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This is the second of a series of papers discussing the possibility of separating and accurately calculating
electrostatic and polarization energies in simulations using classical force fields. A method is described for
determining a set of effective distributed multipoles which have significantly improved convergence properties
in evaluating the electrostatic interaction energy between molecules. These fitted multipoles are derived to
reproduce the electrostatic potential and its derivatives as calculated from a full distributed multipole analysis.
The method is based on previous work on the determination of multipole-fitted charges (Ferenczy, G. G.
Comput Chem 1991, 12, 913; Chipot et alJ. Phys Chem 1993 97, 6628) and does not involve the use of

a numerical grid. In applications on model systems, fitted charges and dipoles are able to reproduce both the
interaction energy and the optimized geometry obtained from a full distributed multipole analysis. Potential-
derived charges, however, result in significant errors when the molecules are in close proximity to each
other. The method was also used to investigate a possible reason why norepinephrine has a higher affinity
than epinephrine in thgi;-adrenergic receptor subtype, while the specificity is reversed iffthand -
adrenergic receptor subtypes. This new method offers much potential in the development of new force fields,
particularly those involving polarization through induced dipoles, because only fitted charges and dipoles are
required to reproduce quantitatively electrostatic interactions.

Introduction molecular dynamics studies is usually too expensive in terms
of CPU time. Most force fields, therefore, use distributed charge
models for the evaluation of electrostatic interaction energies.
These charges can be chosen to include the effect of some higher
moments. Potential-derived char§eand multipole-fitted
charge¥’~12 have this property? but they are still unable to
describe electrostatic interaction energies correctly.

The design of molecular force fields is complicated by the
need to balance the conflicting requirements of accuracy and
ease of computation while retaining desirable properties such
as transferability. Practical force fields usually employ atomic
charges for ease of computation. However, a more in-depth
consideration of the underlying physics would suggest that

distributed multipolar expansions up to quadrupole are necessary ollgsar;r?zi;g[r)lgitc?nacf}htlr?g?ntl;(tai %(I:gﬂ‘irt?i?\y Ofrg('fétgsgéiismgggn
to give an adequate description of intermolecular interactions. ?ormu’lated to generate higher ra%kfitted n%opments These fitted
Here we present work on effective multipoles which have 9 9 .

significantly improved convergence properties over distributed moments have considerably improved convergence properties

multipole expansions. This therefore represents a step towardf;r;ier:SE;Jr;tgsifgﬁlr?:t?;rcezr}ﬁ:g:msif;na?:i;gtca"xi?huas'giﬂlzwer
reconciling these two disparate approaches within a single uilipole q . acy '
. In particular, it can be shown that multipole-fitted charges and

practical framework. . Y A -

Since th new effective multinoles (tvoically char | dipoles are sufficient for the correct description of intermolecular
dipolecs(; ar?esfjer?veg f?(():m ?he uwzf\?eefugé/tﬁ)o%a eigr:sgsg 2;'Saelectrostatic interactions of molecules in close proximity to each

R . S other. This offers distinct advantages in force field development.
distributed multipole analysigDMA) by a fitting procedure, g P

; . ._Firstly, it offers much improved accuracy at a reasonable cost.
they have the desirable property of reproducing the electrostatic y p y

o ) Secondly, since the multipole-derived charges are more transfer-
component of an energy decomposition scheme. (This may not

. . ) . ble than potential-derived charges, similar advantages are to
necessarily be the case if the force field parameters are denvecf;e expected over potential-derived multipote& Thirdly, both
from experimental data by a fitting process.) The key role ' '

. . electrostatics and polarization can be handled on an equal
playgd by electrostay.cs.has been |Ilgstrated by DMA-based footing, since polarization is normally treated through interac-
studies on the equilibrium geometries of van der Waals

complexe€— In many cases. electrostatics was solev respon tions involving induced dipoles. Moreover, we will show that
omp ' y cases, : : Y TeSPON- 1,6 errors involved in ignoring dipoles and higher moments are
sible for a correct description of the orientation. Indeed, various

ther multicenter multipolar expansions have been profoded comparable to those involved in ignoring polarizatié#€ This
other muiticenter mullipolar €xpansions have been proposed implies that advances must be made in both areas simultaneously
in an attempt to give an improved electrostatic representation

of the wave function. Unfortunately. these invariably require and our approach will facilitate this, particularly as many current
. ) Y, Yy req force fields already have code to handle dipadépole interac-

expansions at least up to the quadrupole level to give good tions
results’® Consequently, the use of distributed multipoles in : , . . :

q y P In the following sections, we outline the method and illustrate
" Hungarian Academy of Sciences and Gedeon Richter Ltd. its effectiveness through calculations on the interaction energy
# University of Essex. between small molecules and also through calculations on the
€ Abstract published ilAdvance ACS Abstractguly 1, 1997. interaction energy between two agonists and the key binding
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residues in the agonist binding site of a model of fhadren- TABLE 1: Comparison of the Weights, Wi imymympup(F1.72),
ergic receptor. of the Reference Multipole Moments in Eq 8. All Indices
Are 0, Exceptly, the Rank of the Reference Moments,
Method Whose Value Is Shown in the First Column
ethods
I’1:3.2A I’1:3.2A
Calculation of Effective Multipoles. Effective multipoles r.=50A r=10.0A
are effective in the sense that a set of multipoles of rihk lw weight weight
obtained from a fitting procedure, approximates the effect of a 0 3.4015x 10%° 1.2850x 10**
set of multipoles of rankN, obtained from a multipolar 1 1.9844x 10 i 3.7483x 102
expansion, witiM < N. The derivation of effective multipoles 2 2.2225x 10 2.9160x 107
. : A . 3 3.1540x 1076 3.5215x 10~
is an extension of our earlier fitting method for calculating 8 8
. 4 5.1320x 10" 5.3662x 10~
charges to reproduce the effect of DMA multipol€s!? Here 5 9.1734x 10-19 9.3413x 10-10
we present an extension of the method to derive a set of fitted 6 1.7555x 10711 1.7686x 1071

multipole moments, FMs, from a set of DMA multipoles
otherwise referred to as reference multipole moments, RMs. higher moments. We can therefore expect that the fitting of
Since the FM set consists of lower rank moments than the RM FMs results in a very good approximation to théowest rank
set, the replacement of the RM set by the FM set results in reference moments.
faster evaluation of the electrostatic energy. As an example, let us consider an HF molecule with one
Let us suppose that we have a set of RM series and a set ofcharge, one dipole, and two quadrupole and two octopole
sites for the FMs. For a quantitative description of electrostatics, moments on each atom. (The other dipole, quadrupole, and
a DMA up to rank 2-3 is considered necessary, but for the octopole moments are not independent for symmetry reasons;
present purposes moments up to rark8@re more appropriate  higher rank moments are presented in Table 2 but are not
as RM series. The rank of the FM series is considerably lower, discussed in the present analysis.) The calculation of the fitted
being 0 or 1 (that is, charges or charges plus dipoles). The moments of two fitting procedures, one for each atomic
procedure to calculate the FMs is outlined below; a more reference series. When only charges are fitted, then the charges
quantitative description is given in the Appendix. First we (two parameters, since there is one fitted charge on each atom)
choose a particular RM series and a set of sites for the FMs calculated in the first fit effectively reproduce the charge and
which are within a sphere centered on the reference site. Wethe only independent dipole moment of the reference series on
want to choose the fitted multipole moments, FMs, so that they one atom. The other pair of fitted charges calculated in the
reproduce the effect of the RM series outside the sphere. Thissecond fit reproduce the charge and the dipole of the other
is perfectly realized if the FMs create multipole moments with reference series (compare the RM column with theé’ EMumns
respect to the reference site which are equal to the RMs. Inin Table 2). In this way, two charges are calculated for each
our method, a least squares-like equation is set up so that theatom. Fitted charges belonging to the same atom are summed
sum of the squares of the differences between the RMs andto give the final fitted charge. Likewise, fitted charges and
moments created at the same site by the fitted moments isdipoles (four parameters on the two atoms) effectively reproduce
minimal. Since the FMs are calculated using a fitting procedure, the charge, the only dipole, and the two independent quadrupole
the reproduction is approximate rather than exact. Neverthelessmoments of the reference series on one of the atoms (compare
FMs reproducing the effect of the particular RM series can be the RM column with the OFMand CFM columns in Table
calculated. The same procedure is performed for all reference?). Indeed the OFMfitted octopoles are also in reasonable
series to obtain several sets of FMs. Since the site of an FM agreement with the RMs. Thus, we can expect that the
series can be included into the fitting procedure of several RM interaction energy between HF molecules calculated with a set
series, the final FM set is obtained as the sum of FMs calculatedof fitted charges approximates the energy calculated with a
in separate fits. (The limitations of the separate fitting to each DMA up to dipoles. Similarly, the interaction energy calculated
set of RMs are discussed inref 11.) For example, in a hydrogenwith a set of fitted charges and dipoles approximates the energy
fluoride molecule having an RM series and an FM series at calculated with a DMA up to quadrupoles.
both atomic sites, an FM set is obtained for both atoms when  |n |arge molecules it is less straightforward to predict the
fitted to the hydrogen RM series. Another FM set is created goodness of the fit, but we can make an estimate in the following
when fitted to the fluorine RM series. For both atoms, the final way. Let us supporse that both the RMs and the FMs are at
FMs are the sums of the contributions obtained in the two fits. atomic sites and that when fitting to an RM series, the number
The number of FM centers involved in the fit of an RM series  of centers of FMsp, is between 2 and 5. (This corresponds to
is determined by the radius of a sphere. A larger radius the assumption that the fitting involves the atom on which the
increases the number of sites and thus improves the reproductiorRM series is based, its nearest neighbors, and in some cases,
of the RM series. On the other hand, the FMs reproduce the e.g. for an H atom or a carbonyl O, the next nearest neighbors.)
effect of the RMs outside the sphere. Consequently, the radiusSince the number of spherical multipole moments of an RM
must not be larger than the separation of atoms in intermolecularup to rankN is (N + 1)2 on one center, then usimpg-M centers
interactions. A radius of abo@ A seems to be a reasonable and fitted moments up to rank, there arep(M + 1)
compromise. This corresponds to a valugigf =~ 0.0 A (see independent parameters to reproduce the-{ 1)? lowest
Figure 1 of ref 12.) The use of such a radius ensures that RMsreference moments. This argument was used to obtain the data
on an atom are fitted by multipoles centered on the atom itself, presented in Table 3. These data suggest that with an appropri-
on the nearest neighbors, and in some cases, also on the nexite number of FM centers, fitted charges approximate the effect
nearest neighbors. The usergf; = 2.0 A will generate FMs  of a DMA up to dipoles, while fitted charges plus dipoles can
on more atomic sites. replace a DMA up to quadrupoles or even to octopoles. This
The effectiveness of the fit can be predicted by considering conclusion is in line with the results presented in Tabled2
that lower rank multipoles appear with considerably higher and illustrates the usefulness of a fitted chatgdipole set in
weights in the fitting procedure (the weighW, are given by calculating electrostatic interaction energies. It would therefore
eq 8 in the Appendix), as illustrated by the data in Table 1. appear that larger molecules may be described better than small
Thus, the description of the lower moments exceeds that of the molecules because of the increase in the proportion of adjacent
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TABLE 2:
Moments: FMO%, Is Obtained by Fitting Charges; OFMZ,,, Is Obt

Ferenczy et al.

Reference Multipole Moments (RM) and Moments Created by the Fitted Moments at the Site of the Reference

ained by a Fit of Both Charges and Dipoles in an Overall

Fitting Procedure; CFM %4, Is Obtained by a Fit of Charges and Dipoles in a Cumulative Fitting Procedure

multipole F atom H atom
index (mc)? RM FMmO OFM! CFM! RM FMmO OFM! CFM!

00 —0.5103 —0.5103 —0.5103 —0.5103 0.5103 0.5103 0.5103 0.5103
1ic —0.1320 —0.1275 —0.1320 —0.1320 0.0278 0.0266 0.0278 0.0278
20 —0.6536 0.1105 —0.6505 —0.5304 —0.0218 0.0231 —0.0218 —0.0203
22c 0.1132 —0.1914 0.1127 0.0919 0.0377  —0.0400 0.0377 0.0352
3lc 0.1646 0.2345 0.1303 —0.2861 0.0388 —0.0490 0.0380 0.0891
33 —0.2125 —0.3027 —0.1683 0.3693 —0.0501 0.0633 —0.0491 —0.1151
40 —0.0834 —0.2488 —0.4231 0.4877 0.0232 —0.0520 0.0316 0.1435
42c 0.1244 0.3709 0.6308 —0.7271 —0.0345 0.0775 —0.0471 —0.0345
44c —0.1645 —0.1645 —0.8344 0.9618 0.0457 —0.1025 0.0623 0.2829

aMultipole moments are labeled according to ref 28.

TABLE 3: Predicted Reproduction of RMs as a Function
of the Number and Maximum Rank of FMs?

number of RMs

TABLE 6: Electrostatic Interaction Energy Calculated
Using Various Multipoles for Antiparallel HF Dimer (Figure
2a) at Several Intermolecular SeparationsR): All
Quantities Are in Atomic Units

number of reproduced using fitted: :
) - maximum
fitted centers charges charges and dipoles multipole rank DMA OFMP CEMe Esp
2 2 charge- 8 dipolet R—5
3 3 charge 12 quadrupole 0 ~0.005 742 ~0.004 506 —0.004 506 —0.004 427
Poe 16 octopole 1 —0.004 524 —0.004 768 —0.004 372
5 5 dipolet- 20 octopole- 5 0,004 610
aEntries in the second and fourth columns are the number of 3 —0.004 792
reproduced RMs and are calculateg@d + 1)%, wherep is the number 4 —0.004 824
of centers (first column) ani is the maximum rank of FMs (in this 5 —0.004 820
case 0 and 1, respectively). The name of the multipole moment beside R=6
the numbers refers to the highest rank reproduced RM. Thus, “dipole” 0 —0.003 408 —0.002 674 —0.002 674 —0.002 627
appears when the charge and three dipoles (4 moments) are reproduced, 1 —0.002 675 —0.002 773 —0.002 611
and “charge-" appears when the number of the parameters is 2 or 3, 2 —0.002 709
i.e. more than required for reproducing the charge (1 parameter) and 3 —0.002 791
less than required for chargelipole (4 parameters). 4 —0.002 801
. . 5 —0.002 799
TABLE 4: Electrostatic Interaction Energy Calculated
Using Various Multipoles for an HF Dimer Near to Its R=7
Equilibrium Geometry (Figure 1): All Quantities Are in 0 —0.002 180 —0.001 710 —0.001 710 —0.001 680
Atomic Units 1 —0.001 707 —0.001 751 —0.001 677
- 2 —0.001 723
maximum 3 —0.001 763
multipole rank  DMA OFMP CFme ESP! 4 —0.001 766
0 —0.006 418 —0.005 036 —0.005 036 —0.004 947 5 —0.001 766
1 —0.005 896 —0.006 529 —0.006 378 R=38
2 —0.006 658 0 —0.001 475 —0.001 158 —0.001 158 —0.001 137
3 —0.006 731 1 —0.001 154 —0.001 175 —0.001 138
4 —0.006 786 2 —0.001 162
aMultipole moments are calculated from a distributed multipole 3 —0.001183
analysis.? Multipole moments are calculated from an overall fitting g :8381 133

procedure® Multipole moments are calculated from a cumulative fitting
procedured Charges are fitted to electrostatic potentials.

TABLE 5: Electrostatic Interaction Energy Calculated
Using Various Multipoles for a Water Dimer Near to Its
Equilibrium Geometry (Figure 1): All Quantities Are in
Atomic Units

@ Multipole moments are calculated from a distributed multipole
analysis.? Multipole moments are calculated from an overall fitting
procedure® Multipole moments are calculated from a cumulative fitting
procedured Charges are fitted to electrostatic potentials.

atoms because there is no link between the MEP grid point and

mmt?gggurr:nk DM OFM: CEME Esp the atqmic center contributing o its pot'en’ci”aFO.)
At this point, it is worth stressing again that the FM centers
2 :8'882 gg :8'888 ig; :8'888 é‘?‘; ~0.008271 involved in the fit are limited to those centers within a sphere
2 —0010161 ’ of a given radius. Since the effect of the FMs approximates
3 ~0.010 305 that of the RMs outside the sphere only, the extension of the
4 —0.010 299 radius of the sphere pushes apart the smallest intermolecular

separation for which the replacement of the RMs by FMs is

@ Multipole moments are calculated from a distributed multipole .
possible.

analysis.? Multipole moments are calculated from an overall fitting
procedure® Multipole moments are calculated from a cumulative fitting Itis important to realize that the calculation of the interaction
procedure? Charges are fitted to electrostatic potentials. energy of fited moments requires the inclusion of all terms
sites. Indeed, because the fitting procedure is size-independentcontaining the interaction of any of the fitted moments. This
the method should be appropriate for any molecule for which means that when fitted charges and dipoles are used, then the
an accurate DMA can be obtained. (Whether this is true for charge-charge, chargedipole, and dipole-dipole inter-
MEP-derived multipol€d-1>remains to be seen, since the related actions need to be evaluated. On the other hand, the inter-
MEP-derived charges are known to exhibit problems on buried action energy of DMA moments is an expansion according the
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TABLE 7: Electrostatic Interaction Energy Calculated TABLE 8: Electrostatic Interaction Energy Calculated
Using Various Multipoles for C,H»~HCN (Figure 2b) at Using Various Multipoles for C¢He=NH3 (Figure 2c) at
Several Intermolecular Separations R): All Quantities Are Several Intermolecular Separations R): All Quantities Are
in Atomic Units in Atomic Units
maximum maximum
multipole rank  DMAR OFMP CFme ESP multipole rank  DMA OFMP CFMe ESP!
R=4 R=6
0 —0.003 745 —0.004 393 —0.004 393 —0.006 042 0 —0.002 201 —0.002 703 —0.002 703 —0.003 628
1 —0.010 762 —0.007 494 —0.007 039 1 —0.001 298 —0.002 180 —0.002 241
2 —0.006 877 2 —0.002 022
3 —0.007 500 3 —0.002 572
4 —0.007 492 4 —0.002 063
R=5 5 —0.001 738
o 6 —0.001 831
0 —0.002 184 —0.002 532 —0.002 532 —0.003 411 7 0,002 028
1 —0.005 813 —0.003 920 —0.003 798 8 _0'002 090
2 —0.003 719 )
3 —0.003 908 R=7
4 —0.003 891 0 —0.001 387 —0.001 703 —0.001 703 —0.002 286
R=6 1 —0.001 188 —0.001 725 —0.001 547
N 2 —0.001 570
0 —0.001 354 —0.001 555 —0.001 555 —0.002 057 3 0,001 976
1 —0.003 404 —0.002 267 —0.002 226 :
2 —0.002 191 4 —0.001 734
3 —0.002 259 5 —0.001 636
4 —0.002 249 6 —0.001 690
7 —0.001 727
R=7 8 —0.001 720
0 —0.000 882 —0.001 005 —0.001 005 —0.001 310 R=8
% _8:88? gé 0.001 407 —0.001 391 0 —0.000 886 —0.001 087 —0.001 087 —0.001 459
3 —0.001 403 1 —0.000 924 —0.001 232 —0.001 052
1 —0.001 398 2 —0.001 136
3 —0.001 351
R=8 4 —0.001 236
0 —0.000 598 —0.000 677 —0.000 677 —0.000 872 5 —0.001 203
1 —0.001 388 —0.000 921 —0.000 914 6 —0.001 223
2 —0.000 906 7 —0.001 229
3 —0.000 919 8 —0.001 225
4 —0.000 916

@ Multipole moments are calculated from a distributed multipole

2 Multipole moments are calculated from a distributed multipole analysis.” Multipole moments are calculated from an overall fitting

analysis” Multipole moments are calculated from an overall fitting  procedure® Multipole moments are calculated from a cumulative fitting
procedure? Multipole moments are calculated from a cumulative fitting  procedure® Charges are fitted to electrostatic potentials.

procedured Charges are fitted to electrostatic potentials.
; ; ; ; ; ; ; TABLE 9: Structure and Energy of the HF Dimer in the
intersite separatioR, which requires truncation at a given power Minimum Energy Configurationng Obtained with Different

of R This means that the energy up R® requires the  Myltipoles: The Angles Are Defined in Figure 1; Energies
evaluation of the chargequadrupoles terms in addition to those are in Atomic Units

listed above. Nevertheless, for the model systems the inter-
action energies of DMA multipoles presented below are

multipole angles

calculated with a truncation according to the multipole moment __YP® max rank Sl ©: energy
ranks in order to be consistent with the calculations using fitted ~DMA? 2 122 186 —0.008 536
moments. OFMP 0 180 180 —0.009 228
; i s OFMP 1 118 188 —0.008 191
Overall versusCumulative Fitting. The fitting procedure CEM® 0 180 180° 0.009 228
considered so far includes the calculation of fitted moments of  cppe 1 127 189 —0.008 518
all ranks in one step. Thus, fitted charges and dipoles designed ESP! 0 180 18C° —0.009 066

to reproduce a given series of reference moments are obtained Multipole moments are calculated from a distributed multipole

as the solution of one least squares-like system of equations.,,,)ysis > Multipole moments are calculated from an overall fitting

Multipole moments obtained from such an overall fitting procedures Multipole moments are calculated from a cumulative fitting
procedure will be referred to as OFMs; the OFMs share some procedured Charges are fitted to electrostatic potentials.

similarities to the fitted moments of Williani4. An alternative

approach involves obtaining fitted charges as the first step. Thesefit is more flexible and is expected to result in a better
fitted charges create multipole moments at the reference site.description of the reference moments than a cumulative fit, as
The difference between the reference moments and those createdan be seen by comparing the OFsind CFM columns in

by the fitted charges is then fitted by a set of dipoles. This Table 2. However, cumulative moments have advantages which
cumulative fitting procedure can be continued to higher ranks, will be discussed later.

and the resulting moments will be referred to as CFMs; the Electrostatic Interaction Energies. Small Model Systems
CFMs share some similarities to the fitted moments of Kbhg. Calculations on small model systems were undertaken to
The goodness of a cumulative fit can be qualitatively predicted investigate the convergence of the interaction energy as a
in the same way as that of an overall fit, as described in the function of the DMA rank and to investigate whether DMA
preceding section. Thus, in the case of HF, charges (two multipoles may be replaced by fitted ones. Three types of
parameters) fitted in the first step effectively reproduce the calculations were performed. The interaction energies between
reference charge and dipole (two parameters), while dipoles (twomolecules in close proximity were evaluated with different rank
parameters) fitted in the second step effectively reproduce the DMA and fitted multipoles to investigate the effect of truncation.
reference quadrupoles (two parameters). Obviously, an overallThen, similar calculations at several intermolecular separations
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TABLE 10: Electrostatic Interaction Energy Calculated TABLE 13: Interaction Energy/kJ mol ~ between the
Using Various Multipoles for H,O~HCl at ©, = 37° and 0, Agonist (Norepinephrine, NOR, or Epinephrine, EPI) and
= 175 (Minimum Energy Configuration of DMA 319 eu and 3Phe: The Residue Number Given Is for the
Octopoles): The Angles Are Defined in Figure 3; Energies PrAR

Are in Atomic Units

system DMAR OFM°P OFMY¢ CFMe chargé chargé
maximum a1 — — — — — _
NOR—3eu 98.2 99.9 98.8 —102.6 —107.4 —106.1

muttipole rank DM~ OFM CRM® ESP EPI-%eu —99.7 —100.6 —100.2 —105.0 —113.9 —113.8
0 —0.006 548 —0.008 405 —0.008 405 —0.008 973 NOR-3Phe —119.5 —121.6 —122.8 —120.5 —120.2 —119.9
1 —0.006 901 —0.009 662 —0.012 807 EPI-3'Phe —113.6 —110.8 —112.9 —112.2 —124.1 —123.2
g _881(2) gié 0.011 388 —0.009 716 a Multipole moments are from a DMA at the hexadecapole level.
4 —0.011 750 b Charges plus dipoles are calculated from an overall fitting procedure.
5 —0.011 320 ¢Charges plus dipoles are calculated from a cumulative fitting
6 —0.011 490 procedure? Charges plus dipoles were evaluated using= 2.0 A.
7 —0.011 428 ¢ Multipoles fitted charges.Multipoles fitted charges evaluated using
8 —0.011 447 Fina = 2.0 A.

aMultipole moments are calculated from a distributed multipole — H

analysis.? Multipole moments are calculated from an overall fitting ] 91\F F

procedure® Multipole moments are calculated from a cumulative fitting - \,\ 0,/

procedured Charges are fitted to electrostatic potentials. —154 A H

— /( '\.\
TABLE 11: Structure and the Energy of the H,O=~HCI 37N N

System in the Minimum Energy Configuration As Obtained
with Different Multipoles: The Angles Are Defined in
Figure 3; Energies Are in Atomic Units

Energy (in kJ/mol)
2
T

multipole angles .
type max rank (CH (SP energy 7
DMA?2 2 37 179 —0.012 542 1
DMA? 3 37 175 —0.010 818 _o5.]
OFMP 0 (0 180° —0.008 949
OFMP 1 20¢° 178 —0.009 657 I
OFMP 2 37 178 —0.011 433 7
CFMe 0 (04 18¢° —0.008 949 1
CFMe 1 (0 180 —0.013 138 0 7
CFMe 1 1&® 178 —0.01307%
CFMe 2 19 178 —0.009 809 Multipole rank
ESP! 0 (0 18¢° —0.009 553

Figure 1. Schematic structures and the interaction energies of the HF
aMultipole moments are calculated from a distributed multipole dimer and water dimer calculated with various multipole seis.

analysis? Multipole moments are calculated from an overall fitting represents points calculated with DMA multipoles, * represents points

procedure® Multipole moments are calculated from a cumulative fitting ~ calculated with fitted multipoles} represents points calculated with

procedured Charges are fitted to electrostatic potentiélsocal mini- CFMs, andO represents points calculated using ESP charges.
mum.
TABLE 12 Total Ligand R tor Interaction E o sets with contributions up tB=5. The program was modified
. Total Ligand Receptor Interaction Energies, in ; ; ; IR
kJ mol-L Unless Otherwise Statedryg = 0.0 A Was Used ?rdoer:ier to make it possible to evaluate contributions of any
system DMA OFM° OFM! CFM° chargé chargé Applications to Large Systems: THeAdrenergic Receptor

NOR—f,, f3-AR —615.0 —614.4 —614.9 —609.5 —663.7 —659.7 Calculations on the essential agonist binding residueswidel
EPI-f, AR —503.3 —499.8 —499.9 —494.8 —528.3 —527.1 of the heptahelicg8,-adrenergic receptopf-AR) were carried
NOR-f-AR  —638.2 —641.4 —642.5 —631.9 —686.2 —680.8 out (a) to assess the potential performance of the fitted moments
EPI=frAR —499.5 —491.7 ~4950 ~483.6 ~509.2 ~509.5 in real applications and (b) to investigate the molecular origin

2 Multipole moments are from a DMA at the hexadecapole level. of the subtype specificity of epinephrine and norepinephrine in
b Charges plus dipoles are calculated from an overall fitting procedure. theB1-, B2-, andps-ARs. Molecular modeling and site-directed

¢Charges plus dipoles are calculated from a cumulative fitting mutagenesis studi&shave identified!23Asp on helix three

procedured Charges plus dipoles were evaluated usipg= 2.0 A. 20 07 P 29 S
e Multipoles fitted charges.Multipoles fitted charges evaluated using 48(39{ ando’Ser Qn helix five,**Trp ar_ld OPhe on h_e“X _S'X’_
Fine = 2.0 A. and3M_eu on helix seven as key residues in agonist binding.

Consequently, these residues plus the docked agonist (epineph-

were performed to study how the importance of different rank fine or norepinephrine) were taken from the minimized model
moments varies with distance. Finally, the minimum energy feceptor structufé>* and blocked with suitable end groups
configurations of some bimolecular systems were calculated, (€ither CHNH— or —COCH) where appropriate, and the DMA
again with different rank DMA and fitted moments. Interaction Was determined using the CADPAC program with a 6-31G*
energies were calculated using both OFMs and CFMs. In ba_S|s set as above. The interaction energies were calculated
addition, interaction energies calculated with potential-derived USiNg ORIENT.

(ESP) charges are presented; since ESP charges are widely use
in classical force fields, a comparison of the performances of
ESP charges with fitted moments is important in assessing the Figure 1 and Tables 4 and 5 present the results for the HF
usefulness of the latter. In all cases, the wave functions were dimer and the water dimer, respectively, near their equilibrium
calculated with a 6-31G* basis set at their 6-31G* optimized geometries. The four atoms of the HF dimer are in the same
geometry with the CADPA& program. The interaction plane, while the planes of the water molecules are orthogonal
energies were calculated with the ORIENT prog&mT his to one another. Similar conclusions can be drawn from the
program is able to evaluate the interaction energy of multipole interaction energies of both dimers. The inclusion of DMA

esults and Discussion
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a -2

(") as before, except that several different intermolecular separations

4 were considered. For the HF dimer (Table 6, Figure 2a), the
e T EEET L energies of DMA multipoles show significant improvement
L H A— F when dipoles are included and modest improvement when
quadrupoles and octopoles are included. Consequently, fitted
i charges (effectively reproducing DMA multipoles up to dipoles)
~10] y reasonably approximate the converged DMA results. ESP
] F—H charges and multipole-fitted charges perform similarly. OFM
energies are better than CFM energies, as expected.

1/ In the case of the £1~HCN system (Table 7, Figure 2b),
-1 51 the inclusion of DMA quadrupoles is fundamental and octopoles

] still have a significant effect at the smallest intermolecular
0 1 2 3 4 5 6 7 separation. The increased importance of higher rank moments
is the consequence of the lower polarity of the molecules
considered. A set of fitted charges and dipoles seems to
approximate the energies of a DMA up to octopoles. Multipole-
fitted charges underestimate the interaction energy. The energies
obtained from ESP charges are better than those from multipole-
| fitted charges but worse than those of the multipole-fitted
C R charget-dipole set.

In the GHe~NHj3 system, one of HN vectors is orthogonal

I to the benzene plane and points toward the center of the benzene
L el H ring (Figure 2c). The DMA interaction energy (Table 8)

Vo e (RS9 exhibits very poor convergence. Interestingly, fitted charges
Vo plus dipoles yield interaction energies near to the converged
1 values, but taking into account the oscillatory nature of the DMA

\/ energies; this very good result may be fortuitous. OFM and

0 f 2 3 4 5 f',~ v CFM energies are very similar, while ESP charges give
interaction energies far too negative.

In all three examples above, the relative error between
energies obtained with different rank moments does not change
significantly as the intermolecular separation increases. Nev-
ertheless, the magnitude of the interaction energy and thus the
magnitude of the difference between energies of different rank
moments decrease with increasing separation. Considering the
relative error in the energy, the importance of using fitted
charges and dipoles rather than fitted charges alone is more
pronounced and extends to larger intermolecular separations in
the case of the less polapl@»~HCN and GHe~NH3 systems.

In the third type of calculation, the minimum energy

_g configurations of the HF dimer and the®-HCI system were

§ optimized using the Buckinghanfowler modef This in-

=9+ volved using multipoles of different source and rank with the
T T following hard-sphere radii: 4 0.0 A, F=1.35A, 0=1.4

ot 2 3 4 5 6 7 A, Cl=1.8 A. The geometry of the HF dimer (Table 9, Figure
Multipole rank 1), as obtained with a DMA up to quadrupoles, is close to that

Figure 2. Schematic structures and the interaction energies of (a) an of ref 2. On the other hand, when electrostatics is represented

antiparallel HF dimer, (b) &4~HCN, and (c) GHe~NHs as a function  py fitted charges (either multipole-fitted or ESP), then the energy

of the mtermole(_:ular separatlon_calculated w_lth various multipole Sets. i<’ minimal at a linear arrangement of the molecules. Using
O represents points calculated with DMA multipoles, * represents points

calculated with fitted multipolest represents points calculated with fitted charges plus dlpc_)le_s (either OFM_or CF_M) yields an
CFMs, andD represents points calculated using ESP charges. Distances€nergy and geometry similar to that obtained with a DMA up
are in atomic units. to quadrupoles.

The interaction energy of the;@~HCI system was calculated
quadrupoles represents a significant improvement in reproducingat the geometry shown in Figure 3. (The HCI molecule was
the interaction energy. As for FMs, charges give poor results, placed in the plane orthogonal to that of the water molecule.)
while charges plus dipoles are considerably better. The poor The energy converges slowly with increasing multipole rank at
energy of fitted charges is due to the fact that for both dimers the geometry corresponding to the minimum energy of DMA
the DMA charges give energies nearer to the converged limit octopoles (Table 10). The minimum energy configuration and
than does the DMA up to dipoles. Thus fitted charges, which energy of DMA quadrupoles are somewhat different from those
are designed to simulate a DMA up to dipoles, give energies of DMA octopoles (Table 11). Fitted charges (both multipole-
worse than DMA charges or fitted charges plus dipoles. ESP fitted and ESP) give qualitatively poor minimum energy
charges give results very close to those of multipole-fitted geometries. The geometry of the minimum energy configuration
charges. The OFM and CFM energies are also very similar. obtained with OFM charges and dipolés & 20°, 6, = 178)

Figure 2 and Tables 6, 7, and 8 contain energies for the is better but still deviates from that of a DMA up to octopoles
antiparallel HF dimer and the ;8>~HCN and GHe~NH3 (61.= 37, 6, = 175). With the inclusion of fitted quadrupoles,
systems, respectively. The same calculations were performedthe minimum energy geometry is well reproducéd £ 37°,
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R AR -
1 v/ ‘E( (Figure 4) with the3-adrenergic receptors are reported in Table
i i 12. Since these are gas phase calculations evaluated using a
T T T T T T T 1T T T T

dielectric constant of 1.0, the calculated energies bear no
resemblance to the experimental ligand binding affinities.
Multipole rank However, they clearly show that charges plus dipoles generally
Figure 3. Schematic structure and the interactions energies of the 'eproduce the interaction energy evaluated using a DMA up to
H,O~HCI system atf; = 32° and 6, = 178 (minimum energy hexadecapoles. They also show that OFMs give better quantita-
geometry of DMA octopoles) as a function of DMA multipole ranks.  tive agreement than CFMs, while charges alone may give errors
caloulated with fited mulipolest represents points calouiated with | ™ (1€ region of 50 k mof. The resuits show that charges
CFMs, andO represents pgints caIcEIated usi%g ESP charges. (or cha_rges pI_us dlpo'?s) evaluated using - 2.0 A SO. that
more fitting sites are includéd generally give very slightly

9, = 178). On the interaction energy surface of CFM superior results to those evaluated using= 0.0 A. However,
charges-dipoles, the absolute minimum corresponds to the since the difference in accuracy is minimal compared to the
planar arrangement of the atoms. There are also two sym-€ffect of including higher rank multipoles, we conclude that
metrical local minima on the surfac@(= 18°, 6, = 178). generally the number of fitting sites should be restricted through
Their energy is close to that of the global minimum. The the use ofi = 0.0 A; the additional benefits arising from the
inclusion of CFM quadrupoles results in a notable change in use offing = 0.0 A are discussed elsewhéfe.
energy and predicts the off-planar arrangeméat= 19°, 6, It is believed that**Leu may play an important role in
= 178) to be the energetically preferred one. This is in determining subtype specificity in thie AR receptors. Thg-
gualitative agreement with the results of DMA quadrupoles and andgs receptors which contain Leu at position 311 have a higher
octopoles. The difficulty in the description of the electrostatic affinity for epinephrine, while the; receptors which contain
and interaction energy surface of the@+HCI dimer stems Phe at position 311 have a higher affinity for norepinephrine.
from the flatness of the surface and from the slow convergence Molecular modeling studiédsuggest that the change from Leu
of the interaction energy with increasing multipole rank (see inthef, andfs receptor to Phe iff; receptor favors the smaller
Table 10). (During a molecular dynamics or Monte Carlo norepinephrine on steric grounds. In addition, the studies
simulation at 298 K these effects may not be significant as all suggest that the-NHz™ group of norepinephrine will make
the very low energy structures will be sampled with a similar better interactions with the systeni® of the Phe (cf. Figure
probability.) 2c) than with theo-bonded Leu, while the additional methyl

The results presented confirm the widely held viéthat a group of epinephrine will make better hydrophobic contacts with
DMA, at least up to quadrupoles, is needed for calculating the hydrophobic leucine side chain. (There are other differences
electrostatic interaction energies near the equilibrium geometry between thes:-, S2>-, and53-ARs, but the residues concerned
of interacting molecules. For some systems at smaller inter- probably do not interact directly with the ligand; it is also
molecular separations, even higher rank moments may represenimportant to note that the primary interaction of the charged
a marked improvement. However, the most significant result quaternary nitrogen atom on the agonist is wit#sp.) Thus,
to emerge here is that fitted charges and dipole moments canin order to assess whether this hypothesis has any energetic
effectively replace a DMA up to quadrupoles or even to basis, we have analyzed the interaction energy between the
octopoles. ligand and the residue at position 311. The results are reported

As shown in the figures, the error incurred by using only in Table 13. The DMA hexadecapole interaction energies
fitted charges can be as high as 8 kJolThis is comparable  confirm that norepinephrine forms a stronger interaction with
to the errors that can arise by neglecting the polarization the Phe than with the Leu, while epinephrine forms a stronger
energy2 Consequently, any improvements in electrostatics interaction with the Leu than with the Phe. The OFM results
ought to be accompanied by corresponding improvements inare in good quantitative agreement with this (the CFM results
the treatment of polarization. The strategy outlined here for are almost as good as the OFM results). The use of atomic
deriving fitted charges and dipoles provides an ideal self- charges however would lead one to conclude that epinephrine
consistent framework for this because polarization is usually makes a stronger interaction with the Phe than does nor-
implemented through induced dipoles. Some of the issues thatepinephrine. Thus the use of atomic charges in this problem
may arise in extending this work to include polarization were could lead to a qualitatively incorrect conclusion, while the use
discussed in the provious articdié. We also note that an  of effective multipoles would lead to the correct conclusion.
improved electrostatic and polarization model has to take The norepinephrinePhe interaction is similar to the benzene
account of the variation of the atomic multipole set with ammonia interaction; as Figure 2c shows, such interactions
conformatior?>27 since ignoring this can easily give rise to involving nonpolar systems are not well described by the use
errors to 9 kJ/mol or more in the free energy of hydrafioff. of point charges.

Calculations on the -Adrenergic Model Systems. The Fitted Multipole Moments for Sample Molecules. In this
overall interaction energies of epinephrine and norepinephrine section, fitted moments for small molecules are presented. As



Toward Improved Force Fields J. Phys. Chem. A, Vol. 101, No. 30, 199453

TABLE 14: Fitted Moments? of Some Molecules: All Quantities Are in Atomic Units

molecule coordinates OFM CFMe
atom X y z Qo Quo Qi1 Quis Qoo Quo Quic Quis
CoH2

H 0.000 0.000 0.000 -0.114 0.000 —0.269 0.000 0.262 0.000 0.041 0.000
C 2.003 0.000 0.000 0.114 0.000 —0.812 0.000 —0.262 0.000 —0.250 0.000
C 4.276 0.000 0.000 0.114 0.000 0.812 0.000—0.262 0.000 0.250 0.000
H 6.279 0.000 0.000 -0.114 0.000 0.269 0.000 0.262 0.000 —0.041 0.000

H-0
H 0.000 0.000 0.000 0.789 0.000 0.214 —0.011 0.397 0.000 —-0.114 -0.016
0o 1.808 0.000 0.000 -1.578 0.000 0.362 —0.468 —0.794 0.000 0.073 —0.094
H 2.261 1.751 0.000 0.789 0.000 —0.043 —0.210 0.397 0.000 0.044 0.107
HF
F 0.000 0.000 0.000 —0.702 0.000 —0.349 0.000 —0.452 0.000 -—0.124 0.000
H 1.733 0.000 0.000 0.702 0.000 —0.088 0.000 0.452 0.000 0.121 0.000
NH3
N 0.000 0.000 0.216 —2.795 0.761 0.000 0.000 —1.069 0.128 0.000 0.007
H 0.000 1.772 —0.504 0.932 0.161 0.000 —-0.357 0.356 —0.381 0.000 —0.000
H 1534 —-0.886 —0.504 0.932 0.161 —0.309 0.179 0.356 0.128 0.006 —0.004
H —1534 -0.886 —0.504 0.932 0.161 0.309 0.179 0.356 0.128—-0.006  —0.004
HCN
H 0.000 0.000 0.000 0.049 0.000 —0.199 0.000 0.159 0.000 —0.097 0.000
C 2.009 0.000 0.000 0.072 0.000 —0.431 0.000 0.277 0.000 0.027 0.000
N 4.190 0.000 0.000 -0.121 0.000 -—-0.279 0.000 —0.437 0.000 0.071 0.000
CH3;CHO
C 3.880 2.354 0.000 0.449 0.000 0.144 0.114-0.161 0.000 —0.045 —0.070
H 2.619 3.992 0.000 -0.118 0.000 —0.143 0.148 0.056 0.000 —0.043 0.065
H 5.059 2.352 1.698 —0.155 0.189 0.113 —0.004 0.046 0.057 0.040 0.018
H 5.059 2352 -1.698 —0.155 —0.189 0.113 -0.004 0.046 —0.057 0.040 0.018
C 2.298 0.000 0.000 0.543 0.000 —0.226 0.269 0.659 0.000 0.023 0.074
H 3.306 —1.848 0.000 0.099 0.000 —0.045 0.011 —0.082 0.000 0.027 —0.129
O 0.000 0.000 0.000 -0.661 0.000 -—-0.176 —0.042 —0.565 0.000 —-0.063 —0.023

aMultipole moments are labeled according to ref 28lultipole moments are calculated from an overall fitting procedtirultipole moments
are calculated from a cumulative fitting procedure.

demonstrated in ref 10 for semiempirical wave functions and Conclusions

th;?eesr?;%llj: 1a ;tl%[?: for )agrémstilr?wil\g ?\tlg fl;?gr?t(i)gliljglrtit/eedd It has been demonstrated in the literature that DMA multipoles
g » CFMoo b _of rank 2-3 are able to describe correctly intermolecular

charges. When a set of charges an.d o!lpoles are calculated "blectrostatic interactions. Moreover, in the framework of the
an overall flt, then the charges are 3|gn|f!cantly different from Buckingham-Fowle or related model3¢ they are able to
those obtained when only charggs are fitted (Table 1.4)' The predict equilibrium geometries of van der Waals complexes.
sign of the Charges of a Se? Of.f.'ttEd charges an(_j dipoles is The present contribution provides several examples where
usually not against chemical Intuition, but the magmtude of the multipole-fitted charges are insufficient for the correct descrip-
charges is highly exaggerated in some cases. -t Ghe fitted tion of intermolecular electrostatic interactions of close mol-
charglg is negative on the carbon and positive on the hydrogenggles. They fail to reproduce the electrostatic interaction
atom;* but the signs of the charges are inverted when chargesgqrgies calculated with DMA multipoles and predict qualita-
plus dipoles are calculated in an overall fit. This inverted ely hoor equilibrium geometries of van der Waals complexes.
polarity of the C-H bond is modulated by the large dipoles  \jore importantly, we have found that a multipole-fitted charge
appearing on both the carbon and the hydrogen atoms andyng gipole set is able to replace DMA multipoles up to
pointing toward the negative hydrogens. A similar effect can quadrupoles or even octopoles. This is significant because the
be observed in the other molecules; the effect of the change in ;e of the lower rank fitted moments in molecular modeling
the magnitude of the charges caused by fitting both chargesgygies is computationally more economical than the use of
and dipoles rather than charges alone is compensated by thgypma multipoles. Consequently, we propose the following
dipoles. This suggests that a set of charges and dipoles of anstrategy for the calculation of intermolecular electrostatic
overall fit reflect the deformation of the electron density in a interaction energies with classical force fields. When the
complex, less transparent way. Because of this, charges willintermolecular separation is smaller than a given limit (say when
continue to have many uses in explaining qualitative effects. the closest atoms are within 4 A), then a fitted charge and dipole
In addition, appropriately chosen charges are able to describeset is used to evaluate the electrostatic interaction energy. When
quantitatively the electrostatic interactions of molecules at the intermolecular separation is larger, then charge sets are
medium and large intermolecular separation at a low compu- appropriate for the calculation of electrostatics. (The latter
tational cost. For all these reasons, CFMs have advantages ovegharge set is the same as the charges in the chaigele set
OFMs. In the latter, the moments of all ranks have similar if cumulative fited moments are used; this is a distinct
importance in reproducing the effect of the reference moments. advantage. On the other hand, when moments from an overall
On the other hand, CFMs are similar to multipole moments fitting procedure are used, then the chakgéole set gives
calculated from a multipolar expansion in the sense that the better interaction energies, but the charges used to evaluate the
importance of the moments decreases with increasing rank. Thisinteraction energies of distant atoms are different from those in
is the reason why CFMs are chemically reasonable, and anthe charge-dipole set.) With this computational scheme, it is
important consequence is that a series of CFMs can be truncatedeasonable to find parameters that are able to reproduce
when the interaction energy at large intersite separation is quantitatively quantum mechanical electrostatic energies. This
calculated. scheme may therefore be a significant step toward the separation
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of the energy components obtained with classical force fields. R 5

It therefore offers many advantages both in the development of deT | Z G, [I Z Q'MmpM(RM)TIM'M"l X

force fields and in the interpretation of the results calculated LR M'nlw'lpM i — ~
with the force fields. A particularly important benefit of this (85w, PP +m) ™ MINEWP) 1y 11, m,+mpe(Rw = Re) —
scheme is that it allows polarization and electrostatics to be Z of (T? )T %

handled on an equal footing, since polarization is usually Z Ve, 1amypy AT E L mym

included through interactions involving induced dipoles. 1. o
(80 by b +m)  min(p,.p,) A (e Rp]* (5)
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Appendix

The derivation of the equations to calculate fitted multipole
moments that reproduce the effect of a reference multipole serie

is presented below.
The interaction energyV between two series of point
multipoles g8

V=

|Z Iz TIAIBmAmBQIAmA(ﬁA) QIB%(ﬁB) IA|A+|B,mA+rnB(qRA - ﬁs)
AMA 1,Mg
@)

whereQ is a complex multipole momenf(ﬁ) is a complex
irregular solid harmonic defined as in ref 28,= —m, and

TIAleAmB =
|\t gtmutmg \ (14 Hg—m —mB) 12
__q\letmatmg| [TATTB T TTA ATIgT A
=1 [(IA—FmA )(IA—mA ] (2)
Defining real multipole moment&as
lec = meIm + meIrw iQIms= meIm - meIm (3)
with

b, = (-1)"V1/2, m> 0

=1/2, m=0
=1/2, m<0

and real irregular solid harmonidg,c and Iims Similarly, eq 1
can be written with real quantities as

z TIAleA%QIAmApA(ﬁA) QIBmeB(_éB) x

IAMa,PA 18,MB,P5
1y 1 met mupaps(Ra — Re) (800, b by ) Min(pa,pg) (4)

V=

wherep can take two values}1 and—1, the former corre-
sponding to thec index and the latter corresponding to the
index in eq 3. Whemm = 0, then onlyp = 1 is allowed.
min(pa,ps) stands for the smaller gfa andps. m runs from
—I to +I.

Now, let us suppose that we have a multipole serieRyat

and we want to reproduce its effect by several series of
It is expected that the effect of

multipoles atR;, J =1, 2, ....
a multipole series up to rar¥y atRy can be well approximated
by several multipole series up to rafNg atR;, J =1, 2, ...,
with N; < Ny. To determine the multipoles &, J=1, 2, ...,
we require, on the basis of eq 4, that

S

choice. TheR andF upper indices of the multipole moments
refer to reference moments and fitted moments, respectively.
Themindex runs from—I to +l. The Qmp andQimp multipole
moments are not independent, and this will be exploited toward
the end of the derivation.

The expressions appearing between square brackets in eq 5
are the interaction energies of a unit multipole momerRat
with the set of multipoles aRy (sums overy, my, and pwv)
and with the sets of multipoles & (sums oved, I3, my, and
ps). This becomes more transparent after making use of the
addition theorem of irregular solid harmoriadapted for the
real case

(R + Rp) =
my bml -
z (_1) T|1|2m1”‘22b b Rizmzpz(Rl) X
12Mpp2 m,~m,+m,

||1+I2,m1+ﬁ12,p1p2(§2) max, — py) IRyl < IRyl (6)

whereR|2mzp2(§1) is a regular solid harmonic, and invoking the
orthogonality of spherical harmonics

deT IIlmlpl(ﬁT) II2r'nzp2(§T) = 0 (7)
if lu=1IsmMm=mp pr=p20rly=Ip M =—my, pr=p

Then eq 5 can be written, after some algebraic manipulations,
as

Z Clt ; W'mhfwmmmmp!(rl’rZ) X (QEAWPM(F{M) a
leMupr I, M, Pm ~ ~ ~
Z Z PlM'Jm!\AmeMpJ(RJ —Rw) QEmeJ(RJ)) X

13,M3,p;
(QmmMpM(ﬁM) - Z | z PIMIJrn',\AmeM;:)J(ﬁJ - ﬁM) QIFJme_,(ﬁJ))
3M3.P;

(8)
The new symbols appearing in eq 8 are defined as
= |
PIMIJr'r]N‘meMpJ(RJ - RM) =(-1) J+WTIM7IJ,IJ,W7mJ,mJ X
me -
25 b Rutme-myp,p (R — Ru)max(=py,py)
My—m=m,
and
VVlMlthmMmlpMpt(rl’rz) - TIMIthm[TIMlthmt x
-1
(64mebmme +mmebm[me +rT\) X
[Om,m,, T Ozmm,+r, (1 = Om +m 0PuPd X
411 o1-20y—2l 1—2|M—2|t)

20y + 1) + 120 + 1) — 1] ¢ "2
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wherer; andr, are the radii of a smaller and a larger sphere,
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Then theQ,Fmp (ﬁj)’s can be calculated from a linear equation

respectively, and they define the spherical shell of the integration system defined by eq 10.

(r1 andr; are related taow andrhgs in ref 12).
A multipole moment atRy can be expressed by a set of
moments aR;.28

QR = > Qunp (R P immpn R — R (9)

13,M3,p;

Thus in the second and third row of eq 8 differences between

reference multipole moments By and those created by fitted
multipoles ofR; at Ry appear.

Since Qmp = PQmp, €g 8 can be further manipulated to
include sums over only nonnegating my, My, andm. Then
taking the derivative of the equation with respectQFg‘nerN
(Ry and equating the derivative with zero result in the
following equation:

WlMlthmthPIMINmMmNpMpN(RN o RM) X
z PIMIJlemeMpJ(RJ - RM) X

13,my,p
Qe (R)] =0 (10)

>

t
leMepe Iv,Mv, M v, Pm

[QF o (Ru) — Z

In this equationm, my, My, and m; can take only non-
negative values. Note that'y runs from 0O toly, but due to
the restriction imposed by eq 7, one of the following equations
has to hold fomm'y.

my = my
my = my, + 2m,
My =my — 2m
My = —my + 2m

Wi tanmet @00 Pryimamoups(Rs — Ru) are defined as

\A/IMIthmth -
\A/IMIthmthpMpt[(l + (1 - awv&(l - 6”\,0)(1 - 6rrfM,0)] +

VVIMIImV\AmlmMpMpt[(l o 6va0) + (1 - 6“}\,‘0)(1 - am[)] Pwm +
VVIMIImV\AmmMpMpt[(l B 6va) + (1 - 6mM,O)(1 - 5m'M)] +
VlelthmthpMPt[(l - aanv(J) + (1 - 6m[0)(1 - 6n’{M)] pM

and

|5|M|JmMmeMpJ(R‘J - RM) - PlMl.]m!\/lmeMpJ(R‘J - RM) +
a- 6mJ,O)pJPIMIJn1,mepMpJ(RJ — Ry

Supporting Information Available: Equilibrium geometries
of the HF and HO dimers (1 page). Ordering information is
given on any current masthead page.
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