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Molecular dynamics simulations have been used to study mixtures of acetone/methanol, acetonitrile/
methanol, and acetone/acetonitrile over their entire composition range. Using the effective pair
potentials of the neat liquids, the simulations reproduce much of the experimental spectra presented
in the previous papdD. S. Venables, A. Chiu, and C. A. Schmuttenmaer, J. Chem. Rh@s3243

(2000]. In addition to the total dipole spectra, autocorrelation functions and their corresponding
spectra were calculated for the single dipole moment as well as the translational and rotational
velocities of each component in the mixtures. Radial and spatial distribution functions, hydrogen
bonding, and methanol chain formation in the mixtures were also analyzed. The red-shift of the high
frequency librational band is attributed to methanol chains breaking up into shorter segments, and
to hydrogen bonding between methanol and co-solvent molecules. Methanol molecules have a
strong tendency to reside in chains, even at low methanol concentrations, and hydrogen bonding is
the primary determinant of structure in the mixtures. 2000 American Institute of Physics.
[S0021-960600)51432-9

I. INTRODUCTION mental intermolecular spectra of dipolar mixtures to spectra
calculated using MD simulations.
In the preceding papérwe discussed how a combina- Our purpose in this study is to use MD simulations to

tion of experimental intermolecular spectra and moleculainterpret the experimental spectra of acetone/methanol,
dynamics(MD) simulations is needed to arrive at a detailedacetonitrile/methanol, and acetone/acetonitrile mixtures that
understanding of the dynamics of liquids. The combinationyere reported in the preceding paper. MD simulations of the
of experimental and simulation techniques is a two-way prosame mixtures were performed to calculate dynamic proper-
cedure: the experimental spectra are required to evaluate thies related to the spectra. The structure and dynamics of the
accuracy of the simulations, which serve in turn to interpretmixtures, particularly the effects of hydrogen bonding, will
the experimental spectra. Our focus in these two papers is dfe examined. Since we find good agreement between the
the nonaqueous dipolar liquid mixtures of acetone/methanokimulations and experiment, we are able to extract informa-
acetonitrile/methanol, and acetone/acetonitrile. In the precedion about the microscopic behavior of the mixtures from the
ing paper, we measured the experimental infrared spectra gimulations.
these mixtures below 120 ¢ and from 400 to 1000 ciit
for the methanolic mlxtureg_We observed t_hat _the low fre- Il BACKGROUND
quency spectra of all the mixtures behave ideélycontrast
to aqueous mixtures at these frequenciewever, at high Methanol, acetone, and acetonitrile have each been in-
frequencies there is a dramatic change in the librational bandestigated in a number of MD studies. In methanol, the
of the methanol molecules as co-solvent is added. In thi©PLS model of Jorgensgand the H1 model of Haughney,
paper, we report the results of MD simulations of these mix+errario, and McDonaftishow good agreement with experi-
tures. mental values for thermodynamic, structural, and dynamic
Computer simulation has proven to be an indispensableroperties. Simulations using these models show that most
tool for investigating the behavior of liquids. Simulations methanol molecules simultaneously donate and accept a hy-
have successfully reproduced many of the macroscopic amdtogen bond. Consequently, liquid methanol consists of
microscopic properties of liquidsin particular, MD simula-  long, winding chains of molecules. About 7% of methanol
tions allow us to probe both the structure and the dynamicsnolecules accept more than one hydrogen bond, thereby al-
of the system in unprecedented detail. The interaction poteriewing branching in the chains. The distribution of chains of
tials of liquids used in simulations are optimized to describevarious lengths in the simulation has been calculated by Mat-
the experimental properties of neat liquids. It does not necsumoto and GubbirsThey found that the number of chains
essarily follow that the same models will also describe thedrops rapidly as the chain length increases, although large
behavior of mixtures satisfactorily. Before we can infer de-chains of over 100 molecules were sometimes observed. In
tails about molecular behavior with confidence, we must firsheat methanol, the mean number of molecules per chain was
verify that simulations reproduce experimental results. How-15.5 at room temperature. Molecules involved in two hydro-
ever, we are not aware of any studies comparing the expergen bonds remained in the same bonding state for much
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longer than did nonbonded molecules, chain end moleculeBABLE . Lennard-Jones potential function parameters of the neat liquids

(one hydrogen bor)dand branching moleculéthree hydro- (Refs. 3, 10, 11 Geometries of the molecules are taken from the same
. . . references, and from Ref. 30 for acetone.

gen bonds Marti et al. found that the translational motions

of methanol molecules with two or three hydrogen bonds had q o &
more high frequency spectral density than did molecules Site (e) A (kJmol™)
with zero or one hydrogen bonés. Methanol

Skaf, Fonseca, and Ladanyi have studied the effect of CH, 0.265 3.775 0.866
incorporating induced dipoles on the methanol dielectric @) —0.700 3.070 0.711
relaxation’ The permanent dipole is the largest contributor H 0.435
to the dielectric relaxation. Although the contribution of the Acetone
induced dipoles to the dielectric relaxation is nonnegligible, CHa 0.062 3.910 0.669
for the most part it relaxes at the same rate as the permanent _8:222 g’:ggg g:ggg
dipole. Consequently, reorientational motion is responsible .
for most of the far-IR spectrum, and collision-induced di- ~ Acetonirile 0150 3775 0.866
poles lower the absorption of the sample slightly at higher c : 0.280 3.650 0628
frequencies. Their spectra showed three peaks, at 60,cm N —0.430 3.200 0.711

150 cm'!, and 645 cm®. The high frequency absorption
band was attributed to libration of the hydroxyl H around the
CO bond axis.

Polarizablé and nonpolarizabfe® models have been

proposed for simulations of acetone. Jedlovszky andgnificant slowing of the dynamics of the water molecules
Pdinkas reported that the structure of acetone is mfluenceq!jpon mixing has been observed. Water molecules in mix-
more by steric effects than by electrostatic foréd$ie CO  yres have smaller diffusion coefficients than in the neat lig-

bond vectors of nearest neighbors in the liquid tend to bg,ig reorientational correlation times are longer, and Debye
oriented in an antiparallel manner, but other molecules in theg|axation times are longéf.

first coordination shell have no preferred orientation. In con-  pronounced changes in the high frequency librational
trast, dipole—dipole interactions are much stronger in acetopang of water have been observed with mixing. This absorp-
nitrile and in consequence it is a more structured liddid®  tion band is particularly interesting, as it reflects the motions
Radial distribution functiondRDFs show that acetonitrile of the hydrogen atoms, and hence is sensitive to the hydro-
molecules often align in a head-to-tail Configuration, Whi|89en bonding environment. In mixtures with a p0|ar co-
laterally displaced neighbors tend to adopt an antiparallefg|yent (e.g., methandl?® DMSO®1° formamide® and
arrangement. acetonitrilé®), the high frequency librational band of water

Representative simulations ofixturescan be found in may Sp]it into two or may move to h|gher or lower frequen_
Refs. 9 and 14-19. In the work reported here, the potentialgies. Addition of nonpolar cosolvents tends to shift the band
between like interaction sites were the same as those of thg higher frequencieg‘_'l7 As mentioned above, we are not
neat liquids, which are based on the Lennard-Jones potentiadivare of any experimental corroboration of these predictions
U(r)=4e[(o/r)**—(o/r)®]. The potentials between unlike regarding the librational dynamics. In earlier and on-going
sitesi andj were determined using the Lorentz—Berthelotwork, we observed that there are large nonidealities in the
combining rule’ o;=(0;+0})/2 and &;=1/e;ie;. Al-  experimental low frequencfpelow 100 cni?) infrared spec-
though the potentials were optimized to describe the propettra of aqueous mixturés:?’ The marked changes in the
ties of the neat liquids, the above approach has producegroperties of agueous mixtures are not mirrored in nonasso-
reasonable agreement with experiméfdr example, see ciating liquids?®
Refs. 2, 9, 1k In particular, the simulations reproduce how
dynamic propernes such as the diffusion coefficient changsm_ EXPERIMENT
as a function of composition.

As befits their importance, aqueous mixtures have re- Constant volume MD simulations were carried out using
ceived considerably more attention than other mixtures. Bethe MolDy progrant? Systems of 216 rigid molecules were
cause methanol bears a similarity to water in that it is also aimulated at an average temperature of 298 K using periodic
highly associating liquid, some general results of mixing inboundary conditions and an integration time step of 0.7 fs.
water will be presented below. The results presented in thi$he effective pair potentials used in the simulations were
paper show that some of the trends observed in aqueous mi©PLS for methandl and for aceton&®3® and Jorgenson—
tures occur in methanolic mixtures too. Briggs for acetonitrild! The parameters are listed in Table I.

The addition of a co-solvent to water produces a marked.ong-range electrostatic interactions were accounted for by
increase in the RDFs associated with hydrogen bonding beewald summation. The system was equilibrated for 70 ps,
tween water molecules, such as the O-O and O-Hollowed by a 126 ps period during which data were col-
RDFs1621-23Thjs indicates that water molecules have alected. Dynamic quantities for the time correlation functions
strong tendency toward self-association in the mixtdfd. were output every 7 ps. Experimental densities were mea-
The increase in water—water RDFs has also been attributesiired at about 293 K, and were scaled so that the densities of
to an increase in the water structure in the mixtite!®A the neat liquids corresponded to the literature values at 298
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TABLE Il. Values of the densities and number of molecules used in simulations of the mixtures. The number
of molecules and the corresponding volume fraction refers to the first component of the nmikfudesignates
acetone and AN designates acetonityile.

Acetone/Methanol Acetonitrile/Methanol Acetone/Acetonitrile
Density Density Density

# AT (gcm ) Var # AN (gcm ) Van # AT (gcm ) Var
0 0.7872 0.0000 0 0.7872 0.0000 0 0.7793 0.0000
13 0.7884 0.1042 17 0.7872 0.0996 16 0.7788 0.1009
36 0.7902 0.2665 45 0.7874 0.2541 42 0.7803 0.2531
84 0.7917 0.5362 96 0.7860 0.5087 92 0.7827 0.5101
144 0.7907 0.7842 153 0.7827 0.7586 150 0.7845 0.7613
186 0.7881 0.9184 190 0.7803 0.9044 189 0.7850 0.9076
216 0.7856 1.0000 216 0.7793 1.0000 216 0.7856 1.0000

K.3! The densities, volume fractions, and number of mol-IV. RESULTS

ecules in each simulation are listed in Table Il. Preliminary Spectra

studies showed that using other common potentials for the

liquids did not significantly influence the resulting spectra. ~ The experimental and simulated spectra of the neat lig-

As in the preceding paper, we denote the volume fraction obids are shown in Fig. 1. The simulations reproduce the po-

componeni with the symbolV;. Where appropriate, mole Sitions of the absorption maxima fairly well, although the

fractions are used and are designated by the conventionabsorption peaks occur at slightly lower frequencies in the

symbol,x; . The component may be written as AT for ac- Simulations than in the experimental results. However, the

etone, AN for acetonitrile, or ME for methanol. magnitude of the simulated absorption is too low, especially
The far-IR spectra of the simulated liquids were calcu-below 300 cm*, possibly because induced dipoles are not

lated from the autocorrelation functiothCF) of the total  incorporated in the calculation of the spectréfiin conse-

dipole momentM (t), using the equation: quence of this lack of quantitative agreement, the simulated
spectra at low frequencies should be regarded only as a first
47w tant(h w/2kT) approximation to the correct result. For methanol, thg simu-
a(w)n(w)= 370V lated spectra compare more favorably with the experimental
¢ results at higher frequenciés’ In this case, the magnitude
to of the absorption and the position of the maximum absorp-
X f_m e '“YM(t)-M(0))dt, (1) tion are close to those found experimentally. However, the

absorption band from the simulations is asymmetric, but it is
symmetric in the experimental results, and the widths of the
absorption differ slightly.

The simulated spectra of the mixtures are shown in Fig.

where « is the absorption coefficient andis the index of
refraction of a sample of voluma/, and temperaturel.>2
The absorption coefficient and index of refraction were sepa-
rated using a Kramers—Kronig analy&is:*

In this work, the total dipole was calculated based solely

on the permanent dipole of each molecule; induced dipoles 1000 A W
were not taken into account. This is the same approach that ,M 1 \
Ladanyi and co-workers used to study mixtures of water and 800 - /’
methanof® and that Skaf recently used to study mixtures of ~<_ <
DMSO and watet®!® Souaille and Smith have pointed out E), 600 1/ \ \
that not incorporating the induced dipoles in the simulation is 400 =~
) . R, 3
unlikely to affect the molecular motions of the liquid signifi- VAN
cantly, but some motions may not be spectroscopically 200 —— 7
visible®® Thus, absorption features arising from translational -
motions will not appear in the calculated spectra, and the 0 ' ' ' ’
effect of interference between the permanent and the induced 0 200 400 600 800

dipoles, which may contribute significantly to the
spectra? will also not be apparent. Despite these short-
comings, the permanent dipole represents the largest contifi+G. 1. Comparison of the experimenthbld line9 and simulated absorp-
bution to the spectral density and should be broadly repretion spectra(thin lines for the neat liquids. The absorption of methanol is

sentative of motions Occumng in the quuid particularly as shown as a solid line. For clarity, the absorption coefficients of acetone

. . . . ~ (solid line) and of acetonitrilgdasheshave been offset by 400 crh Ex-
the induced dipoles have much the same dielectric relaxatioferimental spectra are those determined in this work; Bertie’s spectrum of

as the permanent dipolé%. neat methanofthin dot-dashed lineis also showr(Ref. 37.

frequency (cm™)
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§ FIG. 3. Variation of the peak positio@ and width (b) of the high fre-
guency methanol libration band as a function of the acetone or acetonitrile
3 volume fraction. Thin lines denote values obtained by fitting the experimen-
tal absorption to a Gaussian curve, and bold lines represent the first moment
and the standard deviation of the simulated spectra. Filled squares with solid
lines indicate acetone/methanol mixtures, and open diamonds with dashed
T T T lines show acetonitrile/methanol mixtures. Uncertainties in the fits of the

400 600 800 experimental data to a Gaussian are shown for the acetone/methanol mix-
tures.

frequency (cm™)

FIG. 2. Simulated absorption spectra @& acetone/methanol,(b) experimental spectrur(670 Cm_l). The splitting of the ab-
acetonitrile/methanol, antt) acetone/acetonitrile mixtures. Bold and thin . . .

lines indicate neat liquids and mixtures, respectively. The compositions, b)?orptlon_ band results in a larger Standar_d_ deV|at|0n_ of the
volume fraction of the first component, are 0@B@sh-dot-dotted line0.75  absorption; thus, at low methanol compositions the high fre-

(short dashes 0.50 (solid line), 0.25 (dash-dotted ling and 0.10(long  quency peaks might be expected to have somewhat smaller
dashes The neat liquid of the first component is shown as bold dashes, th‘?/vidths than our calculation shows

second component as a bold solid line. . . .
P At low frequencies, the spectra of the methanolic mix-

tures show a relatively small excess absorption as the com-

position varies from neat methanol to neat acetone or aceto-
2. The high frequency behavior of the acetone/methanol anditrile (Fig. 4). The excess absorption is usually less than
acetonitrile/methanol mixtures is similar. Addition of ac- about 20 per cm, which may be large enough to be observed
etone or acetonitrile to neat methanol brings about a decreasxperimentally. However, our experimental far-IR spectra
in the absorption coefficient around 650 thnas expected. show no significant deviation from ideality. Above 100
However, as the concentration of the methanol in the mixturem™?, the simulated spectra of the methanolic mixtures be-
falls, a second feature begins to appear near 450'cin  come more ideal. This is evident in the monotonic change in
both methanolic mixtures, this feature is of comparable magthe absorption coefficient with composition, and in the isos-
nitude to the 650 cm' peak atVyg=0.25, and atVye bestic point at 125 cm' in the acetonitrile/methanol mix-
=0.10 the lower frequency feature dominates the higher fretures [Fig. 2(b)]. The spectra of mixtures of acetone and
guency peak. To estimate changes in the peak position aratetonitrile are essentially ideal at all the compositions con-
width, the first moment and the standard deviation of thesidered.
absorption were calculated over the range 300-800'cm More information on the particular molecular motions of
The results are shown in Fig. 3. Compositional trends in theeach component in the liquid can be obtained from the ACFs
experimental spectra are reproduced by the simulationof the single molecule dipole moment, as well as the linear
namely, a uniform decrease in peak position, and an increasad angular velocities, of each species. Ten molecules of
in peak width that is reversed at low methanol concentraeach type were randomly chosen to calculate the single mol-
tions. The lower value of the first moment of the absorptionecule ACFs. The velocity ACFs were evaluated for each mo-
in the simulations is a result of the asymmetry of the highlecular axis: for methanol, the molecule lies in e plane
frequency spectrum: in neat methanol, the peak maximum cdnd thez-axis is nearly parallel to the C—O bond. Two gen-
the simulated spectruifta. 650 cm?) is close to that of the eral observations can be made from evaluation of these func-
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methanol mixtures. The bold solid line is the spectrum in the neat liquid, and
0 f ' } . thin lines show the spectra at the following volume fractions of acetone:
' 0.10 (solid line), 0.25 (dotted ling, 0.50 (short dashes 0.75 (dash-dot-
0.0 0.2 . 0.4 0.6 0.8 1.0 dotted ling, and 0.90(long dashes

FIG. 4. Excess absorption of the simulated far-IR spectrgapbcetone/ The single c_iipol_e spectra of acetone_and of a_Cetonitr”e
methanol,(b) acetonitrile/methanol, an¢t) acetone/acetonitrile mixtures. N the methanolic mixtures both show an increase in spectral
The volume fraction is in terms of the first component of the mixture. Thedensity in going toward methanol-rich compositions. This is
frequencies shown are 20 cfilled circles, 40 cm * (open circles 60 5ccompanied by a red-shift in the peak position of the aceto-
cm - (filled triangleg, and 100 cm* (open trianglel Lines between adja- . . . 1. .
cent points are meant as a guide to the eye. The ideal absorption is the IirQJ't”le single dipole spectrum, from 64 crhin neat acetoni-
connecting the two neat liquids. trile to about 47 cm? at V1= 0.10(in acetonitrile/methanol
mixtureg. The red-shift in the acetonitrile mixtures is con-
sistent with the results of Kovacs and Laaksonen for mix-
tions: (1) the largest changes occur in the motionnuétha-  tures of acetonitrile and watét.In acetone/acetonitrile mix-
nol molecules, and?) that these changes are largeshigh  tures, the single dipole spectral density of acetone increases
frequencies Representative angular velocity and dipoleslightly on addition of acetonitrile, whereas that of acetoni-
ACFs and spectra of the mixtures will be presented below.trile decreases somewhat and the peak position undergoes a
Spectra of the single dipole ACFs reveal informationsmall shift to lower wavelengths.
about the motion of individual molecules, as opposed to the  Autocorrelation functions of the linear velocities of each
collective motion in the liquid, which is described by the species and their corresponding spectra show little depen-
total dipole moment ACF. The single dipole spectra ofdence on composition. Their linear motion is typically diffu-
methanol in both acetone and acetonitrile mixtures show aive in the neat liquids, and addition of co-solvent tends to
red-shift of the high frequency spectral dendifjgs. 5 and make them slightly slower and even more diffusive. These
6). In acetonitrile/methanol mixtures, an isosbestic point ischanges are reflected in small shifts of the spectral densities
apparent at about 510 ¢th which strongly suggests a two- to lower frequencies.
state system. The single dipole spectrum of methanol in ac- Larger changes are observable in the angular velocities
etone is similar to that in acetonitrile, but does not have af acetonitrile and methanol as the neat liquids are diluted
clear isosbestic point, possibly because the position of thaith co-solvent. The angular velocity ACFs show significant
lower frequency feature varies with acetone concentrationoscillatory behavior, which in the case of the methanol is
The lower frequency peak in these mixtures is found atvery pronouncedFig. 7). The angular velocity of acetoni-
slightly higher frequencies than in acetonitrile/methanol mix-trile slows on addition of co-solvent—this effect is slight
tures. In both mixtures, the spectral density below about 25@Where acetone is added to the mixture, but is much larger in
cm ! decreases as methanol is diluted by cosolvent. methanol mixtures. Acetonitrile/methanol mixtures show a
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FIG. 6. Same as for Fig. 5, but fqe) acetonitrile and(b) methanol in

FIG. 7. The ACFga) and corresponding spect(h) of the angular veloci-
acetonitrile/methanol mixtures. <3 P ing spect(d) guar v I

ties w, and w, of the methanol molecule when mixed with acetof(he
coordinate system of the methanol molecule is described in the ARES

are displayed for neat methanlold lineg, and for mixtures of 0.5@thin
dash-dot-dotted lineand 0.90(thin dashesvolume fraction acetone. In the
large red-shift in the peak position, from about 60 ¢rneat  graph of the spectra, neat methanol is again a bold solid line, and the mix-

acetonitrile to 41 cm L for Vye=0.90. In contrast, the an- tures shown are: 0.28hin dotted Ii_neis 0.75(thin solid line, and 0.9Qthin
gular velocities of acetone do not change much with compo%ashes by acetone volume fraction.
sition.

The angular velocity ACFs of methanol are highly oscil-
latory, especially thev, and w, components, which corre-
spond to rotation in the molecular plane and around the C—O  RDFs for the neat liquids agree with the literature results
axis, respectively. Spectra of these functions indicate the oripresented in Sec. Il. Representative RDFs of the mixtures are
gin of features in the total dipole spectra. Thus, the highshown in Fig. 8 to illustrate changes in the structure of the
frequency absorption band has been assigned to libration difjuids upon mixing. The RDFs show that adding a co-
the hydroxyl H atom {,), and the smaller absorption fea- solvent to either acetone or acetonitrile does not significantly
tures at about 70 and 150 ci(in neat methanolarise from  affect the radial arrangement of these molecules among
librations about thew, and w, axes, respectively. Because themselvegFigs. §a) and 8b)]. An exception is that dilute
thel,, andl,, moments of inertia of methanol are so similar mixtures of acetone or acetonitrile with methandl
(Iyy/14x=0.96), differences in the frequencies of the corre-=0.90) exhibit modest changes in the acetone—acetone and
sponding librations must be attributed to a higher barrier foracetonitrile—acetonitrile RDFs in the direction of decreased
in-plane rotation ,) than for out-of-plane rotationay). structure. It seems reasonable to conclude from the above

The o, and v, motions are not much affected by ac- RDFs that, in mixtures, acetone molecules remain spatially
etone or acetonitrile, except in dilute mixtures when a narunstructured relative to each other, and acetonitrile mol-
rowing and red-shift of the absorption band is observed. Thecules show the same tendency for antiparallel alignment as
motion most affected by composition is the angular velocitythey do in the neat liqui¢*~*® Changes in the structure of
associated with rotating the hydrogen atom around the CQ@cetone/acetonitrile mixtures are negligible.
axis (w,). The most marked changes are seen in dilute In contrast to acetone and acetonitrile, RDFs indicating
methanol mixtures\{,,e<<0.50). This motion is responsible hydrogen bonding between methanol molecules undergo ex-
for the prominent features observed in the total dipole and itraordinary changes as the methanol concentration decreases.
the methanol single dipole spectra. The spectral density foFigures &) and 8d) show how the @g—Oye and
this motion shows a lower frequency peak growing in atOy=—Hye RDFs increase as the methanol concentration de-
about 470 cri' in acetone and at 430 crhin acetonitrile.  creases in acetone/methanol mixtures. The corresponding
The clear isosbestic points in each system again suggestRDFs in the acetonitrile/methanol mixtures are essentially
two-state system. identical, excepting a slightly lower first maximum. These

B. Radial and spatial distribution functions
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= are two H,e maxima. Light surfaces in the methanol SDFs designajg O
o0 isosurfaces, af70/111) and(30/70 for low and high concentrations, respec-
tively. (b) shows SDFs between acetone molecules and, @t (2.0/2.9 for
low acetone concentrations and(&t5/3.1 for high acetone concentrations.
Panel(c) shows SDFs between the acetonitrile molecule aggd ,Hat (15/

17) for low acetonitrile concentrations, aritid/35 for high concentrations.
The nitrogen atom of acetonitrile is shown by the dark site in the central
molecule.

distance (10'1°m)

FIG. 8. RDFs of the following(a) Oa—O,r in acetone/methanol mixtures . . . . — .
(Vii=0.10, 0.25. 0.75, 1.00 (b) Nay—(CHy)ay in acetonitrile/methanol  "Cré@se in the first maximum upon dilution of methanol in

mixtures (/,y=0.10, 0.25, 0.75, 1.00(c) Oye—Oye in acetone/methanol dicates that methanol molecules bgcpme more likely 'go hy-
mixtures (/,r=0.00, 0.25, 0.75, 0.99(d) Oye—Hye in acetone/methanol  drogen bond to acetone or acetonitrile molecules, as is rea-
mixtures (/4r=0.00, 0.25, 0.75, 0.90(e) Oar—Hye in acetone/methanol  sonable. Nonetheless, it is clear that methanol molecules

mixtures (V47r=0.10, 0.50, 0.90 and(f) Nay—Hye in acetonitrile/methanol have a greater ability to accept hvdrogen bonds than do ac-
mixtures (/,y=0.10, 0.50, 0.90 The compositions, in the order listed, are 9 Y pt hydrog

shown as solid, dotted, dashed, and dash-dot-dotted lines. etone and acetonitrile mOIeClj'IeS' .
Although the RDFs identify the most obvious structural

features in the mixtures, ambiguity still exists about the exact
results are indicative of the strong tendency of methanolocation of sites relative to the central molecule. For in-
molecules to self-associate through hydrogen bonding. stance, it is not clear whether the second maximum in the
Hydrogen bonding interactions between methanol molNay—Hyue RDFs[Fig. 8f)] arises from methanol molecules
ecules and acetone or acetonitrile molecules are shown im a second solvent shell, or from a second preferential po-
Figs. 8e) and &f) for the O\r—Hye and Nyy—Hye RDFs.  sition for the hydrogen atom about the acetonitrile molecule.
The distances of the peak maxima show that hydrogen bond&’e therefore evaluated the spatial distribution functions
between methanol and acetone molecules are shorter th&a8DF9 of these mixtures because they complement the pic-
those between methanol and acetonitrile molecules. This reure of the liquid structure obtained from the RDESDFs
sult is expected from the smaller diameter of the hydrogempermit us to determine the most probable spatial location of
bond accepting sites: 2.96 ®,1) versus 3.20 AN,y ). The  a given site around the central molecule. Figure 9 shows the
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SDFs of the mixtures at both ends of their composition 0.5
range.

The location of methanol molecules relative to each
other does not change significantly with composit|[dig.
9(a)], although the magnitude of the SDFs becomes excep-
tionally large at the hydrogen bonding positions as the
methanol concentration decreases. The two prominent posi-
tions of neighboring methanol molecules are in the hydrogen
bond donor and acceptor positions. The central methanol
molecule donates an H atom directly toward the O atom of .
the hydrogen bond accepting neighbor. Another methanol 0.0 0.2 0.4 0.6 0.8 1.0
molecule, which donates a hydrogen bond to the central mol-
ecule, is located near the bisector of the;€B—-Hangle. In L-xy
a similar m,an.ner' the most likely posmoq of th%pand . FIG. 10. The fraction of acetone molecul@dled circles and acetonitrile
Nan atoms is in the hydrogen bond accepting position, but ISnolecules(open circles which accept a hydrogen bond. The thin dashed
not shown in Fig. 93)_ line is the ideal curve, and the thick curve is meant as a guide to the eye.

The location of acetone and acetonitrile molecules rela-
tive to themselves in methanolic mixtures is affected by the

composition. Figure @) shows that in methanol-rich mix- trile molecules were recipients of either 0 or 1 hydrogen

tures, acetone oxygen atoms lie above the plane of the Celtnd—there were negligibly few double hydrogen bond ac-
tral acetone molecule, whereas in acetone-rich mixtures, theé’eptors for these species

occupy a broad crescent behind the central acetone molecule. The fraction of acetone and acetonitrile molecules in-

Thi; bepar\]/ior s I?Ot %bX‘%“? fr(r)]m ]I:ig.(é),' aIthodugh Ithf) volved in hydrogen bonding is shown in Fig. 10. The greater
origin o It € pf(:a at o "j[ht at |guret I;nrgglzlatse.yw e; tendency for acetone than for acetonitrile to accept hydrogen
comes clear after examining the associate - SIMIaMY, 5nds from methanol is evident at all compositions. Invoking

the cause of the second maximum in thgyNHye RDFs . o . . R .
. ; ! . pt of idealitydashed line in Fig. 10 the behavior
[Fig. 8(f)] becomes apparent in the corresponding $Bi§. of the two species is somewhat different. When infinitely

9(c)]. It arises from the ringlike distribution of the)gd atom diluted in methanol, acetone molecules are more lieby:

arounfd tr;]e gcetomgne dmolectulle. Thetrel".itt'.\ll e lack of tpri“.fer'SO%) than acetonitrilgca. 34% to be acceptors of a hydro-
ence for nydrogen bonding at low acetonitriie concentrationg ., 1,onq - As the methanol mole fraction decreases, how-

suggests that acetonitrile molecules are interspersed betwe Oer, the probability of being hydrogen bonded converges to

tmhethar][cr)ll chi':unhs..At r:ngh EcetorgltrllI(e conce}:{gtraﬂgns,lm{he ero for both species. Furthermore, this probability is higher
€ methanol chains have been broken up, there 1S relaliVey, o, ijea| at low methanol concentrations, especially in

more hydrogen bonding between methanol and acetonitrilea o :
. etonitrile/methanol mixtures.
Furthermore, SDFs show that the dipoles of both acetone andC

tonitril lecul i t dthe 4 at £ methanol The composition dependence of hydrogen bonding in
?:gt(;rrlmlor\:v?) molecules point toward the H atom of methanol,aihanol molecules is shown in Fig. 11 for acetonitrile/

methanol mixtures. The results for acetone/methanol mix-
tures are similar. In neat methanol, most molecules are
1Dyeg—1A—that is, middle-of-chain molecules—and a
smaller  proportion are chain-starting  molecules
The hydrogen bonding state of molecules in methanoliqd1Dyg—0A). Relatively few molecules are chain branches
mixtures has been assessed to clarify relationships betwedtaD,,:—2A). The number of hydrogen atoms not involved
molecules in the mixture. Hydrogen bonds were evaluateih hydrogen bonding is small, and includes free methanol
according to the usual geometric crite?i@d for hydrogen molecules (D—0A), and “dangling-hydrogen” chain-end
bond accepting atom, Z, a hydrogen bond was assigned iholecules (D—-1A). The addition of acetonitrile makes
r, n<2.6 A r,_o<3.5A, and the H-©-Z angle was less possible two more bonding types, DAy—0A and
than 30°. These values correspond approximately to the firgtD ,—1A, corresponding, respectively, to methanol—
minimum of the appropriate RDF of the system being stud-acetonitrile dimers and to chain-ends terminating into aceto-
ied. Using these criteria, our results for the number of hydro-itrile molecules.
gen bonds in neat methanol were in excellent agreement with  The hydrogen bonding of methanol molecules departs
those of other workers.® We have extended our analysis substantially from ideality as methanol is diluted by acetoni-
beyond counting the total number of hydrogen bonds petrile. Molecules taking part in chain formation
molecule by assessing the number of bonds donated and a@Dyg—0A, 1Dye—1A, 0D-1A, 1D n—1A) have a con-
cepted by each molecule. In addition, hydrogen bonds dovex curve as a function of composition, whereas nonchain
nated were also categorized according to the recipient spenethanol molecules have a concave dependence on compo-
cies. For brevity, the bonding state of methanol molecules isition. These observations demonstrate the strong propensity
denoted bynpDy—nsA, wherenp is the number of hydro- for methanol molecules to reside in chains. At the same time,
gen bonds donate@ or 1) to speciesX, andn, is the num- it is apparent that the chains themselves must be disrupted
ber of hydrogen bonds accepté®?). Acetone and acetoni- and shortened, based on the increase in the fraction of metha-

fraction of molecules

C. Hydrogen bonding and methanol chains
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0.4 / FIG. 13. The chain size distribution in acetonitrile/methanol mixtures the
following compositions:V 4= 0.90 (open triangles Vay=0.75 (filled tri-
angles, V= 0.25(open circley and neat methandfilled circles.

the value obtained by Matsumoto and Gubbiis.5.° The
number of chains in the liquid increases on adding acetone or
acetonitrile, resulting in a maximum neag,z=0.6. The
Xan greater number of chains occurs despite fewer methanol mol-

FIG. 11. The fraction of methanol molecules in different bonding states as éecu!es n thg mIXturej A rapid decreasg in chain size accom-
function of composition. The molecules shown(@ are 1D,c—1A (open  Panies the increase in number of chains—the average num-
circles and 1Dz—OA filled square} as well as methanol molecules that ber of methanol molecules per chain is halved upon addition
i‘chePt S‘/’;’O(Ohi‘:]rzgigrgozgﬁ"edltA”?E‘f’_‘l?'ZS)a_MO'eCdU;eS ZthW”Oi/:“(’f)_”afde of 0.2 mole fraction co-solvent—and is followed by a slower
circ?gs). We FI)1<51ve ?ncorpsorat/:aNd the rleseultslirfngnsirﬁslr;tion of melthimol indec_rease n C_ham Sizé a_s further _SO_Ivent IS added'_The dls_m'
acetonitrile-rich mixture \ xy=0.99). bution of chain lengths in acetonitrile/methanol mixtures is

shown in Fig. 13. There is a clear shift toward shorter chains

as more acetonitrile is added. The largest changes are appar-
nol molecules at the start O—0A) and at the end entin theVyg=0.25 and 0.10 mixtures, in which almost all
(1Dan—1A and D -1A) of chains. Branching in chains chains have fewer than five molecules.
gradually disappears, probably because of greater separation An interesting issue concerns the shapes of the methanol
between chains. Thus, dangling-hydrogen chain-end molehains, and how they are affected by mixing. To explore this
ecules (D-1A) would be less likely to meet up with other point, we calculated the moments of inertia of the chains
chains, which might thereby result in the coalescence of twdased on the center-of-mass of the constituent molecules.
chains into one largefusually branchedchain. The smallest principal moment of inertia for a chain was

The methanol chains were studied directly to verify theassigned as,,, the intermediate ak,,, and the largest mo-

above points. Figure 12 shows how mixing affects the numiment asl,,. Ratios of the average moments of inertia
ber of chains and the average number of methanol moleculds$,,/I,, andl,/I,,) according to chain size are plotted in
per chain. (Acetone and acetonitrile molecules hydrogenFig. 14. The chains tend to have a prolate shape, with the
bonded to the chain were not counted as part of the ghain.
Our average chain length for neat methafid.5) is close to

(I /1,) and (I, /L)

0 20 40 60 80 100

1-xp chain size

FIG. 12. The average number of chaif@, and the average number of FIG. 14. The effect of methanol chain size on the ratios of the average
methanol molecules per chailb), as a function of the mole fraction of moments of inertia of the chains in acetone/methanol mixtures. Composi-
acetone or acetonitrile. Lines connecting points are included to guide théons shown are neat methan@bolid line), V,r=0.25 (long dashes V1

eye. =0.50 (medium dashgsandV ;= 0.75(short dashes
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(a) There were no noticeable differences between the conforma-
tions of chains in neat methanol and those in mixtures.

V. DISCUSSION

Translational and rotational motions that cause dipole
fluctuations are responsible for the intermolecular infrared
spectra of liquids. Rotational motion usually reorients the

(b) , permanent dipole of a molecule, and hence gives rise to
H strong infrared absorption. Translational motions contribute
to the absorption by modulating the induced dipoles between
f’o\ k molecules. Translational motions will not be spectroscopi-
v R cally active in our simulated spectra, because we have not
Y incorporated induced dipolegeither dipole-induced or

. collision-inducedl into our study. However, for molecules
with large permanent dipoles, such as those considered in
this study, rotational motions are responsible for most of the
1 infrared absorption.

Comparison of the experimental and the simulated spec-
tra reveals that the simulations underestimate the absorption
of the liquids at low frequencies. Although the peak posi-
tions of the acetone and acetonitrile spectra were close to the
\ experimental results, the magnitude of the predicted absorp-

tion coefficients was too low. This shortfall is partly due to

the absence of induced dipoles in the calculated spééfra,

but may also result from inaccuracies in the effective poten-

tial.

The simulated spectra reproduce the ideal behavior

found in the experimental spectra of acetone/acetonitrile
FIG. 15. Example configurations of methanol chains, showing the twistinngXtur,eS', The SImU|a,tlonS a_Iso I_ndlcate that in th.IS system
of the chains. The oxygen atom is shown by the dark site, and the hydrogef1€re is little change in the librational and translational mo-
is the lightest site. Hydrogen bonds are shown by thin lines connectingions of each species as a function of composition. Therefore,
hydrogen and oxygen atoms of adjacent moleculgsand (b) have 7 and gt |east with regard to these motions, acetone/acetonitrile
20 molecules in the chain, respectively. mixtures appear to behave ideally.

The agreement between trends in the simulated and ex-
perimental spectra of methanolic mixtures was not as satis-
factory as in the acetone/acetonitrile mixtures. The composi-

moment of inertia about thex axis roughly three times tion of the mixtures does not affect the translational motions
smaller than about the other axes. Thg/l,, andl,/lI,,  of each component in a significant way. For methanol mol-
values are stable with increasing chain length, as entropgcules, this is in accordance with the work of Maatial.,
favors clusters that are stretched out over structures that aveho have previously shown that the hydrogen bonding state
more spherical. Addition of acetone or acetonitrile appears tof methanol molecules has little effect on the translational
have little effect on the,,/I,, andl,, /I, ratios, although at motion below 100 crt.’ However, the librational motions of
low methanol concentrations there may be a slight tendenchoth species are shifted to lower frequencies, giving rise to a
for the chains to become even more stretched sesl,,/l,,  small excess absorption in the low frequency spectra of the
for Vor=0.75 and 0.9D mixtures, which is not observed experimentally. The behav-

The configurations of many chains of different lengthsior of the ideal experimental absorption of methanolic mix-
were examined. Most chains conformed to the shape extures may be due to a cancellation effect between the red-
pected from Fig. 14; that is, they tended to be somewhashift of the librational motions, and a decrease in the
elongated, with approximately equal distributions off the ma-absorption from the Debye relaxation, which is the primary
jor axis. Two representative configurations of chains arecause of the nonideal absorption of agueous mixtures. How-
shown in Fig. 15. Bunching of the chains into spherical clus-ever, we emphasize that the observed nonidealities in the
ters was rarely seen. There is a pronounced tendency faimulated spectra are quite small. Reasons for the dissimilar-
segments of the chain to curl gently, which was usually asity in the far-IR spectra of aqueous and methanolic mixtures
sociated with methyl groups of adjacent molecules being ihave been discussed in the preceding paper.
an eclipsed positioffion the outside of the curyeA conse- The simulated spectra of methanolic mixtures reproduce
guence of the curling is that chains often have a helical charthe most prominent changes in the high frequency librational
acter. In some cases, methyl groups of adjacent moleculdsand of methanol. The peak position of neat methanol is
were staggered, resulting in straighter chain segments. Whetlose to the experimental value, and both mixtures result in a
branching occurred, it was usually near the end of the chainsed-shift which is similar to that seen in the experimental

-
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spectra. At low methanol concentrations, the simulated libraetone or acetonitrile and methanol is thus stronger in real
tional absorption band splits into two peaks, but the experithan in simulated mixtures.
mental spectra show no evidence for splitting of the peak. The structure of acetone/acetonitrile mixtures, in which
Similar behavior has been reported by Skaf in simulations ohydrogen bonding does not play a role, is almost unchanged
water—DMSO mixture$®'® We measured the absorption upon mixing. There is no tendency toward self-association—
spectrum of this system at the same concentration as theinolecules of either species are evenly distributed throughout
study Kpmso=0.84). Although the high frequency libra- the mixture. This comes as no surprise, as the structures of
tional band did shift to lower frequenciéas predicted by the the neat liquids appear to be primarily determined by steric
simulations, there was no experimental evidence for split- effects™ Dipole—dipole interactions are somewhat less im-
ting of the peak. portant, but do maintain the antiparallel alignment of aceto-
Changes in the librational motion of the methanol mol-nitrile molecules. The absence of strong, highly specific and
ecule about the axis are responsible for the behavior of the directional interactiongsuch as hydrogen bondinglistin-
high frequency spectra. A striking feature is the appearancguishes this system from the methanolic mixtures.
of an isosbestic point in the methanel, spectra for both In contrast to acetone/acetonitrile mixtures, large
mixtures, which suggests a two-state system. Because tifdanges occur in the RDFs of methanolic mixtures. The most
largest intermolecular interaction that the methanol molecul@rominent changes appear in the RDFs associated with hy-
experiences is from hydrogen bonding, the two-state naturdrogen bonding and are similar to those that take place in
of the w, motion is probably due to different hydrogen bond- aqueous mixtures. The increases in the hydrogen bonding
ing environments. The work of Matsumoto and Gubbins sugRDFs between methanol molecules are not so much caused
gests that methanol molecules involved in 1 to 3 hydrogerPy an increase in the structure of methanol, as they are by the
bonds have similam, librational frequencies, which are sub- tendency of methanol to remain in chains in mixtures. Even
stantially higher than those of nonbonded methanol molat low methanol concentrations, most methanol molecules
ecules. We propose that the high frequency motion occurs ifeside in chains. Thus, for any given methanol molecule,
hydrogen bondaionatingmolecules, and involves rotation of there is always a high probability of finding another metha-
the hydrogen atom through the hydrogen bond. The higheifol molecule as a neighbor, irrespective of whether the over-
frequency of libration is then caused by the strong restoringtll methanol concentration is high or low. The ability of
force between the hydrogen atom and the hydrogen bongnethanol to form chains is probably due to the stability of
accepting atom. Methanol molecules with nonbonded hydromethanol molecules with two hydrogen borid&ecause
gen atoms therefore librate at lower frequencies, as do thodBere is no strong force drawing them together, acetone or
with weaker hydrogen bonds to acetone or acetonitrile. Thécetonitrile molecules tend to be evenly dispersed throughout
number of methanol molecules donating a hydrogen bond t§1€ mixture at high methanol concentrations.
acetone or acetonitrile increases sharply at low methanol Adding acetone or acetonitrile to methanol breaks up
concentrations, which corresponds to the appearance of tH@ge chains into smaller and more numerous chains. The
lower frequency peak. Therefore, it seems reasonable to aghapes of the chains are little affected by mixing and the
tribute the low frequency peak to hydrogen bonding betweefmelical, prolate character of the chains is retained. At low

methanol and acetone or acetonitrile, instead of to nonMeéthanol concentrations, however, the occurrence of
bonded methanol molecules, which never exist in large numr_nethanol—acetone and methanol-acetonitrile dimers increases

bers in the mixtures. considerably. The strong tendency of methanol to donate hy-

The broadening of the high frequency absorption bandirogen bonds is extraordinary, and few hydrogen atoms do
on dilution of methanol arises from methanol moleculesnot Participate in hydrogen bonding. Hydrogen bonds
adopting a more diverse range of hydrogen bonding states. fffmed between methanol molecules are stronger than
neat methanol, 75% of molecules are in the middle of chain§nethanol-acetone or methanol-acetonitrile hydrogen bonds.
(1Dye—1A), but addition of a co-solvent shortens the
chains, to give more molecules at the ends of chains any" CONCLUSIONS
fewer middle-of-chain molecules. This trend increases with  Spectra based on MD simulations of binary mixtures
further dilution, until low methanol concentrations, when containing methanol, acetone, and acetonitrile were com-
most methanol molecules are hydrogen bonded to the cgared to the experimental results of the preceding paper.
solvent. Consequently, the environment of methanol molSimulated spectra reproduce the ideal behavior of the
ecules is somewhat more homogeneous at low methanol coacetone/acetonitrile mixtures, but show a small excess ab-
centrations than at intermediate concentrations, as indicatesbrption of methanolic mixtures in the far-IR, arising from a
by the narrower frequency band. Palinketsal. have inter-  red-shift of the methanol and acetonitrile librational bands.
preted the broadening of the spectra of water/methanol mixthe far-IR spectra of methanolic mixtures contrast with
tures in a similar mannér. those of aqueous mixtures, which we have also

The simulations appear to under-represent the number afetermined>?’ Aqueous mixtures show a decreased absorp-
hydrogen bonds accepted by acetone and acetonitrile in theon compared to ideal mixtures. Explanations for the dis-
mixtures. The experimental results of Eatenal. indicate  similar behavior were proposed in terms of changes in the
that acetone or acetonitrile, when in methanol-rich mixturesreorientational motions in the mixtures.
participate in almost twice as many hydrogen bonds as in our  Simulations reproduce the shape and trends of the high
simulations (Fig. 10.3°-%2 Hydrogen bonding between ac- frequency librational band of methanol, which arises from
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