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Many-body force field models based solely on pairwise Coulomb
screening do not simultaneously reproduce correct gas-phase
and condensed-phase polarizability limits

Timothy J. Giese and Darrin M. York®
Department of Chemistry, University of Minnesota, Minneapolis, Minnesota 55415

(Received 24 March 2004; accepted 8 April 2D04

It is demonstrated that many-body force field models based solely on pairwise Coulomb screening
cannot simultaneously reproduce both gas-phase and condensed-phase polarizability limits. Several
many-body force field model forms are tested and compared with basis set-coaieatéb results

for a series of bifurcated water chains. Models are parameterized to reprodued timiio
polarizability of an isolated water molecule, and pairwise damping functions are set to reproduce the
polarizability of a water dimer as a function of dimer separation. When these models are applied to
extended water chains, the polarization is over-predicted, and this over-polarization increased as a
function of the overlap of molecular orbitals as the chains are compressed. This suggests that
polarizable models based solely on pairwise Coulomb screening have some limitations, and that
coupling with non-classical many-body effects, in particular exchange terms, may be important.

© 2004 American Institute of Physic§DOI: 10.1063/1.1756583

The development of new-generation many-body forceexplore the limits as to how well the forms of these Coulomb
fields for biomolecular simulatiohsis an area of intense screening functions can reproduce the polarization response
effort>~% and offers considerable promise toward the im-in different environments.
proved modeling of biological systems’ Although these In this work, the polarizability of a series of water chains
force fields represent a significant step forward, preliminaryare examined with basis set-correctdalinitio methods and
tests®1% along with recent high-levehb initio quantum compared with values predicted by polarizable force field
resultst! suggest that models parameterized to obtain accumodels with pairwise Coulomb screening. Models are devel-
rate gas-phase polarizabilities for individual molecules tendped such that thab initio polarizability of an isolated water
to be over-polarized in the condensed phésg., in solu- is reproduced, and one model is further developed, through
tion). The results presented here suggest thatfuhetional  adjustment of the Coulomb screening function, to reproduce
forms used in these force fields are not able to simultathe polarizability of a bifurcated water dimer as a function of
neously reproduce the gas-phase and condensed-phase polaternuclear separation. These models are demonstrated to be
izabilities due to the neglect of explicit coupling between over-polarized when applied to extended chains, and this ef-
polarization andnany-bodyexchange effects. These effects fect arises mainly from neglect of coupling between many-
might prove important for the design of transferable biomo-body exchange and polarization. The use of pairwise Cou-
lecular force fields where molecules are exposed to drastiomb screening functions leads to improvement, but is still
cally different environments ranging from hydrophobic unable to simultaneously reproduce the polarizability of both
pockets in proteins to direct coordination with divalent metalisolated water and the extended chain limit, especially for
ions to polarized hydrogen bonding with charged amino orstrongly interacting chains.
nucleic acids. Polarizability of bifurcated water chainsThe ab initio

To overcome problems related to the polarizability atcharacterization of the polarizability of water as a function of
close separation, the most noteworthy being the so-calledumber of waters in a cluster requires extensive statistical
“polarization catastrophe;® the Coulomb interactions be- sampling, and tedious procedures to systematically remove
tween polarizable sites may be screened to model the dibasis set effects for different cluster sizes. For the purposes
fuseness of an effective response density, as first suggestef this work, the complications of the cluster appro]aléﬁ
by Thole!® Modern-day polarizable force fields have are avoided by consideration of a series of linear bifurcated
adopted various screening methods, including the use of cuivater chaingFig. 1) that allow a consistent basis to be used,
off screening length} cubic spline function§,and other  and afford more facile examination of trends in the change in
strategies:**>~All of these methods lead to improvement. polarization as a function of chain length and compression.
However, none of them explicitly considers non-classical  Density-functionalDFT) calculations of water chain po-
components of the many-body respofisesuch as larizabiliies were performed using the PBEO functidfal
polarization-exchange coupling. It is therefore instructive toand the d-aug-cc-pVDZ basi&?' The polarizability of water
predicted at the PBEO/d-aug-cc-pVDZ levdiable ) is in
JAuthor to whom correspondence should be addressed. Electronic maiflose agreement with experime(atround 2% errqr is well
york@chem.umn.edu converged in terms of basis set cardinal index and augmen-
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2 is a variation of the AMOEBA water model, described in
0.9572 A . 7 . )
detail by Ren and Pondeand implemented in the TINKER
"""" 104,520( —— molecular modeling packadé.The focus of this work is
polarization, therefore we limit our attention to the terms in
the AMOEBA model that relate to the polarizability. From
this perspective, the AMOEBA water model involves a set of
FIG. 1. Schematic of a bifurcated water chain. Bifurcated chains of length 2three polarizable point dipoles located at the nuclei with

4, 6, 8, 10, and 12 were constructed from uniformly spaced monomers o . .
fixed internal geometry roy—0.9572 A andé.oy—104.52°), with G Screened Coulomb interactions modeled by a form of damp

symmetry axis in the direction. Chains were constructed at intermolecular N9 fu_nCtion f_irSt SUQQGS_ted b_y Thd_%-The screened Cou-
0-0 distances of 2.970 and 2.481 A, corresponding to the equilibign ( lomb interactions, described in detail elsewherapdel the

and zero energyo) distances, respectively, on the binding curve obtained effect of a smeared charge density of the form
from one-dimensional minimization at the B3LYP/6-31% G(3df,2p)

level. 3a 3
p=g-exp—au’), 2
tation level (around 0.1% variation with respect to values whereu=R;; /(aiaj)1’6, a; anda; are the polarizabilities of
calculated with aug-cc-pV5Z and g-aug-cc-pVDZ basisthe dipoles in the interaction of sitésandj anda is a pa-
setg. This level of theory has been demonstrated to giverameter(a constant
reliable results in applications to the polarizability of water It is not the purpose of the work to critique the
in clusterst* All calculations were performed withaussian ~ AMOEBA water model for the purposes for which it was
0322 designed and performs very welbut rather to investigate
The focus of the current work is to quantify the degree tothe limits of the functional form of the model itself in its
which polarizability changes in going from an isolated sys-ability to reproduce simultaneously the polarizability of non-
tem to an interacting limi{that of an infinitely long bifur- interacting and interacting systems. Toward this end, a model
cated chain Special attention must be paid to the removal ofis developed specifically to reproduce the PBEO/d-aug-cc-
basis set effects that could systematically alter the polarizpVDZ polarizability componenty,, for a single water mol-
ability of the chain relative to that of a single water. Toward ecule through adjustment of the and a parameters. This
this end, polarizability calculations on bifurcated watersmodel, which screens only intramolecular interactioas (
chains of lengtiN=2, 4, 6, 8, 10, and 12 were performed in —o for intermolecular interactionsis designated POL-W1.
the basis of the 12 water system and corrected to be siz& second model, designated POL-W2, was developed to fur-
consistent with the polarizability calculation of a single wa- ther reproduce the polarizability values for the bifurcated wa-
ter. Only the component of the polarizability along the chainter dimer as a function of internuclear separation through
(z-direction is considered ¢,,). The equation for the basis introduction of a distance-dependent form of the parameter
set-corrected chain polarizability is a(Ry;) used for intermolecular interactions. The constraint
N that the bifurcated dimer polarizability be reproduced at each
BSC/ N[y — . cy_ . internuclear separation uniquely determines the parameter
%z (N) aZZ(N'lz)JriZ’l (azd1i1) = azdii12), (1) a(R;j) for all R;j. The resultinga(R;;) could have been
represented on a spline, however an excellent fit was ob-
tained with the form

where «25(N) is the basis set-correcteriz polarizability

component of théN-water chaina,,(1;1) is thezz compo-
nent of a single water in the 1-water basis, ang(i;12) is a(Ryj)=Aexp — BRizj)+C/Rij . 3)
thezz component of théth water in theN-water chain in the

basis of the 12-water system. Théwater systems were A comparison of the original AMOEBA water model,
placed at the center of the 12-water basis. POL-W1 and POL-W2 models with the basis set-corrected

Polarizable force field models and pairwise CoulombDFT results is shown in Fig. 2. The POL-W2 model agrees

screening The polarizable model for water used in this work With the DFT results over the entire range of separations,
whereas the POL-W1 model converges to the DFT results

beyond 3.75 A, but is observed to be considerably too polar-
TABLE 1. Polarizability of water ¢z component ized at shorter distances.
Comparison of predicted results for the average polariz-

Basis azz(au) ability of water chains Figure 3 compares the chain axis
cc-pvDZ 5.345 polarizability component per water(,/N) calculated from
aug-cc-pvDZ 9.055 the AMOEBA, POL-W1 and POL-W2 models with the basis
?_;“g?'ccc‘f@/gzz %%8797 set-corrected DFT values. The POL-W1 model, which repro-
q-aug-cc-pvDZ 9678 duces the polarizability of a single water and does not screen
aug-cc-pVTZ 9.485 intermolecular interactions, significantly over-predicts the
d-aug-cc-pVTZ 9.723 polarizability per water in the infinite chain limit. The
aug-cc-pvQZ 9.629 POL-W2 model, which additionally reproduces theg, po-
aug-cc-pvsZz 9.683 larizability of the dimer at each internuclear separation,
Experimerit 9.907

closely reproduces the average polarizability of the water
¥Experimental value taken from Ref. 24. chains at the Rseparations. However, when the chains are
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26 L IR At e ficient to obtain the polarizability in the infinite chain limit in
——— AMOEBA ) the more extreme case of strongly interacting molecules.
ROl These results are consistent with the observations of
24 —— ab initio 7 other$ that suggest that polarizable models based on accu-
~ 1 rate quantum calculations with large basis s@teluding
;;/ 2 | diffuse function$ lead to over-polarization in the condensed
3 phase. This heuristic reasoning has lead to parameterization
e . 1 strategies whereby quantum calculations are performed in
20 i\\_____ the absence of diffuse augmentation functions that lead to
= isolated molecule polarizabilities that may be systematically
| e ] too low, but that perform well in condensed phase simula-
18—— 2i5 — 3f5 — 4'_5 — tions. The results presented here lend credence to the
R (A) speculatiof'° that the overlap of molecular orbitals and

Pauli exclusion principle leads to condensed-phase molecu-
FIG. 2. Comparison of thab initio and model polarizability component |gr polarizability that are effectively reduced relative to that
() of a bifurcated water dimer as a function of separation. Shown also argyt js s ated molecules. Moreover, the present work highlights
the ab initio «,, asymptotic limit(horizontal ling, values calculated in the N . ! . .
basis of the 12-water bifurcated chaif marks, andR, and o distances a limitation of current polarlzable force fields for which fu-
(vertical lines. The parameters of POL-Wg@n a.u) are a(H)=3.333, ture improvement mlght be made: the inclusion of explicit
a(0)=4.320,a=0.079 24. The intermolecular screening parameters arecoupling of polarization and many-body exchange_ These ef-
A=20.6438,8=0.4372, andC=0.4095. fects are likely important for the design of highly accurate
transferable models for biomolecular simulation where a
wide range of vastly different chemical environments exist.

slightly compressed to their separation, the model consid- The continued development and application of new-

erably over-predicts the polarizability of the asymptotic infi- generation polarizable mod@lsvill ultimately bring these

nite chain limit. The conclusion is that use of a pairwise S )
. . matters to bear, and serve to inspire novel advances in the
Coulomb screening alone—here designed to reproduce the_ . . . .
esign of improved quantum models for biomolecular simu-

polarizability of the bifurcated water dimer over all lati
. I . : ations.
distances—leads to significant improvement, but is not suf-
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