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An analytical function representing the energy of interaction in the acetone dimer was constructed on the
basis of ab initio (MP2/6-31G*) calculations for 327 configurations. The inclusion of electron correlation

in the ab initio calculations was essential for satisfactory reproduction of experimental data, as was the avoidance
of basis set superposition error by means of the counterpoise method. The analytical potential function was
fitted to the ab initio data using a weighting scheme favoring good fit in low-energy regions. The minimum
of the function,—4.83 kcal/mol, corresponds toGy, symmetry in which the monomers are antiparallel and

are linked by four hydrogen bonds. Three low-energy stationary points corresponding to transition states
with differing numbers of hydrogen bonds and energy were also located. The quality of the function was
corroborated by inspection of derived isoenergetic contour maps and of its prediction for the temperature
dependence of the second virial coefficient. As a further test, a Monte Carlo simulation of liquid acetone
was performed in the canonical ensemble, and energetic properties and radial distribution functions were
computed.

1. Introduction molecules capable of forming hydrogen bonds involving a
) o carbonyl group has been develop&dr molecules smaller than

Knowledge of intermolecular potentials is necessary for the acetone (specifically, the water-formaldehyde heterodimer). All

development of theoretical models that explain the properties g calculations were performed using the GAUSSIAN 94

of matter and for molecular dynamics (MD) or Monte Carlo package?® Dimer intermolecular energy was calculated using
(MC) simulation studie$. In general, computational limitations  the supermolecule method.

impose the need to work with pairwise additive potentials for
the energy of interaction of several molecules of the substance hod
or substances being studied. In recent years, analytical potentia?' Metho
functions representing this energy have been constructed onthe 2.1, Computational Level. Because the intermolecular
basis of ab initio @I) calculations for numerous pairs of medium- interaction energy was expected to be small (no more than a
sized molecules, including the dimers of methdrmhd hy-  few kcal/mol) compared with the total energy of a dimer, and
droxylaminé and the heterodimers water-butafolyater- hence to require a fairly high computational level for good
methanoF, and water-hydroxylaming. Some of these analytical  results, we carried out tests at a variety of levels to arrive at a
potential functions have been used for liquid-phase Simul&tiOﬂS.satisfactory compromise between accuracy and computational
Despite the importance of acetone as a solvent, we know of noeffort. To begin with, we optimized the geometry of the acetone
ai-based potential for acetor@cetone interaction, although the  monomer both with and without inclusion of electtéror-
static and dynami&?® properties of acetone have been studied relation effects by MP2. We found that even Hartré®ck
in MD and MC simulations with empirical potentials that do  (HF) results obtained with a rather large basis set reproduced
not explicitly take into account the hydrogen atoms. the experimenta¥ 18 data less well than MP2 results obtained
In this work we constructed a potential that does explicitly with much smaller basis sets, underestimating bond lengths and
include hydrogen atoms (and hence hydrogen bonding) by fitting overestimating the dipole moment (Table 1). DoublBun-
a suitable analytical expression to the resultaiafalculations ning/Huzinag® and split valence shéfl basis sets have been
for 327 configurations of the acetone dimer (this correspond to used at the MP2 level. Good MP2 results required the inclusion
1308 configurations when symmetry is taken into account). In of both diffuse and polarization functions on the heavy atoms,
this context, we also investigated the discrepancy between gasbut little was gained by including them on the hydrogen atoms
phase infrared (IR) result8,which suggest that the acetone t00.
dimer has &,y structure, and the different predictions of the To compare the basis sets as regards prediction of the
only previousai study of the acetone dimét. The MC interaction energy of the dimer by the “supermolecule” method,
simulation$ of the pair-potential reveal energetics and structure calculations were performed with the geometric parameters of
compatible with experimental results; thus, the simulation seemsthe monomer fixed at their experimental values and/or the values
to show the reliability of using our estimated pair-potential. corresponding to the minimum-energy structure found with each
We believe that our results may serve to orient studies of basis set. In all cases, the dimer configuration with the most
intermolecular interactions in larger systems containing carbonyl negative energy with these fixed monomer geometries afforded
groups; the only previouai-based intermolecular potential for  Cyp structures with four hydrogen bonds of the kind shown in
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TABLE 1: Geometry (A, degree) and Dipole Moment (debyes) of Acetone: Experimental Values and Results at Various Levels

basis set (-0 Icm—c) fem-n)? Ocm—c-0 p-cm—c? THpCMCO  THCMCHp u

D95 1.273 1.540 Hp, 1.101 121.4 Hp, 109.9 0.0 120.8 3.20
H, 1.106 H, 110.0

6-31+G 1.267 1.521 Hp, 1.096 121.3 Hp,109.5 0.0 121.2 3.33
H, 1.101 H, 110.3

6-31++G 1.267 1.521 Hp, 1.096 121.3 Hp, 109.5 0.0 120.7 3.31
H, 1.101 H, 110.3

6-31G** 1.186 1.511 Hp, 1.078 121.6 Hp,109.8 0.0 121.0 2.57
H, 1.084 H, 110.1

6-31+G* 1.231 1.512 Hp, 1.091 121.7 Hp, 109.8 0.0 121.0 3.14
H, 1.096 H, 110.1

6-31++G* 1.232 1.512 Hp, 1.091 121.7 Hp, 109.8 0.0 121.0 3.13
H, 1.096 H, 110.1

6-31++G** 1.231 1.512 Hp, 1.086 121.7 Hp, 109.9 0.0 121.1 3.07
H, 1.091 H, 110.0

6-31++G(2d,p)  1.222 1514 Hp, 1.087 1218 Hp, 110.0 00 1212 3.02
H, 1.092 H, 110.0

6-31++G(2d,2p)  1.222 1514 Hp, 1.086 1218 H, 110.0 00 1212 2.99
H, 1.092 Hp, 110.0

HF/6-31H-+G 1.187 1.510 Hp, 1.078 121.6 Hp, 110.0 0.0 121.0 3.28

(2d,2p) H, 1.084 H, 110.0

dimepf, 6-314+G*  1.235 1.508 Hp, 1.092 121.6 Hp, 109.8 6.0 H,120.2 3.62
H, 1.096 H, 110.7 Hb, 121.6
Hb, 1.096 Hb, 108.9

experimental 1.2104+0.004 15174 0.003 1.094 0.003 122.06:0.25 108.5+-0.5 0.0 120.0 2.93 0.03

experimental 1.180 1.540 0.985 128.3 102.5 0.0 120.0

2Hp is the hydrogen in the CNC(O)-CM plane.? Geometry of the monomer in the dimer, obtained by full optimization of all coordinates; Hb
is the hydrogen-bonding H atorhiValues taken from gas-phase microwave rotation spéttiigole from ref 184 From liquid-phase X-ray

scattering'®7
TABLE 2: Interaction Energy (kcal/mol) In An Acetone Dimer With C,, Symmetry (see text) as Calculated at the HF and

MP2 Levels Using Various Different Basis Sets, With and Without Avoidance of Basis Set Superposition Error by the
Counterpoise (CP) Method (Equation 2)

D95  6-31G* 6-34-G*  6-31++G* 6-31++G* 6-31++G (2d,2p) 6-3%+G(2d,2p) 6-31%+G (2d,2p)
method level OPT OPT EXP OPT EXP EXP OPT EXP OPT  EXP EXP OPT
cP MP2 —4.05 —3.70 —3.89 —4.85 —4.96 —5.00 —4.91 —500 -539 —557 —5.62

HF —2.87 -3.70 -3.71 -3.71 -3.43 —3.48 -3.25
eql MP2 —1.76 —513 —-6.78 —7.03 —7.11 -7.24 —7.14 —7.19 -583 -7.06 -7.02
HF —4.68 —4.14  —4.17 —4.18 -3.09 -3.82 ~3.54

2OPT: Monomer geometry optimal for the isolated monomer according to the computational level beingEXBd. Monomer geometry
obtained from gas-phase microwave rotation spéétra.

Figure 4A. Table 2 lists, for a structure approximately at the that the most appropriate basis set was again-6&3. which
center of this cluster of optimal configurations, both the with the monomer geometry it predicted as optimal afforded
uncorrected interaction energiesEi,; calculated using the  aninteraction energy in the experimentally estimated range. The

following formula: fact that 6-3%G* performed better than larger basis sets (which
appeared to overestimakg,; even when eq 2 was used) may
Eint = Eag(AB) — EA(A) — Eg(B) (1) have been due to mutual cancellation of errors from multipoles

. o ) _and polarizabilities contributions to the interaction energy.
(where the arguments in parentheses indicate the basis set beingjteratively, the apparent error in the results of the larger basis
used), and the values obtained using the counterpoise ni&thod sets may reflect inaccuracy on the part of the experimentally
_ _ _ based estimate, which was arrived at assuming the unknown
Bt = Eag(AB) — EA(AB) — E5(AB) 2) values of certain parameters and also involved experimental
error in the determination of the enthalpy of formation of the
All HF results afforded interaction energies smaller in dimer. Be thatas it may, the coincidence of the experimental
absolute magnitude than the range estimated from experimentaPnd 6-33G* estimates, together with the results obtained for
data,—4.92 to—4.71 kcal/mol! although the value obtained the monomer, the rapid increase in com_putat|on time with basis
with the basis set 6-31G** appeared to exhibit the frequently S€t Size, and the relatively small difference between the
observed mutual near-cancellation of BSSE by the error due toiNteraction energies obtained with 6-86* and the larger basis
not taking electron correlation into account. The MP2 calcula- S€tS, led us to decide to use MP2/6+33* calculations and eq
tions?2 as expected, greatly overestimated the interaction energy? 0 obtain the sample of ai interaction energies to which the
when split valence shell basis s8tand eq 1 were used. The ~analytical potential would be fitted.
MP2 results obtained with eq 2 show that it is necessary to  After obtaining the sample of ai interaction energies in
introduce diffuse functions to obtain good interaction energies. accordance with the sampling plan described in the next section,
This need might be due to the better representation of wavewe explored the possibility of going on to optimize intramo-
function at larger internuclear distances. These calculationslecular geometry for each intermolecular configuration in the
appear to confirm the results of the study of the monomer in sample. The lowest interaction energy in the sampié,85

so as to avoid basis set superposition error (BSSE).
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TABLE 3: Intermolecular Geometry (A and Degrees) and Energy (with CP) of Interaction of the Acetone Dimer At or In the
Neighborhood of Stationary Points (see Figure 4)

global inter. sample fit inter. sample fit inter. sample fit fit

min. min. min. min TS.1 T.S.1 T.S.1 T.S.2 T.S.2 T.S.2 T.S.3
le1-c5 3.233 3.195 3.353 3.338 3.864 4.123 4.027 4.863 4.900 4.927 5.929
Oozcics 73.6 75.6 72.6 72.4 84.2 76.0 89.7 57.2 60.8 56.4 0.0
@csciozems  271.0 270.0 270.0 270.0 270.0 270.0 270.0 0.0 0.0 0.0 0.0
Ooscsci 73.6 75.5 72.6 72.4 41.7 46.8 45.7 57.8 58.3 56.4 180.0
@06C5¢102 180.0 180.0 180.0 180.0 180.0 180.0 180.0 180.0 180.0 0.0 0.0
@cm7csc102 59.3 59.2 59.5 59.6 0.0 0.0 0.0 180.0 0.0 180.0 0.0
Ekcalimol) —5.01 —4.65 —4.85 —4.83 —-3.71 —-3.41 —3.75 —2.46 —2.47 —-2.32 -2.21

a As given by MP2/6-33G* ab initio calculations and the fitted potential function (fit columns). Global: by full optimization of all coordinates.
Inter: by optimization of intermolecular coordinates, with intramolecular coordinates fixed at their optimal values for the isolated monqgofeer. Sam
nearest configuration in the sample of ab initio data to which the potential function was fitted.

Figure 1. The scheme used to obtain the sample of ab initio data to which the analytical potential function was fitted. Lines starting at small circles
lie at 45 to the CMC(O)-CM plane of the base monomer.

kcal/mol, was 0.16 kcal/mol above that of the configuration was still only~7% for configurations with four hydrogen bonds
obtained by full optimization of the dimer geometry at the MP2/ and would no doubt be less for those with fewer hydrogen
6-31+G* level [see the Sample Min. and Global Min. columns bonds.

of Table 3, which also shows the corresponding intermolecular 2.2. Sampling the Configuration Space.The configuration
geometries; the intramolecular geometry obtained by the full space of the dimer was sampled with the geometry of the
(global) optimization procedure is shown in Table 1 (dimer)]. monomers fixed at the optimum given by MP2/6433*

The energy of the configuration obtained by optimizing calculations for the isolated monomer. The sampling scheme,
intermolecular parameters with intramolecular parameters fixed based on chemical considerations, is shown in Figure 1.
at the optimal values for the isolated monomer (Inter. Min. Samples were taken with one of the monomers at 10 different
column in Table 3) was even further above the value obtained distances from the second (base) monomer.

by full optimization (for an explanation of this behavior, see With the intent of reproducing the low-energy region of the
the Discussion Section 3.3, first paragraph). Optimizing the energy manifold as faithfully as possible, the 300-point con-
intramolecular geometry with the intermolecular parameters figuration sample already mentioned was subsequently supple-
fixed at their Sample Min. values gave an interaction energy mented with a further 30 configurations chosen in the neigh-
that was 0.37 kcal/mol more negative than the Sample Min. borhood of the low-energy stationary points of a provisional
value of—5.22 kcal/mol, probably primarily because the rotation analytic potential fitted to the 300-point sample (these 30
of the methyl groups had shortened each of the four hydrogenconfigurations include the structure used to obtain the data of
bonds by 0.2 A. Eventually, however, it was decided not to Table 2). Three configurations withi energies>50 kcal/mol
optimize intramolecularly for two reasons. First, optimize were eventually removed, leaving a final sample consisting of
intramolecularly would greatly prolong calculations. Second, 327 configurations for each of the four quadrants generated by
fixing intramolecular geometry gave rise to only rather slight the two molecular symmetry planes.

geometric inaccuracy and to an error in the interaction energy 2.3. Characteristics of the Potential Function. The
that, although larger than for other molecules such as metRanol, function fitted to the aiE data,E*jy, assumes the pairwise
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additivity of contributions by individual atom pairs: whelg,

E*

nt = Zica Zjeg Ujj (39)
the contribution of the pair formed by atonon monomerA
and atomj on monomerB, depends only on the distancg
between these two atoms. Thig values are given by
where thed; term represents repulsive interactions due to orbital
overlap, theB; andC; terms jointly represent multipotecharge
and multipole-multipole interactions, and tHg; term represents
Coulombic chargecharge interaction.

Because the long-range behavior of the potential, which is
crucial for its use in simulation studies, is determined almost
exclusively by theD; parameter, these parameters were not
among those optimized in fitting eqs 3a and b to &henergy

J. Phys. Chem. A, Vol. 102, No. 15, 1998597

TABLE 4: Point Charges Reproducing the MP2/6-3H%G*
Molecular Electrostatic Potential and the Molecular Dipole
Moment of Acetone and Used to Calculate thé; of Eq 3b
fc %o O # (D)
0.7963 —0.5513 0.1429 3.14

Ccm
—0.5510

TABLE 5: Optimized Parameters? of the Fitted Function
(Equations 3)

Aj Bj Ci
C C 83899.0850 3.77349729 4136.17162
C (0] 2876471.30 5.75901836 —649.741659
C CM 4431947.96 5.21740647 —151.870846
C H 5378.27531 4.14951179 —96.9533680
(0] (0] 3226.75032 2.72183801 1164.74169
(0] CM 143432.335 3.98846255 —580.429687
(0] H 7064.43282 3.91835387 273.819781
CM CM 3463121.36 5.37122471 —1863.48035
CM H 3261.84314 3.15515101 438.697631
H H 425.234032  2.92043030 14.729590

data. Instead these parameters were determined in a chemically *Ai in kcakmol™®; By in A~%; andG; in kcal/mol* A*.

more meaningful way as the producjg; of the charges on the
corresponding atoms, which were calculated by optimization
so as to reproduce the MP2/6-BG* molecular electrostatic
potential under the constraint that the MP2/6+&* dipole
moment be reproduced exactly. Once thg had been

determined, the other parameters in eq 3b were obtained b)/r?1

fitting egs 3a and b to thai interaction energies under the
constraint that théy; andB; must be positive (which ensured
positive energy at close range). The optimization procedure
was a MarquardtLevenberg® least-squares algorithm, and
good fit in low-energy regions was favored by giving each point
sin the sample the weight

W(S) = 1+ 100 explE(9) — Ee)/06]  (4)
where the constaris = —4.85 kcal/mol is the lowest energy
in the ai sample.

3. Results

3.1. Ab Initio Data. The sample point with the lowesi
interaction energy;—4.85 kcal/mol, belongs to the series of
configurations obtained by stepping the “variable” monomer
along linea4 with the antiparallel relative orientation labeled |
in Figure 1. In the lowest-energy configuration (one of the extra
30 included in addition to the 300 conforming to the scheme
shown in Figure 1), each central carbon lies 3.2 A from the
C=0 bond of the other monomer. The particularly low energy

Finally, in both the other low-energy series of note, the
oxygen of one monomer “attacks” the central carbon of the other
along the line bisecting the CMC—CM angle of the latter,
and lowest energy is attained when the O and C atoms are 4.0
apart. This lowest interaction energy-<.45 or—1.97 kcal/

ol for dihedral angles of 45 and 0respectively between the
CM-C(O)-CM planes of the two monomers (i.e., depending on
whether the configuration is like the second on laior the
fourth on lineal in Figure 1).

3.2. The Potential Function. Of the values tried for the
exponent in eq 3bn = 4 was the one affording the best
equilibrium between the fit to the ab initio interaction energies
and the representation of the substance properties. Potentials
with terms inrj~# have previously been used by Scheraga and
co-workerdé* to model the interaction between water and
methylamine or methylammonium ion.

Table 4 lists theg; used to calculate th®; of eq 3b, and
Table 5 lists the optimized values of tig, Bj, andC;j. The
data in Table 4 show that the charge of the methyl carbon is
almost equal to the oxygen charge; it may seem unusual if the
chemical reactivity of the molecule is considered, but this high
negative charge may be attributed to the positive charge of the
hydrogen atoms. These charges added to the negative charge
of the methyl carbon atom give a slightly negative charge for
the methyl group, the same behavior appearing in empirical
potentials’2> The dipole moment given in Table 4 is7%
bigger than the experimental value; however, we considered

of these configurations is attributable to the four hydrogen bonds that this error may be accepted. Whichever the case, it could

they allow to be formed, two for each oxygen atom.
There are four other series of low-energy configurations in
the sample. In the series of lowest energy, in which three

hydrogen bonds can be formed, the variable monomer lies on

a4 with its CM-C(O)-CM plane perpendicular to that of the
base monomer and its=€D bond oriented toward the methyl
groups of the latter (Il in Figure 1). The lowest interaction
energy of this series;-3.41 kcal/mol, is attained when the
central carbon of the variable monomer is 4.0 A from the@@
bond of the other.

In another series, in which two hydrogen bonds can be
formed, the CMC(O)-CM structures of the two monomers are
coplanar and the CMC—-0 angles face each other with the
C=0 bonds of each oriented toward the methyl group of the
other (the second configuration on li@2 in Figure 1). The
lowest interaction energy of this series2.47 kcal/mol, is

attained when the central carbons are 4.0 A from each other.

be useful making use of a slightly overestimated dipole for the
pair-potential parametrization so as to allow for the induced
dipoles in the liquid-phase simulations.

Figure 2 compares thai interaction energies of25 kcal/
mol (<5 kcal/mol in the inset) with the corresponding values
of the fitted potential function (the diagonal lines in these figures
merely show what perfect correlation would be like, they are
not fitted regression lines). As expected given the weighting
function used, agreement improves as interaction energy falls;
the most negative energies are very well fitted by the potential
function. Importantly, the clustering of the data on either side
of the diagonal lines in Figure 2 shows that there is no systematic
tendency of the potential to overestimate or underestimate the
ai data.

Figure 3 compares the fitted potential function with thie
data as regards the way in which the interaction energy of the
configurations labeled 1, Il, and Il in Figure 1 varies with the
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42 0 2 4 TABLE 6: Intermolecular Vibration Frequencies of the
4F iy Kl Acetone Dimer in cnt?

P ] HF MP2 function experimental

P Jx 42.7 59.6 35.6
. ] 52.5 71.5 53.5
. ] 62.7 77.5 54.5
& 1 63.2 97.3 55.5
1% 78.3 104.6 68.6 94.7
. ] 141.1 145.6 76.4 125.0

’
N
]
.

|

S
T

e 1 a Experimental frequencies from far-IR technidde.

. ] and potential values of the four most relevant stationary points
v 1 (Fit columns) together with the geometries aaidnteraction
o/ 1 energies of the nearest configurations in the sample (Sample
d ] columns) and those of nearby stationary points ofahdimer
energy under variation of only intermolecular parameters (Inter.
columns). Note that the latter are not necessarily stationary
points of the interaction energy without BSSE under the same
15 constraint because the “ghost” orbitals involved in calculating
the E,(AB) (with a. = A or B), of the monomers in eq 2 depend
on the geometry of the dimer. This dependence is not taken
Fi_gure 2. C(_)mparison of_the samplg of ab initio interaction energies jnto account in theaai optimization process, which means that
with those given by the fitted potential. the optimization is in a not free BSSE surface. The BSSE
changes the value of the interaction energy and can also change
the relative order of the interaction energy between two points.
For example, the reason the Inter. Min. interaction energy in
Table 3,—4.65 kcal/mol, is higher than the Sample Min. value,
—4.85 kcal/mol, must be that BSSE is much larger for the Inter
Min. dimer geometry than for the Sample Min. dimer geometry
and it changes the relative order between both points.

The absolute minimum of the fitted potential corresponded
to the antiparallel geometry shown in Figure 4A (which also
shows the atom numbering scheme used in what follows). This
configuration is in keeping with the experimental IR results of
Knozinger and WittenbedR and is similar to one of the
conformers— not the most stable- that was predicted by the
HF/3-21G and HF/4-31G calculations of Frurip et¥salthough
Frurip et al. calculated a much longer €C5 distance, 3.84
A, and a much less negative interaction energ®,98 kcal/
mol). This configuration is very similar to that of lowest
interaction energy in the sample, differing by only 0.019 A in
the C1-C5 distance and by only 0.02 kcal/mol in interaction
energy.

Table 6 lists harmonic intermolecular vibration frequencies
obtained from HF and MPai calculations and from the fitted

otential function (using ORIENP), together with two experi-

_d|sttrz:1nce betl\Ne(Ian ttrr]'e fr_rtlogofmerf_. In the Ictnlwest-en(;ergy s'([ahr 'e%ental frequencies measured by Kinger and Wittenbeck?
in the sample (1), the fitted function correctly reproduces the These frequency values, the only ones available, refer to the

depth of the potential well, but overestimates its width, leading acetone dimer embedded in a cryogenic matrix and therefore

to errors of up t0~0.3 keal/mol in the interaction energy on they cannot be considered rigorously; however, they can provide
the walls of the well. In the other low-energy series, (Il), the . .
quite a useful reference. Overall, the two experimental frequen-

reverse occurs: the width of the potential well is well . . .
. . . ) cies are predicted slightly better by MP2 than by HF calcula-
reproduced, but its depth is underestimate 1 keal/mol tions. The fitted function affords values that are of the right

although this is not a significant difference given the absolute ) . .
( 9 9 9 order of magnitude but are too small, especially in the case of

values of these energies). In the less stable configuration (l11), he highest f o doubtedlv b fth .
in which the G=0 bond of one monomer points directly toward the highest frequencies, Is undoubtedly because of the excessive

a methyl group of the other, the energy discrepancies are againsmoothness Of the fitted po.tential (see .also the previous
quite siight. However, as in the other two series, the potential discussion of Figure 3). The discrepancy with respect tathe

curve is globally smoother than would be required for perfect values is probably also contributed to by the fact that the latter
fit, but the general tendency might be considered as a good fit. Were calculated directly from dimer energy data, whereas the
Positiveai interaction energies are well fitted in all three series. fitted potential models the interaction energy given by eq 2.
3.3. Stationary Points. The stationary points of the potential The stationary point of next-to-lowest energy of the fitted
function were detected using the program ORIBN&fter potential, a transition state with an energy-68.75 kcal/mol,
madification to allowr; 4 terms. Table 3 lists the geometries is the configuration with three hydrogen bonds shown in Figure

Value of the potential (kcal/mol) ,
1
n

PR I T S T T AN W S N S TS ST S Y S WA WA N ST

-5 5 10 15 20
Ab initio interaction energy (kcal/mol)

—_

W NN =2 0 =~ N WA OO N O O
AETE FTT ARRT FTY URTY RTYEY AYER1ANTR ARTYA FRARY FRURY CRNTA ARATY ATANY TN

int

E (kcal/mol)

'5 IIIllllll'llllllllllIlIIIIIiIlIIIIIIIIIIIIII
2 3 4 5 6 7 8 9 10 11
Distance (A)
Figure 3. Potential curves for the configurations labeled I, Il and IlI

in Figure 1, taken along line, c2, andb3, respectively of that figure,
together with corresponding ab initio values of the interaction energy.
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Figure 4. Configurations corresponding to stationary points of the fitted potential surface (values of geometric parameters and interaction energies
are listed in Table 3).

4B and its geometric parameters are listed in Table 3 under thewith this kind of configuration. First, thei intermolecular
heading Fit TS1. Frurip et &t found no stationary point of  dimer energy does have a transition state nearby (Inter. TS2

this kind. column in Table 3). Second, the minimum is very shallow, as
The stationary point of next lowest energy of the fitted is shown by the very low value of its lowest intermolecular
potential is @ minimum. It has an energy ©2.32 kcal/mol, vibrational frequency, 4.9 cm, and by the existence of

and the corresponding configuration, which has two hydrogen atransition state with an interaction energy only 0.03 kcal/mol
bonds, is described in the Fit TS2 column of Table 3 and is higher very nearby (its C1C5 distance differs by only 0.073
shown in Figure 4C. Several circumstances suggest that theA from that obtaining at the minimum). Hence, this minimum
dimer really has a transition state rather than a stable conformerhas been attributed to an artificial minimum produced by the
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Figure 6. Temperature dependence of the second virial coefficient,
Figure 5. Isoenergetic contour map for acetergcetone interaction as given by experimental dat4.....) and by the fitted potential function
in the CM-C(O)-CM plane of the base monomer. (-).

function in a flat region of the surface. In other words, it is virial coefficient as calculated by MOLSI¥ using the fitted
considered that in the place of this region where such a transitionpotential function and as obtained from experimental data. The
state would be located, there is a very shallow potential well theoretical value is-7.5% less negative than the experimental
with energies that can be included in the error range of the value at 320 K and-29% more negative at 420 K, and the two
method. Taking into account the well energies except at very curves cross each other-aB40 K (the slope of the theoretical
low temperatures, such a shallow minimum will behave ef- curve is less than that of the experimental curve at all
fectively as a transition state in simulation studies. A similar temperatures in this range). At low temperatures, the second
configuration, with a C+C5 distance of 4.65 A and an virial coefficient depends chiefly on the low energy regions of
interaction energy of-1.65 kcal/mol, was the lowest-energy the interaction potential, suggesting that the potential wells of
conformer found by Frurip et &k the fitted function are shallower than those of the real interaction
Finally, the fitted potential also has a transition state corre- (which is in keeping with thai data to which the function was
sponding to the head-to-tail configuration shown in Figure 4D fitted and which had been obtained with the intramolecular
(see also Table 3, Fit TS3 column). Like the absolute minimum, geometry held constant, in view of the discussion about Figure
this configuration has four hydrogen bonds, but they are very 3). However, using the value of 7.5% for the error at 320 K,
weak because all four involve the same oxygen atom and thethe errorAE in these wells may be roughly estimated from the
energy is—2.21 kcal/mol. equatiod®In 0.925= AE/RTas only~0.05 kcal/mol. At higher
The full optimized geometries and vibrational frequencies of temperatures, at which higher-energy regions of the potential
theai TS1 and TS2 stationary points can be obtained from the are involved (so that the width and profile of the potential wells
authors upon request. become as important as their depth), the fact that the theoretical
3.4. Isoenergetic Contours and Second Virial Coefficient. second virial coefficient is more negative than the experimental
To check that the fitted potential behaved reasonably in regionsvalues shows that the fitted potential overestimates intermo-
for which no ai data had been calculated, we examined lecular attraction and has wells that are wider than they should
isoenergetic contour maps and second virial coefficient, both be. The erroAE estimated using the same equation-i3.28
generated using the program MOLSHA{.Figure 5 shows the  kcal/mol, which is greater than for lower-energy regions (as
map obtained in the CMC(O)-CM plane of the base monomer, expected) but is still acceptable. The good results at temper-
which is located with its central carbon atom at the origin and atures of~340 K might be due to the compensation of the
its C=0 bond pointing along the negatixeaxis (the energy of aforementioned effects.
each point in the map is the minimum of the potential when  3.5. Simulation of Liquid Acetone. To test the quality of
the other monomer is allowed to rotate whereas its central carbonthe potential previously calculated, a MC simulation was
remains fixed at that point). The contours are satisfactorily performed with the MOLSINY package. We used 512 acetone
smooth, with no untoward irregularities, and are properly molecules enclosed in a cubic box of length 39.69 A; periodic
symmetric about the €0 bond. The interaction between the boundary conditions were used together with a spherical cutoff
two monomers is basically isotropic at long range, but anisotropy of 19.25 A. The simulation was carried out in the NVT
at shorter distances gives rise to stationary points. The two ensemble at a temperature of 298.15 K. In each patrticle transfer
minima with energies rather lower thar8.0 kcal/mol near the  step, a randomly selected molecule was translated in a random
oxygen atomy~2.5 A on either side of the axis, may represent direction by a random distance that was no more than 0.2 A.
configurations similar to that of Figure 4B, whereas the This displacement was followed by a random rotation of the
minimum with an energy of about2.1 kcal/mol that lies on molecule of<20° around a random axis. Initially the system
the axis near the methyl groups probably represents thewas equilibrated for 3000 particle transfer steps. The calcu-
configuration of Figure 4D. lated properties were then averaged on 1000 independent
Figure 6 shows the temperature dependence of the secondonfigurations separated by NGnoves each.
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The resulting potential energy of the simulated system,
—29.92 kJ/mol, is similar to results obtained with empirical
potentialg25 (we did not found any experimental value for this
magnitude). Figure 7 shows the distribution of the molecular
energies; there is a smooth continuum of energies betw&&n

and —35 kJ/mol.

Atomic Radial Distribution Functions and Cosine Distribu-
tions The partial pair correlation functions calculated from the
MC simulation are presented in Figure 8. For pairskCand
O—0, the contributions of the first, second, third, fourth,
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of the central and neighbor acetone molecules.

has two CM atoms for the pair correlation functions containing
CM atoms, and there are two different-© separations for

the g—o(r) function. The aforementioned authors obtained a
go-o(r) with two peaks, a small peak at a short distance and
another at a much bigger distance. They explain the existence
of an antiparallel orientation with the first nearest neighbors
different to the other neighbors. We have a correlation function
O—0 with only one peak using our potential. If the contribu-
tions of the neighbors are analyzed, it can be seen that the first
nearest neighbors have a peak toward shorter distances than
more distant neighbors, but the interval of distances between
the peaks is not so long and the peak of the first nearest
neighbors is hidden for the contributions of the rest of the first
coordination shell.

The functions g—u(r) and gm-n(r) show a nearly statistical
distribution. This effect is already described by Bertagnolli et
al.1” and it is due to the numerous and different intermolecular
orientations of the hydrogen atoms with respect to each other
and to the carbon of the methyl group. The B function has
only one peak about 4.85 A. Bertagnolli ef-afound the same
kind of behavior for the €H function as for the g-un(r), but
in their C—H distribution, they include the two types of carbon
(CM and C) of the acetone molecule. The functions for the
nearest neighbors show that the distributions for the first nearest
neighbors give two peaks that turn into one peak due to the
average with more distant neighbors. We obtained arHO
distribution with a small peak at 2.75 A (Bertagnolli et*al.
found this peak at 2.5 A) and then a bigger one at 4.15 A;
Jedlovszky and Tui? observed that one of the pair correlation
functions between hydrogen and oxygen in the formic acid
showed that behavior.

The center-center pair correlation function of the acetone
can be estimated by the—€C pair correlation function. The
integration of this function up to its first minima at 7.15 A
yielded a coordination number of 13. This result is consistent
with the values of Bertagnolli at &l.and Jedlovszky at d&l.
The integration of other partial pair correlation functions give
values around the €C coordination number. Thus, coordina-
tion numbers of about 14.5, 13.5, 13, 13, 12, 12, 11, 10, and 3

seventh, and ninth nearest neighbors are also given. Thesevere obtained for g-u(r), dem-n(r), do-olr), gem—cm(r),

neighbors were classified according to the € distance from
the C atom of the central molecule. All the distribution

gc—cm(r), go—cm(r), gc—n(r), de—o(r), and g-n(r), respectively.
The cosine distribution of ang|e between the €0 bonds

functions for pairs of heavy atoms have a double first peak or of the central molecule and its neighbors at different distances,

a shoulder, except for the pairs-€ and G-O. This behavior
is similar to the results obtained by Jedlosky et ai. their

each distance corresponding to a coordination number, is shown
in Figure 9. For the nearest neighbors the distribution oftos

simulations using a united atom empirical potential. The reasonsshows a clear preference for the antiparallel orientation. When
for these peaks are that, as these authors explain, each moleculhe coordination number increases, the distribution tends to a
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