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Molecular Dynamics Simulation Study of Ethylene Glycol, Ethylenediamine, and
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This paper describes a comparative molecular dynamics (MD) simulation study of the local structure of pure
liquid ethylene glycol (EG), ethylenediamine (ED), and 2-aminoethanol (AE), which are three well-known
representatives of 1,2-disubstituted ethanes. As an essential component of this investigation, 12 molecular
models were constructed and their gas-phase characteristics were determined. The results obtained for the
molecular geometries were compared with the most reliable experimental estimates, to test different force
fields and molecular representations. Liquid-phase simulations were then performed on the more successful
(OPLS-based) models. The heats of vaporization and self-diffusion coefficients were used as criteria for the
final selection of molecular models to be used in our subsequent detailed structural analysis. The dihedral
angle distributions were calculated and relative populations of rotational isomers, with respect to the central
dihedral angle, were determined. It was confirmed that, for pure liquid EG and ABatieheconformation
accounts for the major population of isomers, whereas ED exhibits a significant populatianszfonformers.

The analysis of radial distribution functions (RDFs), in conjunction with calculated numbers of nearest neighbors
around the O and N atoms of the main functional groups, provided some structural insights into the hydrogen-
bonding pattern of the systems studied. The number of strongly hydrogen-bonded neighboring groups was
determined, and their possible positions were located by means of spatial distribution functions (SDFs). The
possibility of three- and four-membered nearest-neighbor arrangements (comprised of two strong and, at
most, two weak hydrogen bonds) found around O and N atoms leads to the conclusion that, in the pure
liquids of EG, ED, and AE, the generalized hydrogen-bonding pattern can be described as a three-dimensional,
branched network.

1. Introduction groups, which means that its properties will be strongly
influenced by hydrogen-bonding interactions. However, in
! contrast to water, EG will exhibit a competition between
molecules with the general formula XGBH,Y, where the jyormolecular and intramolecular interactions (hydrogen bonds),

functional groups X and Y are, fc_)r example, F, Cl, ﬁ\lHr_\d which is a common distinctive feature shared by pure molecular
OH.! In the present study, the widely used representatives of liquids of EG, ED, and AE.

this group—(CH.NH>), (ethylenediamine), NK{{CH,),OH (2-
aminoethanol), and (C#DH), (ethylene glycob-will be con-

1,2-Disubstituted ethanes comprise the group of saturated

The study of small functionalized organic molecules is a

sidered. These molecules contain amino and/or hydroxyl groups,typ'Cal first step in the modeling of larger molecular systems.

each of which can simultaneously act as donors and acceptord*MoNng the variety of possible representatives of hydrogen-
of hydrogen bonds. bonded liquids composed of “small organic molecules”, metha-

Ethylenediamine, 2-aminoethanol, and ethylene glycol (here- nol and methylamine are the_ most widely studied. The .
after referenced as ED, AE, and EG, respectively) have atvarietypattern of hydrogen bondmg in methanol and mthanoI-hke
of applications in chemistry and the chemical indudt/With systems seems to be very different from_ that found n water. It
their carbon backbone and the presence of polar groupshas been shown experimentalgnd theoreticall§/!*that, instead

participating in both intramolecular and intermolecular hydrogen- of forming tetrahedral networks in liquid methanol each
bond interactions, these compounds can also serve as smali’nOIECUIe engages in approximately two hydrogen bonds, which

prototypical systems in developing parameters for macromo- Ihs gonsstint (\;V't: a _chamhl;e st:uctlljre. It”sleems that thef‘e
lecular modeling. For example, a realistic representation of the . ydrogen-bonded chains prefer a local paraliel arrangement that
intramolecular hydrogen-bonding patterns of vicinal hydroxyl

is similar to that observed in the solid stdtén contrast to
groups in EG is crucial to the modeling of sugars and their methanol, within liquid methylamine molecules prefer arrange-
polymers® as well as the side chains of serine, threonine,

ments with a few amino groups clustered together in small
tyrosine, and several less-common amino aidlghough EG compact ring or ring-like structuré8.Given these findings, it
is a small organic molecule, it may be considered as a water is particularly interesting to observe the local structure in liquid
analogue. It has one of the lowest ratios among alcohols of SyStems with both alcohol and amino groups present (e.g., AE).
weakly polar methylene (or methyl) groups to polar hydroxyl 1,2-Disubstituted ethanes (XGEH.Y) possess internal rota-
tion, which results in the three possible rotameric dihedral
* Author to whom correspondence should be addressed. Telephone: @Ngles: one about the-€C bond and one about each of the
(902) 494-3627. Fax: (902) 494-1310. E-mail address: Peter.Kusalik@dal.ca.C—X and C-Y bonds. Ten unique possible conformers can be
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Figure 1. Molecular structures of the most-stable conformers in the
gas phase: (a) ethylene glycol (EG), (b) ethylenediamine (ED), and

(c) 2-aminoethanol (AE). The green, red, and blue components represen

C, O, and N atoms, respectively.

generated for ED and EG and fourteen for AE. The notation
for identifying rotational isomers of the XGEH,Y is given
in refs 1 and 16.

Gubskaya and Kusalik

fields, namely, $,JMOD 20 WP 32 and HTN23 It was observed
that the structure seems to be dominated by a three-dimensional
network of hydrogen-bonded molecules with a mean number
of hydrogen bonds per molecule slightly lower than féur.
Interestingly, the structural results obtained were similar for each
model and seemed to be independent of the mean conformation
of the molecule. In contrast, the data obtained for the dynamics
indicated that the four models give quite different results,
suggesting significant differences in the local molecular envi-
ronment. The authors found good agreement for the self-
diffusion coefficients between the OPLS-based models 7.4
10-7and 11.7x 1077 cné/s for J and JMOD, respectively) and
the experimental value of 9.2 1077 cnm?/s 36

The number of theoretical studies of liquid AE is small, and
these have not focused in detail on its thermodynamic and
structural behavior. In 1996, Button et®4lised MD simulations
to study hydrogen bonding in liquid AE. The authors used a
force field that was a combination of those reported for alcohols
and amines$? The results were not compared to experimental
data, and the major conclusion of Button et*alwas that
“different behavior was observed for the alcohol and amine
functional groups”. Later, Alejandre et& 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 proposed force field satisfactorily reproduces the

experimental dipole moment, the liquid-vapor coexistence, and
the surface tension of AE.

The present work is a comparative MD simulation study of
the local structure in liquid EG, ED, and AE. Several models
for each of these molecules are considered. Comparison of gas-
phase geometries and of liquid-phase dynamic and thermody-

In the gas phase, the conventional conformational analysis namic properties are then used to identify the most successful

of EG, ED, and AE, which includes determination of the most

models to be utilized in our subsequent detailed structural

stable unique conformers and their relative stabilities, has bee”analysis. Elucidation of the local structure and the hydrogen-

performed by means @b initio techniques, mainly at the HF
and MP2 levels of theory251727 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 interconver-
sions!826:28.291t has been clearly shown that the most stable
conformers of these three molecules are’'t@®d, and gGg
(see Figure 1) for EG, ED, and AE, respectivélyn addition,
Chang et al® examined the relative contributions from hydrogen-
bonded interactions and tigauche effecto the stability of the

bonding patterns in these systems is performed by means of
both radial and spatial distribution functions (RDFs and SPFs,
respectively). We find that, for pure liquid EG and AE, the
majority of the molecules are in tlgaucheconformation (with
respect to the central dihedral angle), whereas, for ED, the
population oftrans conformers is dominant. Our analysis of
the three-dimensional local molecular environments reveals
rather complex structural patterns arising from the internal
rotational flexibility of these molecules. Nevertheless, strong
association between appropriate functional groups is identified

lowest-energy conformers for the compounds of interest. The \yhere three- and four-membered nearest-neighbor arrangements
final conclusion of their conformational analysis was that comprised of two strong and, at most, two weak hydrogen bonds
intramolecular hydrogen bonding plays a major role in the 4re apparent around hydroxyl and amino groups. This leads to
stabilization ofgaucheconformers in comparison wittrans _the conclusion that, in all these liquids, the generalized
conformers. The strength of the hydrogen bond decreases iNhydrogen-bonding structure can be characterized as being a

the order AE= EG > ED; thus, it would be expected that, in

the condensed phase, this trend will also be preserved, i.e., AE

should behave conformationally similarly to EG, whereas ED
would behave differently?
A limited number of theoretical studies of liquid 1,2-

three-dimensional, branched network.

This article is organized as it follows. In Section I, the
potential models and computational methodology used are
described in detail. The results of simulations performed on
isolated molecules, as well as for pure liquid EG, ED, and AE

disubstituted ethanes have been published within the past
decade?30%-35 EG has been the most extensively investigated
although it is perhaps somewhat surprising that no computational

are presented and discussed in a comparative manner in the
' Section 1. Finally, Section IV is devoted to our concluding

studies of liquid ED can be found in the available literature.
Padro, Saiz, and Guardigerformed a series of MD simulations

to investigate hydrogen bonding in liquid methanol, ethanol,
EG, and glycerol at 298 K. It was found that EG seemed to

show three-dimensional hydrogen-bonding patterns, although

these were not well-characteriz€dl he same group of authéfs
later examined the structure of liquid EG at room temperature
by performing MD simulation studies for four different force

remarks. In a following companion paper the same method-

ological approach and molecular models are used to investigate
the local structure of EG, ED and AE in an aqueous surround-

ing.3’

2. Methodological Details

2.1. Molecular and Potential Models.In the present study,
each molecule was first modeled using a united atom ap-
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proximatior$® in which the H atoms of the methylene (H  TABLE 1: Basic Gas-Phase Simulation Results for Different
groups were not explicitly considered but taken into account Models of 2-Aminoethanol (AE) at 298 K

implicitly in the parameters. In this approximation, the EG AEop AEeq AEcmb AEtst AEchm
molecule consisted of six interaction sites, the AE molecule of 4yerage energy (kd/mol)
seven interaction sites, and the ED molecule of eight interaction  W,0 4.78 4.34 240 171 1911
sites. The Ckigroups were considered as single interaction sites, ~ WdJ 314 294 790 -3.14 1.20
with their centers located at the position of the C atoms. All %QID] Gg'gi 62'3? 75'31 1605'10:’ 11248'3%6
. LJ . . . . .
bond Iengths were kept fixed by means of the SHAKE we 71.55 71.01 84.21 163.76 162.98
algorithn®® during essentially all of the present simulations. average angle (deg)
However, for the purpose of comparison, two additional models ~ NCC 108.1 1091 1112 1187  124.1
were constructed: an all-atom model of EG with fixed bond occ 11% 'g llgg'g 1185 '3 11%5'3 llllg'g
lengths (represented by 10 interaction sites) and a fully flexible  Hoc 1022 1029 1047 1057 1045
united atom model of AE. Both of these models were studied dihedral angle (deg)
in the gas phase as well as in the liquid state. NCCO —415 38.3 45.8 —83.4 01
. HOCC 227 -16.4 —33.7 465 —47.0
Three AMBER/OPLS-based force fields by Jorgensen and  yncc ~179.7 —171.2 —173.8 179.8 —168.2
co-worker§&4%41 were considered in the present study. The conformation gGg ¢Gg ¢gGg gGg dCg
generalizations of the OPLS model proposed for simulations aThe largest error associated with the total configurational energies

of liquid alcohol$ and amine® were used to describe intramo-
lecular and intermolecular interactions in EG and ED. For AE
bond lengths, bond angles and nonbonded parameters specifidihedral angles per molecule, would require significantly longer
cally for hydroxyl and amino groups were taken from refs 6 (j.e., multiple nanoseconds) runs with standard simulation
and 40, respectively. MM3 type potentiaf842were used for  techniques.

torsional angles of principal ED, EG, and AE models. The all-  The total average configurational energy[;] was obtained
atom characteristics for the GHgroups from ref 41, in a5 a part of the standard output of the M.DynaMix program.
conjunction with parameters for hydroxyl groups, and the torsion This quantity can be directly compared to the experimentally
potential from ref 6 were used in the all-atom molecular model determined heats of vaporization. The molar heat of vaporization

is ~0.1 kJ/mol.

of EG. In addition, two auxiliary force fields, CHARMM and
that proposed by Alejandre et &.were applied to AE for the
sake of comparison of potential models. For all modets4 1

was calculated in the usual way (see ref 44).

In publications devoted to the development of model poten-
tials for relatively small moleculesi4455 it has become

nonbonded interactions (for the sites separated by exactly threecommon practice to use the experimentally determined heat of
covalent bonds) were included in the calculations. For selectedvaporization as a principal criterion for evaluating the quality

models, -4 electrostatic and Lennard-Jones (LJ) interactions
were scaled by factors of 1/1.2 (from ref 43) and 1/8 (from refs
44 and 45), respectively.

2.2. Simulation Specifications. A truncated octahedron
simulation cell with corresponding periodic boundary conditions
were utilized in all our simulations. The cross terms of the LJ

of the parametrization. It is unfortunate that such a comparison
seems to have been abandoned in a majority of publications on
1,2-disubstituted ethanes in the liquid state, independent of the
kind of force field (conventional or newly developed) that was
used031.34.39n this work, the computed heats of vaporization
are compared to available experimental data to help select the

parameters were calculated using simple LoreBerthelot best model representation for pure liquids of AE, ED and EG
combination rules and the optimized Ewald method was used (as well as their aqueous solutidfs

to treat the Coulombic interactio%*” All calculations were

carried out at room temperature (298 K) and experimental 3. Results and Discussion

densities of 0.899¢% 1.1003%*° and 1.0118 g/cRF° respectively,

for ED, EG, and AE in the NVT ensemble. The temperature
was maintained by a Nosddoover thermostét>2 with a
relaxation time of 300 fs. The main simulation software was
the parallel scalable simulation package M.DynaKiXlolec-
ular geometries were optimized by means of the GAUSSIAN
98 progran®? Visualization of current configurations and of

3.1. Gas-Phase Systemsn the present study, gas-phase
(single-molecule) simulations were performed as a first stage
in the investigation of structural behavior in liquid systems. It
is well-known that, in liquid phase simulations, the quality of
the final results is strongly dependent on the adequacy of the
chosen force field and modeling conditiolsn this context,

. gas-phase simulations represent an attractive choice for pre-
SDFs has been performed using XMol and gOpenMol soft- |iminary testing of potential and molecular models in particular,

ware>! because they allow for direct comparison with the experimental
To model gas-phase conditions, single molecule calculationsi|iterature.
of a total duration of 25 ps with a time step of 1 fs were  Gas-phase simulation results for thermodynamic and structural
performed. Gas-phase geometries (conformations) of ED, AE, properties (i.e., the average bond angle and dihedral angle
and EG have been used as the starting geometries for all liquid-energies U,Jand (W40 respectively), the average Coulombic
phase simulations. Liquid systems consisting of 256 molecules and LJ energiesoand W, ;[ respectively), the total average
per simulation cell were simulated for 300 ps (with averages configurational energy0), and values of the dihedral angles)
collected after 100 ps of equilibration). We have found that, to for different models of AE, ED, and EG at 298 K are given in
achieve convergence of configurational energies, a trajectory Tables 1 and 2. In accord with experimental and previous
of 50—100 ps is required, whereas the stabilization of self- theoretical findings (see, for example, ref 18), the lowest energy
diffusion coefficients and a sampling of major conformations conformations in the gas phase at&g (or gGg), dGt, and
can require a total trajectory length of 36800 ps, in accord gGd for AE, EG, and ED, respectively. To allow for comparison
with the results presented in refs 15, 30, and 35. Unfortunately, with these results, the conformational arrangements for each
a complete sampling of all dihedral angles, assuming three model are also included in Tables 1 and 2.
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TABLE 2: Basic Gas-Phase Simulation Results for Different Models of Ethylene Glycol (EG) and Ethylenediamine (ED) at
298 K

EGex1 EGex2 EGeq EGaa EDex EDop

average energy (kJ/mol)

wad 1.14 1.52 1.17 18.97 254 2.49

WyO 9.00 10.22 9.20 10.92 —9.07 -9.27

W 82.31 77.43 82.46 —196.63 57.08 58.59

Wwy,O 0.49 0.54 0.36 154.37 1.10 0.98

wn 92.95 89.72 93.20 —12.37 51.65 52.78
average angle (deg)

OCCorNCC 109.7 108.9 109.8 104.7 111.4 112.2

HOC or HNC 107.8 101.2 108.3 109.7 106.2 106.2

HOC or HNC 104.7 104.8 105.2 103.8 109.0 110.3
dihedral angle (deg)

OCCO or NCCN 58.5 57.9 57.9 48.8 52.2 51.2

HOCC or HNCC —52.0 —51.4 —55.6 —36.4 —40.8 —46.5

HOCC or HNCC 178.8 —168.6 —173.3 173.9 —174.4 —173.2
conformation gGt g'Gt g'Gt g'Gt 9Gg' 9Gg

2 The largest error associated with total configurational energie)i®2 kJ/mol.

The applicability of different force fields, in particular, AE force field was used (AEtst), the optical isomer produced
Jorgensen’s AMBER/OPLS-basét! a “combined” model is the most stable conformation of AE known, whereas, for the
potential®4 CHARMM,%6:57 and the special force field by =~ AMBER/OPLS-based models (AEop and AEeq), the value for
Alejandre et aP®> have been tested with the corresponding the HOCC angle was definitely too low (in comparison with
equilibrium geometries in single molecule simulations of AE the conventional value for gauchearrangement). The model
(denoted as the AEeq, AEcmb, AEchm, and AEtst models, AEcmb was designed to test a “combined” torsion potential
respectively, in Table 1). Comparison of data from Table 1 with where the Fourier coefficients for the NCCO and HOCC torsion
experimental geometric paramefé®-60 clearly indicates that  angles were taken from a force field for liquid alcolfadd
both the AEeq and AEtst models give very good performance, those for the HNCC angle came from a model potential for
in terms of reproducing the corresponding gas-phase geometryamines?® At the present level of analysis, AEcmb seems to
whereas the CHARMM potential generates noticeable distortion provide a good representation of an AE molecule in the gas
of the NCC and OCC bond angles, and, as a result, exhibits anphase. In particular, it is the only model among all those
eclipsed conformation, with respect to the central torsion angle. considered for AE that exactly reproduces its most stable
AE was also used to examine the possible influence of molecular conformation (§Gg) with a reasonable average value {pfor
model representation (not shown in Table 1). No noticeable the NCCO torsion angle.
difference in the average molecular geometry was observed An analysis of the gas-phase simulation results obtained from
between constrained and fully flexible molecular models; models developed using different geometric parameters also
however, there was a smatt{ kJ/mol) change in the average revealed some interesting trends. Two groups of geometry-
intramolecular configurational energy. dependent models were considered: those based exclusively on

United and all-atom AMBER/OPLS molecular representations experimental parameters such as EGex1 (gas-phase data by
were tested on two models of EG (in Table 2, EGeq and EGaa, Caminatti and Corbefi?), EGex2 (liquid-phase structure by
respectively). Only a very subtle shift in the average geometrical Buckley and Giguef®), EDex and AEex (gas-phase measure-
parameters for both these models was noted, while the con-ments by Marstokk and Mollencddl and Penn and Cuff,
figurational energy contributions were significantly rearranged. respectively), as well as models based on optimized structures
The rearrangement mainly involves the energy contributions such as AEop and EDop. In all cases, the bond lengths of these
from bond angle and intramolecular interaction (both LJ and model molecules were treated as being rigid, using a united
electrostatic) terms. The latter fact can be appropriately evaluatedatom representation and the AMBER/OPLS force field. The final
when gas-phase configurational energies are compared withstructural characteristics for the EGex1, EGex2, and EDex
corresponding values from liquid-phase simulations. models correlate well with the original experimental cR&°

In the testing of the different model potentials, the most Both the EGexl and EGex2 models predict very similar
important observation is the reproduction of the lowest-energy geometries, as well as thermodynamic properties (see Table 2).
conformation for each compound of interest. There are two Entirely consistent behavior is observed between the char-
complementary ways to clarify this issue. In the first, the most acteristics from EDex and EDop. All the models presented in
stable conformation (obtained experimentally or dy initio Table 2 reproduce the most stable conformations of EG and
methods) is used as an initial input for these classical vacuum ED quite well, indicating a consistently adequate combination
simulations and, in the case of an appropriate choice of the forceof the force field and model geometry.
field, the final conformation is expected to be essentially In contrast to EG and ED, the experimental-geometry-based
unchanged within acceptable error. When the most successfulmodel for AE (not shown in Table 1) exhibited a rather distorted
force field has been identified, the simulation run is then structure. Utilization of the geometry following optimization
repeated, starting from an arbitrarily chosen conformational of this experimental structure with a modest basis set (6631
arrangement, to prove the ability of the potential in again (d)) at the MP2 level of theory significantly improves this
generating the lowest-energy conformer. The results of the situation; final geometric parameters for AEop were in good
application of these procedures are given in Tables 1 and 2.agreement with data obtained from the tests for AEeq and
Relying on values for the dihedral angles, all potentials (with  AEcmb. Overall, bond and dihedral angles for both AMBER/
the exception of CHARMM) reproduce the initial arrangement OPLS-based models seem to be smaller, in comparison with
quite well, with slight variations. In the case when the special those for AEcmb, as is apparent in the magnitudes of corre-
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TABLE 3: Coulombic and Lennard-Jones (LJ) Contributions to the Total Configurational Energy and Heats of Vaporization
of Liquid Ethylene Glycol (EG), Ethylenediamine (ED), and 2-Aminoethanol (EA) at 298 K

EGex2 EGaa EDex AEcmb AEtst
intramolecular energy (kJ/mol)
WO 88.17 —194.30 61.29 81.11 169.49
W0 0.89 161.65 1.68 0.87 —0.16
intermolecular energy (kJ/mol)

Wed —60.38 —34.35 —35.54 —48.16 —36.80
W0 —8.65 —16.15 —15.98 —13.62 —16.37
total energy[WIkJ/mol) 29.21+ 0.04 —60.79+ 0.02 19.32+ 0.03 34.67+ 0.03 128.36+ 0.03

heat of vaporization/AHyap (kJ/mol)
experiment 63.04 0.07 50.92+ 0.03 34.83t 0.05 52.04t 0.05 37.90+ 0.03
literature values 57:065.6 57.0-65.6 44.98 55.33 55.33

a Data taken from refs 6463.  Data taken from ref 62 A correction of 5.5 kJ/mol has been added to the value of 49.83 kJ/mol (from ref 66).

sponding energy contributions. However, in the absence of An analysis focusing mainly on values for the heat of
reliable experimental data, it is difficult to make a definite vaporization and other key properties (i.e., self-diffusion coef-
conclusion about the relative quality of the calculated geometries ficients) allowed for highlighting and elimination of some of
for an isolated molecule of AE. the least successful models for each compound. In particular,

3.2. Liquid-Phase Simulations.Our analysis of gas-phase the EGaa (with its rather large error&H,,p) and EGex2 (with
simulations results has shown that the information obtained is a similar magnitude error ithHy,p as for the EGex1 model,
necessary but not sufficient for a critical assessment of the but with a self-diffusion coefficient 0f20% of the experimental
quality of the molecular models and interaction potentials. On value) models were removed from further consideration. Hence,
the basis of gas-phase results, only two models, namely AEchmat this stage, only one model (EGex1) remained for EG; for
(giving the wrong conformation, with respect to the central ED, the EDex model was chosen (despite its large error in
dihedral angle) and EDop (giving essentially the same results AHyap), because no obviously better alternative was available.
as the EDex model), were excluded from calculations of liquid For AE, two models were retained for further consideration:
AE, ED, and EG. Therefore, there was still a need to impose AEcmb, which has the superior thermodynamic and dynamic
additional criteria, which would allow the elimination of the properties, and AEtst as the test representative of a specifically
least successful models from the present set. designed model potential. Therefore, at this stage of the present

3.2.1. Selection of Liquid-Phase Modele criteria chosen analysis, EGex1, EDex, and AEcmb can be identified as our
for preliminary selection of liquid-phase models were the liquid primary models for further examination.
density and heats of vaporization. The density of all models (at In force-field development, one of the ways for possibly
a pressure of 1 atm) was examined. For example, the densityimproving the agreement between calculated and experimental
of liquid ED (0.9443 g/cr#) obtained from a constant-pressure data is by adjusting parameters in the Coulomb and LJ energy
MD run for the EDex model, which is a typical representative terms for the so-called-14 nonbonded interactior{d*° This
for all AMBER/OPLS-based models, was in reasonable agree-can be achieved by exploring the appropriate scaling factors.
ment (within~5%) with the experimental value of 0.8990 gkm  All the data reported in Tables 1, 2, and 3 (with the exception
at 1 atm?® confirming the applicability of the AMBER/OPLS  of the AEtst model) were obtained with the standard scaling
force field to the compounds of interest. factors of 0.833 and 0.125 for the electrost&tfé and LJ®

The different contributions to the total configurational ener- nonbonded interactions, respectively. However, we have deter-
gies for the selected liquid-phase models are given in Table 3, mined that, for 1,2-disubstituted ethanes, the heat of vaporization
as well as the calculated and experimentally determined heatsis not the only parameter, which is sensitive to the scaling
of vaporization AHyap). Special note should be made with applied. The major population of rotational isomers and the self-
respect to the experimental values given in Table 3. In particular, diffusion coefficient, D, in liquid-phase systems are rather
in the contemporary scientific literature, one can find at least sensitive to the values used to scale the nonbonded parameters.

three different values fohHyap 0f EG at 298 K, namely 57.0%,
58.71%2 and 65.6 kJ/mot3 The latter value is the most recent

In this work, we varied and tested several different pairs of
values for -4 scaling. The results obtained confirmed that only

estimate deduced from direct calorimetric measurements oftwo possibilities-namely, the previously derived pair of 0.125

alkanediol$3~% For AE, the only experimental value &fHyap
was measured at its boiling temperaturg£ 444 K) 8 making
a direct comparison with data obtained at 298 K difficult. We

and 0.833345as well as the pair of 1 and 1 (i.e., no scaling
used), for van der Waals and electrostatic terms, respectively
seem to be among the most promising possibilities.

have estimated the temperature-dependent correction to the 3.2.2. Dihedral Angle DistributionsThe conformational

experimental AHyap value (5.5 kJ/mol) by considering an

characteristicsin particular, dihedral angle distributionsvere

appropriate thermodynamic cycle based on data for heatexamined for the EGexl, EDex, and AEcmb (henceforth
capacities given in ref 66. From our assessment, the correctedreferenced as EG, ED, and AE, respectively) models, as well

value of the experimentaiH,qp value for AE at 298 K is 55.33
kJ/mol.

as the AEtst model, for testing purposes. For each of the EG,
ED, and AE models, two separate liquid-phase simulation runs

Table 3 shows that the heat of vaporization calculated for were performed with the standard scale factors (0.125 for LJ
the AEtst model is in rather poor agreement with the experi- and 0.833 for electrostatic terms) and no scaling (1 and 1,
mental value, whereas AEcmb gives excellent performance. It respectively) applied. Only the latter scaling sch&meas used
can also be noted that there are significant discrepancies betweefor the AEtst model. Although all three torsional angles were
the experimental and calculated results for the EDex and EGaamonitored during our simulations, in the analysis below, it is

models. The EDex model has the lowest-magnityék,, value
among the all models presented in Table 3.

sufficient to focus only on the rotation around the central
dihedral angles. For each molecule, this torsional angle is
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TABLE 4: Conformational Characteristics of Pure Liquid Ethylene Glycol (EG), Ethylenediamine (ED), and 2-Aminoethanol
(EA) at 298 K

EGex1 EDex AEcmb AEtst
scale factors 0.125; 0.833 1;1 0.125; 0.833 1;1 0.125; 0.833 1;1
conformation G G T G G G G T G G T
(%) 0.9 99.1 100 16.6 83.4 16.2 19.6 64.2 100 20 80
dihedral angle (deg) —42.5 57.5 1825 525 52.5 —67.5 67.5 182.5 —62.5 77.5 177.5

a All values for dihedral angles correspond to the maximum probability of dihedral angle distributions.

TABLE 5: Dependence on 4 Interaction Parameters of Key Results for Liquid Ethylene Glycol (EG), Ethylenediamine (ED),
and 2-Aminoethanol (AE) at 298 K

EG ED AE
scale factors 0.125; 0.833 1;1 0.125; 0.833 1;1 0.125; 0.833 1;1
conformation
experiment G T G GT G G
literature value e GH+T/TP G
Hyap (kJ/mol)
experiment 53.340.04 67.40+ 0.08 34.83+ 0.05 40.014-0.03 52.04+ 0.05 52.13+ 0.01
literature value 57.665.6 44,98 55.33
D (x 1075 cni/s)
experiment 0.08 0.012 1.16 1.0 0.2 0.08
literature value 0.09 0.9&h

a Data taken from refs 67 and 68Data taken from ref 2¢ Data taken from ref 6% Data taken from refs 6163. € Data taken from ref 62.A
correction of 5.5 kJ/mol has been added to the value of 49.83 kJ/mol (from ref Béja taken from ref 36! Data taken from ref 70.

characterized by the highest20—30 kJ/mol) energy barrier  dihedral angle distributions seem to be very sensitive to the
and is responsible for determining the presence (formation) of chosen force fields. Therefore, in the lack of corresponding
an intramolecular hydrogen bond. An additional comment experimental data, they cannot be used as the only criterion in
should also be made, with regard to torsional angle sampling. the search of the most appropriate model representations.
We have found that the averaging of torsional angles seems to 3.2.3. Comparison of Liquid-Phase Properti@$e results
be an extremely slow process and complete averages wouldof simulations performed with and without scaling of the4l
require very long simulation runs. Our simulations are of nonbonded interactions on the liquid-phase models of EG, ED,
sufficient duration that the majority of the most stable (or key) and AE are summarized in Table 5. One can clearly see that,
conformations-in particular, those with respect to the central for EG and ED, the conformation of the molecules, with respect
dihedral angle-were clearly identified and satisfactorily sampled. to the central dihedral angle, changes frgaucheto trans (a
Parameters that characterize distributions with respect to themixture of both types of rotamers are present in the case of
central dihedral angle for all models considered are shown in ED) upon removal of scaling, whereas the conformation of AE
Table 4. It can be seen that, when4 scaling is used for EG,  remains consistentlgauche Experimentally, it has been found
the major population of rotamers (99%) is in tlgauche thatgauche(G) is the most abundant conformation for @&
conformation, with respect to the OCCO dihedral angle with and AE®in the liquid state; this corresponds to results obtained
the maximum probability of the distribution centered at 87.5 in the present study when—4 scaling is used. For ED, the
In contrast, for the EG model simulated without scaling of the experimentally determined conformation & or T)? is in
1—4 interactions (see Table 4), all molecules are intthes excellent agreement with our observations from the scaling-
conformation, with respect to the central dihedral angle of free run. The populations of conformers of these models were
182.5. calculated and are given in Table 4.
The ED model simulated with-14 scaling (see also Table The experimental values for the heat of vaporization are also

4) has two peaks in the NCCN dihedral angle distribution,
located in the G (83.4% of conformers) and @6.6% of
conformers) regions. A trend of generating a significant popula-
tion (64.2%) oftransrotamers, with respect to the central torsion
angle, similar to that observed for EG, was observed for ED

compared with the present calculated data in Table 5. One can
see a similar trend of increasing magnitudes\éf,,, for EG

and ED, comparing conventional and scaling-free results. For
AE, the values obtained with and without scaling both seem to
be slight underestimates, when compared with the corrected

simulated without +4 scaling. In addition, two types (G and
G') of gauche conformers were present, with an overall
population of 35.8%. experimental estimate, whereas, for ED, the value obtained from
Finally, the torsion angle distributions for two models of AE the scaling-free simulation (40.01 kJ/mol) is more similar to
were examined to understand the specificity of the observed the experimental value (44.98 kJ/nf8ljhan that obtained with
conformational behavior better. From the probability distribution conventional scaling factors.
of the NCCO dihedral angle for AE shown in Table 4, one can A comparison of estimates of the self-diffusion coefficient
see a single intense peak corresponding to a 100% populationD) reveals a clear trend of decreasing magnitude in this quantity
of gaucherotamers. A very similar conformational pattern (not for the scaling-free simulation runs. For AE) becomes
shown) was recorded for this model in the case of our scaling- approximately 2.5 times smaller with ne-2 scaling (unfor-
free run. In contrast, the NCCO distribution for the AEtst model tunately, there is no experimental estimate available); for EG,
(also with no scaling) indicates the presenceyatiche(20%) the decrease is even more pronounced where the calculated value
as well astrans (80%) conformers. Such a diversity of 0f0.012x 1075 cné/sis 7.5 times lower than the experimental
conformational patterns of AE leads one to the conclusion that value (see Table 5). Somewhat surprisingly, the diffusion

experimental result of 55.33 kJ/ml.The scaling-free value
of AHysp for EG is ~2 kJ/mol higher than the largest
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TABLE 6: Thermodynamic Properties of Liquid Ethylene TABLE 7: Coordination Numbers Obtained for Pure
Glycol (EG), Ethylenediamine (ED), and 2-Aminoethanol Liquid Ethylene Glycol (EG), Ethylenediamine (ED), and
(AE) Obtained from Simulations at 298 K 2-Aminoethanol (AE)?
maximum atom paiP coordination number, CN
EG ED AE error EG
[W.(kJ/mol) 6.02 11.78  9.62 0-0 3.0
Wy(kJ/mol) 11.69 —7.17 2.64 O—H 1.0
intramolecular energy (kJ/mol) ED
Wel 90.71 148.67 81.11 0.20 N—N 36
W,O0 0.53 —-0.31 0.87 0.05 N—H 1-0
intermolecular energy (kJ/mol) '
WeO —48.80 —36.94 —48.16  0.57 AE
WL,0 —12.24 —16.28 —13.65 0.03 0-0 1.0
wo 42.08 102.33 34.67 0.12 N—N 1.7
pressureP (atm) 703 —960 247 25 N-O 2.2
O—H(N) 1.7
o ) _ 0—H(0) 0.5
coefficient of ED decreases only slightly and achieves excellent N—H(N) 05
agreement with experimental findingsvith no scaling applied. N—H(O) 0.5

The r_eSUItS obtained for the AEt_St mOde_l with no sca!ing (not & Intramolecular coordination is included in all resufthe first
shown in Table 5) can be summarized as it follows. This model ztom listed is the central atom.
gives rather poor performance for all quantities considered, in

particular, the wrong conformation (see Section 3.2.2 for details) 3.5 ' ' '

and a very low magnitude for the heat of vaporizatioft(ap EG

= 37.88 kd/mol). The self-diffusion coefficient for AEtst was 3t ——-0H A
determined to bé® = 0.35 x 107> cn¥/s. The absence of an - ®©
experimental result foD for AE and the fact that the only 25 | )
experimentalAH,4p value available corresponds to the boiling ’

temperature of AE makes it more difficult to justify completely

a choice between the model representatives of this particular 2r

a(r)

compound.
The present analysis indicates that the EG model simulated 15 |

using the standard scaling scheéfféprovides superior results.

It is also clear that all characteristics of the ED model obtained

with scaling applied were dramatically improved in the scaling-

free simulation run, making the latter model the obvious choice

for further investigation. In the case of 2-aminoethanol, the AE 05
model simulated with standard scaling was used in our further

structural investigation and for the simulations of aqueous )
solutions3” A summary of the principal thermodynamic proper- 0

ties for the chosen modetsn particular, Coulombic and LJ
contributions to intramolecular and intermolecular energies,
as well as the total configurational energiese given in Figure 2. Radial distribution functions (RDFs) for pure liquid ethylene
Table 6 glycol at 298 K. The legend is as follows:—] O—0O RDFs and (- - -)

’ O—H RDFs.

r(A)

3.2.4. Structural Analysis of Pure Liquid$he structural
analysis of pure liquid EG, ED, and AE was performed using
both radial and spatial distribution functions (RDFs and SDFs, to similar results in answering a question whether two molecules
respectively). Despite of the fact that RDFs are functions of are hydrogen-bonded or ndtin the present work, we have
interparticle separation only and, therefore, ignore the orientation adopted a geometric criterion that is based exclusively on the
of the local frame, they are still widely used, because of their first peak of the appropriate RDFs. In particular, we assumed
ability to provide some insights into the immediate environments that a strong hydrogen bond exists if the positions of the first
of those atoms interacting strongly with other molecules or maxima fall in the ranges of 23.2 A and 1.5-2.2 A for RDFs
atoms. In strongly associated liquids, the most interesting andbetween heavy atoms and between a heavy atom and the
informative RDFs are usually those due to the atoms involved appropriate (amino or hydroxyl) hydrogen, respectively. Ad-
in hydrogen-bond formation. Nevertheless, in the present work, ditional factors that are considered included the shape of the
we have produced and examined RDFs and SDFs for all possiblefirst peak (e.g., sharp, distinctive) and the depth of the
pairs of atoms including those for the C atoms. The latter corresponding first minima.
functions often provide information about the possibile associa- The RDFs between several site pairs for pure liquid EG, ED,
tion between the hydrophobic components of molecules. As it and AE are shown in Figures 2, 3, and 4, respectively. The
was expected in the case of pure liquid EG, ED, and AE, no corresponding first coordination numbers (CN) were calculated
such phenomenon has been noted and corresponding RDFs ands proposed in ref 71, and results are given in Table 7. The
SDFs involving the C atom were not included in our structural oxygen—oxygen (O-O) RDF for EG (Figure 2) shows a sharp
analysis. first peak at 2.8 A, which drops into the narrow minimum,

Commonly used hydrogen-bond definitions that appear in the followed by a broad second peak &5.5 A. The behavior
literature are based on either energetic or geometric critétia.  exhibited by this function is somewhat reminiscent of the
It has also been previously shown that, in the case of alcoholscorresponding RDF of liquid methan®l The O-H RDF has
(e.g., ethylene glycol), both energetic and geometric criteria lead two peaks: one at 1.8 A, due presumably to hydrogen bonding,
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3.5 . . T T molecule. Taking into account that ED has four hydrogen-bond

donor sites and two hydrogen-bond acceptor sites per molecule,
s FEP et VI one can suggest that each molecule makes, on average, four
relatively strong hydrogen bonds while two of the donating sites
do not seem to participate in strong hydrogen bonding. As
complementary evidence for this, the-N coordination number
indicates the presence of at least two non-hydrogen-bonding
(or weakly hydrogen-bonding) nitrogens located in the first
coordination shell of the ED molecule.

Seven selected RDFs between O, N, and their associated H
atoms for pure AE are presented in Figure 4. The first distinctive
peak in the N-O RDF (see Figure 4a) can be identified as one
due to the hydrogen-bonded O atom and N atom at an
interatomic distance of 2.9 A: a small shoulder at 3.7 A is an
intramolecular feature corresponding to the presence of a small
amount oftrans conformer. The &0 and N-N functions are
compared in Figure 4b. The-€D RDF exhibits a well-defined,
sharp peak at 2.7 A that drops into the deep minimum, followed
by a broad peak due to second-nearest neighbors. In contrast,

25 B

g(r)

15 |

05 |

r(A)
Figure 3. RDFs for pure liquid ethylenediamine (ED) at 298 K. The  the N—N RDF has a smaller and broader first peak at 3.1 A,

legend is as follows: {) N—N RDFs and (- - -) N°-H RDFs. followed by a similarly broad second maximum (a6.6 A).

Four RDFs of the ©H or N—H type (with amino or hydroxyl
hydrogens) are shown in Figure 4c and 4d. BothHJO) and
N—H(O) RDFs have large and well-defined first peaks at 1.8
and 1.9 A, respectively, indicating the presence of strong
hydrogen bonding between the corresponding sites, where
contributions due to intramolecular and intermolecular nearest
neighbors overlap. In the-©H(O) function, the second peak is
less well-defined, whereas the second peak #H{O) has a

and a second, less well-defined maximum at 3.4 A. These results
for the RDFs of EG are in very good agreement with those of
Saiz et aPf® reported for two OPLS-based models of EG.
Integration of the first peak of gfr) gives a coordination
number of 1.0, indicating that each O atom of EG accepts, on
average, only one strong hydrogen bond, where this coordination

can be due to intramolecular and intermolecular neighboring distinct maximum at 3.7 A. The ©H(N) has two broader peaks

hydrogens. In addition, the coordination number from the first at 2.3 A likelv due to the overlanped contributions from a stron

peak in the G-O RDF suggests the presence of three neighbor- o y - bp 9

! hydrogen-bonded neighbor and a weaker hydrogen-bonded

ing oxygens around each O atom. Clearly, one of these O atoms ° . : A
neighbor, and a peak at 3.2 A whose identity is not resolvable

must be a strong hydrogen-bond acceptor and one a stron

hydrogen-bond-donating neighbor, whereas the third atom doegfrom the RDF. The less-pronounced (i.e., appearing more as a

not seem to participate in a strong hydrogen bond. From the shoulder) hydrogen-bonded peak observed at 2.1 A in the

present RDF analysis, one can see that, although EG possesse[Ns_H(N) RDF suggests that the N donor sites have a tendency

a possible maximum of six hydrogen-bonding sites per molecule, 0 form rather few hydrogen bonds with other N atoms. Finally,

two of which can participate in its intramolecular hydrogen note th.at the four eH.and N-H RDFs are all in _good
bond, the constraint of hydrogen-bond balance (i.e., the require_qualltatlve agreement with the results reported by Alejandre et

ment that the number of donors must equal the number of 3!'#35 some ex}?eptlogslfor G)H(I\:) candbe explained by the
acceptors) dictates that two of the acceptor sites remain imerence |n_t (?mo el potentials yse ;
underutilizing, despite the apparent presence of two extra 1he coordination numbers of AE listed in Table 7 reveal some
nearest-neighbor oxygens. The SDF analysis below will be usedinteresting trends. For instance, the liée atomic coordina-
to provide additional insights into the nature of the near-neighbor tion number for both N and O atoms (1.0 and 1.7) is smaller
coordination. than the value of 2.2 from g{e), which confirms a preference
The RDFs of ED for N-N and N-H site pairs are shown in for unlike-atom coordination. In addition, the total coor-
Figure 3. The N-N RDF exhibits a reasonably well-defined ~dination around N and O atoms that is due to hydroxyl and
but small first peak at 3.1 A, followed by a shallow minimum @mino hydrogens is 2.2, which is equal to the value from
at 4 A and a broad second peak-.5 A. The N-H RDF has 9("vo), indicating that all G-N site pairs seem to be strongly
a small first peak at 2.1 A that is due to relatively weaker (in hydrogen-bonded. Analysis of the total coordination numbers
comparison to EG) hydrogen-bonded neighbors, as well as a@lso suggests that the AE molecule has, on average, seven
quite complicated set of peaks at larger separations, correspondiearest neighbors, among which three seem to be donors
ing to a secondary structure; one can distinguish a maximum Whereas three other are acceptors of strong hydrogen bonds.
at 4.0 A located between two shoulders at 3.5 and 4.4 A. The remaining one neighbor is presumably weakly hydrogen-
Unfortunately, neither theoretical nor experimental RDFs of ED bonded to the N atom, making its total coordination number 4.
were found in the available literature for comparison. In addition, coordination numbers for-@H(N) and N-H(O),
Analysis of the coordination numbers for liquid ED requires and the corresponding RDFs, clearly indicate the preference for
that we recall that-65% of the molecules in our model system N—H--O versus G-H---N hydrogen bonds, which leads to the
adopt atrans conformation and, hence, only one-third of all conclusion that, in the liquid phase, AE should have a tendency
rotamers may possess an intramolecular hydrogen bond. Inte£0 adopt the gGt conformation. This result can be confirmed
gration of the first peaks in g¢r) and g(kn) yields coordination by previous experiment#land theoreticdl findings.
numbers of 1.0 and 3.6, respectively (see Table 7). One can To get more detailed insights into the three-dimensional local
reasonably assume that one-third of the H atoms that arestructure around EG, ED, and AE in their pure liquids, SBFs
hydrogen-bondedot a N atom are from within the same were calculated and visualized (see Figure8p For the sake
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Figure 4. RDFs for pure liquid 2-aminoethanol at 298 K: (a)® (the arrow indicates an intramolecular feature) and (bJ32and N-N RDFs
(the latter functions are represented by solid and dashed lines, respectively). Panels (c) and (d), respectivelyHsapd/b-H site—site RDFs.
Solid lines correspond to the functions involving hydroxyl hydrogen, whereas dashed lines represent functions involving amino hydrogen.

of clarity only the fragment of the central molecule defining At the lower isosurface threshold (shown in Figure 5b), the
the local frame for each compound is represented in Figures SDF becomes more complex. The red distant features cor-
5—-8. This fragment is always composed of the appropriate respond to the secondary structure. These are the round-shaped
functional group (i.e., hydroxyl for EG, amino for ED, and both features behind the principal hydrogen-bond acceptor, the group
for AE) and its attached C atom. of features around the central ring (these are nearest neighbors,
In panels a and b in Figure 5, the-@ SDFs for EG are with respect to the second intramolecular oxygen), and the
shown for thresholds 3.0 and 1.8 times greater than the bulk feature above the small ring due to first neighbors to the oxygen
density, respectively. In Figure 5a, one can see four different in the trans position. It is especially interesting to note the
features that are due to nearest neighbors. Two of them (locatedappearance of a ridge on the hydrogen-bond-donating feature,
below and above the hydroxyl group) are the principal features which becomes larger and develops two “wings” on both sides
corresponding to donors and acceptors of strong intermolecularextending upward toward the cap, because of the hydrogen-
hydrogen bonds. The wide ring around the C atom is due to bond acceptor. It is likely that the ridge indicates the presence
the intramolecular O atom (the second O atom on the EG of a rather weak hydrogen-bond donor, which is trying to occupy
molecule) when the molecule is in tlgaucheconformation, a second accepting site on the central O atom. As has been
with respect to the central dihedral angle, and, at the same time shown previously, the “wings” that develop at larger separations
performs rotation around the €C bond (i.e., rotation with on the edge of the principal hydrogen-bond donor feature are
respect to the HOCC dihedral angle). The second small ring, evidence of the presence of possible bifurcated hydrogen-bond
which is not well-defined at this threshold, also indicates the arrangement¥
same type of rotation of the second O atom when the central The O-H SDFs for EG (Figure 6) provide additional
molecule adopts th&ans conformation, with respect to the  confirmation of the formation of a structural picture. In Figure
OCCO dihedral angle. 6a, one can see that, at a threshold of 5.0, only strong hydrogen-
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Figure 5. Oxygen—-oxygen spatial distribution functions for pure liquid
ethylene glycol at 298 K. Isosurface thresholds of (a) 3.0 and (b) 1.8
are shown. The surfaces are colored based on separation, from 2.5 A
(dark blue) to 4.0 A and larger (red).

Figure 7. SDFs for pure liquid ethylenediamine at 298 K: (a)N

at a threshold of 1.5 and (b)-N\H at a threshold of 1.6 overlayed with
N—N at a threshold of 2.3 (light shading). The isosurfaces are colored
based on separation from 2.0 (dark blue) to 4.5 A and larger (red).

hydrogens (analogous to the—-@ SDF) and are not fully
resolved at this threshold, although they become more pro-
nounced at a threshold of 2.5 (see Figure 6b) and can be
identified as follows. Two small, more-distant (red) features are
created, because of intramolecular H atoms directly attached to
the O atom in therans position, as well as those hydrogen-
bonded to it. The large ring around the C atom is due to H
atoms associated with the intramolecular O atom; the H atom
covalently bonded to this O atom contributes to the upper portion
of the ring, whereas the hydrogen-bonded intermolecular H atom
is responsible for the presence of its lower part. The identifica-
tion of these features can be additionally confirmed by overlap-
ping the O and H SDFs (from Figures 5 and 6, respectively).
The “U-shaped” feature next to the central O atom consists of
a smeared cap and two long “wings” broadened at the ends. Its
lower part (the cap) is also due to the H atom covalently bonded
to the intramolecular O atom when an EG molecule adopts an
Figure 6. Oxygen-hydrogen SDFs for pure liquid ethylene glycol at  inverse conformation (i.e., tG versus tGQ and the “wings”
298 K. Isosurface thresholds of (a) 5.0 and (b) 2.5 are shown. The are another indication of a weak hydrogen-bond donor. Although
surfaces are colored based on separation, from 1.5 A (dark blue) to 4.5¢he corresponding weak hydrogen-bond acceptor feature could
A and larger (red). not be specifically identified, it becomes apparent that a EG
molecule has a tendency to participate in two weak (possibly
bonded features around the central molecule survive at thisbirfurcated) hydrogen bonds, in addition to four strong ones,
relatively high threshold, in particular, the feature that is due which is in agreement with the results of the present radial and
to the H atom attached to the accepting O atom (in front of the CN analysis.
H atom on the hydroxyl group) and the H atom directly The local structure around ED has been explored through
hydrogen-bonded to the central O atom. The four other featuresthe N—H and N-N SDFs (see Figure 7). The-\H SDF at a
that are apparent in Figure 6a are due to intramolecular threshold of 1.5 shown in Figure 7a exhibits several features
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Figure 8. SDFs for pure liquid 2-aminoethanol at 298 K: (a)-N (at a threshold of 1.9), (b) NO (at a threshold of 1.9), (c)©0 (at a threshold
of 2.5), and (d) &N (at a threshold of 2.3) SDFs. The isosurfaces are colored based on separation, as in Figure 5.

including those due to strong hydrogen bonds. The single featurehydrogen. The principal hydrogen-bonded features become
below the nitrogen corresponds to a single hydrogen-bond- multilayered (doubly for the hydrogen-bond-accepting features
donating neighbor, whereas each of the two caps connected byand triply for the hydrogen-bond-donating features), because
a wide “bridge” and located above the amine hydrogens combine of the presence of both H and N atoms in the strongly associated
to account for a second strong and a third weakly hydrogen- amino groups. One can again conclude that, within liquid ED,
bonded nearest neighbtr.The large cap below the single somewhat similar to the situation for EG, the N atom of ED
hydrogen-bond-donating feature is due to the second H atomparticipates in two strong and two weak hydrogen bonds.
of the amino group donating the hydrogen bond to the central The SDFs for the two functional groups of AE (see Figure
N atom. The small (red) distant feature seems to be a rather8) demonstrate a structure somewhat similar to that observed
weakly hydrogen-bonded nearest neighbor, which unexpectedlyfor their counterparts in EG and ED. The-Nl and N-O SDFs
approaches the amino group from “above”. The presence of theare presented at a threshold of 1.9 in Figures 8a (as the “side”
large (~2/3) population ofransconformations in pure ED make  view of the amino group) and 8b (shown from the “front” of
such arrangements possible. Interestingly, no features associatethe amino group), respectively. In both SDFs, well-defined
with intramolecular hydrogen density (i.e., from the second features that are due to hydrogen-bonded nearest neighbors are
amino group in therans position) were noted. This can be clearly evident. The NN structure in AE has some similarities
interpreted as being a manifestation of the greater flexibility of to that of ED (i.e., principal features) but there are noticeable
the ED model; we recall that no scaling was applied ferdl differences, presumably due to the fact that the N atom in AE
nonbonded interactions in ED. is trying to accommaodate its 4-coordination, where one of these
From Figure 7b, where theN\H SDF is superimposed with  neighbors is a weakly bonded N atom. In Figure 8a, one can
the corresponding NN SDF, the local structural arrangement see a feature that bridges the two caps centered over the amine
in liquid ED is further clarified. First, one can see the appearance H atoms and has a tendency to connect to the more-distant
of the large ring, because of internal rotation of geicheN secondary feature. This large extended cap, appearing red at a
atom (pure ED has 36%aucherotamers) and the nitrogen  separation of~4.0 A from the central N atom, corresponds to
density above the feature due to the weakly hydrogen-bondeda secondary N atom; it can be identified as a nearest hydrogen-
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bonded neighbor for the intramolecular O atom gauche the five most successful models were chosen; the molecular
position. For liquid methylamin®, it was shown that the  descriptions of each of these models included the OPLS-based
extension of principal hydrogen-bonding features to larger parametrization for alcohols and amirfeé®. Liquid-phase
separations indicates that neighboring molecules located oversimulations for EG, ED, and AE were then performed. The
the hydrogen-bonding sites form weak (backside or bifurcated) influences of inclusion and of the values of scaling coefficients
hydrogen-bond arrangements. The presence of two extendedor the Lennard-Jones (LJ) and Coulombic contributions-td 1
features (red shading) in Figure 8a leads to the claim that, in nonbonded interactions were examined. The experimental heats
liquid AE, nitrogen, which has four nearest neighbors on of vaporization and self-diffusion coefficients were used as
average, participates in three strong hydrogen bonds, as wellcriteria for the final selection of molecular models. Note that
as one much weaker hydrogen bond. In addition, interesting there had been no previous simulation results reported in the
phenomena can be noted from the local oxygen density aroundliterature for the heat of vaporization and self-diffusion coef-
the N atom shown in Figure 8b. A rim that is apparent on at ficient for pure liquid AE. It was shown that, for EG and AE,
least one of the principal hydrogen-bond-accepting features maythe best agreement of simulated properties with experimental
serve as an indication of a transient structure that results fromestimates is achieved when scaling factors of 0.125 and 0.833
the rotation of the amino group, which allows both amino H were used for the LJ and Coulombic terms, respectively; no
atoms to participate in the formation of an intermolecular scaling was necessary in the case of ED. For all three liquids,
hydrogen bond with a neighboring O atom. The broad ring that the chosen models were shown to provide good agreement with
is typical for this intramolecular O atom can also be seen in the experiment where data were available.
Figure 8b; it is somewhat obscured by a more-distant elongated Ay important part of our structural analysis for liquid-phase
secondary feature, which can be again identified as intermo- g Ep and AE was the determination of dihedral angle
lecular oxygen density nearest and hydrogen-bonded to the Ogigprihytions for the central (XCCY) dihedral angles. For these
atom of the intramolecular ring. . molecules, the value of the central torsional angle is critical to
The hydrogen-bonding pattern observed ir@and O-N = he presence of an intramolecular hydrogen bond, which
SDFs (see Figures 8c and 8d, respectively) has both familiar ignificantly impacts the local structure. The relative populations
and unfamiliar aspects. The highly localized arrangement of the [oyealed a clear preference for r@ucheconformers for liquid
two hydrogen-bonding caps (particularly, the donor feature), g and AE, whereas ED seems to be primarily in ttans
as well as the presence of a secondary feature recorded abovgyrm |n the absence of quantitative experimental data, these
the hydroxyl H atom in the ©0 SDF (see Figure 8c), sharply  yegts are in very good qualitative agreement with available
contrasts that observed in the-® SDF. In Figure 8d, the experimental estimates.
hydrogen-bond-donating feature is represented by the extended . S
slightly dipolar cap and no secondary structure that is associated Ehiénvesltlgatlmn .Of ttEe_ local stl_ruc_tgre_ ar?u dnd dthe I?G’_ EDf'
with the hydrogen-bond-accepting feature is observed. Some-3N¢ Ak Molecules in eIr puré liquids included analysis o
what similar secondary structural arrangements located aroundraOIIaI distribution fqnctlons (.RDFS) anq coordination numbe(s,
central C atom can be observed on both@and O-N SDFs. as wel] as prodqcﬂon and.lnterpretann of SDFs. The radial
They are primarily associated with the intramolecular N atom analysis, in conjunction with calculated numbers of nearest

in the gaucheposition (represented by the large ring in Figure neighbors arpund the O and N atoms of the main functional
8d). In addition, the presence of a very small amount of atomic groups, provided some structural insights into the hydrogen-

density due to the intramolecular N atomtrans position can bonding pattern Within_the pure systems. The number of strongly
be recognized in the three small features outlining a second ringhydrogen-bpr;]?)ed nelghbgnng g_rom:jps (famohng arl]l _recolrdgd
in Figure 8d. Together, the results displayed in Figure 8 indicate nearest neig ors) was determined, and then their relative
that both the N and O atoms of AE participate in three strong positions, with respect to the reference ('central) gtom, have been
hydrogen bonds. It was possible to identify the location of one I(r)]cat(?d b)éme?jns of iDﬁS'OThrZUQh this anhaIyS|s, It WSS found
(as it follows from CN analysis) remaining weakly hydrogen- a;[(, in EG and ED, both O an ': 3t°ms z?)veéa tendency t?
bonded nearest-neighbor atom. However, note that such feature&'@ke, on average, two strong hydrogen bonds, apparently

can be expected to be rather sensitive to the quality of the model/€2ving one acceptor and one donor site, respectively, underuti-
potential used for this particular compound. lized. Such behavior can be interpreted as a direct consequence

of the requirements imposed by hydrogen-bond balance (i.e.,
that the total number of acceptors must equal the total number
of donors). In addition, the O atom of EG exhibited one weakly
In this paper, we reported results of a computer simulation hydrogen-bonded neighbor, and the N atom of ED two weakly
study of the local liquid state structure of three representatives hydrogen-bonded neighbors, for which much of the correspond-
of 1,2-disubstituted ethanes, namely, ethylene glycol (EG), ing local densities were successfully identified during the spatial
ethylenediamine (ED), and 2-aminoethanol (AE). Classical analysis. These weakly hydrogen-bonded neighbors appear often
molecular dynamics (MD) simulations were performed, com- in holes or otherwise unoccupied positions in the local structure.
bined with several methods of analysis, including a relatively The structural picture for the functional groups of AE seems
new technique that utilized spatial distribution functions (SDFs). somewhat similar to that observed in EG and ED. However,
The purpose of this investigation was to clarify the conforma- both amino and hydroxyl groups are strongly hydrogen-bonded
tional picture and to obtain a detailed description of the to three neighbors, which is now allowed by hydrogen-bond
hydrogen-bonding patterns and local structure in these liquid balance. An additional weakly bound nearest neighbor of the
systems. N atom of AE was not clearly identifiable on the corresponding
Twelve molecular models were constructed to test different atomic density maps. The possibility of three- and four-
potentials (i.e., force fields) and molecular representations. Gas-membered arrangements around a central hydrogen-bonding
phase (isolated single molecule) simulations were performed, group leads one to the conclusion that, in liquid EG, ED, and
and simulated geometries and conformations were comparedAE, the generalized hydrogen-bonding pattern can be described
with the most reliable experimental estimates. Consequently, as a three-dimensional, branched network. For all three mol-

4. Conclusions
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On the basis of previously obtained results for pure liquid Zsézi)sg*(e'tefefv A.-M.; Ramek, MJ. Mol. Struct. (THEOCHEM}1991,

1 i 5 _ 73 i .

methanok! methylaminé} andtert-butyl alcohol?® one might (26) Buemi, Glnt. J. Quantum Chem996 59, 227.
expect that _the representatives of 1,2-disubstituted etha_nes (27) Vorobyov, I.; Yappert, M. C.; DuPre, D. B. Phys. Chem2002
investigated in this work would demonstrate a reasonably high 106, 668. '
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local structures around the O and N atoms, respectively, of EG gg 1747.
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noted in the case of AE, where both hydroxyl and amino groups 104 421.

are present, that the hydrogen-bond arrangements around hgle) Ifqul}itﬁ’g’lé]%'(h(éugzbé”s’ K. A Tanaka, H.; Nakanishi, Kuid

particular group can be strongly influenced by the identity of ~ (35) Alejandre, J.; Rivera, J. L.; Mora, M. A.; de la Garza,VPhys.
the coordinating neighbor. Furthermore, it was determined that Chem. B200Q 104, 1332.
the local structure around the functional groups of these 1,2- (36) Chandrasekhar, N.; Krebs, P.Chem. Phys200 112, 5910.
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disubstituted ethanes did differ in significant ways from that (38) Jorgensen, W. L Madura, J. D.: Swenson, CJ.JAm. Chem.

observed in methanol and methylamine. Thus, it was confirmed goc 1984 106 6638.
that the constraints imposed by the molecular geometry (bond- (39) Ryckaert, J.-P.; Ciccotti, G.; Berendsen, H. JJQComput. Phys
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bonds), have critically important roles in determining the specific soc 1996 118 11225.
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