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As a step toward deeper insight on the “hydrogen bonding” in supercritical ethanol (scEtOH), we carried out
NVT molecular dynamics simulations of the fluid over a wide range of temperatures and pressures. The fluid
was studied at SC conditions for which thermodynamic and spectroscopic (NMR, infrared, Raman, dielectric)
data are available. The various sitgte pair distribution functions (pdf's) were calculated, and their temperature

and pressure dependence was obtained. It was found that over the thermodynamic conditions investigated
here, scEtOH remains highly structured. Moreover, the characteristic behavior of the first peak$ijn H
0O-0, and H-0 pdf's reveals that hydrogen bonds still exist in scEtOH. The analysis focuses also on the
reorientational dynamics of the bond unit vectorsi® C—O, and of the permanent dipole moment of the
molecules as well as the total dipole moment of the sample. The corresponding Legendre time correlation
functions were discussed in connection to the “hydrogen bonding” in the fluid and in the context of experimental
results. Specifically, the behavior of the-® dynamics exhibits the well-known associative nature of the
molecules in the system. A further analysis of the hydrogen bonds was carried out, and the degree of aggregation
(average number of H-bonds per molecule) was obtained and compared with results from NMR chemical
shift studies. Also the estimated monomer and freeHOgroups in the fluid were compared with results

from IR and Raman vibrational spectroscopy. The percentage anflyktbe liquid and scEtOH molecules,

withi =0, 1, 2, 3, ... hydrogen bonds per molecule, has been obtained. The results show the existence of
small, linear-chain oligomers formed mainly by two molecules, whereas the number of the three body oligomers,
and specifically that of four body oligomers in the sample, is relatively small.

1. Introduction From the theoretical point of view, the considerable impor-
During the past several decades, the properties of self- tance of using pure theoretical techniques for predicting the

associated liquids assigned to hydrogen bonding (hereafterStructural and dynamic properties of H-bonded systems in
abbreviated as H-bonding), such as pure water, alcohols, andcondensed phase is obvious. However, since rigorous analytical
aqueous solutions, have been extensively stutielumerous and st.at|st|-cal mechanical theories cannot be eesny developed
studies concerning thermodynamic measurements, X-ray angespecially in the case of self-associated materials, theoretical
neutron diffraction (ND), IR, Raman, and NMR spectroscopy, studies that aim at evaluating the degree of intermolecular
dielectric relaxation, etc., have been carried out in order to obtain H-bonding in such systems are usually based on atomistic
information on the relationship between the degree of H-bonding computer simulations (CSj-2° Previous studies devoted to the
and the physicochemical properties of the aforementioned pProperties of some of the most common self-associated liquids
systemg:5 Generally, due to the great importance of the H-bonds have shown that molecular dynamics simulations (MD) provide
in many chemical and biological processes, experimental valuable information concerning the H-bonding network and
investigations aimed at the analysis of the H-bond network in dynamics in such systems.
associated liquids are a well-established and rapidly evolved  Self-associated H-bonded fluids at supercritical conditions
research are@d! A large number of recent publications and (SC) are well recognized as particularly important chemical
monographs illustrate the impressive progress that has beenntermediates in a number of fields of chemical technology.
achieved in this research field since the introduction of some Thys, it is of considerable interest to investigate the properties
structurally and time-resolved sensitive new spectroscopic of these systems at different SC conditions. In particular, a
techniques used to study H-bonding in liqufd$? For details,  thorough investigation of the H-bonding network in such fluids
the reader is also referred to recent elegant reviéwst should is of foremost interest since H-bonding interactions play a crucial
be mentioned, however, that despite the remarkable Spectroygje in determining their physicochemical properties. Generally,
scopic advances in a number of associated liquids so far, theirg e critical fluids (SCFs) have found numerous applications
H-bonding network_ and dynamics are poorly understood _and in a number of chemical processes to dét€he use of many
fundemental questions on responsmle molecular mechanlsmsSCFS primarily as solvents is a consequence of their unique
remain. These mechanisms are important because they determlngroperties (adjustable solvating power and dielectric permittivity,
the way H-bonds are formed and broken. low surface tension and viscosity, high diffusivity, eft.).
*To whom correspondence should be addressed. E-mail: 1nerefore, knowledge about the thermophysical, structural, and
isamios@cc.uoa.gr. dynamical properties of self-associated fluids at SC conditions
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is essential for the sophisticated use of such systems and forTheir MD simulations show that H-bonded clusters of methanol
further development of industrial applicatioffs. are chainlike both at room temperature and at SC conditions.
In recent years, there has been an increasing interest inHonma et aP® carried out a MD study of scMeOH using a
experimental and theoretical studies of water particularly at near- flexible molecule potential model. The simulation of the fluid
critical (NC) and SC conditions for a number of reasons. Note, revealed a chainlike intermolecular structure in the |IqUId state
for instance, that SC water (SCW) is often used as a solvent inand perturbed structure at SC conditions. They have also
a variety of chemical reactions due to the characteristic behaviorconcluded that roughly half of the H-bonding molecules in the
of its dielectric constant, the value of which can be continuously liquid state are preserved even at SC conditions. More recently,
varied by adjusting the press[ﬁ%More recently, the studies we reported results from MD simulations on SC mixtures of
on SCW have been specifically devoted to the problem of MeOH in CG?® with MeOH mole fractions in the range of
H-bonding aimed at providing quantitative knowledge on the 0.0939—9.1173 at 323.15 K and pressure from 9.952 to 16.96
relationship between the properties of the fluid and the time- MPa. It is found that the structural and H-bonding results

dependent changes in H-bonds geometry with temperature andPbtained reveal the existence of MeOH-type aggregates in the
or pressurél-23,34-37 mixed fluid. This result was found to be in agreement with

conclusions from previous experimental studies on this system.
Finally, Yamaguchi et & carried out NMR experiments to
study the single-molecule reorientational relaxation of SC
methanold, and ethanobls. They have also performed MD
simulation of SC methanal, at the same conditions, and the
results obtained are found to be consistent with those of the
experiment.

The present work focuses on the properties of sceEtOH by
means of a series of extensive NVT-MD simulations. It is worth
emphasizing that up to this point all previous CS studies of
EtOH were restricted to the evaluation of the system properties
at liquid conditionst>25:5759 Note for instance that Guardia et
al.?5 reported MD results on the influence of H-bonding upon
different dynamic properties of liquid EtOH and other alcohols.

This study may be regarded as an extension of our previous
MD simulations on scMeOH35* motivated by the newly
appeared literature of spectroscopic works on scEtOH. Note that,
as in the case of scMeOH, Hoffmann and Confadtudied
the degree of H-bonding in scEtOH up to 480 and over a
wide range of pressures up to 350 bar. Hiejima and®Yao
employed the dielectric relaxation method to study EtOH and
1-propanol in a wide fluid phase including the SC conditions.

inally, Besnard and co-workéfs published a systematic
ibrational experimental study on scEtOH that aimed at provid-
ing detailed information on the state of aggregation of pure scEt-

Besides the motivation to learn more precisely about H-
bonding in liquid and SCW as well as in aqueous mixtures,
investigating the problem of aggregation in alcohols is of equal
interest for many reasons. SC alcohols, for instance, may be
used as alternative solvefitso water since these fluids possess
an adjustable solvating power attributed to their relatively high
dielectric constants and, furthermore, due to the fact that the
thermodynamic conditions at their critical point are sufficiently
lower than those of water. We mention also that among many
polar organic compounds used widely as cosolvents with CO
at SC conditions (scCfpare mainly methanol (MeOH), ethanol
(EtOH), and 2-propand® It is well-known that such SC mixed
solvents can lead to an enhancement of the solubility of high
molecular weight organic compounds in sc£O

Whereas much is known about the thermodynamic properties
of pure alcohols and aqueous alcohol solutions, the quantitative
determination of the local intermolecular structure and dynamics
remains still quite challenging for most of these systems at SC
conditions. Following the literature, we can notice that recent
advances in spectroscopic techniques for studying H-bonded
systems have widened the scientific interest in lower molecular
weight SC alcohols. Nevertheless, there exist only a few
spectroscopic studies on the structure and dynamics of pure S
alcohols reported so far. Specifically, we mention the NIIR¢
and neutron diffraction (NDY studies carried out by different
groups. In addition, we found in the literature a number of
spectroscopic studies devoted to these fluids using IR, Raman,
UV —vis, and dielectric relaxation (DR) techniqu¥s®! The

Our main objective here is to investigate the temperature and
pressure dependence of the H-bonded structure of sceEtOH and
main goal in all these previous investigations has been the.to give a more quantitative pictu.re of thg state of aggregation

in the fluid. Finally, the paper is organized as follows: In

?Va'“?f‘“of‘ Of. the (_jegree of H-bonding in the fluids under subsection 2.1, we briefly review previously reported results
investigation in a wide temperature and pressure range. On the

. & e on the state of H-bonding in scEtOH obtained experimentally.
othe_r hand, theoretical studfésind spgcm_cally atomistic CS Subsection 2.2 is devoted to the description of the methodology
studies on SC neat alcohols and th(_alr mixtures are scarce. To_ "y finitions employed to search and identify H-bonding
the best of our knowlgdge, there exist only a few_MD studies structure during the simulation of the fluid. Details of the MD
devoted to the properties of scMeOH. Concretely, Intwo recent qin, jjations are provided in subsection 2.3. Section 3 is devoted
MD treatment$354 we reported results concerning the H-

. . - to the results concerning structural and dynamic properties of
bonding structure and dynamics of the liquid and scMeQH. The the system. The H-bonding analysis and statistics are presented
average number of H-bonds per molecule was obtained and

. . . in subsection 3.3. The main results and conclusions are
C°mpf”“e" W'th corresponding aV"’?"ab'e results from NMR summarized in section 4, while comparison between simulation
Chem'c‘?" shift measurements came_d OUI_ by HOﬁmam and and experimental data is presented throughout the paper.
Conradi?® The agreement between simulation and experiment
was found to be quite good. In addition, we have been able to
obtain a more quantitative pictitfeof the H-bonding network
by determining the percentage distribution of H-bonds per 2.1. Evidence of H-Bonding in scEtOH.It is well-known
molecule in liquid and scMeOH. Another study is that of Asahi from the literature that experimental studies are rather indirect
and Nakamurd? who reported MD results on scMeOH per- methods to investigate the H-bonding local structure and
formed in the same temperature and density range as their NMRdynamics in self-associated fluids. The main reason for this is
chemical shift measurements. They also observed self-diffusionthe extremely short time scales of the relevant to the H-bonding
coefficients, which are found to be in good agreement with network local elementary processes and intramolecular motions
kinetic analytical theory and with results from MD simulation. occurring in the ultrafast time domain from about 10 fs to several

2. Fundamentals
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picoseconds, which introduce substantial difficulties in the conditions. Finally, a noticeable dependence of the degree of
experimental studies. Note, for instance, that the well-known H-bonding in the fluid with pressure and temperature or density
experimental diffraction techniques (X-ray, ND) provide time- is strongly suggested by these experiments, and according to
averaged data of the local intermolecular structure. On the otherthe results obtained from the present study it is clearly seen
hand, the most often employed dynamical spectroscopic andthat the MD simulation technique can provide a detailed picture
relaxation methods in studies of condensed molecular systemsof the microscopical H bonding structure of the fluid at these
are not sufficiently sensitive to the time-dependent structural conditions.
changes of the groups on the species participating in H-bonds. 2.2. H-Bonded Nearest-Molecules-Search Methodology.
Thus, experimental methods that are structurally very sensitive 2.2.1. Pair Distribution Functions. As a first step toward
(allowing for a separation of time scales on which microscopic deeper insight into the details of the H-bonding structure of
dynamics occur) to the time-dependent changes in H-bonding sScEtOH, the various sitesite pair distribution functions (pdf's),
local structure are the most suitable techniques to study H-bonds g;(r), of the fluid were calculated and analyzed in the framework
Note, for instance, that combination of frequency and time of this study. Eachy;(r) function is easily obtained from the
domain spectroscopies in the time domain from a few femto- trajectories of the molecules during the MD simulations by
seconds to picoseconds have the potential to separate microcreating a corresponding histogram of the distamgesalculat-
scopic processes. ing the average number density of molecyl&entified in each

A rapidly evolving experimental technique in this direction SPherical shell around the location of the central site, and finally
that can be directly contacted to CS studies is the time-resolveddividing the resulting number density by the corresponding
IR vibrational spectroscopy. We mention here that time-resolved €nsémble average one. The sitesdj are chosen to represent
IR studies on liquid water have been recently reported and the center of mass (com) or a specific atom or group on different
reviewed!2-14 To the best of our knowledge, however, such Molecules. So, the pdf's were obtained for cecom, H-H,
experimental studies devoted to the H-bonding structure and ©—H. ©—0O, and Me-H. In the case of the comcom pdf's,

dynamics of pure liquid and SC alcohols have not been reportedthe flexible character of the EtOH molecules introduced in the
so far. simulation has been taken into account by using the actual com

. . . . . of the molecules from one configuration to another. Addition-
As mentioned in the Introduction, spectroscopic studies based 2 .
ally, to compare the structural directing effects of the different

on standard techniques have been carried out for scEtOH, the . )
; . o thermodynamic states, these pdf's were also calculated for the
outcome of which reveals the existence of H-bonding in the

system. Concretely, in previous NMR stud&4? of scMeOH liquid EtOH at 298 K and normal pressure. All these functions

and scEtOH the authors pointed out that hydrogen bonds still havel b.een (f:%n(s;tlrLR:tfed f?{ d'StanC?S. up to a?_c;}ut 14}: A W'th a
exist in the fluids even at high temperatures and at very low resolution of 0. or all states of interest. These functions

. o - .2 " provide an accurate description of the short-range local order
gaslike densities. Specifically, the degree of H-bonding in

. in dense fluids, which allows us to estimate the size of molecular
scMeOH_and .SCI.EIO.H was found to be approximately 30% of aggregates by integrating over the first amplitude according to
that obtained in liquid MeOH and EtOH at 293 K. In addition, "\ oo 00 oo
the authors in ref 42 pointed out that H-bonded clusters of
alcohol molecules are chainlike both at room temperature and ;
in the SC domain. Also, the number of H-bonded clusters (= 1+4~7TE¢\>DJ(;°gij(r)r2 dr )
decreases with increasing temperature and decreasing density.

Note that the H-bonding formation energy and entropy were \yhere [sdenotes the average number density. By choosing
ob_tained from the temperature dependen_ce of the OH_ chemicalipe upper integration limitrmn, as the position of the first
shifts for SC aIcoths._Thg thermo_dynamlc model, which tak_es minimum ing;(r), MCreveals the number of species participat-
account of cluster distribution, provides the degree of H-bonding ing in the formation of a possible aggregate. In subsection 3.1,
in alcohoals. Further to the experimental investigation of H-bonds q report the simulated pdf's and we discuss them in connection
in sCEtOH, Besnard and co-worke¥seported a study of the {5 the H-bonding structure in the fluid.

fluid combining IR absorption and Raman scattering vibrational 2 2 5 H-Bonding Search Method.As mentioned in the
spectroscopies. Their study was based on the OH stretching|noduction, our target in this treatment is the investigation of
vibration mode of the EtOH molecule as a very sensitive group the degree of H-bonding in scEtOH. Following the results of
on the molecule participating in H-bonding. They have per- nqfs obtained in our previous studies on scMeOH, we may
formed measurements at a temperature of 523 K and for g50 expect a similar behavior of these functions for SCEtOH.

densities in the range 0.60.6 g cnT®. In that study the authors  concretely, from the calculated pdf's, and specifically from the
reported their results based on a quantitative band shape analysigyst solvation shells in the case of the siite H-O, H—H,
supported by ab initio calculations carried out on small EtOH gnd 0-O functions, we expect a pronounced local order
oligomers, namely, monomer, dimer, and cyclic as well as linear revealed by the presence of the first sharp peaks on these
trimers. It is found that H-bonds still exist in sCEtOH, a fynctions at very short correlation distances. This feature may
conclusion that is in agreement with those from previous studies pg generally regarded as an indication of H-bonding in associ-
and with ours from this study. In addition, these authors were ated fluids. However, previous MD studies of SEWhave
able to estimate the percentage of free and H-bonded moleculesshown that the above consideration could not be absolutely
as well as that of monomers, dimers, and trimers in the fluid at gccyrate to imply the existence of H-bonding in the fluids. The
these SC conditions. They also found that the degree of authors in that study pointed out that the absence of a sharp
H-bonding remains relatively constant above the critical density peak at very short distances in thg_o(r) function of SCW
and becomes progressively broken below it. does not, in general, suggest the absence of H-bonding in the
In summary, the main conclusion that may be drawn from fluid. Therefore, since H-bonding is the primary process which
all the aforementioned spectroscopic investigations of sScEtOH leads to aggregation phenomena in scEtOH indicated by
is that the large H-bonded aggregates observed in liquid EtOH spectroscopic measurements, one needs to perform an analysis
clearly appear to be strongly reduced to small oligomers at SC on each configuration of the system on the basis of a relevant
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and rigorous criterion in order to estimate accurately the number TABLE 1: Simulated Supercritical and Liquid State Points

of H-bonds between different molecules. of Ethanol and Thermodynamic Results Derived from This
Following the literature, we can see that various models on NVT-MD Study

the basis of energetic and geometric criteria have been used in experiment&l simulation

CS studies so far to search the degree of H-bonding in dense 0 —Up D

molecular system¥:18242527|n an energetic approach, two  state T(K) P(MPa) (gicn?) T (K) P (MPa) (kd/mol) (10°m?s™)

molecules are considered to be H-bonded if their pair interaction A 523 10.0 0.464 5231  6.64 17.23 32.12
energy is larger than a limiting valu®y,. Alternatively, Al 523 20 00216 5231  2.79-0.384  866.96
hydrogen bonds can also be defined in a purely geometric way A2~ 523~ 64 0130 5231 590 5844  166.21
by conditions concerning the-©0 and O--H separations of 523 150 0523 5231 12.60 19.14 25.42
y g € B 523 200 0566 523.0 2151 2042 21.80
the two molecules and with an angle characterizing the geometry ¢ 523 300 0602 5231 3510 21.61 20.75
of the hydrogen bond, for example, the-B---O angle. D 623 10.0 0.132 623.1 1016 @ 3.21 195.25
Note also that in some cases this seems to favor a combinationE 623 200 0339 6231 2012 10.13 66.19

o IS : 623 30.0 0.447 6231 3142 13.39 38.02
of an energetic with a geometric criterion in order to provide 723 100 0090 7231 1003 059 302.65

certain results of the H-bonding, as Kalinishev pointed out in 4 723 200 0207 7231 20.72 434 133.86
the case of SCW®?22 However, in the case of pure liquid | 723 300 0.312 7231 3189 7.49 80.91
alcohols, the choice of a criterion is less crucial than that for liqud 298 0.1 0.787 298.15 021 3951 1.34
other liquids such as water and both energetic and geometric
criteria provide similar results.53 another energetic criterion proposed by Jorgelsem previous
As in previous H-bonding studies of liquid alcoh®i&8and Monte Carlo simulation study of the liquid system. Our results
in our MD simulation of scMeOH?2 we have adopted here a  Obtained on the basis of energetic and geometric criteria at 298
rather strict geometric definition. Our choice for the above K (ambient EtOH) are found to be in good agreement with those
criterion was based upon the behavior obtained for the mostobtained by Jorgensen et #l.and by Saiz et & using the
relevant relative to the H-bonding first peaks of B and G-O same geometric definition as in our study.
pdf's of EtOH at SC conditions under study. It is due to the =~ Moreover, in the framework of the present treatment a
fact that H-bonding includes interatomic configurations of the detailed statistical analy$fsof different configurations of the
following general type simulated fluid was carried out in order to study the H-bonded
chain clusters (oligomers) in the system. With the aim to obtain
CI;|3 qualitatively a visual picture of the H-bonding phenomenon and
CHQx_ possible molecular aggregates in the fluid, we have constructed
O—H , some animations using the MD produced trajectories of the fluid.
", Note also that some snapshots of individual configurations (see
‘. Figures 10 and 11) were selected emphasizing the existence of
H ’”‘O““HZC some oligomers identified in the sample throughout the imple-
\ mentation of the H-bonding search procedure. Finally, the results
CH, obtained are presented and discussed below.
2.3. Molecular Dynamics Simulation DetailsIn this treat-
Note that the H-bonding peaks in these correlations at SC ment, the MD simulations of scEtOH were carried out at various
conditions are found to be not diffuse as in the case of th¢él0  SC thermodynamic conditions for which experimental (PVT)

pdf of SCW34 data are available in the literatut®All the state points studied
Thus, a H-bond between two EtOH molecules at these SC here are listed in Table 1. Thus, we performed 12 NVT-MD
conditions exists if their interatomic separation-@ and O simulations of the fluid at corresponding thermodynamic states
--H is less than 3. 8 and 2.7 A respectively, and the angt©H and a further simulation at ambient conditions. Note that two
-0, @, is smaller than a fixed limiting anglé® = 30°. The of these MD runs at 523 K concern the lowest densities of the
cutoff distances ©-O and Q--H are taken to be the average fluid studied (0.0216 and 0.130 g c®) corresponding to
distances of the first minimum locations in theo(r) andgyo- pressures of 20 and 64 bar. The simulations were performed
(r) pdf's, respectively. with 256 EtOH molecules in a cubic simulation box using

As in our previous studie¥;?85356we have examined the standard periodic boundary conditions. Trial runs with 500
angular variation of such bonds in order to find the limiting molecules in the simulation box have been also carried out, and
angle®C. The results obtained have shown that in all cases the the results obtained are found to be almost identical to those
total number of H-bonds does not scale for angles greater thanwith 256 molecules.

@ = 30°. Moreover, the position of the first minima of the Each EtOH molecule was modeled by four site interactions
functionsgoo(r) andgon(r) does not show important changes including also torsional motion. Thus, there was one site on
at these SC conditions, especially in the case ofghgr) value each atom, namely, the O and H atoms of the hydroxyl group,

from which we determined the most critical cutoff value of the while the CH and CH groups were considered as single
distance &-H (see subsection 3.1). Thus, we employed the interaction units centered on carbon. Note also that bond lengths
same H-bond definition in all MD simulations at SC state points and bond angles on the molecule were kept constant, and the
of interest. Note, however, that in the case of liquid EtOH our only intramolecular motions considered during the simulations
geometric H-bonding criterion was somewhat different com- are torsions around the-€ bond. The interactions between
pared to that employed to study the SC fluid. In this case, the sites of different species are described by a short-range Lennard-
results from a similar procedure led us to select the distancesJones (126) (LJ) part and a long-range Coulombic term. A
of 3.5 and 2.6 A as the cutoff distances for the closest full cutoff radius . = Lpox'2) Was applied to all LJ interactions
interatomic separations-00 and O--H, respectively. between the molecules of the fluid.

It is interesting to mention here that some supplementary work  We adopted the molecular geometry and the potential
has been also carried out in order to examine the reliability of parameters proposed by Jorgensen (see Table 2 in ref 15). The
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TABLE 2: Positions and Heights of the First Maximum in The equations of motion were integrated using a leapfrog-type

the pfd's (r (A), G(r)) of the SC (MD runs A—1) and Liquid Verlet algorithm with the Berendsen and co-workers thermo-

Ethanol® stat63 Furthermore, constraints for bond length and bond angles
state Geor(I) go-o(r) go-H (1) gn-n(r) were handled during the simulations by using the SHAKE

4.67/1.49/9.14 2.82/226 1.92/2.02 252/2.26 Methodé* The time step was 1 fs. At each thermodynamic state
4.39/2.72/0.82 2.82/6.95 1.92/6.13 2.52/6.43 point we carried out two MD runs. The first one has been
4.62/1.95/3.93 2.85/3.71  1.92/3.19  2.48/3.66 extended to about 300 ps in order to achieve equilibrium. The

A

Al

A2

A3 4.67/1.47/10.71 2.85/2.20 1.99/1.99 2.48/2.19 ; ;

B AB7I1471052 282215 1921194 248215 second period of 400 ps was used to calculate all the properties
C
D
E
F
G
H

467/1.47/10.91 2.82/2.12 192192 248213 of interest in the thermodynamic equilibrium.
471/1.61/3.30  2.87/1.88 1.97/1.55  2.53/1.93

4.71/1.48/7.23  2.87/1.56  1.97/1.30  2.53/1.62 - -

4711.45/8.87 283147 197/1.23 253154 S Results and Discussion

4.85/1.49/2.06 2.97/1.22  2.12/0.95  2.62/1.31 : . .
4.95/1.45/4.85 203/1.14 2.07/0.89 257/1.24 The most important thermodynamic properties of SC and

I 4.85/1.43/7.26 2.92/1.10 2.02/0.87 2.57/1.19 liquid EtOH obtained from the present NVT-MD simulations
liquid  4.48/1.48/13.50 2.73/5.05 1.83/5.33  2.43/4.31 are summarized in Table 1. The calculated properties are the

aThe third column values in thgon(r) are the first shell coordination mean configurational energyp = Uiner + Uinua, the pressure,

Jones terms for inter- and intramolecular nonbonded interactions.
The results obtained support our conclusions that, more or less
a1p is_the simulated Debye correlation time of the total dipole the accuracy of the simple united atom OPLS model in
momentM of the system. comparison with the results from the more analytic potential
model OPLS AA and with experiment is relatively good.
LJ cross interaction parameters are obtained using the geometrigcurthermore, it is very important to mention here that the united
mean for botho and . Also, the long-range electrostatic atom OPLS model used in this study is less demanding in CPU
interactions were treated using the Ewald summation methodtime compared to the OPLS AA one. Finally, the self-diffusion
with conducting boundary conditiofis. coefficients of the molecules have been calculated by using the
The partial local charges and molecular geometry used molecular com mean square displacements. The results obtained
produce an effective dipole moment of 2.22 D (38.335x show a very strong density dependence under these SC
10730 C cm), which is substantially larger, compared to the conditions as expected.
experimental gas-phase value of 1.69°The main reason for 3.1. Intermolecular Structure. Let us now investigate the
this is to account for the mutual polarization effects, which intermolecular structure of scEtOH in terms of various -site
cannot be neglected in dense media. site pdf's calculated at each state point of interest.
Our choice for this optimized potential (OPLS) is based on  The com-com pdf's are shown in partsHdl of Figure 1
the results from previous and present simulation studies on liquid (ygether with the corresponding function for the liquid at
EtOH, which have shown that the aforementioned potential ampient conditions displayed in Figure 1a. Also, the charac-

reproduces quite well the properties of the liquid. Moreover, it (gristic extrema (positions and heights of the first peak) of these
is particularly important here to check the accuracy of this s are summarized in Table 2. From Figure 1a it is seen that
potential in predicting the properties of the system at SC ihe com-com function exhibits a first peak around 4.76 A
conditions. _ followed by a distinct second and third broad peak at 8.5 and
~ In addition to the short-range LJ and long-range Coulombic 15 7 A respectively. This result reveals the typical behavior of
interactions, torsional energy was taken into account expresseqiquidS as expected. In contrast to the ceaom pdf for the
by the following potential function (see Table 3 in ref 15) liquid, the corresponding functions at SC conditions show a
noticeable different behavior. The intensity of the second peaks
V(p) =V, + 1 V,(1 + cos¢) + 1 V(1 — cos 2p) + in these functions appears to be strongly reduced while the third
2 2 peak is not apparent. We may also observe some small
1 dependence of the first peak amplitude with temperature at
- + . . .
2 Vs(1+cos ¥) (2) constant pressure and vice versa. By comparing these functions

numbers{ m0— 1},computed using eq 1. P, and the self-diffusion coefficients of the fluid at different
conditions. As it becomes apparent from Table 1, the comparison
TABLE 3: Correlation Times r of the First (P;) and Second of the simulated and experimental pressures shows reasonable
g)f) &Z%Z”SerP%'E,’QSQ"fS' Cvcellzlsagfaflrg)en Umgvljeicgrea'\'/%‘r%égte agreement almost at each thermodynamic state point investigated
7 of the Ethanol Molecule Obtained fro?n This gtudy at SC in this study. The heat of vaporizatidxHyspis estimated from
Conditions the relation
dipole total dipole
bondG-O  bondO-H % M AH,4p= Uyyo(085)~ [UpeliG) + Uy liQ)] + RT (3)

state 71(ps) 72(ps) 7i(ps) 72(ps) 7i(ps) o (PS} o

A 056 023 051 023 048 067 For Fhe liquid EtOH at 298 K and norma] pressure, we have
Al 0.36 0.26 0.18 0.10 0.16 0.15 obtained aAH,qp value of 42.89 kJ/mol, which is in quite good

A2 031 027 023 011 023 0.31 agreement with that of the experimemH{}) = 42.3 kJ/

A3 059 0.25 0.56 0.25 0.52 0.77 mol).85 Additionally, we performed trial NVT-MD simulations

B 063 027 059 027 053 1.04 of the liquid atT = 298 K and normal pressure by employing

g 8:(232 8:%2 8:‘132 8_'(2)3 0.59 0.90 the OPLS all-atom (AA) force fiel8€ This particular force field

E 029 016 021 0.0 is a nine-site potential model, which includes harmonic bond

E 0.34 0.17 0.26 0.12 stretching, angle bending, and anharmonic dihedral potentials
G 0.19 0.15 0.10 0.06 in terms of a Fourier series as well as Coulombic plus Lennard-
H 0.20 0.13 0.12 0.06

|

0.21 0.14 0.13 0.07



18580 J. Phys. Chem. B, Vol. 109, No. 39, 2005 Dellis et al.

oot go-o(r)
, 6
Pexp=1 bar Pexp:lbar
4 ( ’ )
1
(@ 2
09 4 8 12 i ! ’ :
2
P.x=100 bar
«‘ 2 Pexp: 1 00 bar
. (b)
1 .. PR R v oy,
. :
0, 4 8 12 "o ) 8 ’
2
Pex,=200 bar
5 Pey=200 bar
c
| (¢)
1
0, 0
2 0 4 ] 12
) Pexp=300 bar
(d)
1
1
0 0 4 8 12 0 J
r [A] 0 4 8 12

Figure 1. Center of mass pair distribution functions of liquid ((B)
= 298 K, P = 1 bar) and superctitical (b, c, d) ethanol at nine Figure 2. Site—site pair distribution functions for ©0 of liquid ((a)
thermodynamic conditions:— (T = 523 K), - - - (T = 623 K), --- (T T =298 K,P =1 bar) and superctitical (b, c, d) ethanol. The symbols
= 723 K). in parts b, ¢, and d are the same as in Figure 1.

with the com-com pdf's of scMeOH at exactly the same structure of this fluid by analyzing the most appropriate atom
conditions (see Figure 1 in ref 53), we can easily observe atom pdf's of the system.

remarkable differences with regard to the shape of these To gain additional insight into the microscopical structure
functions at relatively short intermolecular distances up to 5 A. of scEtOH, the sitesite pdf's O-O, H—H, H—0, and Me-H

In the case of scMeOH, the short-range part of these pdf's have been computed and analyzed. These functions are shown
exhibits two overlapping peaks. As pointed out in ref 53, this in Figures 2-5. The corresponding functions for the liquid EtOH
feature reflects clearly the fact that scMeOH remains highly are also presented for comparison purposes. The positions and
structured at these conditions. On the other hand, a similar heights of the first peak of these pdf's are summarized in Table
qualitative conclusion cannot be drawn for the behavior of 2. It should be noted here that these correlations are in quite
ScEtOH on the basis of the corresponding earom pdf's. We good agreement with those reported in previous CS studies of
shall see below that a similar result is also obtained for the this liquid1>%8 As it can be seen from the behavior of the
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Figure 3. Site—site pair distribution functions for HH of liquid ((a) Figure 4. Site—site pair distribution functions for ©H of liquid ((a)
T =298 K,P =1 bar) and superctitical (b, c, d) ethanol. The symbols T =298 K,P = 1 bar) and superctitical (b, c, d) ethanol. The symbols
in parts b, ¢, and d are the same as in Figure 1. in parts b, c, and d are the same as in Figure 1.

aforementioned functions and the data selected in Table 2, theGenerally, it becomes apparent from Figures42that the
trends observed in the pdf’s for the liquid are also observed in amplitudes of the first peak in the+H, O—0, and H-O pdf's

the corresponding functions for the fluid at SC conditions. On of scEtOH near the critical point (states: A, B, C) remain
the other hand, the ©0, H—H, and H-O curves show a relatively high compared to the pdf’s of the liquid. The sharp
prominent sharp first peak followed by a distinct minimum at first peaks observed in these functions reflect the existence of
short intermolecular distances. In the case of the-Medf’s, H-bonds between molecules in the fluid. This H-bonding sign
the first peaks observed are relatively small in height and exhibit in scEtOH may be also supported by the behavior of the20O

a more diffuse shape. Another interesting feature is that the firstand especially that of the-HO function in contrast to the HH
peak positions in ©0, H—H, and H-0O functions are slightly correlation. Concretely, as in the case of scMe®Fthe O-O
affected by temperature and pressure. Also, the decrease of theand O-H pdf's in scEtOH are also more structured than the
corresponding amplitudes of the peaks in these functions seemdd—H function. These functions exhibit a very strong sharp first
to be more significant with temperature than with pressure. peak followed by a deep minimum and further by a distinct
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gvie-n(r) 'HH < l'oo < I'vieH < I'meme. Therefore, from the overall behavior
1.2 of the site-site pdf's we may conclude that the EtOH molecules
Pexp=1 bar at SC conditions in the first solvation shell tend to reorient their
H atoms very close toward the O atom of the central molecule,
(a) whereas the hydrophobic MeMe separation was found to be
the greatest when compared to the rest of the intermolecular
site—site separations. Moreover, the presence of the first sharp
peak in the H-O functions at extremely short correlation
0.4 distances followed by a deep minimum at an almost invariant
distance in the SC region may be regarded as a manifest of
H-bonding.

Finally, the reliability of all the structural results obtained in
the framework of the present study should be judged by an
imperative comparison with suitable real experimental data. It
1.2 P Pep=100 bar is well-known that ND experiments with hydrogen/deuterium

; SFernag isotope substitution are suitable in principle to predict structural
data on molecular fluids. Since, however, ND studies on scEtOH
(b) have not been performed so far, a definitive solution of the

problem of the microscopical intermolecular structure of this
fluid cannot be given at the present time.

3.2. Reorientational Dynamics.Generally, for the study of
the dynamical properties of dense fluids, it is convenient to
assess and analyze the appropriate time correlation functions
0 4 8 12 (tcf's) of the relevant dynamical variables of the system under
1.2 investigation. In the course of the present MD study, we have
2, P =200 bar calculated the tcf's corresponding to the single and collective
j particle dynamical properties of the system. In this part of our
treatment, we present and discuss the results obtained for
(c) reorientational dynamics of the fluid in conjunction with recently
available NMR and dielectric experimental data from the
literature.

The reontientational dynamics of the molecules in the fluid
are studied in terms of the first- and second-order Legendre
reorientational tcf'sCy (t), defined by the following expressions

0.8

0 4 8 12

° e () = P(O0)r0M)D x=abulLl=12 (4)

P,;=300 bar

0,, Oy, and @, are the bond unit vectors-€H, C—0O, and the
dipole moment of the molecule, respectively.
(d) The results for the first- and second-order Legendre tcf’s,
namely,CS™9(t) andC}'°(t) and C5°(t) andC}~°(t), at each
thermodynamic state of interest, are shown in Figures 6 and 7,
respectively. All the aforementioned tcf's have been compared
to each other, and the estimated correlation times are sum-
marized in Table 3. In any case, to estimate the corresponding
correlation time, we have employed a combined method.
0 4 8 12 According to this method, we used a numerical integration up
r [A] to a short time (nondiffusive part of the tcf) and fitted the rest
Figure 5. Site—site pair distribution functions for MeH of liquid of each tcf to an exponential function. Thus, we obtained
(&) T= 298 K, P = 1 bar) and superctitical (b, ¢, d) ethanol. The analytically the integral for the rest of the tcf from the fit. The
symbols in parts b, ¢, and d are the same as in Figure 1. sum of these two calculated times corresponds to the afore-
mentioned correlation time of the tcf under investigation.
In what follows, we will first discuss the behavior of the-®l
tcf’'s with temperature at constant pressure and vice versa. As
mentioned above, Besnard and co-worKemsported vibrational
spectroscopical studies of pure scEtOH combining the IR and
Raman techniques. Their work was based on th#iG@tretching
vibration mode as a very sensitive group of the molecule
articipating in H-bonding. We have therefore chosen to study
he reorientational tcf's of the hydroxyl group due to the fact
that theCTfo(t) correlation is related to the IR measurements

second maximum, which for the most state points under study
has to be compared with the amplitude of the first peak-tH
and com-com functions. Note also that in contrast to thel®
pdf's, the second peak in the-® pdf's appears to be rather
shallow with a maximum near 5.0 A. It is clear that this distinct
second maximum in these functions reflects the formation of a
second solvation shell around the O atom. Consequently, at thes
SC conditions, this result strongly suggests that scEtOH still
remains structured.

Another point of interest is the ordering observed for the first and C;~(t) to the Raman and NMR.
peak locations of the sitesite pdf's. We found that this By inspecting the predicted correlation timgs © andz; °
correlation distance increases in the following ordesip < from Table 3, we may observe that at each state pointl{A
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Figure 6. First-order Legendre time reorientational correlation functions for the bond unit vecter ©f&d G-H of superctitical ethanol at nine
thermodynamic state points. The inset in the figur® at 200 bar corresponds to the same curve at 523 K shown up to 0.5 ps. The symbols are
the same as in Figure 1.

the time zi" © appears to be greater than thg © one, as increasing temperature. This is of course due to the collapse of
expected. In addition, it is clearly seen that the well-known the H-bonding network with the decreasing density of the system
Hubbard relation 1 = 31») is not fulfilled at these conditions.  as it is also confirmed by the H-bonding analysis presented
In other words, the reorientational motion of the hydroxyl group below and by the recently reported NMR studi&é€oncretely,

of the molecule might be characterized as not an absolutely in that study the single-molecule reorientational relaxation of
diffusional one. Previous experimental and theoretical studies the deuterated scMeOH and scEtOH was investigated on the
on several self-associated liquids have led to the conclusion thatyasjs 02H NMR spin-lattice relaxation measurements carried
especially the reorientational dynamics of such systems areqyt at 543 K and different densities, up to 2 .. In the case
considered to be strongly sensitive to the microscopic H-bonding of scE{OH [, = 516 K, P, = 6.4 MPa,o. = 0.28 g cnt?), we
interactions. In liquids, for instance, the reorientational relaxation
process is usually observed in the well-known diffusive regime,
while at SC conditions and for low density the corresponding
tcf's generally display a somewhat different behavior as in the

have attempted to compare our M:i;*o reorientational times
with those acquired from the aforementioned NMR stffly.
From the results shown in Figure 3 in that study, we see that

case of scMeOM and SCEtOH. the NMR 75 ~© times at 543 K are in the range 6:0.3 ps for
As we can see from Table 3, the pressure dependence aflensities in the region 0.82 p; (0.014-0.56 g cm®) and it
constant temperature of the predicted correlation tin{e$ exhibits a minimum value of 0.1 ps around (e (0.056 g
andz, © is substantially small. Note, for instance, that there €M %). Our MD 7, ~ reorientational times (see Table 3) for
are marginal differences between the valueg'tt° or 75 ° 523 K and state points AC (0.464-0.602 g cm®) are in the

on going from 10 to 30 MPa of pressure at a fixed temperature "ange of 0.23-0.29 ps, which are in quite good agreement with
of 523, 623, or 723 K. On the other hand, the temperature those from NMR in the high-density region. Moreover, three
dependence at constant pressure of these correlation times iSupplementary MD runs at 523 K and densities 0.0216, 0.130,
found to be quite significant. The values obtained for the and 0.523 g cm® providedr;"o reorientational times of 0.10,
correlation times decrease drastically at constant pressure with0.12, and 0.25 ps, respectively, which when compared to the
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Figure 7. Second-order Legendre time reorientational correlation functions for the bond unit vectet@f6d G-H of superctitical ethanol at
nine thermodynamic state points. The symbols are the same as in Figure 1.

experimental ones at the same densities were found to be in As in the case of the ©H dynamics, we may observe from

excellent agreement. Table 3 that at each state point{A the predicted correlation
Another point of main interest here is the shape of the tcf's time rffo appears to be greater than the correspondﬁ?é)

of the hydroxyl group. As we can see from Figures 6 and 7, one. It is also clearly seen that the well-known Hubbard relation

the CTfo(t) and Cz'fo(t) correlations show a very fast decay is not fulfilled. Note also that at each state point<h the

and converge to zero approximately after 2 ps. In addition, at correlation timerS™© appears to be somewhat greater than the
very short times (0.20.2 ps) these functions exhibit a well-

) ' - ! correspondingT‘O one. On the other hand, at each state point
formed shouldgr, WhICh ugually is related to the Ilbratlonql in the high-density region (AC), the timerS ® appears to be
motions occurring in associated systems due to the H-bonding I t identical d with that of—0. while 5° i
network. A comparison of these tcf's with corresponding aimost iden Lc_ao compared with that o » While 73 15
experimental results, especially with those from the IR and 9réater thar, = at the state points in the low-density region
Ramas! studies, is not possible at the present time because the(P—1)- In addition, it should be mentioned here that at a very
acquired experimental tcf's have not been reported in that or in Short time the tcf's for €O do not exhibit the well-formed
any other subsequent publication for SCEtOH. shoulder observed in the+HD correlation as discussed above.
Further to the reorientational dynamics of the fluid, we have ~ Generally, from the above considerations and the decay of
selected to study the reorientational motion of the bond unit the tcf's C-O and H-O, we may conclude that the reorienta-
vector CG-O of the molecule as an attempt to explore the tional dynamics of the €0 bond unit vector are slower than
assumption that the rotational dynamics of this specific bond that of the flexible G-H one, as expected. However, this
are less strongly affected by the local environment than thelO  different behavior changes strongly with density. Clearly, it
dynamics. In fact, such a hypothesis has not been thoroughlyseems that the density dependence of theHOdynamics is
investigated in previous studies of such molecular-like systems larger than that of the €0 bond on going from the low- to

so far. high-density region of the fluid. This somewhat different
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behavior between the-€0 and G-H reorientational dynamics 1
with density might be attributed to the H-bonding strength at l
hlgher densities in the fluid. . . 08 T=523K P=200 bar |
Finally, we have also attempted to estimate the dielectric \
properties of the system such as the static dielectric constant \
¢(0) and the Debye relaxation timg.%8 The method we have 06 | \
employed to obtain these properties was based on the accurate \
calculation of the total dipole moment tay(t) 04 | \\
— — \\
M(0)-M(t)O AN
Cu(®) = —ﬁ) §) (5) 0.2 Sl
(IM()’C] TT~TT
_ o 0005 1 15 3 25 3 35 4
M(t) = ) i) (6) ' T ot[ps] '

Figure 8. Time autocorrelation functions of the permanent dipole
moment of the ethanol molecules (- - -) and the total dipole moment

WhereM(t) is the total dipole moment of the sample at titne
(—) of the sample aT' = 523 K andPey, = 200 bar.

andz;(t) corresponds to the permanent dipole moment of the

moleculei. _ TABLE 4: Hydrogen Bonding Analysis, Average Pencentage
Itis known that the relation between the frequency-dependentf, of SC (states, A-1), and Liquid EtOH Molecules with 1 (0,

dielectric permittivitye(w) and the total dipole moment t€y- 1,2,3,4,.93
(1) is given by the following equatiéf f A B C D E F G H I liquid
o L 0  41.91 35.48 35.25 82.88 65.74 58.47 92.22 83.67 76.59 1.21
e(w) = €, + =———= OM(0)|“1 + iwA(w)] (7 1 40.83 43.03 42.59 15.76 28.71 33.85 7.46 15.21 21.13 14.51
3NKgTeg 2 16.3520.23 19.95 1.33 532 7.38 031 1.09 2.22 78.64
3 089 1.22 1.28 0.03 0.23 0.30 0.00 0.03 0.06 5.62
whereA(w) is the Fourier transformA(w) = FT{Cu(®)}) of ~ 4 002 004 113 0 000 000 0.00 0.00 000 0.02
the tcf Cu(t), p the number density, an&g Boltzmann’s nimo 0.81 0.88 0.89 0.17 040 049 0.08 0.17 025 1.89
neee 057 0.66 070 012 028 036 0.05 0.08 0.14

constanteo denotes the vacuum permittivity, whereads the
dielectric constant at optical frequencies & 1).

The static dielectric constard(0) at temperaturel was
calculated by using the following relation obtained from eq 7

aHydrogen bonds and the average total number of H-boﬁl?]sper
molecule from this NVT-MD study.
bIn order to directly compare the simulated with NMR experimental

atw =0 results one has to dividgn by a factor of 2.¢ n¥ corresponds to the
hydrogen bonding degree of the system obtained from NMR experi-
0)=1+-—L— OM(0)’0 8 ment#°
€(0) = 1+ g IM(O) ®)
1 T T T T T
The Debye relaxation time, has been calculated by means of
the relation 2 08 |
S S =
1 . EB7I(0)ITA(t)Ekjt (9) % L 523K .
Tn=——— S
° EﬂM(O)FDfO g ‘ .
@ 04 e . e
We have used this method due to the fact that previousmMD = | e 623K .
studies of polar fluid€%-72 using Ewald sums with conducting ozp T e
boundaries, provided satisfactory results for the dielectric T — e

properties. Note however that the efficiency of the method 0 200
depends on the simulation which must be long enough to P [bar]
estimate] M(0)} 2CandCy (t) precisely. In the present MD study,  Figure 9. Degree of hydrogen bondinGi.s[ as a function of pressure
the calculation of the aforementioned properties was based uporand temperature:= (MD this work), - - - (experimentaf).

a 1 ns long trajectory of the simulated scEtOH at 523 K and

100, 200, and 300 bar. The tcf@(t) and Cy(t) at 523 K and while the Debye relaxation time from the simulation is

200 bar are shown in Figure 8’ and the Corresponding Corre|ati0n30meWhat shorter than that from dielectric measurements.

times are given in Table 3. The MD results obtained for the
static dielectric constar(0) = 4.2 and the Debye relaxation

dielectric relaxation study by Hiejima and Y&bThe previous
study for temperatures and pressures in the ranges 533K

From the same table, the corresponding experimegtimes
are in the range 4:64.1 ps.
In summary, our calculated dielectric propert#8) andzp

3.3. Hydrogen Bonding Analysis Following the methodol-
ogy described in subsection 2.2.2, and since the locations of
time rp = 1.04 ps at 523 K and 200 bar of scEtOH have been the first minima of the pdf'goo(r) andguo(r) for scEtOH are
compared with available experimental data reported in a recentfound to be somewhat different from those obtained for
scMeOH, we have chosen here a slightly different geometric
criterion to that employed in our previous stutfyNote also
and 14.8-22.3 MPa, respectively, provides experimental values that we have employed the same H-bond criterion (see subsec-
for €(0) (see Table 1 in ref 50) which are between 3.8 and 4.2. tion 2.2.2) for MD runs at different state points {A). In
addition, we defined the H-bonding state of a molecule
according to the number of H-bonds that it exhibits. The number
of H-bonds per molecule has been estimated independently on
lead us to conclude that the static dielectric constant shows awhether the EtOH molecule participates in a bond as a donor
guantitative agreement with corresponding experimental data,or acceptor.
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(b)

Figure 10. Snapshot of a representative configuration from this MD simulation of supercritical ethahet &23 K and density corresponding
to the pressure of 100 bar: (a) simulation box containing monomers, dimers, and other formed oligomers; (b) simulation box in which only the
monomers are displaying; (c) simulation box in which only the hydrogen-bonded oligomers are shown.

As mentioned above, except the average number of H-bondsin the framework of this study an analysis of different
per moleculemygthat has been predicted at each state point configurations of the simulated fluid was carried out to study
under study, we have also computed the percenfagd the existence of possible H-bonded chain clusters (oligomers)
molecules withi (i = 0, 1, 2, 3, ...) bonds per molecule. Thus in the system. The method used is similar to that of Saiz et
fo denotes the percentage of nonbonded molecules in the sampl&l .58 who studied H-bonded chains in liquid EtOH.
or monomer,f; the percentage of the molecules with one In the following paragraphs, we present and discuss our
H-bond, etc. The method used to obtain the statigtiseown results. The results obtained fip(i = 0, 1, 2, ...) and the mean
in Table 4 is exactly the same to that employed in our previous number of H-bonds per molecule are given in Table 4 together
study for scMeOF and in similar studies of H-bonding of  with experimental data reported by Hoffmann and Conf&di.
liquid water and alcohol81>-28 The average number of H-bonds  In the same table, we also present our results for liquid EtOH
per molecule may be calculated on the basis offtlseatistics at ambient conditions. As noted by these authors, the degree of
obtained. Additionally, we have estimated the percentage of free H-bonding in scEtOH can be approximated using the observed
hydroxyl (O—H) groups according to the definition of Besnard chemical shifto of the hydroxyl protons relative to the methyl
and co-workers (p 3905 in ref 51). Thus, we have considered resonance from their NMR measurements according to the linear
as free G-H groups in the sample not only the monomgF ( relationn = 0.20% + 0.146.
nonbonded) EtOH molecules but also the H-bond acceptor The degree of H-bonding obtained from the present MD study
species at the ends of the open chain oligomers. Note also thatand experimental investigatiolds also shown in Figure 9 as
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Figure 11. Snapshot of a representative configuration from this MD simulation of supercritical ethahet &23 K and density corresponding
to the pressure of 100 bar: The reduction of the hydrogen-bonding network at higher temperature is clearly shown.

a function of pressure and for 523, 623, and 723 K. As we may significant for the fluid at the state points with densities about
observe from Table 4 and Figure 9, the temperature and pressuréwice that of the critical one (AC). Moreover, the percentage
dependence diygCfrom the NMR experiment was found to  of molecules with two H-bonds € 2) obtained in the SC state
be qualitatively very similar to that of the simulation. A closer is also significant. Finally, it is found that in the high-density
inspection of the results indicates that, as in the case of 8CW region the percentage &fstill exists, while that of, becomes
and scMeOH? the decrease of the H-bonds in scEtOH is negligible.
primarily temperature dependent. Moreover, the agreement Therefore, it follows from our results that the intermolecular
between experiment and simulation appears to be quantitativelystructure of scEtOH is basically formed by a significant number
better at higher temperatures (723, 623 K) than at 523 K, which of monomer molecules while the rest of them are H-bonded
is quite close to the critical ond{ = 516 K). We recall here mainly in dimers and trimers as well as in a markedly small
that in the case of scMeG#Fithe agreement between simulation number of tetramers. Additionally, the careful anal§%af our
and experiment was found to be also quite good at 523 K. To every 50 time steps stored MD configurations has shown that
explore the discrepancy between the NMR experiment and the chains with three and maximum of four H-bonded molecules
simulation observed at 523 K and the densities correspondingobserved are still linear in the high-density region—®) of
to the pressures in the range of DO bar, it should be very  the fluid studied. The complete results of this analysis as well
useful to compare the simulatétizvalues with predictions  as the dynamics of the H-bonded relatively small clusters in
from other experimental techniques. Such a comparison of our scEtOH will be presented elsewhere.
MD mygOdata with corresponding experimental results, espe- As mentioned above, to obtain a visual picture of the
cially with those from the IR and Ram#! studies, is not H-bonding phenomenon and possible molecular aggregates in
feasible at the present time because the acquired experimentathe fluid, we have constructed some animations using the stored
valuesnyg for scEtOH have not been reported in that or in  MD produced trajectories of the fluid. Note also that some
subsequent publications. snapshots of individual configurations were selected emphasiz-
According to the results obtained for the H-bond statistics ing the existence of some oligomers identified in the sample
(see Table 4), scEtOH mainly forms one H-bond per molecule. throughout the implementation of the H-bonding search pro-
In contrast to this result, the statistics for liquid EtOH show a cedure. Figures 10 and 11 show two representative configura-
quite different behavior. The most significant percentage tions (snapshots) of the fluid from this MD study at 523 and
(78.64%) of the molecules in the liquid appears to have two 723 K, respectively. From these figures it can be seen that
H-bonds. Also, our calculations provide a significant value of scEtOH molecules form aggregates, which are more apparent
the percentage of monomeiis= 0), which is between 35.25 in Figure 10a corresponding to the fluid at high density (state
and 92.22% in the SC state and less than 2% in the liquid one.B). The regions with monomers in the fluid are shown in Figure
Note that the percentage of monomers in the sample is found10b, which has been constructed from Figure 10a by not
to be considerably high in the low-density region and still displaying all the H-bonded molecules in the sample. It is also
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TABLE 5: Estimation of the Average Percentagef of the
Monomer and Free Molecules in the Sample of scEtOH at
523, 623, and 723 K and Densities Corresponding to the
Pressures in the Range 26300 Bart

T=523K

plgcn?  0.0216 0.13 0.464 0.523 0.566 0.602 liquid
monomer 90.78 70.35 4191 3757 3548 3525 121
free 95.00 83.00 63.35 60.31 5833 57.89 11.25
T=623K
plg cm3 0.132 0.339 0.447
monomer 82.88 65.74 58.47
free 90.85 80.49 75.98
T=723K
plg cn3 0.090 0.207 0.312
monomer 92.22 83.67 76.59
free 95.97 91.37 87.34

a Results for the liquid at normal conditions are also shown.
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Figure 12. Percentage of monomers and free molecules obtained from
this MD study of supercritical ethanol as a function of density and for
three isotherms: - 523 K), (- - - 623 K), ¢-- 723 K). In all isotherms,
the upper curve corresponds to the percentage of free molecules.

apparent from this configuration the formation mainly of dimer

Dellis et al.
4. Conclusions

In this paper, a NVT molecular dynamics simulation study
of SC and liquid EtOH has been carried out in order to explore
the H-bonding structure of the fluid in a wide range of
temperatures and pressures. For the SC fluid, the simulations
were performed at three isotherms, namely, 523, 623, and 723
K and pressures ranging between 2 and 30 MPa, which led to
densities in the range of 0.02D.602 g cm®. The liquid was
simulated at ambient conditions. Also, the fluid was studied at
thermodynamic conditions for which thermodynamic and spec-
troscopic data are available in the literature. All molecules were
modeled as semiflexible objects and bending interactions were
used. The most interesting pdf's were calculated, and their
temperature and pressure or density dependence were obtained
and discussed. It is found that over the thermodynamic condi-
tions investigated here, scEtOH remains highly structured.
Examination of the sitesite correlations of the SC fluid shows
that the characteristic behavior of the first peaks inH{ O—0O,
and H-O pdf's reveals that hydrogen bonds still exist in
SCEtOH.

More insights on the H-bonding structure of the fluid at each
state point of interest were obtained on the basis of a well-
defined geometric criterion. Using a standard procedure, we
analyzed very long molecular trajectories to explore the H-bonds
in the fluid and to evaluate reliable H-bond statistics. This
methodology allowed us to estimate the average total number
of H-bonds per moleculeys, and the percentadeof molecules
involved ini (i = 0, 1, 2, 3, ...) H-bonds. Furthermore, we
computed the percentage of free OH bonds and that of
monomers in the fluid. Our analysis indicates that the percentage
of monomers is less 2% in the liquid state and between 34 and
92% in the SC one. In addition, in scEtOH the free OH bonds
are present with a percentage increasing from a value of 58%
(p = 0.602 g cm®) to a value of 95% = 0.02 g cn13) by
decreasing the density. The degree of aggregation (average
number of H-bonds per molecule) was compared with previous

and some linear trimers as well as very few tetramers are results from NMR chemical shift studié$lt is found that the

displayed in Figure 10c, where all the identified monomers in
the system are not shown.

agreement between experiment and simulation appears to be
quantitatively better at higher temperatures (723, 623 K) than

Another topic of interest here is the percentage of monomersat T = 523 K, a temperature which is close to the critical one
and free scEtOH molecules, as investigated by IR and Raman(Tc = 516 K). Also, the estimated monomer and free OH groups

vibrational spectroscopy and by using the aforementioned
search method in this MD study. The results obtained for the

in the fluid were compared with results from IR and Raman
vibrational spectroscopy of scEtOH &t= 523 K51 While the

percentage of monomers and free OH groups from this study Simulated percentage of monomers and free OH bonds agrees

at different temperatures with density are reported in Table 5

very well with experiments in the low-density region below the

and depicted in Figure 12. A careful examination of these results critical one, it appears that these results are in discrepancy in
shows that at each temperature studied here the percentage dhe high-density region. At this point, we have to mention that

monomers and free OH groups is not negligible at high densities.

Furthermore, at densities below the critical one (0.28 g9m

Soetens et al2 from the Bordeaux group, performed also a
H-bond analysis of scEtOH based on MD simulation of the fluid

a very strong increase in this percentage has been observed. Agt 523 K in order to support their spectroscopic predictions
mentioned above, the analysis of the IR and Raman spectra of(results have not been reported yet). As mentioned by these

SCEtOH at 523 K and densities in the range up to 0.6 g%cm

researchers, in the case of scEtOH discrepancies between MD

by Besnard and co-workers has allowed these authors to evaluat@nd spectroscopic analysis were also observed and this point is
the percentage of free OH groups shown in Figure 8 and Tablestill unclear. On the other hand, Andanson et4ah a most

3 in ref 51. Concretely, from that table their percentage
predictions of the free OH bonds from IR and RamafT at
523 K, P = 6.0 MPa, andp = 0.13 g cn1? are 64 and 59.8,

recent paper reported results on H-bonding in t8@€-butyl
alcohol assessed by vibrational spectroscopies and MD simula-
tions atT = 523 K and densities in the range 0-08.4 g cn1®.

respectively. On the other hand, our MD result at the same stateThey pointed out that in SC fluid the free OH bonds are

point (see Table 5) is 83%, a value higher than the experimentaldominant with a percentage from 65 to 85% as the system

one. Note also that the percentage of the free OH bonds fromdensity decreases. Also, the percentage of monomers is found
this MD study (95%) is found to be in relatively good agreement to be between 45 and 74% at these densities. Generally, they
with the result from that experimental work &t= 523 K and found very consistent results between experiment and the MD

a very low density of 0.0216 g cm (see Figure 8 in ref 51).  simulation. Note that this picture exhibits similarities with our
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