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Abstract

Vapor pressure and heats of vaporization are computed for the industrial fluid properties simulation challenge (IFPSC) data set using the
Towhee Monte Carlo molecular simulation program. Results are presented for the CHARMMZ27 and OPLS-aa force fields. Once again, the
average result using multiple force fields is a better predictor of the experimental value than either individual force field.
© 2005 Published by Elsevier B.V.
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1. Introduction 2. Method

Our plan was to reproduce an industrial approach to solv-  The vapor pressures and heats of vaporization for acetone
ing the contest problem by taking only 6 weeks to work and butyramide were computed using the MCCCS Towhee
on the contest using publicly available software and force simulation packagégl]. All simulations were performed in
fields. We predicted the vapor pressures and heats of vaporthe canonical variant of the Gibbs ensemfdgat the tem-
ization without knowledge of the experimental results. Here, peratures specified in the contest information. Simulations
we include the simulation results submitted for judging inthe were equilibrated for at least 20,000 Monte Carlo cycles (one
contest, along with commentary about the pitfalls encoun- cycle isN moves whereV is the number of molecules in the
tered during our effort and a discussion of the approach we system), and results are reported for simulations of 10,000
would suggest for another researcher attempting to com-cycles. Standard deviations are computed by breaking the
pute vapor pressures and heats of vaporization under sim-simulations into five blocks. Simulations were performed
ilar time constraints. It is hoped that this paper enables using 120 acetone molecules or 80 butyramide molecules.
industrial researchers to assess the effort required to com-A butyramide simulation of 10,000 cycles takes roughly 40 h
pute these quantities and provides a feeling for the accu-on a single Pentium Ill 1.4 GHz processor.
racy one should expect from “quick and dirty” molecular The Monte Carlo moves consisted of volume changes,
simulations. coupled-decoupled configurational bias (CDCB) regrowths,
CDCB molecule transfers between the boxes, rotational-bias
molecule transfers between the boxes, aggregation volume-
bias move type 13] translation of the center-of-mass, and

* Corresponding author. Tel.: +1 505 284 6355; fax: +1 505 845 7442. rotation about the center-of-mass. The CDCB algorithm used

E-mail address: marmart@sandia.gov (M.G. Martin).

0378-3812/$ — see front matter © 2005 Published by Elsevier B.V.
doi:10.1016/j.fluid.2005.06.003



54 M.G. Martin et al. / Fluid Phase Equilibria 236 (2005) 53-57

in this work is based on previous wof,5], but modified to to the vapor phase, and that the vapor phase follows the ideal
generate trials for the bond lengths and bending angles fromgas law. The heat of vaporization simplifies to

a Gaussian distribution centered on the equilibrium value i
and with a specified standard deviation. This bias was then®Hvap=Uv — Ui + RT, (2)
removed in the acceptance rules. This new method requireSynerer is the gas constant, ariflis the temperature of

an order of magnitude fewer trial sites to achieve the same e simulation. Note, that one can further assume that the
acceptance rates as the standard method and provides a factqfiramolecular energies are the same in both phases, while the

of two speedup in overall simulation time. intermolecular energies are zero in the vapor phase (allow-
The CHARMM27[6] and OPLS-agr] force fields were jq this quantity to be computed without any simulation of

utilized in this study. The OPLS literature contained all of o vapor phase). The results using such an assumption are
the parameters needed to simulate acetone and butyramideyiscussed below.

However, CHARMMZ27 was lacking the CT3—-CC—-CT3 angle

parameter for the three carbon atoms in acetone. After con- . .

sulting with the experts on the charmm.org web ffe we 3. Results and discussion

took the parameters for this angle from the published CT3- ) _

CT2-CT2 values. Complete details of the potentials used in _ 1he Simulated and experimental vapor pressures and heats

this study are shown in the Supplementary information (see of vaporization are shown ifiable 1 Note that the error pars
Appendix A). A 10 A cutoff with analytical tail corrections ~ ON the low temperature vapor pressures for butyramide are
was used to compute the Lennard—Jones interactions, whildarge compared to the magnitude of the vapor pressure due

Coulombic interactions were computed with the Ewald sum to the low number of accepted molecule transfer moves for
these cases (e.g., only 4 in 10,000 cycles for CHARMM27

method. Charge assignments were inferred from comparison %
to similar molecules published in the literature. at 415K). Additionally, at these low vapor pressures there
are less than 10 molecules in the vapor box for all of the

The heat of vaporization{ Hyap) was computed from the ) : h ! -
average internal energy per molecule, the average vapor presbutyramlde simulations and this also contributes to the poor

sure, and the average volume per molecule. Starting with Statistics. We have computed the compressibility(/ RT)
the thermodynamic definition of enthalpyl (= U + pV), for each of the vapor phases. If the vapor phase behaved

A Hyapwas computed in two different ways. The vapor pres- ideally then this ratio would be 1.0. The butyramide results
sure appproach uses for compressibility are generally quite close to the ideal value

of 1.0 regardless of temperature, while the results for acetone
AH\?ap =Uy— U+ pyv x (Vy = V), 1) show a clear decrease with temperature. _

A Hyap results are shown iffable 2 It is curious that
where the v and | subscripts refer to the vapor and liquid the error bars are an order of magnitude larger for the
phases[ the internal energy per moleculethe pressure, CHARMM27 force field compared with the OPLS force field.
andV is the volume per molecule. This method is satisfying In our original submission for the contest (the data shown in
from a theoretical standpoint as it applies the laws of thermo- Table 2 the error bars for\ Hyap were computed via stan-
dynamics without any assumptions. The pressure calculateddard error propagation from the block average error bars
in the vapor box is used as a matter of convenience as theof the internal energies (vapor and liquid), the number of
observed error bars on liquid box pressures are quite large inmolecules in each phase (vapor and liquid), the pressure, and
a molecular simulation and an equilibrated Gibbs ensemblethe molar volumes (vapor and liquid). Standard error prop-
simulation has the same pressure in both boxes. agation assumes that the errors are independent, which is a

The ideal gas law approach for determinifng#,ap again poor assumption for the combination of total internal energy
starts with the definition of enthalpy, but then assumes thattheand number of molecules, especially for the intramolecular
liquid phase has a negligible volume per molecule comparedterms. Thus, while the intramolecular energy per molecule is

Table 1
Vapor pressures and comparison with ideal gas law
Molecule T (K) CHARMM OPLS Average Experimental
Pressure (kPa) pW/RT Pressure (kPa) pW/RT Pressure (kPa) Pressure (kPa)

Acetone 330 71 0.98 632 0.96 6% 104.043

375 2624 0.92 293, 0.93 2790 390319

425 94653 0.86 103%4 0.80 9895 1184

460 1824gg 0.56 186348 0.68 18449p 22251
Butyramide 415 [) 0.94 19; 1.00 355 4.65

455 36 0.98 15 0.97 25 223,

490 751 1.01 443 1.02 59, 67.77

520 2123 0.89 83 1.00 148, 15163

The statistical error in the last digits is shown as a subscript for the vapor pressures.
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Table 2
Heat of vaporization computed using the vapor pressure((Bpand the ideal gas law (EQ))
Molecule T(K) CHARMM OPLS Average Experimental
AHfp (KI/Mol)  AH,, (kJ/mol)  AH, (kI/mol)  AHb,, (kI/mol)  AHpp (kI/mol) A Hl,, (kJ/mol) A Hyap (kJ/mol)
Acetone 330 33 3311 343 34, 3% 3% 29.0715
375 303 303 31, 31, 31» 3112 259213
425 253 2603 26, 27> 2611 2711 21.44
460 pAe ) 2239 22, 24 215 2315 17.14
Butyramide 415 49 5011 6% 6% 5% 5% 63.016
455 620 6330 625 625 6315 6315 59.312
490 469 46,8 617 615 5315 5315 56.212
520 420 4210 58; 583 505 505 53.4,
The subscripts show the statistical error in the final digits.
Table 3
Average intermolecular and intramolecular energies (kJ/mol) per molecule for acetone at 30K
Force field yinter yintra
Liquid Vapor AUGE Liquid Vapor AU
CHARMM —-0.6 29.6 30.2 —17807 —17802 005
OPLS —185 12.97 315 —229 —232 -04

nearly constant, it contributes to our estimated error bars duethe ideal gas law. This occurs because the internal energy
to the fluctuations in the number of molecules in each sim- of vaporization is the dominant term in our simulations, and
ulation box. The substantially larger intramolecular energies also because these simulations are performed in a region of
for the CHARMMZ27 force field, shown iable 3 result the vapor-liquid coexistence curve where the ideal gas law
in larger error estimates. We have subsequently performedis a good approximation. However, as the compressibility
additional simulations for acetone at 330 K computing the begins to deviate substantially from unity (acetone at 460 K)
error bars using the block average MH\‘,’ap resulting in the heats of vaporization become noticeably different. We
32.6 £ 0.4kJ/mol for CHARMM27 and 35 + 0.2 kJ/mol suggest using the vapor pressure method for future work as
for OPLS. These results agree with our original values and it is formally more correct than the ideal gas approximation
have error bars that are better in line with the observed repro-and does not require more simulation effort.
ducibility of the acetone enthalpy results.

Table 3shows that the CHARMM27 and OPLS force
fields have very different liquid and vapor phase internal 4. Conclusions
energies for acetone despite the fact that the difference in
the vapor and liquid energiea\ (vap) is very similar. These With the publication of the experimental resulé3, we
resultsillustrate that computing the heat of vaporization from can assess the accuracy of these force fields for predict-
a single, liquid box simulation introduces large errors. The ing vapor pressure and heats of vaporization. For acetone,
intermolecular energies in the vapor box are significant con- cHARMM27 and OPLS gave results in good agreement with
tributors to the internal energy, especially when the molecule g5ch other, but both under-predicted the vapor pressures by
includes Coulombic interactions, and therefore cannot be royghly 30% and over-predicted the heats of vaporization by
neglected. roughly 3kJ/mol. In contrast, the butyramide CHARMM27

The butyramide simulations show unusual behaviorforthe pressures are a factor of two larger than those predicted
heats of vaporization as they do not follow the expected trend py, OpPLS, yet the average result submitted for the contest
of decreasing monotonically with increasing temperature. fortyitously agrees very well with the experimental data.
This indicates poor sampling due to the low acceptance ratéThe heats of vaporization for CHARMM27 butyramide are
for molecule transfer moves. Strangely, for the CHARMM27 ¢jearly not equilibrated sufficiently as they do not show the
butyramide simulations the rotational-bias molecule trans- near-universal trend of decreasing heat of vaporization with
fer move had a substantially higher acceptance rate thanincreasing temperature. In particular, the 455 K data point is
the configurational-bias molecule transfer move. It appears yjgly out of range compared with the other temperatures for
that the high intramolecular energies are causing trouble for cHARMM27. The average results agree fairly well with the
the configurational-bias algorithm in this case and suggestsexperimental data as the force fields deviate from experiment
CHARMM27 butyramide as a challenging test case for future i gpposite directions. As was observed in our entry for the
work on conformation sampling algorithms. first IFPSC[4], the average values from multiple force fields

There s little difference between the heats of vaporization were once again in better agreement with experiment than
predicted using the vapor pressure or those predicted usingany of the individual force fields. We are currently working
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on a larger scale study to see if this is a general trend, or justTable A.2

a Iucky anoma|y_ Bond and angle atom type names and parameters for CHARMM27 acetone
and butyramide
Bond ko k1
Acknowledgments CC-CT2 1.522 100643.3
CC-CT3 1.522 100643.3
o . . C—NH, 1.360 216383.1
Sandlg is a multiprogram Iaporatory operated by Sgndla 0 1230 327090.6
Corporation, a Lockheed Martin company, for the United cto_cT2 1.530 111965.7
States Department of Energy under contract DE-AC04- cT2-CT3 1.528 111965.7
94AL-85000. M.G.M. was supported by a grant from the CT2-HA 1111 155493.9
DOE Industrial Technologies Program. M.J.B. was sup- CT3-HA 1111 162035.8
H-NH;, 1.000 241544.0

ported by a Computational Science Graduate Fellowship

Angle 6o k1 ko k3
(DE-FG02- 97ER25308) funded by the DOE through the
Krell Institute. CT2-CT2-CC 108.000 2616% 0.0 0.0
CT2-CT2-CT3 115.000 29188 25610 40257
CT3-CC-CT3 115.000 29186 25610 40257
CT2-CT2-HA 110.100 13338 21790 11335
Appendix A. Supplementary information HA-CT2-HA 109.000 17862 18020 27174
CT2-CT3-HA 110.100 17413 21790 11335
CT3-CT2-HA 110.100 17413 21790 11335
SeeTables A.1-A6 , _ CC—-CT2-HA 109.500 16606 21630 15096
The CHARMMZ27 force field uses the fO"OWIng equations  cc_cT3-HA 109.500 16608 21630 15096
to represent the internal energy. HA-CT3-HA 108.400 17862 18020  2717%
CC-NH-H 120.000 25168 0.0 0.0
12 6 H-NH,-H 120.000 115740 0.0 0.0
Oij gij qiq; _CC—
Unonbondrij) = 4€ij () _ () + 44 CT2-CC-Nh 116.500 25163 24500 2516(8
rij Fij Fij CT2-CC-0 121.000 7548 24400 2516(B
CT3-CC-0O 121.000 7548 24400 2516(8
Py NH,-CC-0 122.500 o 37742 23700 2516(8
Energy units are in K, distances arefinand angles are in degrees.
0ij = 0.5(0ii + o) Table A.3
Torsion atom type names and parameters for CHARMM27 acetone and
Ubond(rij) = kalrij — ko]2 butyramide
Dihedral k1 ko k3
Uangidrik, 0ijk) = kal6ijx — 60]% + kalrix — ka]? HA—CT2-CC-NH 0.0 0.0 0.0
HA-CT2-CC-0O (00] 0.0 0.0
X—CT2-CT3—x 8 3 0.0
Udinedrit, ¢ijkl) = ka[1 + cosbkadpiji — k3)] x-CT2-CT2-x 2 6 -
1 6 x—CC—-CT3-x 29 6 T
14 0%74 0%74 qiqu CT2-CC-CT2-NH 25.2 6 n
+4e;; - - + O-CC-CT2-CT2 22 6 ™
Til Tit Til X—CC—NH—X 7045 2 T
x—CT2-CT2—x 98l 3 0.0
Table A.1 Improper ko k
Nonbonded Towhee atom type names and parameters for CHARMM27 ~ NHz: CC,H,H 20129 0.0
Rom _twe o cme at_ ot CCCTMS g o0
Acetone . . R o . .
C(Hs) cT3 40257 3.671 027 5032 3.385 Energy units are in K, distances areAnand angles are in radians.
CE=0) CC 35225 3.564 G5 35225 3.564
O0C) O S 0% S 2N pingelt) = hlo — bl
Butyramide The OPLS force field uses the following equations to rep-
C(H3) CT3 40257 3.671 -0.27 5032 3.385 .
C(H) CT2 27677 3875  -018 5032 3.385 resent the internal energy.
CE=0) CC 35225 3.564 B5 35225 3.564
N NH2 100643 3.296 —-0.62 100643 3.296 oij 12 oij 6 ¢ q;
H(C) HA 11071 2.352 W9 11071 2.352 Unonbond7ij) = 4€;j <) — () + —=
o} o} 60386 3.029 —055 60386 2.495 Tij Tij Tij
H(N) H 23148 0.400 B1 23148 0.400

Energy units are in K and distances areiin €ij = J/€ii€jj
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Table A.4 Table A.6
Nonbonded Towhee atom type names and parameters for the OPLS forceTorsion Towhee atom type names and parameters for OPLS acetone and
field butyramide
Atom Type € o Charge Dihedral ka k2 ks
Acetone C n-CT-CT-H-1 0.0 0.0 —25.2
C(Hs3) CT 33212 3500 —-0.18 C n—-CT-CT-CT —-5183 —788 793
C(=0) Ck 52838 3750 047 CT-C k-CT-HC-1 0.0 0.0 692
O(=C) o) 105675 2960 —0.47 CT-C n-N-H 00 12329 0.0
H HC~1 15096 2500 Q06 CT-CT-C n—-N 8177 —-1011 —34.2
. CT-CT-C n-O ® 2934 0.0
Butyramide CT-CT-CT-HG-1 00 00 921
C(Hs) cT 33212 3500 -0.18 HO~1CTC kO © 00 00
C(Hy) cT 33212 3500 ~0.12 Hool_OT-C N ot 00 00
CE=0) cn 52838 3750 aso HC~1-CT-CT-HG-1 00 00 800
N N 85.547 3250 —-0.76 Improper ky ko ks
H(C) HC~1 15096 2500 Q06
o) [o) 105675 2960 —0.50 Cn:O,CT,N 0.0 5283 0.0
H(N) H 0.0 0.0 0.38 N: Cn,HH 0.0 502 0.0
Energy units are in K and distances arein Energy units are in K and distances arhin
Oij = 4/0ii0jj
2
Table A.5 Ubono(r,'j) = k]_[r,'j — ko]
Bond and angle Towhee atom type names and parameters for OPLS acetone
and butyramide 2
Y Uangldfijx) = k1[6;jx — 6o]
Bond ko k1
Ck-CT 1.522 159519.7 .
cn-CT 1.522 159519.7  Udihed(rit, ¢ijkl) = k1[1 + cos@iju)] + ka[1 — cos(2p;jis)]
Cn-N 1.335 246576.1
U ri
Ck-0 1.229 286833.5 + ka[1 + cos(3piju)] + Unonbondir)
Cn-0 1.229 286833.5 2
CT-CT 1.529 134862.1
CT-HA 1.09 1710936 Uimpropel®ijur) = ka[1 + coS@;ji)] + k2[1 — cos(2p; )]
H-N 1.010 218396.0
Angle b ke + k3[1 + cos(3piju)]
H-N-H 120.000 17612.6
Cn-CT-CT 111.100 31702.6
CT-C n-N 116.600 352252  References
CT-C k-O 120.400 40257.3

[1] http:/towhee.sourceforge.net

gll-(__%.rll_;?H Co1 110290540000 147062152763 [2] A.Z. Panagiotopoulos, Mol. Phys. 61 (1987) 813-826.

C N-CT3-HGC-1 109'500 17612.6 [3] B. Chen, J.I. Siepmann, J. Phys. Chem. B 104 (2000) 8725-8734.
N—C n—-O 122' 900 40257' 3 [4] M.G. Martin, A.P. Thompson, Fluid Phase Equilib. 217 (2004) 105-110.
CT-C keCT 116.000 35225'2 [5] M.G. Martin, J.l. Siepmann, J. Phys. Chem. B 103 (1999) 4508-4517.
HC~1-CT3-HGC-1 107 '800 16606i [6] N. Foloppe, A.D. MacKerell Jr., J. Comp. Chem. 21 (2000) 86—104.
CT-CT-HGC1 110'700 18870.6 [7] W.L. Jorgensen, D.S. Maxwell, J. Tirado-Rives, J. Am. Chem. Soc. 118
CT-CT=CT 112.700 29362.7 [8] ,glghjglli(]e-rzezlll&;leﬁiﬁél communication

C n—-N-H 119.800 17612.6 ) ’ '

[9] Fluid Phase Equilib., in press.
Energy units are in K, distances areAnand angles are in degrees.
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