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Dynamics of liquid acetone: Computer simulation

A. Brodka
Institute of Physics, University of Silesia, Uniwersytecka 4, 40-007 Katowice, Poland

T. W. Zerda
Physics Department, Texas Christian University, Fort Worth, Texas 76129

(Received 5 September 1995; accepted 17 January) 1996

Molecular dynamics simulations of liquid acetone are performed for the temperature range from 248
K to 323 K and pressures up to 2 kbar. The acetone molecule is modeled by four sites and
intermolecular interactions are described by the optimized potential for liquid simul&@iBhS.

The Ewald method and spherical truncation of the dipole—dipole interactions are used, and it is
shown that both techniques give almost the same description of molecular motion. The calculated
rotational relaxation times as well as translational diffusion coefficients satisfactorily agree with the
experimental data. Rotational diffusion coefficients obtained from angular velocity correlation
functions and rotational correlation times show anisotropy of reorientational motion of the acetone
molecule. ©1996 American Institute of Physids0021-960806)50516-3

I. INTRODUCTION solid surface or in small pores. This work will serve as a
starting point for further investigations of the dynamics of
In the last decade molecular dynami¢®D) sim-  the acetone molecules in porous silica, and the results ob-
ulation“* as well as the Monte Carlo methodere used to  tained here will help quantify differences between molecular
investigate properties of liquid acetone. In those studies agehavior in restricted geometries and in the bulk phase. For
etone was modeled by four Lennard-Jorted) interaction  selected thermodynamics states the calculations are repeated

centers and four partial charges. In the study of Ferrariqsing the Ewald sum, and we compare results of these two
et al? the long-range electrostatic interactions were treategnethods.

by the Ewald methdtwhereas in the two other workdthe
spherical truncation of the intermolecular interactions was; MoOLECULAR DYNAMICS SIMULATION

used.
The paper by Evans and Evanspresents the most A molecule of acetone is represented by a rigid set of

completed molecular dynamics study to date. However, onfoUr interaction sites located on oxygen and carbon atoms.
may find some inconsistencies in the calculations whichfhe geometry of the molecule is based on microwave
makes their results unreliable. The LJ potential parameteré€sults and the calculated principal moments of inertia;
were transferred from other molecules and the moments di=82.1X10"*" kgn?, 1,=98.5<10"* kgn?, and I,
inertia were 11%—16% smaller than the experimental dta. =170.2<10"* kg m” match the experimental valug8The
Although the two other papers concentrate on aqueou§H3 groups are treated as unit sites, and the site locations in
mixture and organic solutéshey also contain some results the molecular frame are presented in Table I. The interaction
for pure acetone. Ferrariet al? adjusted the LJ parameters potential betweerth andBth molecules is described in the
and applied charges obtained from MINDO/3 calculations Standard form of the Lennard-JongkJ) potential plus
which yield a dipole moment of 2.71 D. For bulk acetone dipole—dipole interaction represented by Coulomb interac-
they reported thermodynamic properties, self-diffusion coeffions of fictitious partial charges
ficient and rotational relaxation timg of the dipole moment o \2 [g.\8
at 298 K. The OPLS functions of Jorgensetal 3 were de- UQ'BZZ 2 [46” (r—” - (r—”)
termined through Monte Carlo simulation and the interaction b 4 1l

model reproduced vaporization heat for acetone. It should b&herei and j denote sites in thexth and gth molecules,
noted that the LJ potential parameters used in Refs. 2 and r@spectively. The locations of charggscoincide with the LJ

are very similar, however, the OPLS charges give the dipoleenters and they give a dipole moment of 2.96 D alongythe
moment of 2.96 D, slightly higher than the experimental val-axis of the molecular frame. All the parameters of the inter-
ues of 2.90 I, 2.93+0.03 D (Ref. 6 or 2.94 D® action potential are collected in Table I.

In the present paper the OPLS functions for acetone We simulate a system of 216 molecules in a cubic box of
molecul€ are used in the MD simulations for the microca- side L, and periodic boundary conditions are applied. The
nonical ensembl&@NVE). The calculations are carried out for centers of the molecular masses are placed at nodes of a
a wide range of temperature and pressure, and the MD simimple cubic structure, and orientations of the molecules are
lation results are compared with the experimental data. Wassigned randomly. Initial translational and angular veloci-
focus our attention on the spherical truncation of the dipole-ties are random and consistent with the required temperature.
dipole interactions as this method can be adopted in studieBhe force and torque acting on a given molecule are calcu-
of phenomena in nonisotropic systems, such as adsorption dated with a spherical cutoff radiug=L/2 which is applied
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6314 A. Brodka and T. W. Zerda: Dynamics of liquid acetone

TABLE I. The interaction site locations in the molecular frame and the

potential parameters for the acetone molecule. 22 I '
X y z o €elkg q
Site (nm) (nm) (nm)  (nm) (K) (lel)
c 0.0 0.00893 0.0 0.375 52.87 0.300 24
(0] 0.0 0.13112 0.0 0.296 105.75 —0.424 M

CH; +0.128 64 —0.069 60 0.0 0.391 80.57 0.062

to the centers of mass of the molecules. For the LJ interac-
tions we use the shifted force potential, and the Coulomb
interactions are multiplied by a Gaussian switching function I
which falls from 1 to 0 as distance between centers of mass 28
of two acetone molecules increases from 6,96 r..* The
standard long-range corrections for the LJ interacfiars
used and contribution to the energy forr. arising from I
the dipole—dipole interactions are calculated using effective Y\ S T R
spherically symmetrical potential functidAOrientations are 280 320 360 400 440
represented by quaterniohsThe Newtonian and orienta- T (K)
tional equations of motions are solved using fifth- and
fourth-order predictor-corrector methotfsiespectively. The _ _

FIG. 1. Configurational energy of acetone along the saturated vapor curve as

calculations are performed with a time step of 2.5 fs. In thea function of temperature. Solid line represents values obtained from experi-

equilibration run we carry out 5000 time steps during Whichmental data using Eq2), full and open circles are resuits of the MD simu-
velocities are scaled to obtain the required temperature. Dutations with the spherical truncation and Ewald method, respectively.

ing the following 10 000 time steps, which constitutes the
production stage, no further adjustments are made.

For selected thermodynamic states the calculations argy,
repeated using the Ewald method to partial chdrgesl as-
suming that the sphere built up of simulation boxes is im-
mersed in dielectric continuum made of acetone and chara
terized by experimental electric permitivity.

U, (kI/Mol)
3

served at the highest temperature are 9.5 K, 0.2 kbar, and
0.25 kJ/mol, respectively. Those values are similar to those
reported by Haughnegt al'* for methanol. For both meth-
%ds we did not observe any drift of temperature or the total
energy. However, the spherical truncation of the interactions
introduces fluctuations of the total energy which are 10 to 20
IIl. RESULTS AND DISCUSSION times larger than those for the Ewald method. For the spheri-
cal cutoff the total energy fluctuations are 0.5% and 1% at
the lowest and the highest temperatures, whereas for the
Ewald method the fluctuations are 0.03% and 0.1%, respec-

Initially we performed the MD simulations for the liquid
acetone at temperatures and densities along the saturated
por curve. Thermodynamic states and some of the resul
obtained from the calculations for the spherical truncation oit'vely'

the interactions and the Ewald method are presented in Table 'I;he bprezsurteg SOﬁLam?g fr(:rrln the M.D SI[n|U|atI|0nS are
II. In both cases fluctuations of temperature, pressure, an,[%re"l31 elr fya} ou t. art ar;h. Eexgermller;ahva uﬁf” par-
configurational energy are similar and their maximum errors coarly for lower temperaturesugher densiieswhere the
differences are higher than the maximum pressure error. In
Fig. 1 we compare the configurational energies obtained
TABLE II. Temperatures, pressures, and configurational energies of liquidrom the MD simulations with the values of the energy esti-

acetone along the saturated vapor curve. Values in parentheses refer to theated from the experimental data for the latent heat of

Ewald method. evaporationL ,,*® the orthobaric molar volum¥, > the

. ; ] o o — o orthobaric pressure, ,'>!® and temperature dependence of

) (glen?) (ban ) (ban (ka/mo the second virial coefficier,!’

293 0.789 0.234 2981 623 29.4 _ RT
(2968 (511 (29.3 Us=—Letps o B|- V,,}

323 0.754 0.786 3242 448 27.7 7
(319.9 (313 (277 ,dB (RT -1

353 0.719 2.148 358.8 302 26.1 —RT aT\ o B| , 2
(348.9 (199 (26.) 7

383 0679 4.803 383577-2 153?8 ;2-7 whereR is the gas constant. This comparison shows that the

213 0.634 9.454 ( 42'(?3 (120) (22'2 potential parameters established by the OPLS métreguio-
(4155 71 (22.4 duce properly the internal energies of liquid acetone along

the saturated vapor curve.
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TABLE lll. Thermodynamics states and MD simulations results. Values in TABLE IV. Rotational correlation times of rank 1 and 2 obtained from MD

parentheses refer to the Ewald method.

simulations and experimental times obtained from Rayleigh scattéRef
25), 5%, and NMR measurement®ef. 26, 7""* . Values in parentheses

State T p p T™MP pMP — UMD, refer to the Ewald method.
number  (K) (kban (glcn) (K) (kban (kJ/mo)
State Tix Ty Tiz Tox Toy Toy 7§ay T:\l MR
1 248 0.001 0.843 250.9 0.97 32.1
(2470 (0.8 (319 number (ps  (ps P (P9 (P (P9 (P9 (P9
2 273 0.001 0.815 276.2 0.80 30.6 1 423 401 345 158 136 1.28
(280.5 (0.89 (30.3 (429 (409 (3.60 (160 (1.40 (1.3)
3 298 0.001 0.786 302.0 0.57 29.3 2 320 283 258 1.20 1.00 0.91
(2985 (0.52 (29.1) (3.09 (262 (229 (1097 (0.89 (0.80
3a 1.0 0.849 302.5 1.97 31.1 3 2.38 2.20 191 088 075 069 083 0.75
3b 2.0 0.891 298.5 3.35 32.2 (256 (2.3 (199 (0.9) (0.80 (0.69
4 323 0.001 0.757 328.6 0.43 27.8 3a 3.29 2.89 2.57 1.29 1.04 096 1.15--
(323.7 (0.39 27.7 3b 4.47 3.96 3.36 1.78 1.38 1.25 1.34 1.00
4 1.87 1.76 145 069 0.62 0.55 -
(209 (1.79 (1.69 (0.73 (0.64 (0.589

Molecular dynamics of acetone is studied for four tem-
peratures at atmospheric pressure, and at room temperature The rotational timer,, of dipole moment is a single
for pressures up to 2 kbar. The values of experimental derparticle microscopic time and cannot be compared directly
sities corresponding to the simulated states were taken frofjith the macroscopic relaxation time, obtained from the
Refs. 18 and 19, and they are listed in Table lIl. In the tablejielectric measurement$? To estimate the molecular re-
there are also temperatures, pressures, and configurationgkation time 7, it is necessary to consider a local field

energies obtained from the MD simulations. The Configurafactor, and relation betweeﬁv' and 75 May be written as
tional energy at 298 Kstate 3 is almost the same as that fg|lows:24

reported by Ferrari@t al? Similarly as for the states along
the saturated vapor curve, both methods of the MD simula-
tion give pressures higher than experimental values, and the
differences increase with density. Such behavior may sUdneree_ ande, are the static and infinite-frequency dielec-
gest that the repulsive core of the intermolecular potential ig;. permitivities, respectively. Using values ef, e., and
too hard. _ , o for temperatures 283 K, 293 K, 303 K, and 313 K pre-
The rotational correlation functions sented by AkhaddV and for T=293 K reported by Vij
C1a(t)=(cog Ui, (1)-Ui,(0)]), et al?® one may g:alculate t'he molecular timeg . Figure 2
shows that the simulated times, match the values ofy, .

2e,t €,
™MT T 3e s D, (4)

(3a)

1
Caa(t)= 5 (3 COS Ui (1) - Uio(0)] - 1), (3b)
are calculated separately for each molecular axsx,y,z. — ——
In the above equationg,, is a unit vector parallel to theth 4l A
molecular axis. The correlation functions are not shown here
as they have typical shapes; Gaussian shape at short times ]
and almost exponential decay at long times. The functions 3 (= .

are integrated up to 15 ps and the rotational correlation times’g - ©re Yy
7., @nd 7, are presented in Table IV. Following the analysis ~— [ . 22 . ]
of computer experiment results developed by Zwanzig and £ 2r . T P

Ailawadi?® and Frenkef! the maximum errors of the reori- i ]

A
entational relaxation times are 5% and 2% for the largest F . L. ]
values ofr;, and ,,, respectively. The rotational relaxation “ A "em -
times, 7, Or 7, for the three axes of the molecular frame i
show reorientational anisotropy. Rotational correlation func- 0 —_— —
tionsC,,(t) andC,,(t) for ath unit vector are influenced by 200 240 280 320
reorientational motion around the two other axes. Rotation of T (K)

the z axis describes pure tumbling motion of the molecule,

whereas the correlation functions of the axeandy contain g 2. comparison of experimental and theoretical rotational correlation

contributions from both the tumbling and spinning motions.times for the dipole moment;,, and quadrupolar relaxation time, . Open

The first-order correlation times;, are almost three times circles and triangles denote results for the spherical truncation and Ewald

greater than the second-order ting§, a=x.y,z. This be- method, respectively. Full symbpls rgpresent experimental data; circles and
. %?0 fulfilled d triangles, the molecular relaxaplon times, (4) calculated on frqm data

havior SPQQEStS that the HUbbarc_j rel_a s fullilied an from Refs. 13 and 23, respectively, and squares, correlation tipied-

the rotations may be treated as diffusional motions. tained from O’ NMR measurementéRef. 30.
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TABLE V. Angular velocity correlation timess,,, , rotational,Df,, and translationalD, diffusion coefficients.
Values in parentheses refer to the Ewald method.

State Tox Tuy Tus D!, Dg D} D™med Dve!
number (ps (ps (ps (10'%s) (10'%s) (10'%s) (10 °m%¥s)  (10°m?ls)
1 0.046 0.045 0.058 19.2 16.0 11.7 1.53 1.55
(0.043 (0.04) (0.053 (178 (141 (111 (137 (131
2 0.055 0.057 0.071 25.7 22.0 15.8 2.17 2.23
(0.059 (0.060 (0.070 (279 (238  (16.0 (2.18 (.27
3 0.064 0.067 0.083 325 28.4 20.2 3.04 3.10
(0.06) (0.066 (0.080 (30.7 (27.7 (19.9 (3.02 (2.98
3a 0.049 0.048 0.061 25.1 20.2 14.9 1.76 1.76
3b 0.039 0.036 0.046 19.4 15.2 11.1 1.28 1.26
4 0.074 0.078 0.093 40.7 35.9 25.7 4.63 4.56
(0.075 (0.079 (0.090 (40.8 (34.9 (24.9 (4.54 (4.46

In Table IV we list available experimental times ob- different rotational coefficient®; and Dy. Equality of D§
tained from orientational parts of the depolarized Rayleighand D!, suggested by Anciaet al,*° is a result of the as-
scattering intensitie®, 7%, and from intramolecular part of sumptionl,~1, .
the spin-lattice relaxation timesT; measured on Diffusion coefficients for rotational motion may be used
hydrogeng®?’ /MR The values of5® calculated from the to estimate the effective rotational times for quadrupolar re-
limiting slope of the rotational correlation function coincide laxation7.. In our calculations we assume that orientation of
with the rotational relaxation times for the dipole momentthe electric gradient tensor in the acetone molecule is the
75y, Which indicates that MD simulations nicely reproduce same as for formaldehyd=? the largest gradient tensor
pressure dependence of molecular rotations. The agreemesgmponent is in the plane of the molecule and perpendicular
between NMR data and MD simulation results is not asto the G=0 bond, i.e., it is lying along the axis. Therefore,
good.HMR time shows pressure dependence weaker than thie the theoretical expression for a planar asymmetric rotor
simulated relaxation times, which may be attributed to thedescribingr, [Eqgs.(4.4) in Ref. 28 and Eq(5.5) in Ref. 29
contributions from relatively free rotations of the methyl one puts¢=0 and the timer. has the following form:
groups. The spinning motion of the Glgroup is affected by ' P ot
increased density to a lesser degree than rotations of the :4Dx+(7’_1) Dy+(n+1)°D; (6)
whole moleculé®?” and this effect may explain observed ¢ 12DiDy+DiD;+DiD;)

discrepancies. _ Where n=(q,—0,)/dy is the field gradient asymmetry pa-
We _calculate_d three components of the_ angula_r velocity, ater. Unfortunately, the value of for acetone is un-
correlation functionsC,,,(t), @=x,y,z, and integration of o\ and instead we used the value for formaldehyde

these functions gives the correlation times,, a=X,y,z, _ 31 . . .
which are coIIecgt‘ed in Table V. The mz;?(%mucrn stgtistical 7~0.6944:" In Fig. 2 these times are lcompared with the
: experimental times obtained from O NMR mea-

. . '21 . . . . .
uncertaintie&*" of the angular velocity correlation times are ¢, ement€ The theoretical values are slightly smaller than

less than 1%. The times,, and 7, have similar values o oyperimental times,. However, they reproduce very

suggesting that acetone can be treated as a symmetric 19p.| experimentally observed temperature dependeneeg of
molecule. However, anisotropy of rotational motion is better To characterize translational motion we calculate the ve-

characterized by rotational diffusion coefficiei§, defined locity correlation functions and mean square displacements

8,29
as which are used to estimate the diffusion coefficiefits,
1 o
keT vef__ — .
DL:li Twou a=X,y,Z, (5) D _3 fo <V(t) V(0)>dt! (73)
DMz i 2 7b
where,,, is the angular velocity correlation time amg is _t'm Bt (Ir®=r(0)]%). (7b)

the moment of inertia for thexth axis (see Table V. The

spinning motion, i.e., rotation around tkeaxis, is less hin- The diffusion coefficients are calculated from positions and
dered.D}, andD; describe the tumbling motions, but rotation velocities of the molecular centers of mass and their maxi-
about thex axis is connected with a change of the dipolemum erroré®?! do not exceed 2%. The results collected in
moment orientation and thus it is restricted more than rotaTable V show that both methods give almost the same val-
tion about they axis. With increasing densityincreasing ues, and the diffusion coefficient for the state 3 is almost
pressure or decreasing temperatuhe rotational anisotropy identical as that reported by Ferragbal? In Figs. 3 experi-
increases. The above results indicate that the difference beaental diffusion coefficient§2"3*-38are compared with the
tween the moments of inertla andl is crucial and leads to  values obtained from the MD simulations. It is seen that the

J. Chem. Phys., Vol. 104, No. 16, 22 April 1996
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FIG. 3. Temperaturéa) and density(b) dependencies of the translational
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drogen atoms are distanced from the center of mass of poly-
atomic molecule and rotations contribute to the intermolecu-
lar relaxation timeT; .

IV. CONCLUSIONS

The potential parameters for the acetone molecule ap-
plied originally in Monte Carlo simulatiohare used in MD
simulations. The interaction model properly reproduces con-
figurational energies of liquid acetone along the saturated
curve and it is capable of providing a good description of
molecular motion for a wide range of temperature and pres-
sure. The rotational relaxation times of the first and second
rank as well as the rotational diffusion coefficients show
relatively strong anisotropy of reorientational motion, and
this anisotropy increases with density. The simulations are
performed using the Ewald sum which correctly calculates
the long range forces and the spherical truncation technique.
Apart from the fact that the spherical truncation introduces
fluctuations of the total energy an order of magnitude larger
than the Ewald method, both methods give the same descrip-
tion of the molecular dynamics. This observation maybe
helpful in the simulation of systems for which the periodic
boundary conditions must be abandoned, for example in a
study of nonisotropic systems such as a polar fluid on a solid
surface or in small pores. In such a case, the Ewald method
cannot be used, however, one may apply the spherical trun-
cation of the dipole—dipole interactions.
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