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Molecular dynamics simulations of liquid ethanol at four thermodynamic states rangingifrerhi73 K to

T = 348 K were carried out using the transferable OPLS potential model of Jorgehgdry$ Chem 1986

90, 1276). Both static and dynamic properties are analyzed. The resulting properties show an overall agreement
with available experimental data. Special attention is paid to the hydrogen bonds and to their influence on
the molecular behavior. Results for liquid ethanol are compared with those for methanol in earlier computer
simulation studies.

I. Introduction TABLE 1: Temperatures and Densities of the Simulated
Systems

A deep understanding of the microscopic behavior of H-

bonded liquids is indispensable for many chemical and biologi- run temp (K) density (g/cfh
cal processes. However, the influence of H-bonds on the static A 173 0.8936
and dynamic properties of associated liquids is not well E 353 g'%gg
understood. Whereas liquid water has been the subject of a D 348 0.7401

large body of experimental and computer simulation studies,

less is known of other H-bonded liquids such as alcohols (for hoarizable potentials are admittedly more realistic the substan-
a recent review see ref 1). Alcohols with one hydroxyl group | increase in computational cost yield, in principle, barely a

are characterized by H-bonding patterns which may be largely reasonable dividend. Hence, in this study we have decided to
regarded as linear chains. This is very different from the e the pairwise OPLS model.

tridimensional n_etwork typical of wgter. ) In this paper we report the results of a MD study of liquid
One of the simplest alcohols with one hydroxyl group is  gthanol at four different states, with temperatures ranging from
ethanol, a well-known solvent widely used in the chemical 173 tg 348 K. We assume the same OPLS intermolecular
industry. Yet, whereas Monte Carlo (MC) and molecular ,tential which was fitted to describe the liquid alcohols at
dynamics (MD) simulations have been carried out for liquid gmpient conditiond. The MD simulations reported below
methanof~** computer simulations of the seemingly liquid jncjyde thermodynamic and structural properties as well as
ethanol are rather scarce and restricted to the equ"'br'umtransport properties. To our knowledge earlier studies were
properties. Jorgensen carried out MC simulations of the (ectricted to static properties at 298-R 14and higher temper-
thermodynamic and structural properties of liquid ethandl at  4redt3 Computational details of the MD simulations are given
= 298 K. He used two similar models for the intermolecular i, gection 11, Section 11 is devoted to the static properties at
interactions, the transferable intermolecular potential (T"PS) jtferent temperatures including the analysis of thermodynamic
and the optimized potential model for liquid simulations nroperties, molecular conformation, X-ray and neutron scattering
(OPLS)? where the latter is regarded as an improvement on patterns at 298 K, radial distribution functions and orientational
TIPS. The OPLS are a set of transferable effective intermo- oger, percentages of molecules in different H-bonding states,
lecular potentials developed by Jorgensen and co-workers for 5§ characteristics of H-bonded chains. The transport properties
different organic fluids. For the liquid alcohols the TIPS and 56 considered in section IV. This section includes self-diffusion
the OPLS potentials have the same functional form but differ ¢efficients, velocity autocorrelation functions, and correspond-
slightly in the values of their parameters. ing power spectra as well as reorientational time correlation
The MC Simulationéshow that the OPLS potentials produce functions. Fina”y’ in section V’ we bneﬂy sum up a few
thermodynamic and structural results for several liquid alcohols concluding remarks.
at room temperature which are in good agreement with
experiments. Recent Gibbs-ensemble MC calculafidadso I
using the OPLS potentials, gives a the vapaguid coexistence
curve for the low alcohotsincluding ethanoetwhich is in We carried out MD simulations of liquid ethanol at the four
satisfactory agreement with experiment. Polarizable potentials thermodynamic states detailed in Table 1. We use as input the
for liquid alcohols have been recently propos€d and used appropriate experimental temperatures and densities at normal
for the simulation of the thermodynamic properties and structure pressure. The simulated system was made up of 125 semiflex-
of liquid ethanof* The results do not show significant ible ethanol molecules in a cubic box with periodic boundary
differences with those obtained by using OPLS. Although conditions. The simulation technique was the same employed
in earlier MD studies of liquid methan8t! Properties were
€ Abstract published ilAdvance ACS Abstract®ecember 1, 1996. calculated from MD runs of Ftime steps which correspond
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TABLE 2: Intermolecular Potential Energies and Heats of 0.015 gy
Vaporization (in kcal/mol) ;iqeu?d 995 T=173K
4 i
TK X
173 223 298 348 0.010 | i,
—E() 11.28 10.76 9.69 8.78 & ,’ i
AHya 11.60 11.20 10.23 9.27 = il ) !
AH::{F}J 10.79 10.15 9.37 0.005 -
AHyaf 9.99¢10.08 9.08
. . . . 4 /
@The H — H°) corrections are not included iAHy4, at 173 and L %
223 K.PExperimental values from ref 17BResults from other L 7 N

0.000

simulations:? from ref 2; ¢ from ref 14; from ref 13. 5 60 120 180 240 300 360
]

to a time interval of 250 ps. We have found it useful to compare

the results for ethanol reported in this work with those we 0.015 — — ideal gas  T=348K
obtained for methanol af = 298 K211 4 —— liquid

We adopted the OPLS potential and the molecular model
proposed by Jorgensen in ref 2. Each ethanol molecule is 0.010 ~

represented by four interaction sites corresponding to the two
methyl groups and the oxygen and hydrogen atoms of the
hydroxyl group. Hydrogen atoms of the methyl groups are not
explicitly considered. The group close to the O atom £l
termed Mg, whereas the one at the end of the molecule{)ICH

is termed Me. The bond lengths and the bond COH and CCO
angles are kept constant, and the only intramolecular motions 0.000
considered in the simulations are the rotations around the CO

bond. Interactions between sites are described by Lennardf‘]one?igure 1. Probability distributions of the torsional dihedral angle
and Coulomb terms, and we note that the;Glte has no electric  5rqund the €0 bond.

charge. The values of the geometrical parameters of molecules,

intermolecular and internal potential functions and potential TABLE 3: Percentages of Gauche Conformers in Liquid
parameters are those of ref 2. and Gas Phases

s(¢)

0.005

LI L L AL L
0 60 120 180 240 300 360
&

Lennard-Jones interactions were truncated at half the box T(K)
length, and the Ewald summation was used for Coulomb 173 223 208 348
interactions. Although the_best method to deal Wlth long-range liquid 1.7 245 50.0 528
interactions is still under discussion, recent studies on aqueous g 33.6 40.9 475 50.3

solutions have shown that the Ewald method leads to more
desirable results than other techniques like simple truncation model and the Ewald summatidh.In both cases the densities

cutoff or switching functions® used are lower than experiment (3.3% and 4.2%, respectively).
B. Molecular Conformation. Distributions of the dihedral
IIl. Equilibrium Properties angle¢ associated with torsional motions about the@bond

(S(¢)) were obtained during the MD runs. For the sake of
comparison,§¢) distributions corresponding to ideal gases
(Boltzmann distributions) at the same temperatures that the
simulated liquids were calculated. For all temperatugg)
shows a central peak and two mirror-image peaks (Figure 1).
The symmetry of theS(¢) peaks indicates that the conforma-
tional equilibrium was reached even at the lowest temperature.
The central maximum corresponds to trans conformers, whereas
where Einra(g) and Einwa(l) are the intramolecular torsional the other two maxima correspond to gauche conformers. The
energies for gas and liquid, respectively, ahtt < H) is the central maximum for liquid is lower than for gas, whereas for
enthalpy difference between the real and ideal dag:«(l) was the other two maxima the differences are in the opposite
obtained from MD simulations anéina(g) was computed direction. The biggest differences are for the lowest temperature
according to a Boltzmann distribution for the torsional potential and, afT = 348 K, theS(¢) functions for liquid and for gas are
function. The values of{® — H) for T = 298 K andT = 348 quite close.
K were taken from ref 17a. We do not know the experimental  The relative populations of conformers were calculated by
(H° — H) values at the other two temperatures. integratingS(¢) between 120and 240 (trans) and betweerf0
Our MD results forAHy,p are in overall agreement with  and 120 and 240 and 360 (gauche). At lowT, the percentage
experiment’™® (Table 2), though those that may be directly of gauche conformers is lower than that of trans conformers
compared with experimental data (for= 298 K andT = 348 while when T increases the proportion tends to be reversed
K) are approximately 1% higher. The results of the isothermal (Table 3). In all cases the percentage of gauche conformers is
isobaric MC simulations of Jorgenseat room temperature are  higher for liquid than for gas. This was also observed by
approximately 1.5% lower. Moreover, he used cutoff truncation Jorgensen,although he considered only a temperature (298 K)
for the intermolecular interactions and a value for the density for which the differences between liquid and gas are rather small.
4.7% lower than experiment. We also list in Table 2 two other Jorgensen associated this finding with a small steric preference
simulation results foAHys, One uses a polarizable model and of gauche molecules for hydrogen bonding due to the fact that
spherical cutoff at 298 K4 the other, at 350 K, uses the OPLS for the gauche conformer the “lone-pair” region of O atoms is

A. Thermodynamics. The intermolecular potential energy
Ei(1)) of liquid ethanol at different temperatures was determined
during the MD simulations and the results are presented in Table
2. The heat of vaporization was calculated by using

AHvapz Eintra(g) - Ei(l) - Eintra(l) +RT— (Ho - H) (1)
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less encumbered by the alkyl chain than for the trans conformers. 2.0
Results in this work support this interpretation since the
differences between the percentages for gas and liquid become
more important when the system has a higher degree of
hydrogen bonding (see section III.E).

C. Comparison of MD Results with X-ray and Neutron

. —— Simulation
4 e Experiment

— 0-0

kHq(k)

Diffraction Data. Experimental information on the structure N Ve O Me,
of liquids is obtained from X-ray or neutron-scattering measure- \/\/’V\“"V‘“—— O—Me,
ments. Results obtained by these two methods are, in general, TN Me,—Me,
complementary. For example, in the case of ethanol, the X-ray Ao m::mz
patterns are dominated by scattering from the C and O atoms

so that important information on H-bonding is not directly 0 4 8 12 18
accessible by this method. Neutron-scattering results of deu- KA

terated ethanol, however, have an important contribution from
deuterium atoms. Ethanol molecules have 6 nonequivalent
atoms and therefore 21 independent partial structure factors
which, in practice, cannot be separated by isotopic substitution.
Thus, the interpretation of diffraction results is difficult, and
MD predictions based on realistic microscopic models are
essential in order to complete the information on the structure
of molecular systems. In this section, the structure of ethanol
obtained from our MD simulations at 298 K is compared with
X-ray!® and neutron-scatteridgjdata. . , ‘
The intermolecular structure of ethanol resulting from X-ray o i Boren
measurement&was expressed in terms of the distinct structure
function Hy(k) defined by ) 2 4 6 8

H = [ (2~ 001K 150 I T 1,12 (2 -

Figure 2. Intermolecular structure resulting from X-ray measurements
. . . compared with MD findings. The partial contributions kilg(k)

where sums are over all the scattering sites in a moledygle. (i iaineq by MD are also represented (the origin of these curves is

(k) is the X-ray scattering factor of site andhgg(K) is defined vertically displaced).

as the Fourier transformation of the corresponding—sstie

Gy(r)—1

correlation function: Information on the intermolecular structure of molecular
liquids from neutron-scattering experiments is usually given
0 o sinkr through theDw (k) function2? dy (r) is defined as the Fourier
h (k) = 4x rh,(r dr 3 _ A M -
s (k) PsJo Mas(r) k (3) inversion ofkDy (k)

whereps is the site number density amgs(r) = gap(r) — 1. A =(2 “KD. . (K) Si K
weighted sum of the sitesite correlation functions of distinct 4 M= /ﬂ)J;) w(k) sinfkn) d ©®)

molecules is given by This function is related to the total distribution functign(r)

Gy(r) = 1+ (27°0d) " [ kH () sinkr) dk  (4) by

d(r) = 4mrpp(g () — 1) (6)

Narten and Habenschd&seportedkHy(k) results for liquid
ethanol at 293 K. They treated the molecules as composed ofwherepn, is the molecular number densityg, (r) is a weighted
three sites, i.e., Mg§ Mec, and O (the contributions of the H ~ Sum of the atomatom intermolecular radial distribution func-
atoms to the X-ray pattern are negligible). We calculated the tions gugs(r):#*
MD three-siteHq(K) function from the corresponding(r)’s and
the fo(k) scattering factors given in Table 1 of ref 20. The 9.(n) =
resultingkHy(K) as well as the six partial contributions to this [ (2 = 0,5)C,C4buBsTesNIL D (2 = dgp)CaCibebsl ™ (7)
function are shown in Figure 2. Although all the partials
contribute to the first peak okHq(k) at 1.7 A%, the most where sums run over all atoms of the molecutg.andb, are
important contribution corresponds to MeMep and to those the fractional concentratiory €, = 1) and the scattering length
involving the Me: site. At higherk values kHgq(K) is the result of speciesa, respectively. It should be noted that neutron-
of the three pair correlations including O. Oscillationskbl- scattering experiments were carried out on deuterated etHanol.
(K for k higher than 8 A? practically coincide with the ©0 Thus, we use the appropriate scattering length of deuterium in
contribution. kHy(K) obtained by MD is in agreement with X-ray  the calculation ofy.(r).
data and show only small discrepancies in the height of the Neutron-scattering data cannot be directly compared with our
first kHy(K) peak and in the 2:54 A-1 region. The most MD results since the H atoms of the methyl groups were not
important trend of th&y(r) — 1 function (Figure 2) is the peak  explicitly considered in our simulations, whereas they make a
at 2.8 A. We have verified that it must be associated with the significant contribution to the neutron-scattering patterns. For
doo(r) distribution function since the other contributions do not this reason we performed complementary MD runs at 298 K
have any influence on this peak. We emphasize the good accordvhich explicitly include the positions of the H atoms in the
between the peak obtained by MD simulation and X-ray methyl groups but neglect the interactions of these H atoms.
diffraction. This is consistent with the agreement betwidés Methyl groups were held rigid according to the following
(k) from MD and experiments at higkvalues. conditions?? (1) The CH bond length and théHCC bond angle
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Figure 3. Intermolecular structure resulting from neutron scattering 00 4 /',{ ———— oo
measurements for two incident wavelengths compared with MD L IPLE s P LT
findings. The contributions of different atonatom correlations taDy- " r/A

(K) are also plotted, but atoms of the same species in different groups Figure 4. Partial radial distribution functions and coordination numbers
are not distinguished (the origin of these curves is vertically displaced). for ethanol at three different temperatures and methanol at room

. temperature.

were kept at 1.0936 A and 110.29%espectively. (2) Two
conformations of the Ckigroup were considered. ¢f defines functions for liquid ethanol correspond to the-@&, O—0,
the angle between the;EIC and the CCO planes, the eclipsed Meo—Meo, and G-Meg pairs. Our results at three different
conformation is defined by, = 0°, 12C°, and 240 and the temperatures are shown in Figure 4. For the sake of clarity,
staggered conformation bg = —60°, +60°, and 180. For thegqp(r) functions afl = 223 K, which are simply intermediate
the CH group, ¢i = 120° and 240. According to these between those at 173 and 298 K, are not shown. The
constraintsJHCH = 108.633 in all cases. coordination numbersi,s(r) for the O-H and O-O pairs

We calculated], (r) andkDu(k) from the MD partialges(r) calculated by integration of the correspondmg(r) functions
functions by using eq-59. Accurate neutron-scattering data are also plotted in Figure 4.
are extremely difficult to obtain for liquid ethanol. This results The gq4(r) functions at 298 K are in agreement with those
in large uncertainties which are shown by the differences from earlier computer simulatiods3 As expected, the liquid
between the two sets of experimental results at two values of becomes more structured wh&ndecreases. The changes of
the wavenumbé? (see Figure 3). The contributions k&w(k) temperatures do not affect significantly the positions ofghe
for the different simulated partials are also shown in Figure 3. (r) maxima and minima but only their height and depth. Since
For the sake of simplicity contributions of atoms of the same the first minima of theg,s(r)'s for O—H and O-O atT = 173
species but in different groups of the ethanol molecule have K and T = 223 K are very close to 0, the corresponding first
not been plotted separately. The most significant tren&®ijg coordination shells are very well defined, and thgs(r)
(k) are a broad minimum around 0.85 Rand a maximum functions for G-H and O-0 show a clear plateau with,s(r)
around 1.7 A which, on comparing with the X-ray diffraction  equal to 1 and 2, respectively. At higher temperaturesnipe
data, should be associated with the correlations of H atoms. (r) functions do not show horizontal plateaus in the regions of
There are difficulties, however, for obtaining direct information the gus(r) minima and the.s(r) values are slightly lower than
on the H atom in the OH group as the most important H either 1 or 2.
contribution to the diffraction pattern comes from the five H The gup(r) functions for liquid methanol at 298 K obtained
atoms in the methyl groups. Since the results obtained by eitherin earlier MD studie$! using the same OPLS potential model
assuming the eclipsed or the staggered conformations are veryare compared with those for ethanol in Figure 4. As a general
close, we suggest that there is a need for more detailedtrend, theg.s(r) functions for ethanol show higher maxima
simulations which include the intramolecular rotations of the located at the same positions than those for methanol. The
H atom in the methyl group around the-C bond, as well as  largest differences are for the MeMeg pair. For the other
much more accurate experimental information to decide on the gq4(r) functions (including those not represented in Figure 4)
precise molecular conformation of liquid ethanol. the positions of the first maxima for ethanol and methanol are

D. Intermolecular Structure. The structure of liquids is  the same and small discrepancies can be observed only beyond
ordinarily expressed in terms of the partial radial distribution the first peak. In our view, these results strongly suggest that
functions gus(r). The most structured and interestiggs(r) the structure of both liquids is similar and predominantly
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ETHANOL METHANOL TABLE 4: Percentages of Molecules withn H-Bonds and
20 20 Mean Number of H-Bonds per Molecule (yg0)
T(K)
1 7 n 223 298 348
geul(r) gou(r) 0 <1 1 4
1.0 - 1.0 1 5 14 25
2 92 80 66
3 3 5 5
b ) M0l 2.0 1.9 1.7
0.0 e o L L 298 K are very close to those for methanol we have chosen the
r/A r/A same H-bond definition and cutoff distances as in earlier

H-bonding studies of methanbf:1! We also employed the
same H-bond definition for runs at different temperatures.
Although the positions of thgqs(r) minima show slight shifts
with temperature (Figure 4), the changes are rather small,
especially forgon(r) which is the most crucial cutoff. A pair

of ethanol molecules have been considered H-bonded if three
conditions are fulfilled, namely, the @0 distance is smaller
than 3.5 A, the ®-H distance is smaller than 2.6 A and the
HO---O angle is smaller than 30 We define the H-bonding

0.1 ————— — -0 — state of an ethanol molecule in a given configuration according
/A ° r/A to the number of H-bonds that it has. We determined the
Figure 5. Radial distribution functions of the molecular center of mass number of H-bonds per molecule independently on whether its

and orientational correlation functions for ethanol and methanol at 208 O atom was an acceptor or a donor. We did not find significant
K. differences in the calculated properties when this distinction was

taken into account.

The averaged fractions of molecules in different H-bonding
states were calculated from the MD configurations and the
results are summarized in Table 4. Given the difficulties in
carrying out reliable statistical averages, we cannot give results
at 173 K. As the H-bond lifetimes at this temperature are very
| large &107 ps for liquid methandl®), the H-bonded structure
"did not show significant changes throughout our MD runs.
Findings at 298 K are in agreement with those obtained by
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governed by chains of H-bonded molecules (see section IlI.F).
Hence, the methyl group which distinguishes ethanol and
methanol has little influence on the characteristics of the
H-bonded chains. However, the volume occupied by this
additional methyl group has a noticeable influence on the height
of the peaks of thgys(r) functions. Consequently, at the same
temperature (298 K), ethanol is more structured and methano
although the molecular density of the formgk & 1.03x 102

molecule A3) is lower than that of the lattepg = 1.48 x

10-2 molecule A3). Jorgensehusing an energetic criterion to define the H-bonds.
Orientational order in molecular liquids may be analyzed in Changes of H-bonding witfir are consistent with those found
terms of the following correlation functior3: for liquid methanol using different potentials and H-bond
definitions#-6.11
Gy(r) = P [cos(r)]T (8) According to thelyg[Tesults, shown in Table 4, the majority

) ) ] of molecules in the simulated systems have two H-bonds. This
whereP is thelth Legendre polynomial and(r) is the angle  gyggests that the structure of liquid ethanol at different tem-
between the dipole moments of two molecules whose centersperatyres is basically constituted by linear chains of H-bonded
of mass are located at a distarrceWe calculateds,(r) and molecules. Molecules with three H-bonds = 3) should be
Ge(r) and results foil = 298 K are shown in Figure 5. We  ,qqqciated with branching. The fraction of molecules in this
have not found significant differences in the system at different H-bonding state is small at all temperatures while fractions for
temperatures. The resultigg(r) andGy(r) functions show that n = 2 andn = 1, which correspond to molecules in the middle

prlentat|onaIAtcok:reItaél_o?s decregse V(_et_ry fasrt]_ vr\:h_eg_ dI,;‘:'tanceand at the end of the chain, respectively, are markedly dependent
INcreases. short distances(r) is positive, which indicates onT. It follows from our findings that chains become longer

t'hat.the d'pOI? ”?Ome”ts of close molecules are parallel. TheseasT decreases, whereas the number of branches is kept constant
findings are similar to those for methanol (Figure 5). Actually
A or even decreases. The number of non-H-bonded molecules
methanol and ethanol results cannot be directly compared.. . )
increases withT but even at 348 K is rather low.

Although in our molecular model the Megroup of ethanol has ] . )
no electric charge, the mass of this group cannot be neglected. F- Hydrogen-Bonded Chains. A careful analysis of dif-
Thus, distances among the centers of mass for the two systeméerem configurations has corroborated the existence of winding
are not equivalent. This is clearly reflected by the remarkable chains with several branches analogous to those observed in
differences between thgew(r) functions (Figure 5) although  €arlier simulation studies of other liquid alcohéfs® To study
the atom-atom structures of the two liquids are quite similar. in detail their characteristics, we identified the H-bonded chains
E. Hydrogen Bonding. The criterion for deciding when existing in 50 configurations at each temperature. These
two neighboring molecules are H-bonded is somewhat arbitrary. configurations were saved during the MD simulations every 200
However, in the case of methanol the choice of a criterion is time steps. We considered the possibility that the chains cross
less crucial than for other liquids like water and both energetic the wall of the central box by taking into account the images
and geometric criteria lead to very similar resdlt&or the sake given by the periodic boundary conditions. However, in this
of simplicity we used a geometrical criterion. Since the case, the corresponding particles into the box were excluded,
positions of the first minima ofioo(r) andgon(r) functions at so that the total number of molecules in the different chains of
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Figure 7. Velocity autocorrelation functions (top) and mean-square
0,15+ displacements (bottom) of the center of mass of ethanol molecules at
1 different temperatures.
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Figure 6. Probability that the number of monomers of a chaimds g
(top) and that the number of chains per configuratiomdifbottom). “?o 2.0 4
each configuration was 125. Probabilities of finding both chains &)
with n,, monomers P(n,)) and ne chains per configuration 1.0 7
(P(nc)) were calculated, and the results are shown in Figure 6. -
These probabilities were obtained considering all the molecules A
L - 0.0
of a chain independently of whether they are in different 170
branches. T/K
At the highesfT, there are many chains (between 12 and 25) Figure 8. Self-diffusion coefficients from this work and from NMR
with a rather small number of monomers. MoreoR(n,) at experiments. Parameters corresponding to the continuous line were

this temperature shows an exponential decrease which isobtained from experimental data.

characteristic of randomly bonded molecules. TAt 223 K,

however, the number of chains is small (between 3 and 7), andlv. Dynamical Properties

there is a significant probability of finding long chains. In this

case,P(ny) is not exponential.P(n;) andP(ny,) at T = 298 K A. Self-Diffusion Coefficients. The self-diffusion coef-

are intermediate between thoseTat 348 K andT = 223 K ficients (O) were calculated from the long-time slope of the

andP(ny) shows an approximately exponential decrease. We mean-square displacements of the center of mass of ethanol

could not obtain reliable results at 173 K for the reasons given molecules (Figure 7) according to the Einstein relation. Dhe

in the preceding section. coefficients show a marked decrease with temperature, and they
Sarkar and Joard®rsuggested that hexamer closed chains are very small at 173 K. This decrease is consistent with the

of ethanol monomers could be a majority at room temperature. formation of longer H-bonded chains at low temperatures. Our

However, the agreement between experimental and theoreticaD coefficients are compared with those from NMR experi-

results assuming this chain model is not much better than thatment$® at P = 0.1 MPa (which correspond to the densities in

obtained for other models such as a U-shaped chain or a tetramepur MD simulations) in Figure 8. The equatin= exp@A +

closed chain. This shows the difficulties for obtaining detailed BT1) with values of parameters determined from experimental

information on the intermolecular structure from experimental data between 285 and 320°Kis also plotted in Figure 8.

data. A careful examination of our saved MD configurations Changes oD with temperature are acceptably reproduced by

has shown that there are very few closed chains. Moreover, our simulation results although the MD coefficients are some-

we have not observed any predominant shape of the chains. what larger than experimental values.
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Figure 9. Velocity autocorrelation functions of the H and O atoms
(top) and the methyl groups (bottom) of ethanol molecules.

B. Velocity Autocorrelation Functions and Spectral
Densities. The normalized velocity autocorrelation functions
(C(1)) corresponding to the molecular center of mass (CM), the
O atom, the H atom of the hydroxyl group as well as to the
Meo and Me: groups were determined during the MD simula-
tions. TheCcu(t) functions show two submaxima which are
more marked at lowell (Figure 7). TheC(t) functions for
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Figure 10. Spectral densities corresponding to H and O atoms and
methyl groups.

higher frequencies whose origin will be discussed below. The
small S4(0) value and thesy(w) band with a maximum ab
higher than 500 cmt corroborate our view that H motions are
predominantly oscillatory as corresponds to the smaller mass
of the H atoms. In liquid water, this band has been associated
with librational modeg”

Intermolecular H-bonds have a strong influence on the
infrared and Raman spectra of liquids and, therefore, on the
Sw) functions. One of the advantages of MD is that it allow
us to calculate separately the properties of molecules in different
H-bonding states. We calculated t@¥¢t) functions for mol-
ecules with 0, 1, 2, and 3 H-bonds during the MD simulation
at 298 K. We classified the molecules at the different initial
configurations and it was assumed that their H-bonding states
did not change during the time required for @) function to
go to zero. This procedure was already used to analyze the
H-bond influence onS(w) for other liquids!?® The Yw)
spectra corresponding to molecules with two H-bonds (Figure
11) are very similar to those for the full system (Figure 10)
because the most part of molecules are in tthe 2 state

atoms and atomic groups in the ethanol molecules correspondingvhereas the number of molecules with= 0 andn = 3 is
to the run at 298 K are plotted in Figure 9. The shapes of theserather small (see Table 4). Hence, the contribution of the latter
functions at the other temperatures are similar to those at 298to the total spectra will be very weak and hardly detectable by

K. The most significant change is that oscillation<s(t) and
Cnx(t) become more marked and tK¥t) functions for methyl
groups reach more negative values Taslecreases.Cye(t)

experiment.
According to the findings shown in Figure 11, the low-
frequency maximum ofo(w) is independent of the H-bonding

shows a minimum and has the characteristic shape of thestate of molecules, whereas the shoulder around 200 orast

velocity autocorrelation function of dense monoatomic liquids.
Thus, the submaxima iB@cm(t) should be associated to the O
and Mg, motions which are more affected by the intramolecular

be associated with the H-bonds. This shoulder does not appear
for non-H-bonded molecules, and it is clearly shownSsw)
for molecules with two H-bonds. In the caserof 3 there is

bonds. Because of their small mass the contribution of H atoms also a maximum in this region whereas for 1 we can observe

to Cem(t) is rather small. Cy(t) reflects the fact that motions
of H atoms are predominantly oscillatory. However, these

an incipient shoulder. Recent MD studies ®f(w) for both
liguid methanol! and watet® have also shown the existence of

oscillations cannot be attributed to the high-frequency vibrational similar So(w) shoulders which were associated with stretching

motions along the ©H bond (stretching) since this intramo-

intermolecular vibrations of molecules in the H-bonded chains.

lecular degree of freedom is not considered in the potential The first So(w) maximum attributed to the cage vibrations was

model used in this work.

Atomic motions in liquids are frequently analyzed through
the spectral densitieS(w) which are defined as the Fourier
transforms of the correspondi@ft) functions. Sw) provides
information on the relative number of modes for a frequency
o, and it is related with the experimental infrared power
spectra&’ Our MD results at 298 K are shown in Figure 10.
So(w), Sveo(®), andSye(w) show a low-frequency peak which

also observed in liquid methanol and water at high densities.
In the case of ethanol we have also analy&d.(w) for
molecules in different H-bonding states. Results in Figure 11
indicate that features of the spectra around 100'cshould be
related to molecules forming two and three H-bonds, whereas
the first maximum has no relation with H-bonds. These findings
are consistent with the interpretation of tig(w) spectra and
show that although the Megroup has no direct participation

is characteristic of the spectral densities for dense liquids. Thesein the H-bonds, its motion is strongly dependent on the

maxima and the nonvanishiig0) values indicate that molecular

H-bonding state of the molecule. On the other hand, the Me

motions may be considered as a combination of both the group is not significantly affected by H-bonding and its motion
temporary vibrations of a tagged molecule inside the cage show characteristics close to those of nonassociated liquids.

formed by their neighbors and the diffusive translational motions

typical of liquids. So(w) and Syeq(w) show also a shoulder at

In the case of H, it is useful to analyze tBg(w) spectra for
H-bonded and non-H-bonded atoms separately. Our results for
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. . Figure 13. Reorientational time correlation functions for the OH
Figure 11. Spectral densities for the O atoms (top) and the kf®@ups direction (top) and the molecular dipole moment (bottom).

(bottom) in ethanol molecules at different H-bonding states.
TABLE 5: Reorientational Correlation Times (in ps)

0.04
1l - Non—bonded T(K)
Bonded 223 298 348
0.03 A — — -
| T=298K u O—H u O—H u O—H
3 002 - R 7 150 175 20 23 6 7
A | 5 185 200 27 29 9 8
s 7, 45 55 6 7 2 2
0.01 4 7~ & 75 80 14 12 4 4
0.00 e N the molecular librational motions in associated liquid#\s
0 250 | 500 7%0 | 1000 expected, molecular reorientation of ethanol is slower than that
o/ (em™) for methanol and it becomes faster wherincreases (Figure
) . . 13).
Figure 12. Spectral densities corresponding to H-bonded and non To obtain a quantitative estimate of the reorientational
H-bonded hydrogen atoms. . . - . .
correlation times, exponential functions were fitted to the long-

ethanol at 298 K (Figure 12) show that H-bonds produce a time parts of theCi(t) functions

marked shift Aw = 260 cnT?) of the spectral band toward the E
higher frequency region. A similar shift was observed in the G() — exp(-tz) (10)
case of the librational frequency band for liquid wa¥er.

C. Reorientational Motions. Reorientational molecular
motions in liquids are usually analyzed through the time

Integral reorientational correlation times were also calculated:

correlation functions 0= [, Ct)dt (11)
Ci(t) = P,(coso(t))0 9) The exponential fit withey (eq 10) was used to compute the
long-time parts of these integrals.
whereP refers to thdth Legendre polynomial ané(t) is the The results forz; and 7 results are shown in Table 5.

angle through which a molecule-fixed vector rotates in a time Reorientational motions at 173 K are very slow, and the
t. We calculatedCy(t) and Cy(t) for both the electric dipole calculation of the corresponding correlation times would require
moment [i) and the G-H vector. Cy(t) for z and Cy(t) for to perform MD runs much longer than those done in this work.
O—H are related to the dielectric and NMR relaxation measure- 7, values can be compared with data from NMR measurements
ments, respectively. At long times, tigt) functions display (18 ps at 298 K and 133 ps at 223 ¥).Experimental values

a Debye-like exponential behavior, whereas at short times, theyare higher than those from MD but the relation betwe'@at
show a faster nonexponential decay (Figure 13). This initial the two temperatures is similar, i.e., 7.8 from MD and 7.4 from
decay, more apparent fgrthan for O-H, has been related to NMR experiments. Marked discrepancies were also observed
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