED Max. error
<Uy> 14.99 6.02 11.78 -
<Ugy> 5.25 11.69 -7.17 -

Intra.
<Uq> 59.46 90.71 148.67 0.20
<Upy> 6.22 0.53 -0.31 0.05

Inter.
<Uqg> -41.65 -48.80 -36.94 0.57
<Upy> -15.60 -12.24 -16.28 0.03
<U> 28.46 42.08 102.33 0.12

(Units for energy are kdJ/mol.)

5.2.4 Structural analysis of pure liquids

The structural analysis of pure EG, ED and AE (and their aqueous
solutions) was performed using both radial and spatial distribution functions
(RDF's and SDF's, respectively). In spite of the fact that RDF’s are functions of
interparticle separation only and therefore ignore the orientation of the local
frame (see discussion in Chapter lll), they are still widely used because of their
ability to provide some insights into the immediate environments of those atoms
interacting strongly with other molecules (atoms). Hence in strongly associated
liquids the most interesting and informative RDF’s are usually those due to the
atoms involved in H-bond formation. The RDF’s between several site pairs for
pure liquid EG, ED and AE are shown in Figs. 14,15 and 16, respectively. The

corresponding coordination numbers were calculated using eqn. 4.45 and results
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are given in Table 13. The values in Table 13 for EG are for intermolecular
coordinated neighboring atoms only; results for ED and AE include

intramolecular coordination.

Table 13. Coordination numbers for pure EG, EG and AE.

EG AE
0-0 2.0 0-0 0.7
O-H 0.5 N-N 1.3
N-O 2.5
ED O-HN) 1.0
N-N 36 | O-HO) 03
N-H 1.0 | N-HN) 04
N-HO) 0.7

The oxygen-oxygen (O-O) RDF for EG (Fig. 14) shows a sharp first peak
at 2.8 A which drops into the narrow minimum followed by a second broad peak
at about 5.5 A, which is somewhat reminiscent of the corresponding RDF of
liquid methanol [42]. The O-H RDF has two peaks one at 1.8 A, due presumably
to H-bonding and a second less well defined maximum at 3.4 A. These results for
the RDF’s of EG are in very good agreement with those of Saiz et al. reported for
two OPLS-based models of EG [4]. Integration of the first peak of g(ron) gives a
coordination number of 0.5 (due to intermolecular hydrogens) indicating that
each oxygen atom of EG accepts on average only one strong H-bond, where
there is an equal likelihood that this coordination is due to intra- and
intermolecular neighboring hydrogens. In addition, the coordination number from
the first peak in O-O RDF suggests the presence of two intermolecular
neighboring oxygens around each oxygen atom. Clearly, one of these oxygen

atoms does not appear to participate in a (strong) H-bond with the central atom.
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From the present RDF analysis one can see that although EG possesses a total
of six H-bonding sites per molecule, the constraint of H-bond balance (the
number of donors must equal the number of acceptors) dictates that two of the
acceptor sites remain unutilized in spite of the apparent presence of two (extra)
near neighboring oxygens. The SDF analysis below will be used to provide more
insight into the nature of the near-neighbor coordination.

The RDF’s of ED for N-N and N-H site pairs is shown in Fig. 15. The N-N
RDF exhibits a still well defined but not intense first peak at 3.1 A followed by a
shallow minimum at 4 A and a broad second peak at about 5. 5 A. The N-H RDF
has a small first peak at 2.1 A due to relatively weaker (in comparison to EG) H-
bonded neighbors, as well as a set of quite complicated peaks corresponding to
secondary structure (one can distinguish a maximum at 4.0 A located between
two shoulders at 3.5 and 4.4 A). Unfortunately, neither theoretical nor
experimental RDF’s of ED were found for the comparison in the available
literature.

Analysis of the coordination numbers for liquid ED requires that we recall
that approximately 65% of molecules adopt a frans conformation and hence only
one third of all rotamers may possess an intramolecular H-bond. Integration of
the first peaks in g(ryH) and g(ryn) gives coordination numbers of 1.0 and 3.6,
respectively. One can reasonably assume that one third of hydrogens H-bonded
to nitrogen are within the same molecule. Taking into account that ED has four
H-bond donor and two H-bond acceptor sites per molecule one can suggest that
each molecule makes on average four (relatively strong) H-bonds while two of
the donating sites appear not to participate (on average) in strong H-bonding. As
complementary evidence for this the N-N coordination number indicates the
presence of at least two non H-bonding (or weakly H-bonding) nitrogens located

in the first coordination shell of the ED molecule.
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Seven selected RDF’s between oxygen, nitrogen and their associated
hydrogen atoms for pure AE are presented in Fig. 16. The first peak in the
nitrogen-oxygen RDF (Fig. 16a) can be identified as one due to the
intramolecular H-bonded oxygen and nitrogen (with an interatomic distance of
2.3 A); the second distinct peak (at 2.9 A) is due to intermolecular nearest
neighbors and a small shoulder at 3.7 A is again an intramolecular feature
corresponding to the trace amount of trans conformer. The oxygen-oxygen and
nitrogen-nitrogen functions are compared in Fig. 16b. The O-O RDF exhibits a
well defined, sharp peak at 2.7 A which drops into the deep minimum followed by
broad but distinct peak at 5.2 A due to second neighbors. In contrast the N-N
RDF has a short and broadened first peak at 3.1 A followed by similarly broad
second maximum (5.2 A). Four RDF’s of the O-H and N-H types (with H attached
to N and H attached to O) are shown in Figs. 16c and 16d. Both O-H(O) and N-
H(O) RDF’s have large and well defined first peaks at 1.8 and 1.5 A, respectively,
indicating the presence of strong H-bonding between the corresponding sites
(contributions due to intra and intermolecular near neighbors do overlap in this
case). The shortened interatomic distance (H-bond) of 1.5 A is presumably a
result of the small separation (almost cis conformation) between nitrogen and
oxygen atoms also present in an isolated AE molecule. In the O-H(O) function
the second peak is less well defined and has a little shoulder at 3.5 A while the
second peak in N-H(O) has a distinct maximum at 3.6 A. The O-H(N) has two
broader peaks at 1.9 A (indicating the presence of a weaker H-bond) and at 3.2
A (whose identity is not resolvable from the RDF). The less pronounced
(appearing more as a shoulder) H-bonded peak observed at 2.1 A in the N-H(N)
RDF suggests that the nitrogen donor sites trend to form rather weak H-bonds
with other N atoms. Finally, it is worth mentioning that the four O-H and N-H

RDF’s (with some exceptions for O-H(N) which can be accounted for by the
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difference in the model potentials used) are all in good qualitative agreement
with the results reported by Alejandre et al. [67].

The coordination numbers of AE listed in Table 13 reveal some interesting
trends. For instance, the total coordination number of two (0.7 and 1.3) for both
nitrogen and oxygen atoms (when they are considered as separate sites) is
smaller than the 2.5 value for g(ryg) which indicates a preference for unlike-atom
coordination. Analysis of coordination numbers from N-O together with the O-
H(N) and N-H(O) RDF’s suggests that the AE molecule (which has three donor
and three acceptor sites) makes on average four strong H-bonds and has in its
nearest surrounding presumably 3 weakly H-bonded (or non bonded) neighbors.
In addition coordination numbers for O-H(N) and N-H(O) (and the corresponding
RDF’s) clearly indicate the preference for N-H---O versus O-H:--N hydrogen
bonds which leads to the conclusion that in the liquid phase AE should trend to
adopt the gGt conformation. This result can be confirmed by previous
experimental [27] and theoretical [26] findings.

In order to get more detailed insights into the three-dimensional local
structure around EG, ED and AE in their pure liquids spatial distribution functions
(SDF’s) [99] were calculated and visualized (Figs. 17-20). For the sake of clarity
in Figs. 17-20 only the fragment of the central molecule defining the local frame
for each compound is represented. This fragment is always composed of the
appropriate functional group (i.e. OH for EG, NH, for ED and both for AE) and its
attached carbon atom.

In Figs. 17a and 17b the oxygen-oxygen SDF’s for EG are shown for
thresholds 3.0 and 1.8 times of the bulk density, respectively. One can see in Fig.
17a four features of different types due to nearest neighbors. Two of them (below
and above the hydroxyl group) are the principal features corresponding to donors

and acceptors of strong intermolecular H-bonds. The wide ring around the
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(a)

(b)

Fig. 17. Oxygen-oxygen spatial distribution functions for pure EG at
isosurface thresholds of (a) 3.0 and (b) 1.8. The surfaces are
colored by separation, from dark blue to red.
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Fig. 18 Oxygen-hydrogen spatial distribution functions for pure EG
at thresholds of (a) 5.0 and (b) 2.5.
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carbon atom is due to the intramolecular oxygen (the second oxygen on the EG
molecule) when it is in the gauche position with respect to the central dihedral
angle and at the same time performs rotation around the O-C bond (i.e. rotation
with respect to the HOCC dihedral angle). The second smali ring (which is not
well defined at this threshold) also indicates the same kind of rotation of the
second oxygen when the central molecule adopts the frans conformation with
respect to the OCCO dihedral angle.

At the lower isosurface threshold shown in Fig. 17b the SDF becomes
more complex. The red distant features correspond to the secondary structure.
These are the round-shaped feature right behind the principal H-bond acceptor,
the group of features around the central ring (those are first nearest neighbors
with respect to the second intramolecular oxygen) and the feature above the
small ring due the first neighbor to the oxygen in the trans position. It is especially
interesting to note the appearance of a rim on the first H-bond donating feature,
which becomes larger and develops two “wings” on both sides extending
upwards towards the cap due to the H-bond acceptor. It is likely that the rim
indicates the presence of a rather weak H-bond donor, which is trying to occupy
the second accepting site on the central oxygen. As has been shown previously,
the “wings” that develop at larger separations on the edge of the principal H-bond
donor feature are evidence of the presence of such “bifurcated” H-bond
arrangements [54].

The oxygen-hydrogen SDF’s for EG (Fig. 18) provide an additional
confirmation of formation of such coordination. In Fig. 18a one can see at a
threshold of 5.0 only strong H-bonded features survive at this relatively high
threshold from a central molecule, in particular, the feature due to hydrogen
attached to the accepting oxygen (in front of H on the hydroxyl group) and

hydrogen directly H-bonded to the central oxygen. The four other features
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apparent in Fig. 18a are due to intramolecular hydrogens (analogous to the
oxygen-oxygen SDF) and are not clearly defined at this threshold, although they
become more pronounced at a threshold of 2.5 (see Fig. 18b) and can be
identified as follows. Two small more distant (red) features arise due to
intramolecular hydrogens directly attached, as well as those H-bonded, to the
oxygen in the trans position. The large ring around the carbon atom is due to
hydrogens related to the intramolecular oxygen; the hydrogen covalently bonded
to this oxygen contributes to the upper part of the ring while the H-bonded
intermolecular hydrogen is responsible for the presence of its lower part. The
next nearest feature to the central oxygen consist of a smeared cap and two long
‘wings” broadened at the ends. Its lower part (the cap) is also due to the
hydrogen covalently bonded to the intramolecular oxygen when the EG molecule
adopts an inverse conformation and the “wings” are another indication of a weak
H-bond donor. In spite of the fact that the corresponding weak H-bond acceptor
could not be definitely localized, it becomes apparent that EG trends to
participate in two weak (possibly birfurcated) H-bonds in addition to two strong
ones which is in agreement with results of the present radial and CN analysis.
The local structure around ED has been explored through the nitrogen-
hydrogen and nitrogen-nitrogen SDF’s (see Fig. 19). The nitrogen-hydrogen SDF
at a threshold of 1.5 shown in Fig. 19a exhibit two principal features due to strong
H-bonds. The single feature below the nitrogen corresponds to a single neighbor
while each of the two caps connected by a wide “bridge” and located above the
amine hydrogens combine to account for a second strong and a third weakly H-
bonded nearest neighbor [54]. The large cap below the single (H-bond donating)
feature is due to the second hydrogen of the amino group donating the H-bond to
the central nitrogen. The small (red) distant feature appears to be a rather

weakly H-bonded nearest neighbor, which unexpectedly approaches the amino
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(a)

(b)

Fig. 19. Spatial distribution functions for pure ED: (a) nitrogen-hydrogen at a
threshold of 1.5; (b) nitrogen-hydrogen at a threshold of 1.6 overlayed
with nitrogen-nitrogen at a threshold of 2.3 (light shading).
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group from “above”. It is likely that the presence of the large (about 2/3)
population of trans conformations in pure ED make such arrangements quite
possible. Interestingly, no features associated with intramolecular hydrogen
density (i.e. from the second amino group in the trans position) were noted. This
can be seen as being a manifestation of the greater flexibility of the ED model
(recall that no scaling was applied for 1-4 non-bonded interactions in ED).

From Fig. 19b, where the nitrogen-hydrogen SDF was superimposed with
the corresponding nitrogen-nitrogen SDF, the local structural arrangement in
liquid ED is further clarified. First one can see the appearance of the large ring
due to internal rotation of the gauche nitrogen (pure ED has 36% of gauche
rotamers) and the nitrogen density above the feature due to the weakly H-
bonded hydrogen. The principal H bonded features become multi-layered (doubly
for the H-bond accepting and triply for the H-bond donating features) because of
the presence of both H and N atoms in the strongly associated amino groups.
One can again conclude that within liquid ED (somewhat similar to the situation
for EG) the nitrogen atom of ED participates in two strong and two weak H-
bonds.

The SDF's for the two functional groups of AE (see Fig. 20) somewhat
unexpectedly demonstrate structure rather similar to that observed for their
counterparts in EG and ED. The nitrogen-nitrogen (shown from the “front side” of
amino group) and the nitrogen-oxygen (shown from the “back side” of amino
group) SDF’s are presented at a threshold of 2.2 in Figs. 20a and 20b,
respectively. It was necessary to change the orientation of the central molecule in
order to show clearly all the features of these two functions. In both SDF’s the
regular well defined features due to the two H-bonded nearest neighbors are

evident. The H-bond donating feature due to the neighboring oxygen (see Fig.
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(a)

(b)

Fig. 20. Spatial distribution functions for pure AE: (a) nitrogen-nitrogen
and (b) nitrogen-oxygen SDF’s at a threshold of 2.2.



128

(c)

(d)

Fig. 20 continued. (c) Oxygen-oxygen and (d) oxygen-nitrogen SDF’s at a
threshold of 2.5.
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20b) appears to be more localized than that due to neighboring nitrogen (see Fig.
20a). The N-N SDF has a large extended cap (appearing red at approximately
4.0 A separation from the central nitrogen) corresponding to a secondary N; it
appears to be a nearest H-bonded neighbor for the intramolecular oxygen in
gauche position. The broad ring typical for this intramolecular oxygen can be
clearly seen in Fig. 20b as well as the distant elongated secondary feature, which
can be again identified as oxygen density nearest (and H-bonded) to the oxygen
of the intramolecular ring.

The H-bonding pattern observed in oxygen-oxygen and oxygen-nitrogen
SDF’s (see 20c and 20d, respectively) has both familiar and unfamiliar aspects.
The large secondary feature which forms a broad semicircular cap around the H-
bond accepting feature in O-O SDF (see Fig. 20c) appears to be sharply contrast
to the highly linear and localized H-bonding arrangement recorded in the
corresponding O-N SDF (see Fig. 20d). In addition, the presence of a very small
amount of atomic density due to intramolecular oxygen and nitrogen in trans
position can be recognized in the diffuse pattern in front of the carbon atom (see
Fig. 20c) and in the three small features outlining a second ring in Fig.
20d.

Together the results displayed in Fig. 20 indicate that both nitrogen and
oxygen atoms of AE participate in two strong H-bonds. Unfortunately it was
difficult to identify completely the locations of the three (as it follows from RDF
and CN analysis) perhaps remaining weakly H-bonded nearest neighbor atoms.
However, it is worth noting that such features can be expected to be rather
sensitive to possible inadequacy of the model potential used for this particular

compound.



CHAPTER VI - STRUCTURAL ORDERING IN AQUEOUS SOLUTIONS

In this chapter the theoretical investigation of EG, ED and AE is extended
to aqueous mixtures of these compounds. On the basis of the analysis performed
to estimate the quality of the models previously designed (see Chapter V), three
models, namely basic EG, ED and AE models, were chosen for further
simulations. For each of these models, four mixtures representing various typical
cases along the concentration axis for binary aqueous solutions were prepared.
Two dilute and two concentrated solutions with respect to each of the
components were simulated (see Table 6, Chapter IV, for the mole fractions of
the solute, X, and computational details) and the corresponding static and
dynamic characteristics were determined. The discussion of conformational
possibilities of the compounds of interest in aqueous surroundings will be

followed by a detailed structural analysis for all compositions.

6.1 SIMULATION RESULTS
6.1.1 Energetic and dynamic properties of binary mixtures

Simulation results for the energies of the four compositions of EG, ED and
AE in water are given in Tables 14, 15 and 16 (the intermolecular energies are
given per mole of solution). The average total configurational energy, <Us, is
comprised of the average potential energies due to solute-solute, solute-solvent
and solvent-solvent interactions. These energies in turn can be divided into short-
range (Lennard-Jones) and long-range (Coulombic) contributions to investigate
the significance of specific interactions to changes in the local structure. From

Tables 14-16 one can see increases of 14-20 times in the magnitudes of <Uq>

for the solute-solute intermolecular energies moving from dilute to concentrated
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Table 14. Energies for aqueous mixtures of EG.

Composition (X) Max.
0.03 0.1 0.3 0.8 error
<Uz> 5.91 5.94 5.99 6.01 -
<Ug> 11.06 10.84 11.18 11.20 -
Intra. (EQG)
<Uq> 94.54 93.99 92.91 91.59 0.17
<UpLy> 0.41 0.40 0.45 0.48 0.006
Inter. (EG-EQG)
<Uq> -2.44 -6.99 -19.51 -42.86 0.52
<Upy> -1.42 -4.27 -8.92 -12.11 0.02
Inter. (EG-H,0)
<Ug> -121.64 | -107.84 -75.49 -77.20 1.80
<UpLy> -3.63 -0.73 3.03 8.38 0.08
Inter. (H,O-H,0)
<Uq> -56.50 -51.43 -37.75 -9.83 0.23
<ULJ> 8.93 8.57 7.08 2.14 0.03
<U> -43.94 -37.82 -20.25 24.08 0.02

(Units for energy are kJ/mol.)

solutions. This trend is most pronounced in the case of ED. The corresponding
magnitudes of the solute-solute <Upy> behave in similar fashion but increasing
less dramatically (by about 8-9 times) for all compounds. One can clearly see
that the major contribution to the solute-solute intermolecular energy is
electrostatic for all compounds and compositions with only exception of the two
dilute solutions of ED and AE at X=0.1.

It is also useful to examine solute-solute and water-water contributions to
the total average energies normalized per molecule of that species, which can be

obtained by summation of corresponding <Ug> and <U| ;> terms followed by

division by the respective mole fractions (not shown in Tables 14-16). The



Table 15. Energies for aqueous mixtures of ED.
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Composition (X) Max.
0.03 0.1 0.3 0.8 error
<Ug> 12.23 12.17 12.17 11.89 -
<Ug> -6.89 -6.85 -6.94 -7.12 -
Intra.(ED)
<Uq> 148.76 148.66 148.63 148.68 0.03
<UpLy> -0.24 -0.35 -0.32 -0.29 0.02
Inter. (ED-ED)
<Ug> -1.50 -4.22 -10.79 -30.20 0.88
<UpLy> -1.85 -5.27 -11.13 -15.69 0.04
Inter. (ED-H,0)
<Uq> -110.36 -95.29 -69.54 -72.20 2.05
<UpLy> -8.39 -4.69 0.48 4.39 0.07
Inter. (H,O-H,0)
<Uq> -56.93 -51.74 -38.32 -11.71 0.34
<Up> 8.99 8.69 7.22 2.29 0.03
<U> -42.36 -32.58 -4.21 71.79 0.01

(Units for energy are kJ/mol.)

values calculated appear to be very similar in magnitude for all types of solute
when the same compositions are compared. The magnitudes of energies in the
case of solute-solute interactions decrease from -188.3, -128.7 and -111.7
kd/mol at X=0.03 for AE, EG and ED, respectively, to about -55 to -60 kJ/mol for
X=0.8. This trend reflects the apparent increase in the mutual ordering for the
solute molecules in dilute aqueous solutions. Somewhat similar behavior was
also observed in the case of water-water interactions (e.g. -49.5 for all water-rich
compositions and -47.1, -43.9 and -38.5 kJ/mol for water-poor compositions of
ED, AE and EG, respectively). The fact that the present water-water energy for

the water-rich solutions (-49.0-49.7 kJ/mol) is larger than the value obtained for
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Composition (X) Max.
0.03 0.1 0.3 0.8 error
<Ua> 13.88 13.81 14.46 14.59 -
<Ug> 3.76 3.65 4.39 4.67 -
Intra. (AE)
<Uq> 64.51 64.98 62.28 61.43 0.42
<ULy> 5.19 5.08 5.68 5.82 0.10
Inter. (AE-AE)
<Uq> -2.39 -4.64 -14.70 -34.43 0.42
<Upy> -1.61 -5.04 -10.60 -15.13 0.03
Inter. (AE-H,0)
<Uq> -113.11 -97.83 -74.92 -77.73 1.90
<Upy> -9.08 -4.96 0.50 6.79 0.10
Inter. (H,O-H,0)
<Uq> -57.24 -52.32 -39.09 -11.32 0.26
<ULy> 9.03 8.77 7.48 2.54 0.08
<U> -44.46 -39.37 -24.90 13.14 0.05

(Units for energy are kJ/mol.)

pure SPC/E water (-46.73 kJ/mol) suggests an increase in water-water

correlations (structure-making) in these dilute solutions (similar to that found for

water-ME mixtures [43]). Finally, a comparison of total configurational energies

reveals a consistent decrease in their magnitudes from X=0.03 to 0.3 for all

compounds; when the solute content is further increased from X=0.3 to 0.8 the

total energy for all compounds, and especially for ED, continued to increase and

actually changed sign.

The mean self-diffusion coefficient, D, was selected as a representative

dynamical property for the systems of interest. The simulated values of D are
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compared with the composition dependence of experimental estimates in Fig. 21.
Self-diffusion coefficients for aqueous solutions of EG and ED were measured at
298 K by spin-echo NMR [9,150]; again it is very unfortunate that there appears
to be no experimental results available for binary mixtures of water and AE. All
raw experimental data as well as simulated values of D obtained in the present
study are listed in Table D1.

In Fig. 21a one can see that the composition dependence for ED is quite
well reproduced, in particular the decreasing trend of the mean D up to X=0.3
(0.33 in accord with the experimental data). At this concentration Valkovskaya et
al. [150] observed a minimum in ED mobility, and suggested that it corresponds

to the formation of cyclic ED-2H,0 complexes [151]. Earlier the same research

group (Rodnikova and co-authors [152]) studied the dielectric properties of water-
ED mixtures and concluded that a molecule of ED is incorporated into the H-
bonded network of water without its alteration up to a concentration of 10 mol%.
For aqueous solutions of EG the experimental D gradually decreases
becoming essentially constant in EG rich solutions (i.e. X>0.8 in Fig. 21b). The
calculated dependence nicely correlates with the experimental curve with a slight
inconsistency in the constant (EG-rich) region. Similar trends (see also Fig. 21b)
have been observed for AE in the water-AE mixtures considered in the present
study. The somewhat unusual increase in D at X=0.8 can be explained by a high
sensitivity of constant-volume simulations to the quality of the experimental
density; small changes (error) in this parameter can cause noticeable deviation of
D from its correct value. In principle this problem can be partially resolved by
running simulations at constant-pressure allowing consistent densities (and

therefore D) to be determined during the simulation run.



135

pue [ejuswiiedxe ay) 0} puodsalion soul

‘AleAiioadsal ‘synsal pajenojes
| POYSED pue pljos 8y L 'HJ pue Iy (q) ‘a3 () ) 862 1B

O3 PUe 3y ‘a3 Jo suonnjos snosnbe Joj Jusiolje0o UoISniIp-jes sy} Jo souspuedap uolisodwo) Lz ‘bl

(@)

S /,wo_01xq



136

6.1.2 Dihedral angle distributions

Conformational characteristics of aqueous mixtures of EG, ED and AE
were investigated in a manner similar to those for pure liquids. The dihedral
angle distributions were obtained for each concentration of all species and they
are shown in Figs. 22-24. The corresponding populations of conformers (for the
central torsion angle) were also calculated and the results are given in Table D2.

The most prominent feature of the OCCO dihedral angle distributions of
EG (see Fig. 22) is the presence of a significant population (56%) of T
conformers which is observed only for the lowest composition. For this system
the remaining population is comprised of G (35.3%) and a small amount (8.7%)
of G’ conformers. For the three other (higher) concentrations only gauche
conformers (consistently located at -62.5 and 62.59) were registered analogously
to pure EG. All HOCC dihedral angle distributions for EG-water mixtures exhibit
three (two gauche and one trans) stable maxima at about -62.5, 62.5 and 177.59,
respectively.

The conformational difference observed in dilute EG solution indicates that
in the presence of a large number of water molecules the free energies of the G
and T conformers become roughly equal. This issue will be discussed later in
terms of possible preferences for H-bond formation. It is worth noting that these
findings are in qualitative accord with the ab initio results of Nagy et al. [29],
Hooft et al. [59], and Cramer and Truhlar [21] where the presence of both T and
G conformers in infinitely dilute solutions of EG was clearly shown. In addition
our roughly 50:50 gauche/trans ratio appears to be in reasonable gquantitative
agreement with the 67:33 estimate predicted by Hooft et al. [59].

In the case of ED solutions the conformational content is quite uniform
with respect to the NCCN torsion angle (see Fig. 23). Trans conformers

predominate at all compositions with a population of about 70% for low and 90%
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for high concentrations. It can be noted that, similar to EG, the locations of the
probability maxima for the central dihedral angle remain virtually unchanged
when composition changes. The HNCC distributions have three maxima (¢’, 9
and t) whose positions and intensities vary slightly depending on composition.
The dihedral angle distributions for AE-water mixtures (see Fig. 24) exhibit
the most complicated behavior, resembling to a great extent that observed for the
pure system. In particular, both gauche peaks on the NCCO distributions
markedly overlap, but in contrast to pure AE, are centered much closer to ideal
gauche positions. Furthermore the HOCC torsion has a broad peak with a double
maximum in the cis region (see Figs. 24a and 24c). Interestingly, these
similarities become more pronounced for X=0.03 and 0.3 solutions. The
conformational pattern for the two other concentrations (X=0.1 and 0.8) appears
to be quite different, with the NCCO distributions exhibiting trace amounts (2.5
and 0.6%, respectively) of trans population and the major gauche peaks
becoming very well resolved (see Figs. 24b and 24d). Even larger changes in
conformational behavior are visible in the HNCC and HOCC dihedrals. For the
latter the distinct peaks seen in the pure liquid become virtually indistinguishable,
which suggests that during these runs HOCC scans almost all conformational
space. In contrast, peaks in the HNCC distributions appear to be better resolved

and located at about £50 and 180°.

6.2 STRUCTURAL ANALYSIS

To our knowledge the structural analysis of 1,2-disubstituted ethanes
within binary aqueous mixtures has not been previously performed by means of
RDF’s. The fact that averaging over the angular coordinates of the pair
distribution functions can often result in the cancellation of contributions from

regions of low and high probability at the same distance but composing different
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parts of the local structure in solution, implies that RDF’s can provide a complete
structural picture only for liquids of spherical particles. However, the aqueous
binary mixtures of some associating liquids (e.g. methanol, methylamine) have
been examined at the radial distribution function level followed by structural
analysis going beyond radial averages [43,54]. The analogous approach has
been performed in the present study with respect to the aqueous mixtures of EG,

ED and AE.

6.2.1 Solution structure from radial distribution functions

The selected radial distribution functions for pure water and aqueous
solutions of EG, ED and AE for four different concentrations are given in Figs. 25,
26, 28 and 30, respectively. Composition dependence of total coordination
numbers calculated with respect to the selected atomic sites for each solution are
given in Figs. 27, 29 and 31 (complete data tables for the original values of CN
are available in Appendix E).

Beginning with EG solution, first compare water-water correlations are
compared with those of pure water. From Figs. 25 and 26a one can see that the
first maximum at 2.8 A in 9(rpp) increases monotonically with EG concentration.
In water-rich mixtures (X=0.03 and 0.1) the structural features (for both primary
and secondary coordination) are similar to that found for pure SPC/E water (see
Fig. 25) which indicates that the presence of EG molecules in this concentration
range does not appear to influence water-water coordination. In water-poor
mixtures (X=0.8) the shift and lowering of g(rgp) at and beyond the first minimum
suggests that there is a tendency for the association of a small number of water
molecules (e.g. as dimers) in this system. This phenomenon has been previously

observed in water-methanol mixtures [43].

The first maxima in the EG-EG d(roo), which occurs at 2.8 A similar to
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that in water-water g(rgp) indicating the presence of strong H-bonding between

the corresponding sites, increases with decreasing EG concentration as can be
seen from Fig. 26b. This suggests that EG-EG H-bonds persist even as this
component becomes more dilute. The peaks observed in g(rpp) at 3.7 A (with
the highest maximum for X=0.03) can be identified with the intramolecular
oxygen in the trans position. We recall that in the dilute solution the number of
molecules in the trans conformation increases to more than 50%.

Curves for g(rgp) for water-EG pairs are shown in Fig. 26c. Overall the
features in these functions become sharper (i.e. maxima higher, minima deeper)
indicating strong water-EG correlations as the EG content of these solutions
increased. It is also apparent from Fig. 26¢ that the position of the second
maximum shifts to slightly larger separations with increasing X, indicating a slight
shift in the specific structure of the second coordination shell in these systems.

The oxygen-hydrogen RDF’s of EG in its aqueous mixtures (see Fig. 26d)
is the richest in features and demonstrates the strongest dependence on the
concentration. The first peak at 1.8 A (due to relatively strong intermolecular H-
bonding) followed by a less well defined peak at 3.7 A (due presumably to the
intramolecular hydrogens from trans conformers) can be observed for X=0.8 and
0.3. As the concentration is lowered further the peak gradually diminishes and
finally (for the most dilute solution) transforms into a small shoulder on the large
peak at 2.5 A, which has been increasing after having first appeared at X=0.3. As
expected the highest peak due to intramolecular hydrogens in trans conformers
is observed in the lowest concentration solution. The distinct peaks recorded at
4.3 A, which also increase with decreasing concentration, cannot be readily
explained on the basis of RDF analysis.

Several features in the estimated total coordination numbers (around

oxygen atoms) given in Fig. 27 are noteworthy. It might be expected that the
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coordination numbers around these oxygen atoms would indicate the number of
nearest neighbors H-bonded to the central molecule. From Fig. 27 one can see
that water maintains a coordination number of about 4.4 (the same found for pure
SPC/E water) until X=0.3 after which point it drops to 3.9 for the highest
concentration of EG. Naturally the coordination numbers due to neighboring (H-
bonding) hydrogens behave similarly; they approach two in water-rich solutions
(indicating that the two acceptor sites on a water molecule are fully occupied)
and then drop to 1.4 for EG-rich mixtures. This behavior can be interpreted as
reflecting the predominant nature of EG structure in EG-rich aqueous solution
when water is unable to establish tetrahedral coordination but rather is “forced” to
adopt a structural motif more typical of EG. The number of neighboring
hydrogens around EG oxygens remains relatively unchanged over the entire
composition range indicating that the H-bonding tendency of EG in aqueous
solutions does not appear concentration sensitive, in contrast to the behavior
found for methanol [43]. In general water has a higher total or species specific
(see Table E1) coordination numbers than EG. The total oxygen coordination
around water is consistently about one larger than for an EG oxygen over the
entire composition range.

RDF’s for the water-ED solutions are shown in Fig. 28. In comparison with
EG solution, water-water correlations did not reveal any unusual structural
features. The first peak in g(rgp) (not shown) indicates the presence of strong H-
bonding at a separation of 2.7 A and exhibits a similar trend of increasing
intensity in ED-rich mixtures. The nitrogen-oxygen RDF’s for ED-water pairs
(see Fig. 28a) have their first peak at the usual position of 2.8 A, but in contrast
to the analogous functions of EG the first minimum on the curve corresponding to
the highest concentration is markedly lowered and shifted towards larger

separations. The first maxima in the corresponding nitrogen-hydrogen RDF’s
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(due to apparently strong O-H---N hydrogen bonds) are very well defined and are
followed by slightly broadened but also well defined secondary maxima at 3.3 A,
after which the functions become essentially featureless. The first minima in this
function reaches a value of 0.1 indicating a rather stable solute-solvent H-bond
when ED acts as the acceptor.

The most complicated RDF obtained for ED-ED correlations was for
nitrogen-hydrogen atomic pairs. Interestingly, the same features and trends
apparent in the analogous oxygen-hydrogen RDF’s of EG solution (see Fig. 26d)
can also be found in g(ryy) for ED mixtures (see Fig. 28c). For both ED and EG
solutions these corresponding RDF curves have four distinct maxima where in
the case of ED they are shifted to somewhat larger separations. The first (H-
bonding) peak appears at 2.1 A (for only X=0.8 and 0.3) indicating the presence
of weaker N---H-N hydrogen bonds. At two low concentrations the disappearance
of this first peak is accompanied by the appearance of a broad peak at 2.9 A
which grows with decreasing ED concentration. Again, analogously to dilute
solutions of EG, the largest maximum at 4.1 A is believed to arise from
intramolecular hydrogens of frans conformers. The intensity of this peak
correlates well with the population of frans conformers present in ED-water
mixtures. One might also suggest that this population is also “responsible” for the
last sharp peak noted at about 4.5 A for both EG and ED solutions.

Examination of the coordination numbers provided by the RDF’s in Fig. 29
(also see Table E2) reveals further interesting trends. The water oxygen total
coordination numbers (due to the presence of both oxygens from water and
nitrogens from ED) for the two water-rich solutions are 4.6 (i.e. only slightly
higher than the 4.4 recorded for pure water) indicating a structural “shift’ opposite
to that observed in EG solutions. In the ED-rich solutions the coordination

number increases yet further and approaches a value of 4.8. One possible
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explanation for this behavior suggests the formation of “weak” H-bond
arrangements around water oxygen (acceptor sites) in order to maintain a total
H-bond balance in these systems; we recall that in pure ED nitrogen trends to
participate in two strong and two weak H-bonds in order to achieve a balance.
This trend is consistent with the fact that total coordination numbers of the water
oxygen due to the neighboring hydrogens in the first hydration shell remain
virtually unchanged (~1.9) indicating that the oxygen acceptor sites are fully
occupied. The total coordination around water oxygen is consistently about one
more than that for the ED nitrogen over the entire composition range. This can be
explained by noting that both oxygen (in water) and nitrogen (in ED) are double
H-bond donors whereas nitrogen can accept only a single (strong) H-bond.
Finally, as expected the total hydrogen coordination around ED nitrogen remains
relatively unchanged (at about 1.0) for X=0.03, 0.1 and 0.3; the slight decrease
below unity for X=0.8 may be attributed to a problem with the experimental
density for this particular composition.

One might reasonably suggest that the local structural arrangements
around OH and NH, groups in AE aqueous mixtures would be somewhat
reminiscent to those observed around these same groups in EG and ED
aqueous solutions. The extent to which this is the case can be considered by
examining the RDF’s shown in Fig. 30 for AE solution. Analysis of water-water
correlations (see Fig. 30a) reveals a first maximum in g(rop) at 2.8 A (typical for
all three solutions studied) which again increases when water concentration
decreases. Similar to EG solution, the first minimum in the RDF for AE-rich
mixtures is lowered and shifted to slightly larger separations (with respect to the
functions for other compositions). As it was mentioned above, a tendency for the
association of small numbers of water molecules (preferably as dimers [43]) can

explain such a structural feature specific to concentrated EG and AE solutions. It
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should also be noted that g(rop) of EG-rich solution (see Fig. 26a) indicates the

presence of specific features due to water molecules in the second coordination
shell of this system which do not appear in the corresponding RDF of AE (see
Fig. 30a). A trend of increasing peak height with increasing AE composition
somewhat similar to that seen in Fig. 26c, has been observed for the RDF for
nitrogen-oxygen AE-water pairs (Fig. 30b). This function exhibits a first peak at
2.9 A, which corresponds to strongly H-bonded nearest neighbors, but the growth
of secondary features (beyond the first peak) can again be clearly seen for AE-
rich solutions.

Two further sets of AE-AE RDF’s exhibit interesting structural features.
The nitrogen-amine hydrogen RDF’s (see Fig. 30c) has a small first peak at 2.1
A corresponding to a relatively weak H-bond which is well defined only for AE-
rich solution; it rapidly vanishes and transforms into the poorly defined shoulder

as the concentration decreases. This RDF also has a second broad peak at 3.4

A presumably due to the second hydrogens of NH, groups. For the three other

less concentrated solutions g(rnH(n)) becomes rather featureless maintaining

only a broad peak at 5.7 A. From the oxygen-amine hydrogen RDF shown in
Fig. 30d one can notice that, in contrast to the nitrogen-amine hydrogen RDF’s of
AE but similar to g(roy) of EG solution, the apparent structure decreases with
increasing AE concentration. In AE-rich solution the first peak at 2 A due to H-
bonding (followed by a second peak at 3.2 A) is replaced by a new poorly
defined peak at 2.7 A as concentration decreases while the position of the
second peak remains unchanged. In water-rich solution all features overlap into
one broad peak with two barely distinguishable maxima at 2.7 and 3.2 A that

suggests a change in average relative orientation of NH, to O.

Finally, for the sake of comparison with the analogous RDF’s of EG

solution, the AE-AE g(rop) is shown in Fig. 30e. The trend observed for the
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height of the first peak is opposite to that noted for EG mixtures, i.e. a decrease
of intensity with decreasing concentration can be observed as well as a lowering
and shift of the first minima from 3.1 (for X=0.03 and 0.1) to 3.3 A (for X=0.3 and
0.8). This behavior indicates that AE molecules become well hydrated in dilute
solution.

The composition dependence of the coordination numbers for AE mixtures
is shown in Fig. 31 (detailed numerical results can be found in Table ES3).
Comparison with the appropriate coordination numbers for EG and ED solutions
reveals more apparent similarities than differences. For instance, similar to EG,
the total number of oxygens and nitrogens around the water oxygen remains
virtually unchanged over the entire composition range (recall that it was also
unchanged for EG and increased slightly for ED mixtures). There is no apparent
trend of “structure making” in water with the initial addition of AE, as the total
coordination around a water molecule in water-rich compositions is 4.4 similar to
the coordination in pure water and the corresponding EG mixtures. The total
number of hydrogens around water oxygen also remains virtually unchanged (1.9
for water-rich compositions) and drops only slightly (to 1.7) for AE-rich solution.
This trend appears to be opposite to that reported for methanol [43] or tert-butyl
alcohol [154] aqueous solutions where both solutes were found to be strong
structure makers in water.

In contrast to water, the coordination numbers around AE oxygen (total or
oxygen specific) decrease slightly with concentration (see Fig. 31). An estimate
for oxygen-oxygen CN in AE-rich mixtures correlates well with the appropriate
coordination number for pure AE. A similar trend can be observed for the total
number of hydroxy! hydrogens around AE oxygen; the coordination number
drops from 1.5 to 0.6 in going from water-rich to and AE-rich compositions. The

analogous coordination around AE nitrogen remains almost unchanged over the
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entire composition range. From Fig. 31 one can also see that for water-rich
solutions the total coordination around nitrogen in AE is approximately 3.6-3.8,
which is about one larger than that around oxygen (3.1); for AE-rich solutions this
difference decreases to 0.6. Together these observations imply that the local
structure of AE in its aqueous mixtures is somewhat affected by the presence of
water molecules. A structural analysis using SDF’s will be performed to add

more details to the qualitative picture described above.

6.2.2 Solution structure revealed by spatial distribution functions

In the present SDF analysis the site-specific local structure and its
dependence on concentration were examined for aqueous solutions of EG, ED
and AE. The sets of spatial distribution functions representative of the local water
structure around (1) a water molecule and (2) a solute molecule in the solutions
of interest, as well as the local solute structure around (3) water and (4) the
corresponding solute were visualized and systematically studied. A
representative sampling of the most typical (or, in contrast, usual) SDF’s selected
from these sets are presented in Figs. 32-39.

The compositional behavior of the local water structure around a water
molecule as measured by the oxygen-oxygen SDF’s for EG, ED and AE
solutions reveals more similarities than differences. Two water-water SDF’s for
X=0.03 and 0.3 solutions of AE are shown in Fig. 32. At an isosurface threshold
of 1.6 times that of the bulk one can see three principal features very reminiscent
of those observed in pure water [155]: the two distinct caps centered directly over
the hydrogens of the central molecule due to its H-bond accepting neighbors and
the single large feature below the central molecule due to its two H-bond
donating neighbors. The two more distant features in Fig. 32a indicate the

presence of additional (“interstitial”) coordination also typical for pure liquid [155].
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(a)

Fig. 32. Local water structure around a water molecule in AE solution as
measured by the oxygen-oxygen SDF: (a) mole fraction of 0.03;
(b) mole fraction of 0.3. The isosurfaces threshold is 1.6 times
that of the bulk.
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Results (at the same threshold) for dilute EG and ED solutions (not shown)
appear almost identical to Fig. 32a. At higher concentrations (see Fig. 32b) one
can see the appearance of secondary structure as two large hemispherical caps
surrounding the principal H-bond accepting features and a single feature below
the principal H-bond donating neighbors. Interestingly, the distance from the
central oxygen to the lower part of the “bridge” structure located between the two
caps in the region of the bisecting plane is only about 2.6-2.8 A, this indicates the
presence of a classical “bifurcated” H-bond arrangement [54]. We note that this
unusual feature has been observed only for the X=0.3 solution of AE.

Spatial density maps of EG oxygen and ED nitrogen around water oxygen
in corresponding EG and ED solutions are shown in Figs. 33 and 34,
respectively, at a threshold of 1.6 for low and high compositions. From Fig. 33a
one can see that the principal donating feature is splitting into two shallow caps
indicating that in the case of dilute EG solution water molecules prefer to accept
a H-bond from EG at tetrahedral rather than dipolar (axial) positions. This
preference for tetrahedral coordination becomes especially pronounced in Fig.
34a (i.e. in the dilute ED solution) where it manifests itself in two rather distorted
(triangular) caps below each of the “lone pair” sites. This behavior can be
explained by again considering the balance of H-bond donor and acceptor sites.
With an excess of donor sites in ED solutions, it would seem that water, when it
bonds to the nitrogen, strongly prefers to utilize both its acceptor sites. One more
similarity can be noted in Figs. 33a and 34a. These are two equatorial out-of-
plane features, which represent the tendency of a water molecule hydrating the
CH, groups of EG and ED molecules to lie flat to these hydrophobic surfaces. At
the threshold (1.6) used in Figs. 33a and 34a these features are just beginning to
appear.

At high concentration (see Figs. 33b and 34b) the hydration picture
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(b)

Fig. 33. Spatial density of EG oxygen around water oxygen in EG solutions:
(a) mole fraction of 0.03; (b) mole fraction of 0.8. The isosurface
threshold is 1.6 times that of the bulk.
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Fig. 34. Spatial density of ED nitrogen around water oxygen in ED solutions:
(a) mole fraction of 0.03; (b) mole fraction of 0.8. The isosurface
threshold is 1.6 times that of the bulk.
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changes dramatically: the tendency for tetrahedral coordination appears to be
completely lost for both EG and ED as well as the out-of-plane (hydrophobic
hydration) features, especially in the case of ED. However, for EG solution the
appearance of secondary caps above the principal H-bond donating features in
Fig. 33b indicates a clear trend to hydrophilic hydration at high concentration
while in dilute solution hydrophobic hydration becomes prevalent.

Note that the water-solute coordination in AE solution (not shown) is very
reminiscent to that observed for the corresponding functional groups in EG and
ED solutions. However, there are some subtle differences. For instance, the
oxygen-oxygen SDF measured at the highest concentration (X=0.8) still reveals
the presence of some hydrophobic structural arrangements which is not seen in
Fig. 33b for EG solution.

The local water structure around solute molecules, in particular around the
hydroxyl groups of EG and AE and the amino groups of ED and AE, is displayed
in Figs. 35 and 36. In Fig. 35a the oxygen-oxygen SDF for EG solution at X=0.1
(which can still be considered as low concentration) exhibits a primary H-bonding
pattern very similar to that observed for pure EG (see Fig. 17b), note that the
same isosurface threshold allows direct comparison. The rim on the lower edge
of principal donating feature as well as two apparent “wings” (which appear as
small separate features in equatorial position with respect to the central hydroxyl)
are the most prominent additional features in Fig. 35a. They clearly indicate the
presence of weakly H-bonded nearest water oxygens and serve as evidence that
even in dilute agueous solution the EG oxygen exhibits a H-bonding pattern
similar to that found in the pure system. In contrast to EG, for the AE hydroxyl
(see Fig. 35b) only principal H-bonded features are apparent; it is not possible to
localize weakly bonded nearest neighbors (which was also the case for the pure

liquid).
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(a)

Fig. 35. Local water structure around hydroxyl group in dilute solutions
(X=0.1) of (a) EG and (b) AE as measured by the oxygen-oxygen
SDF’s. The isosurface threshold is 1.8 times that of the bulk.
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(a)

Fig. 36. Local water structure around the amino group in X=0.3 solutions of
(a) ED and (b) AE as measured by the nitrogen-oxygen SDF’s. The
isosurface threshold is 1.8 times that of the bulk.
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The local water structure around the amino group was examined for X=0.3
solutions of ED and AE by means of the nitrogen-oxygen SDF at a threshold of
1.8 in Figs. 36a and 36b, respectively. In Fig. 36a the primary H-bonded features
are clearly evident as caps over each of two hydrogens and as a slightly
elongated feature immediately below the amino group. The ridge extending
between the two amino hydrogen caps is particularly interesting because it
represents a bridging second neighbor water. It can be expected that this water
forms (likely strong) H-bonds with the two neighbors occupying the primary H-
bond acceptor positions over the amino group. An analogous H-bonding
arrangement around an amino group was observed previously in aqueous
solutions of methylamine [54]. It is worth noting that this SDF also allows one to
see clearly all the basic H-bonded features due to the hydration of the second
intramolecular nitrogen when an ED molecule adopts a classical trans
conformation. The principal hydration pattern around the amino group in AE
solution (see Fig. 36Db) is very similar to that shown in Fig. 36a with exception of
the secondary features associated with the intramolecular oxygen in gauche
position. However one can note the presence of two small features located on
both sides of the central nitrogen between the single donating feature and the
accepting caps. They could be indicative of a first (weak) H-bond donor water
neighbor necessary to maintain proper H-bond balance and forced to occupy a
rather unexpected position because of the internal geometry of the AE molecule
(the water molecule attempting “to bridge” the hydroxyl and amino groups of a
molecule in the gauche conformation).

Finally, spatial solute-solute correlations for dilute and concentrated
solutions of EG, ED and AE are shown in Figs. 37-39. In fact all features (due to
both first and second neighboring atoms) which are present in Fig. 37 can be

immediately recognized when compared with those identified in Fig. 17 for pure
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(a)

(b)

Fig. 37. Oxygen-oxygen spatial distribution functions for EG in (a) dilute
(X=0.1) and (b) concentrated (X=0.8) EG solutions at isosurface
thresholds of 3.0 and 1.6, respectively.



169

(a)

Fig. 38. Nitrogen-nitrogen spatial distribution functions for ED in (a) dilute
(X=0.1) and (b) concentrated (X=0.8) ED solutions atisosurface
thresholds of 3.0 and 1.6, respectively.
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(a)

(b)

Fig. 39. Oxygen-nitrogen spatial distribution functions for AE in AE
aqueous solutions: (a) mole fraction of 0.8 and (b) mole
fraction of 0.3 at a threshold of 2.0.
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EG. Thus, the presence of water appears to have little qualitative effect on the
structural preferences of EG around another EG molecule. At the highest
concentration (X=0.8), the nitrogen-nitrogen SDF for ED (see Fig. 38b) and all
examined SDF’s for AE (only O-N is shown in Fig. 39a) essentially reproduce the
main structural patterns found in the respective pure liquids (again with an
exception for the coordination of the second amino group of the trans conformers
in ED solution). However, further analysis of intensities of the main SDF maxima
for all compositions reveals a consistent weakening of solute-solute correlations
(even in the presence of a small amount of water molecules).

Somewhat surprisingly, a rather dramatic change can be noted in the
oxygen-nitrogen SDF of AE when the concentration of the solute decreases to
X=0.3 (or below). Comparing Figs. 39a and 39b one can see that the principal
donating H-bond feature below its amino group splits into two large caps upon
dilution, indicating that the hydroxy! group is better able to utilize both its H-bond
acceptor sites, while the well defined feature due to the second neighbor above
the hydroxyl (see Fig. 39a) disappears. These observations suggest that the
aqueous media is a more accommodating (H-bonding) environment for the AE

molecule than is its pure liquid.



CHAPTER VII - CONCLUSIONS

In this thesis a computational investigation of the local structure of three
widely used representatives of 1,2-disubstituted ethanes, namely ethylene glycol,
ethylenediamine and 2-aminoethanol, in the liquid state and their mixtures with
water has been performed, and the results obtained were presented and
discussed in a comparative manner. Classical molecular dynamics simulations
combined with a novel technique to produce three-dimensional atomic density
maps (spatial distribution functions) for the systems of interest were the main
computational tools used in the present study.

Previous and current experimental and theoretical studies of 1,2-
disubstituted ethanes in gaseous, liquid and solid state were reviewed and
analyzed. It has been shown that in the gaseous state EG, ED and AE prefer to
adopt gauche conformations with respect to the central dihedral angle, which are
stabilized mainly by the intramolecular hydrogen bond. In the liquid phase the
gauche conformation still accounts for the major population of conformers for EG
and AE while ED exhibits a significant population of trans rotamers. To date the
detailed local structure for all three compounds in their pure liquids and aqueous
solutions had remained relatively unknown, with EG being the focus of some
previous efforts. Therefore, the purpose of this investigate was to determine
quantitatively the populations of rotamers (i.e. to clarify the conformational
picture) and to obtain a detailed picture of the H-bonding patterns and local
structure in pure liquid systems and in aqueous mixtures (at different
compositions) for the three compounds of interest.

Several necessary and important steps were performed to achieve this

goal. First, twelve molecular models were designed in order to test different
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potentials (force fields) and molecular representations. Gas-phase (isolated
single molecule) simulations were carried out and simulated geometries and
conformations were compared with the most reliable experimental estimates. As
a result of this step five of the most successful models where chosen, each of
whose molecular descriptions included the AMBER/OPLS-based
parameterization for alcohols and amines [6,52].

In the next step liquid-phase simulations for pure systems were
performed. The influence of inclusion and of the values of scaling coefficients for
the Lennard-Jones and Coulombic contributions to 1-4 non-bonded interactions
were examined. The experimental heats of vaporization and self-diffusion
coefficients were used as criteria for the final selection of molecular models. It
was shown that for EG and AE the best agreement of simulated properties with
experimental estimates is achieved when scaling factors of 0.125 and 0.833 were
used for the Lennard-Jones and Coulombic terms, respectively; no scaling was
necessary in the case of ED. It is worth noting that there had been no previous
computational results reported in the literature for the heat of vaporization and
self-diffusion coefficient for pure AE.

As an essential part of the structural analysis the dihedral angle
distributions were calculated for the peripheral and the central (X-C-C-Y)
torsional angles of pure EG, ED and AE and their aqueous mixtures, where four
compositions of each compound were considered. Focusing on the central
dihedral angle, the integration of the distribution curves allowed us to determine
the relative populations of conformers in each of the pure liquids. These results
were found to be in very good qualitative agreement with experimental findings.
The absence of experimental conformational data for aqueous solutions made
the corresponding comparison impossible, however, for a dilute solution of EG

excellent agreement with a previously reported theoretical result [59] has been
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achieved. The quality of the molecular models used in the present simulations of
aqueous solutions has been additionally confirmed by the results obtained for the
self-diffusion coefficient. The compositional dependence of the self-diffusion
coefficients for EG and ED agreed well with experimentally determined curves
(again, no experimental data were available for AE). To our knowledge these are
the first theoretical estimates of this characteristic for the aqueous solutions
studied.

The investigation of the local structure around EG, ED and AE in pure
liquids and aqueous solutions included analysis of radial distribution functions
and coordination numbers, as well as production and interpretation of spatial
distribution functions. The radial analysis, in conjunction with calculated numbers
of nearest neighbors around oxygen and nitrogen atoms of the main functional
groups, provided some structural insights into the H-bonding pattern within the
pure systems. The number of strongly H-bonded neighboring groups (among all
recorded nearest neighbors) was determined and then their possible positions
with respect to the reference (central) molecule have been located by means of
SDF’s. It was found that in EG and ED both nitrogen and oxygen atoms trend to
make on average two strong and two weak H-bonds, for which the corresponding
neighbor atom densities were successfully identified during the spatial analysis.
A similar picture appears to be valid for AE, however the weakly bound nearest
neighbors were not clearly identifiable on the corresponding atomic density
maps. The possibility of four-membered H-bond arrangements (around a central
H-bonding group) leads one to the conclusion that in liquid EG, ED and AE the
generalized H-bonding pattern can be described as a three-dimensional,
branched network.

On the basis of similar analysis performed for the aqueous solutions of

these compounds, an analogous (i.e. three-dimensional) picture of hydration has
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been revealed. Furthermore, some interesting trends were noted associated with
behavior specific to water acting in this case as an accommodating solvation
media. For instance, there is a tendency for the association of a small number of
water molecules in water-poor mixtures of EG and AE, the tendency of water
molecules to lie flat to the hydrophobic surface of the CH, groups (particularly in
dilute solution), as well as water ability to maintain its tetrahedral coordination in
water-rich solutions. The water-solute structural arrangements revealed a
general trend of hydrophilic hydration at high concentrations, while in the dilute
solutions hydrophobic hydration becomes clearly apparent for all three types of
solute. The solute-solute correlations are mainly characterized by weakening of
the intensity of the principal SDF's maxima as the composition is decreased,
which indicates a clear preference for each of the solute molecules to be
completely hydrated rather than self-associated as it has been observed in
aqueous solutions of tert-butyl alcohol [154].

Comparison of the present results with those reported in the literature for
relatively simple liquid nonelectrolyles and their aqueous solutions [40,43,54,153,
154] revealed some similarities (e.g. nitrogen coordination in the amino groups of
methylamine, ED and AE) and differences, the latter presumably due to the
degree of cooperativity observed in the systems studied. As in previous work it
was found that H-bond balance appears to play a key role in determining the
preferred local structures around H-bonding molecules. However, unlike the
chaining motif found in the local structures of liquid methanol or small ring-like
structures observed for methylamine, the chosen representatives of 1,2-
disubstituted ethanes rather accommodate a three-dimensional, branched local
environment. This behavior is also apparent in their aqueous solutions.

Some concluding remarks should also be made with respect to

applicability of the force fields used in the present work, as well as the utility of
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spatial density analysis to this particular class of compounds. The ability of SDF’s
to provide essential detailed insights into the local structure of strongly
associated molecular liquids has again been demonstrated. However, the
conformational flexibility (i.e. the presence of three dihedral angles) of EG, ED
and AE sometimes does not allow localization and identification of all the
neighboring atoms. This makes precise structural elucidation difficult. This
problem can be partially resolved in future studies either by producing SDF’s for
certain (fixed) conformers or, more generally, by generating the atomic density
maps which allow inclusion of three-body correlations (i.e. that would fix two
functional groups not necessary in the same molecule).

The applicability of the current force fields developed for simple alcohols
and amines to molecules containing more than one amino or hydroxyl group (or
the combination of both) appears to be a questionable issue. In my opinion the
improvement of model potentials should determine the main thrust of future work.
It is clear that the general features of the local structure determined in this study
with the present models are correct in a qualitative sense. However, since it has
been shown that the internal geometry of these molecules can strongly impact
their local structure, one can reasonably assume that a better description of the
dihedral angles present in these particular compounds would provide more
“realistic” molecular models. It would then be possible to capture more subtle
features and to better characterize the more important structural details of EG,

ED and (especially!) AE.



29 010y Bupioed ay |,

- - - ovv' L0L 061€'8 0818’8 0920°'s 14 20 av
€ecse v.6'¥1 L1L°0 | €9¢'SLL ovLv'S ¢SSl L L9v0°'S c o/ted a3
$66'€2 ZLge | €690 06 0126 6v16°9 0€L0's | v | lzteted 53
S|EEMPA puoqg-H d q q e dnoib

(low/ry) ABirous some | o (‘Bep 'y) siejewered sone Z eoedg | punodwo)

'T98] 3v pue [18] 3 ‘(18] ©3 Jo} uonewlolUl [RIMONAS diSEg * |V 9|qe}

V XION3ddV

177



APPENDIX B

Molecular description file for the EG model
Number of sites
6

X Y y4 Mass q c €
C .0000 .0000 .0000 14.0268 .2650 3.9050 .4940
C .0000 .0000 1.5260 14.0268 .2650 3.9050 .4940
O 1.3414 .0000 2.0010 15.9994 -.7000 3.0700 .7110
O .6707 -1.1617 -4750 15.9994 -7000 3.0700 .7110
H 1.8878 -4268 1.3429 1.0079 .4350 .0000 .0000
H .9089 -1.0124 -1.3887 1.0079 .4350 .0000 .0000

Semi-rigid EG model (with CH, as united atoms). Gas-phase geometry
by Caminati at al. [74], force field for alcohols by W. Jorgensen [6].

Number of bonds

5
ID N1 N2 Reqv Kb D Rho (=**-1)
0O 1 2 1.5260 1087.8400 .0000 .0000
0 2 3 1.4230 1615.0240 .0000 .0000
0 1 4 14230 1615.0240 .0000 .0000
0 3 5 9560 2313.7520 .0000 .0000
0 4 6 .9560 2313.7520 .0000 .0000
Number of angles

4

N1 N2 N3 Aeqv Ka

1 2 3 109.5000 334.7200

2 1 4 109.5000 334.7200

2 3 5 108.0000 230.1200

1 4 6 108.0000 230.1200
Number of dihedrals

0
Supported types

torsi
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3

N1 N2 N3 N4
4 1

5 3 2

6 4 1

K1 K2

K3

2 3 29372 -.8870 12.8030
1 3.4895 -4853 3.1254
2 3.4895 -4853 3.1254

Molecular description file for the ED model
Number of sites

8

C
C
N
N
H
H
H
H

X
.0000
.0000

1.3668
.6205
1.5834

.1037
1.8580
1.3309

Y
.0000
.0000
.0000

-1.2178
-1.2786
-2.0325
.8303
.0000

y4

Mass q

.0000 14.0268 .1800
1.5460 14.0268 .1800
2.0844 14.0067 -.9000

-.5384 1
-.2167
-.2167
1.7627
3.1008

4.0067 -.9000
1.0079 .3600
1.0079 .3600
1.0079 .3600
1.0079 .3600

c
3.9050
3.9050
3.3000
3.3000
.0000
.0000
.0000
.0000

€
4940
4940
7110

7110
.0000
.0000
.0000
.0000

179

Semi-rigid ED model (with CH, as united atoms). Gas-phase geometry by

K.-M. Marstokk, H. Mollendal [36], OPLS force field for amines by
W. Jorgensen [52].

Number of bonds

7
ID

O O O O O O O

N1 N2
1 2
2 3
1 4
4 5
4 6
3 7
3 8

Reqv

1.5460
1.4690
1.4690
1.0170
1.0170
1.0170
1.0170

Number of angles

8

Kb
1087.8400
1535.5280
1535.5280
1815.8560
1815.8560
1815.8560
1815.8560

.0000
.0000
.0000
.0000
.0000
.0000
.0000

Rho (=**-1)

.0000
.0000
.0000
.0000
.0000
.0000
.0000



Ka
334.7200
334.7200
146.4400
146.4400
182.4224
146.4400
146.4400
182.4224

K2 K3

3 10.0081-2.8200 2.3012

-.7950 -1.7447 1.7489

- 7950 -1.7447 1.7489

N1 N2 N3 Aeqv
1 2 3 111.5000
2 1 4 111.5000
1 4 5 109.4800
1 4 6 109.4800
5 4 6 106.4000
2 3 7 109.4800
2 3 8 109.4800
7 3 8 106.4000

Number of dihedrals

0

Supported types

tors1

5

N1 N2 N3 N4 K1

4 1 2

5 4 1

6 4 1

7 3 2

8 3 2

2
2 -7950 -1.7447 1.7489
1
1

-.7950 -1.7447 1.7489

Molecular description file for the AE model
Number of sites

7
X

C .0000
C .0000
O 1.2934
N .7961
H 1.9099
H .5658
H 1.7899

Semi-rigid AE model (with CH, as united atoms). Equilibrium geometry and
force fields by J. Weiner [113], and by W. Jorgensen (for amines) [62].

Y Z
.0000 .0000
.0000 1.5260
.0000 2.0512

-1.1540  -.4582
5246  1.2499
-1.4045 -1.4166
-9514  -.3831

Mass q

14.0268 .2225
14.0268 .2225
15.9994 -.7000
14.0067 -.9000
1.0079 .4350
1.0079 .3600
1.0079 .3600

o

3.9050
3.9050
3.0700
3.3000

.0000

.0000

.0000

€

4940
4940
7110
7110

.0000

.0000
.0000



Number of bonds

6
ID N1 N2 Reqv Kb D
0 1 2 1.5260 1087.8400 .0000
0 2 3 1.4250 1615.0240 .0000
0 1 4 1.4710 1535.5280 .0000
0 83 5 .9600 2313.7520 .0000
0 4 6 1.0100 1815.8560 .0000
0 4 7 1.0100 1815.8560 .0000
Number of angles
6
N1 N2 N3 Aeqv Ka
1 2 3 109.5000 334.7200
2 1 4 111.2000 334.7200
2 3 5 108.5000 230.1200
1 4 6 109.5000 146.4400
1 4 7 109.5000 146.4400
7 4 6 106.4000 182.4224
Number of dihedrals
2
N1 N2 N3 N4 Del Vn/2 n
4 2 3 .0000 83680 3
5 8 2 .0000 2.0920 3
Supported types
tors1
2
N1 N2 N3 N4 K1 K2 K3
6 4 1 2 -7950 -1.7447 1.7489
7 4 1 2 -7950 -1.7447 1.7489
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Rho (=**-1)

.0000
.0000
.0000
.0000
.0000
.0000



Molecular description file for the AEcmb model
Number of sites

7
X

C .0000
C .0000
O 1.2934
N .7961
H 1.9099
H .5658
H 1.7899

.0000
.0000
.0000

-1.

5246

-1.

Y y4

.0000
1.5260
2.0512
-.4582
1.2499
-1.4166

-.3831

1540

4045
9514

Mass q

14.0268 .2225
14.0268 .2225
15.9994 -.7000
14.0067 -.9000
1.0079 .4350
1.0079 .3600
1.0079 .3600

8
3.9050
3.9050
3.0700
3.3000

.0000
.0000
.0000

€

4940
4940
7110
.7110

.0000

.0000
.0000

182

Semi-rigid AE model (with CH, as united atoms). Equilibrium geometry and
force field (for alcohols and amines) by W. Jorgensen [6,52)].

Number of bonds

Number of dihedrals

0

6
ID N1 N2 Reqgqv Kb D
0 1 2 1.5260 1087.8400 .0000
0 2 3 1.4250 1615.0240 .0000
0 1 4 1.4710 1535.5280 .0000
0 3 5 .9600 2313.7520  .0000
0 4 6 1.0100 1815.8560 .0000
0 4 7 1.0100 1815.8560 .0000
Number of angles
6
N1 N2 N3 Aeqv Ka
1 2 3 109.5000 334.7200
2 1 4 111.2000 334.7200
2 3 5 108.5000 230.1200
1 4 6 109.5000 146.4400
1 4 7 109.5000 146.4400
7 4 6 106.4000 182.4224

Rho (=**-1)

.0000
.0000
.0000
.0000
.0000
.0000



Supported types
tors1

4

N1 N2 N3 N4
4 1 2 3
5 3 2 1
6 4 1 2
7 4 1 2

Molecular description file for the AEtst model

Number of sites

7

X

C .0000
C .0000
O 1.3558
N 5772
H 1.7021
H .5279
H 1.5355

K1 K2
29372 -.8870
3.4895 -.4853
-.7950 -1.7447
-.7950 -1.7447

K3
12.8031
3.1254
1.7489
1.7489

4 Mass q (o]
.0000 .0000 14.0268 .2570 3.9050
.0000 1.5400 14.0268 .2570 3.9050
.0000 1.9623 15.9994 -6440 3.0700
-1.1500 -.6466 14.0067 -.9380 3.2500
8773 1.7834 1.0079 .3740 .0000
-1.0513 -1.6405 1.0079 .3470 .0000
-1.2541 -.3805 1.0079 .3470 .0000

and force field by J. Alejandre [67].

Number of bonds

6

ID N1

o

O O O O O

Number of angles

6

A WO -~ N

4

N2

o O b WD

7

Reqv Kb

1.5400 1087.8400
1.4200 1615.0240
1.4400 1535.5280
9600 2313.7520
1.0000 1815.8560
1.0000 1815.8560

.0000
.0000
.0000
.0000
.0000
.0000

Rho (=**-1)

.0000
.0000
.0000
.0000
.0000
.0000

€

4940
4940
7110
7110

.0000
.0000
.0000

Semi-rigid AEtst model (with CH, as united atoms). Equilibrium geometry
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N1 N2 N3 Aeqv
107.3000
116.6800
106.8000
110.3500
110.3500
7 4 6 108.4800

Number of dihedrals

0

Supported types
tors5

3

N1 N2 N3 N4 K1
7 4 1 2 11.05
4 1 2 3

1 2 3 b5

—_ a2 NN -
AW =2 DN
N o oy W

19.14

K2
-2.37
17.78 23.60
-2.79

Ka
546.8000
506.1200
298.7300
316.5800
316.5800
269.3300

K3
-25.29
-36.80
-13.61

0.43 2.01
-16.63 13.32
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APPENDIX E

Table E1. Coordination numbers for EG aqueous solutions. The first site listed
identifies the central atom while the second is the coordinating atom.

Composition (X)

0.03 0.1 0.3 0.8

O(H50)-O(H,0) 4.2 3.9 29 0.7
O(EG)-O(H,0) 2.6 2.3 1.6 0.4
O(H50)-O(EG) 0.2 0.5 1.4 3.2
O(EG)-O(EG) 1.0 1.2 1.7 2.7
O(H>0)-H(EG) 0.1 0.2 0.5 1.1
H(EG)-O(H,0) 0.9 0.8 0.6 0.1
O(H50)-H(H,0) 1.8 1.7 1.2 0.3
O(EG)-H(H,0) 1.3 1.2 0.8 0.2
H(H>0)-O(EG) 0.04 0.1 0.3 0.8
O(EG)-H(EG) - 0.2 0.4 1.1

Table E2. Coordination numbers for ED aqueous solutions.
Labels are as in Table E1.

Composition (X)
0.03 0.1 0.3 0.8
O(H,0)-0O(H,0) 4.4 3.9 2.8 0.8
N(ED)-O(H50) 3.2 3.0 2.3 0.5
O(H,0)-N(ED) 0.2 0.7 2.0 4.0
N(ED)-N(ED) 0.3 0.5 1.2 3.3
O(H,0)-H(ED) 0.1 0.2 0.7 1.6
H(ED)-O(H,0) 0.7 0.6 04 0.1
O(H>0)-H(H,0) 1.8 1.7 1.2 0.4
N(ED)-H(H,0) 1.1 1.0 0.8 0.2
H(H>0)-N(ED) 0.04 0.1 0.3 0.7
N(ED)-H(ED) - 0.04 0.2 0.4
H(ED)-N(ED) - 0.1 0.3 0.8
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Table E3. Coordination numbers for AE aqueous solutions.
Labels are as in Table E1.

Composition (X)
0.03 0.1 0.3 0.8
O(H,0)-O(H,0) 4.2 3.8 29 0.8
O(AE)-O(H,0) 2.3 2.1 1.5 0.4
O(H,0)-O(AE) 0.1 0.2 0.7 1.6
O(AE)-O(AE) 0.03 0.1 0.3 0.6
O(H,0)-H(AE) 0.06 0.2 0.5 1.3
H(AE)-O(H,0) 0.5 0.5 0.4 0.1
O(H50)-H(H50) 1.8 1.7 1.3 0.4
O(AE)-H(H,0) 1.5 1.4 1.0 0.3
H(H>0)-O(AE) 0.02 0.1 0.2 0.6
O(AE)-H(O)(AE) 0.01 0.04 0.1 0.3
O(AE)-H(N)(AE) - - - 0.6
N(AE)-N(AE) 0.09 0.2 0.4 1.1
N(AE)-H(N)(AE) - - 0.1 0.3
N(AE)-H(O)(AE) 0.4 0.4 0.5 0.6
N(AE)-H(H,0) 0.7 0.6 0.5 0.1
H(H>O)-N(AE) 0.01 0.04 0.1 0.2
N(AE)-O(AE) 0.8 0.9 1.1 1.7
N(AE)-O(H»0) 27 2.7 2.1 0.5
O(H50)-N(AE) 0.1 0.3 0.9 1.9
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