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A systematic method of deriving ateratom intermolecular potentials from the monomer wave functions

has been developed for formamide, acetamidetearss-N-methylacetamide (NMA) and tested for its ability

to reproduce the crystal structures. The total intermolecular potentials comprised an accurate distributed
multipole analysis representation of the multipolar electrostatic interaction energy, anatontCs dispersion

model, and a short-range repulsion model derived from the overlap of the monomer charge densities. The
short-range model has been assessed and validated by comparison with ab initio intermolecular perturbation
theory (IMPT) calculations of the exchangeepulsion, penetration, and charge-transfer energies of test sets

of around 20 dimer conformations. A range of models has been developed. The simplest version of the overlap
model need not require any IMPT calculations (though in this example they are used to calibrate and validate
the potential) and can be used to estimate atatom repulsive parameters. Removal of various simplifying
assumptions in the overlap model gives better reproductions of the IMPT data and the crystal structures, and
provides a route to specific potentials for organic molecules. The resulting model potentials, as assessed by
crystal structure reproduction, are comparable with the best empirical potentials for amides and superior to
some commonly used potential energy functions. An advantage of the method is that transferability of
parameters can be tested, rather than assumed. There is an encouraging degree of transferability as the potential
generated for NMA reproduces the crystal structures of formamide and both polymorphs of acetamide very
well.

1. Introduction heavily studied, with considerable work on empirical param-

Computational chemistry is widely applied to systems involv- etrization§, we do not expect that a systgmatic potential will
ing interacting molecules, from gas phase van der Waals dimershnecessarily do bett'er than the best empirical ones for these
to protein-drug binding in solution to macroscopic crystalline mo_IecuIes. To obtain reasonable results here would, however,
materials. In all these situations, the accuracy of the calculationsvalidate the approach for use on other atom types, where
is dependent upon being able to evaluate the interaction ener(\;)yemmncal parametrization is not possible for lack of exp_erlmental
of an assembly of molecules to an appropriate level of precision. data, as has already been successful for the dioxaborole
In general, the smaller and simpler the molecules, the greaterfunctional group:*
the accuracy with which the interaction energy can be evaluated. Our aim is to develop the use of the overlap model (OM) to
For interactions between noble gas atoms, which being sphericalderive nonempirical atomatom intermolecular potential energy
have no long-range electrostatic or polarization interactions and functions representing the short-range terms from the ab initio
no orientation dependence, it is possible to obtain, both from charge distributions of the monomers. A key advantage of the
experiment and theory, extremely accurate values of the overlap model over other methd8&®of estimating the repulsive
interaction energy? At the other end of the size scale, modeling interaction is that it is possible to partition the interaction into
of protein—drug interactions may rely on either approximate atom—atom terms prior to the fitting process. This becomes
and empirical force-fieldsor on knowledge-based approactes. necessary for organic molecules, where important configurations,
The prospect of ab initio quality potentials being developed including hydrogen bonds, involve several different types of
directly for such large systems still seems remote; the use of atom—atom contacts, and so the separation into atomic contri-
nonempirical model atomatom potentials derived on smaller butions by empirical fitting is ill-determined. The initial aim
model molecules may provide a more promising route. In recent was to develop a methodology that could be readily used to
years there has been a marked increase in the size of systemgerive parameters for the many functional groups in industrially
for which high quality nonempirical potentials have been important organic molecules that do not have well validated
developed, with accurate intermolecular potentials being pub- empirical potential parameters. In addition, following careful
lished for specific molecules such as watenethanoP1°oxalic comparison of the overlap model to a small quantity of Hayes
acidl and acetonitrilé2 as well as formamid&® We seek here  Stone intermolecular perturbation theory (IMPTdata, we can
to extend this work to amides, which are of course of interest reduce the number of assumptions made, and produce com-
as models of the protein main-chain. Since amides have beenpletely nonempirical nonbonded parameters. These model
repulsion potentials are suitable for molecular modeling of
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model approach is that no assumptions about transferability (i.e., TABLE 1: Details of the Studies on the Three Amides
classification of atoms into a limited number of types) need be

) N-methyl-
made. The overlap data for each ateatom pair can be formamide  acetamide acetamide
examined individually _and then an assessment of WhICh atoms ave function for DMA 6-31G" MP2 6.31G* MP2 6-31G* MP2
can be treated as equivalent made. Of course, a high degree oaave function for 6-31G** SCE 6-31G* SCE 6-31G** SCF
transferability is expected for atoms that are chemically very s and IMPT
similar, and the parameters should reflect this in order to be atoms 6 9 12
used for extrapolating to larger molecules. Hence, this derivation atom types i 6 6 7

2nd phase, geometries 360 309 309

of model potentials for three closely related amides concludes

) - 3rd phase IMPT point: 21 19 19
by testing the transferability of the parameters between the ra phase points

systems. Correlation of Total Overlaps, V\_/ith IMPT
Our potential consists of the following terms: Short-Range Energy Contributions
p g ' correlation overlap vs ER 0.9926 0.9955 0.9703
_ correlation overlap vs Pen —0.9973 —0.9904 —0.9934
Biot = Ees T Efep + EdiSP @) correlation overlap vs CT —0.9433 —0.9838 —0.9619
. . . . . correlation overlap vs ERP 0.9909 0.9927 0.9396
whereE, the total interaction energy, is subdivided into the correlation overlap vs ERPC 0.9839 0.9906 0.9321

electrostaticEes and dispersiorEgisp long-range terms, and a

. Optimum Powers for Representing IMPT
short-range ternk,ep Our potential does not attempt to model P 0 J

Short-Range Energy Contributions

the intermolecular polarization (induction) enefgy?2! a besty for ER= (S)¥ 0.925 0.931 0.898
many-body term which pair potentials are incapable of describ- besty for ERP= (S,)Y 0.898 0.905 0.850
ing accurately. Since the polarization energy is always attractive, besty for ERPC= (S’ 0.933 0.926 0.842

its omission should in principle leave our models systematically °€s for KP models 0.93 0.93 0.95

underestimating the attractive part of the interaction energy.

The electrostatic ternkes is evaluated from sets of atomic
multipoles obtained by distributed multipole analysis (DN)
of the monomer wave function. This representation retains E =KSY (4)
essentially all of the accuracy of the ab initio wave functions ep P

of the molecules and hence the accuracy of the long-range,nere the powey is usually slightly smaller than 1. The basic
electrostatic interaction energies is limited only by the quality relationship (eq 2) is particularly useful for organic molecules

of the wave function. The DMA electrostatic model does not gt |eaves only one parameter, the proportionality constant, to
include the short-range penetratdorrection to the electro- be derived by fitting to either experimerfak ab initiot2 14data.

static energy. The dispersion energy is modeled using isotropic However, the proportionality constaitfor different inert gas
atom—atom dispersion coefficients, obtained from monomer pairs does vary slightl§é implying that when the model is

. 6 1
wave functions, as a sum okR " terms. However, we know  5qyjied to molecules, a different value fmight be required
frogn studlesl(())n small polyatomics that there are also significant ¢, contacts between each pair of atom types. This previously
R™® and R contributions to the dispersion ener§fyOur made a significant improvement to the representation of the

model also neglects t_he effect of interpenetration of the charge yridine—methanol exchangerepulsion energy in the hydrogen
clouds on the dispersion energy at short range. Thus, the curren onding regior?’

nonempirical model neglects the net result of these partially 1 exploit its relationship with the short-range energy (eq

canceling effects on the dispersion energy. For atoms in 5 '\ve model the intermolecular charge overlap, which we
molecules, all dispersion coefficients are also anisotr&pic, hereafter refer to simply as overlap, as the sum of atatom

which is also neglected in the model. exponential functions. These are multiplied by a proportionality
The exponentially decaying short-range term models the .nqtant to obtain atomatom contributions t&ep In the basic
exchangerepulsion energy. For empirically fitted model q4e| denoted OM-ER, the proportionality constant between

potentials, the other short-range contributions, such as thei,o model overlap and the model exchangepulsion energy
penetration and charge-transfer energy terms, are absorbed ik js fitted to the exchangerepulsion energy calculated by
the parametrization. In a nonempirical potential, such con- |\ipT.

tributions are either neglected or explicitly modeled. In this
work, we use IMPT calculations of the penetration and charge-
transfer terms to investigate whether they can be effectively
incorporated into fpin a nonempirical model potential.

The atom-atom exponential form for the short-range repul-
sionEepis derived using the overlap mod&i262"This is based
on the assumed relationship

accurate description of the relationship between overlap and
repulsion is

However, since the penetration energy is also known to be
essentially proportional to overl@p,we can fit another pro-
portionality constankKer, to the sum of the exchangeepulsion
and penetration energieEefy) to obtain the OM-ERP model
for Eep Thus, the OM-ERP model corresponds Egy, the
guantity previously modeled using a probe atom approach by
Fraschini and Storié for the methane dimeiEeyp also corre-

E =KS @) sponds to the repulsive term fitted to IMPT results by Cabaleiro-
ep P Lago and Rios for acetonitrif&.
whereK is a proportionality constant arg is the charge overlap As our results (Table 1) will show, the charge-transfer energy
of unperturbed monomer charge distributions of molecules A is also approximately proportional to overlap. Hence we can
and B, viz also incorporate an estimated charge transfer into the model
potential (eq 1), by fitting<erpc to the sum of the exchange
S, = pr(r)pB(r) dr (3) repulsion, penetration, and charge-transfer energies (the OM-

ERPC model) Eerpc corresponds to the repulsive term in the
The relationship in eq 2 has been tested for a variety of formamide potential of Cabaleiro-Lago and Rié¢The major
systemd114.26.27Earlier, more detailed investigations of the difference in their approach is that they fitted all their repulsion
relationship between noble gas atdMshowed that a more  parameters to total IMPEepcenergies at more than 400 points,
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() (b) (©) MAMO02) of formamide3® an R3c structure (ACEMIDO5)
e e H° W H)C2 He determined at 23 K and a room temperatufféccn structure
~ >~ N (ACEMID)38 of acetamide, and a 110 Rna2; structuré® of

[ l I NMA (METACMO2). The rigid molecular structures used in
e ¢ the crystal structure modeling are taken from the original crystal
Z 7N e = \C7(H:) Oﬁ/ NC7(Hy) structure determinations, except that bond lengths to hydrogens

o} H o) g
) ) ) . are adjusted to standard values (1.009 A ferNdand 1.083 A
Figure 1. Chemical structures of (a) formamide, (b) acetamide, and for H—C)

(c) trans-N'methylacetamide (NMA). The superscripts show the defini- he lati e lculati d h
tions of atom types for each molecule. The parameters were derived | N€ lattice energy minimization calculations started at the

independently for each molecule except in the transferability test with €Xperimental crystal structures and were performed using
the NM-ERP model. DMAREL.%° The ability of our nonempirical potentials to

reproduce the crystal structures is compared with that of the
) ) ) empirical FIT repulsior-dispersion parameter sétwith both
rather than using the overlap model to obtain a more rigorous potentials using the same DMA electrostatic model. The FIT
partitioning into atom-atom contributions.) Although, in prin-  harameters set uses the carbon, nitrogen, and nonpolar hydrogen
ciple, including the charge-transfer energy improves the poten- hotentials that were empirically fitted to azahydrocarbons by
tial, we note that an approximate estimate of a small term need\yjjjliams and Cox2 and also a polar H(N) potentiatl43
not n_ecessarily bring the calculated energies closer to the gptained by fitting to hydrogen bonded crystal structures,
experimental results. including amides. These repulsion-dispersion parameters have
When discussing the proportionality constants in terms peen used in a number of studfés?€in conjunction with point
applicable to all three models, we will simply use the symbol charge or DMA electrostatic models, to carry out predictions,

“K” . If the K vglues, for the same level of model, vary little |attice energy calculations, and minimizations on organic crystal
between the different amides, then thdsevalues could be  stryctures.

considered transferable between related molecules. This would The electrostatic model for the Crysta| structure mode"ng
avoid the need for the relatively expensive IMPT calculations js derived from the 6-31G** MP2 charge density of the
or the fitting of K to experimental data. However, in the monomer within the crystal structure, calculated using CAD-
testing of our approach, we have calculated the IMPT inter- pAC#9to obtain the distributed multipoles up to and including
action energy terms at sufficient points on each potential energy hexadecapole on each atom. The lattice energy includes all
surface to be able to validate the method and to derive improvedterms in the atomatom mu|tipo|e expansion of the electro-
models by reducing the errors implicit in the overlap model static energy up tdRi5, with the chargecharge, charge
assumption. dipole, and dipole-dipole contributions evaluated by Ewald

Our model intermolecular potentials are systenidiic the summation, and all other electrostatic terms by direct summation
sense that the interaction energy is considered as the sum obver all entire molecules with a center of mass distance of less
models for the electrostatic, exchargepulsion, penetration,  than 15 A. The repulsion and dispersion contributions to the
charge-transfer, and dispersion contributions. This is an exactinglattice energy are evaluated by direct summation of all atoms
approach, which does not present the opportunity to absorbwithin 15 A.
errors by offsetting deficiencies in one term with changes to  We model the dispersion energy as a sum of atatom
another; nor can the absence of many-body terms be compenterms where atom i in molecule A and atom k in molecule B
sated for in the pair potential. In contrast, empirical potentials are of types and«, respectively
are generally designed to give accurate predictions of total
energies and various molecular properties, but are not expected Edisp= ZieA,keBCG,LK/RikG (5)
to give a reliable term-by-term partitioning of the energy. Our
method has the advantage that replacing any term by a moreusing the ab initio atomi€s paramete® derived by loannou
theoretically rigorous model of that component is an improve- and Amos. These are strictl§s parametersnot effective Cg
ment to the potential, which should ultimately converge toward parameters absorbing other effects), calculated ab initio from
the actual intermolecular pair potential. the monomer wave functions by integrating over the polariz-

A major part of the validation of our potentials is the abilities at imaginary frequencies. loannou and Amos have
reproduction of experimental crystal structures for the three created a database 6§ parameters for all pairs of atom types
simple amides (Figure &) formamide, acetamide, aftm@ns- in a number of model molecules, including several amino acids.
N-methylacetamide (NMA). A model potential should produce We chose to use those coefficients that they considered most
a minimum in the lattice energy reasonably close the experi- reliable, namely, the set obtained from density functional
mental crystal structure, this being an essential critétifor calculations using the large basis set of Sadidjhey estimate
the model potential to be considered accurate enough for usethat their grouping of atoms according to type (e.g., @Gae
in crystal structure prediction or other modeling of condensed coefficient for interactions between any amide N and any methyl
phases. H atoms) gives an error of5%, relative to calculatingCs
explicitly for each atom pair. This compares with an error of
~20% for the common assumption of “one atom type per
element™°

The validation of the model potentials against experimental These long-range electrostatic and dispersion terms are
data used the four distinct crystal structures, and the three heatsonstant for all the model potentials derived for a given
of sublimation32-34 available for the three amides. The crystal molecule. They are combined with various short-range
structures used were the lowest temperature determinations inmodels forEp, derived nonempirically from the intermolecular
the Cambridge Structural Databa&8én order to minimize the overlap. All the calculations to derive the short-range potentials
errors due to the neglect of temperature effects in static lattice use 6-31G** SCF wave functions obtained using CADFAC
energy minimization. These are a 90R/n structure (FOR- with molecular structures optimized at the 3-21G SCF level.

2. Methods
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Thus, the overlaps and the IMPT interaction energies are and plot InC,'s9 againsRy to obtain a value foe,.. We include
calculated with the same molecular wave functions. Hence the all data with
repulsion potentials do not incorporate the minor effects due to

distortions of the molecular structure by the crystalline environ- (0.005= C, = 0.00005)
mezni- The Overlan Model W o SMUEboth (X—X pairs, where X is any element but hydrogen)
.1. The Overlap Model.We use the program ot :

to calculate the intermolecular overlgpand to partition it (and 0.005= Cig, = 0.00001 (X-H pairs)

henceE.p) into atom-atom terms using the positions and 0.005= C,,, = 0.000005 (H-H pairs)

exponents of the Gaussian basis functions such that, (i,k) being

atoms in molecules A and B, in atomic units. This roughly corresponds to the typical distance
ranges 4.0 to 6.0 A (%¥X), 3.0 to 5.8 A (X—H), and 2.6-5.2

S, = i S/(ik) (6) A (H—H). We carry out the fitting for each atom pair, except

that we may choose to group some atoms together into atom

and applying eq 2 gives types if they are sufficiently similar to share parameters in the
final potential.

Erep= Kziksp(ik) (7 The o, parameters are retained for the second phase of the

fitting. Previous work>2” has shown that, although,'s° does

For most applications of intermolecular potentials, it is necessary 91ve the genuine isotropic part of the overlap, it is not the best
to use relatively simple and rapidly calculable functional forms. €ffective isotropic coefficient for the intermolecular potential,
Thus, we use an exponential model for the overlap and assume?nd thus it is discarded. This is explained by the observation
each atom-atom contribution to be isotropic, which is probably that the anisotropic expansion (definiog*’) models the atomic
adequate for the repulsion parameters of carbon, hydrogen,Charge dengltylr) the uninteresting [ntramolecular region as well
nitrogen and oxygen. (If the isotropic exponential model did @S the required intermolecular region. _

not adequately represent the setSpivalues for a given atom 2.1.2. Second Phase: Dedtion of the Preexponential
pair, then the representation could be improved by the incor- Parameters (4). We generate about 300 representative dimer
poration of atom-atom anisotropy into th&(ik) via the use geometries, with the molecules required to be in van der Waals

of S-functionsi2 in a similar way to Wheatley and Pri%and contact, using software based on random configuration genera-
to Nobeli et af?) The model overlagy is thus an approximation ~ tion- This produces a set of geometries in which different pairs
to the accurately calculated overl&p of atoms _f(om the two monomers are in contact. One may also
add specifically chosen geometries to the set. The program uses
Sh = ZuSik) = Zy A, exp-a, Ry) ®) radiiof C, 1.7 A; N, 1.5 A; 0, 1.4 A; and H, 1.0 A, and has a

built-in tolerance of 0.3 A above and 1.0 A below the sum of
the two atomic radii. The lower limit allows short contacts with
repulsion energies large enough to give accurate sampling of
Q) the repulsive wall. For each of the 300 or so geometries, we
calculate all the intermolecular ateratom distances and atem
atom overlaps. These data are then arranged according to atom
pairs, so that for each atom pair we have 300 distances and
300 overlaps.
We then exclude all data except those points for which

By applying eq 2 to oumodeloverlap S, we obtain
Erep = KZieA,keBAu« exp(—amRik)

with A, and o, being constants, to be determined by fitting,
for the interaction between atoms of typeand « (atoms i
and k being of types and « respectively).K will differ
slightly when model overlaps are used instead of accurately

calculated overlaps, to absorb the errors in representing the 0.005= S (ik) = 0.00005 (%-X pairs)
overlap. o

Our description of the repulsion is validated, and the 0.005= S (ik) = 0.00001 (X-H pairs)
proportionality constant determined, by comparison with IMPT ' -r -

calculations. Separate proportionality constants are deter- 0.005> S (ik) > 0.000005 (H-H pairs)
.005= S(ik) = 0.

mined for the models where the repulsion term is fitted to
the exchangerepulsion energy (OM-ER), to the exchange i, 5 (ik) being the atorratom overlap in atomic units. The

repulsion plus _penetrauon energy (OM-ERP), and to the large number of dimer geometries are required because each
exchange-repulsion plus penetration plus charge-transfer energy configuration usually samples overlap contributions within the

(OM-ERPC). Our methodology for obtaining the repulsm_n quoted range for only a few atom pairs, and it is necessary to
model from the overlap involves three phases of analysis, Which giscard the many uninteresting longer separations to prevent
are described below. them from dominating the fitting. The atoratom distance

.2'.1f.'l' First ;hase:.lrz]xpltlanent;]aldDecfaé/ C.o.nstam@()( A il ranges corresponding to these overlaps are similar to those
significant problem with all methods of deriving exponential e earlier foCs,. Given thea,, value from the first phase,

model repuls_lon potentials is th(=T strong correlation betwee_n the,[he preexponential factdk, is obtained as the intercept of the
preexponeqnal/{m) and exponen'.ual decay) parameters. ThiS jine of best fit of In[S,(ik)] againstRy in a plot combining data

can be avoided by first calculating, from the variation of the from all atom pairs of types andx.

isotropic atom-atom overlaps with distance. Thus, we calculate This procedure is carried out for each pair of atom types.
the isotropic coefficient,*) of the expansion of the atom For some relatively inaccessible atom pairs there is often a
atom overlaps in terms @&function$? at a number of different paucity of data with which to carry out the fit, despite the
distances for at least one atom pair (ik) representative of eaChnumber of dimer geometries used. This is bec:;luse the atoms

pair of atom typesu). We assume the relationship are sufficiently buried within the molecules that they are almost
o o never found in van der Waals contact. Since the parameters for
C =A expl-o,Ry) (10) such contacts are therefore unimportant from a modeling point
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of view, we can confidently transfer parameters from smaller @ ER Energy v Model Overlap for Formamide Dimer
homologous molecules in which the corresponding atoms are  °os e
more exposed. For instance, we found insufficient data for the  coo — e
interaction between the two amide carbon atoms in the NMA o
dimer and consequently used the carboarbon parameters
from formamide to help generate the NMA potential.

Once the parameters have been determined, the Aitehd
o, parameters allow us to calculate the model oveBagk)
as a function of distance only for each atom pair

0.030

0.025

b 0020 f—r— ——————

Exchange-Repulsion / au
1

Q
=3
3
k]

0.010

Sm(lk) - ALK exp(_aLKRik) (11) 0.005 , )

T
2.1.3. Third Phase: Deration of the Proportionality Con- o.oog‘ow 0.001 0.002 0.003 0.004 0.005 0.008
stant K, and Testing of the Model for the Net Repulsibime Model Overlap / au
short-range contributions to the intermolecular energy are ® ERP Eneray v Model Overlap for Formamide Dimer

calculated using IMPT for about 20 dimer geometries. These  ous
are chosen to be representative both of a range of total _,.,
exchange-repulsion energies (spanning 2 orders of magnitude = L
between about 1 and 100 kJ/mol) and also of different atom
pairs making major contributions to the total overlap. For each £ °** —
of these geometries, the exchangepulsion and charge-transfer ~ ; ** .
energies are obtained separately, and the penetration energy is% 1
calculated by subtracting the multipolar (DMA) electrostatic 0015
energy from IMPT’s electrostatic term. The IMPT charge- 0010
transfer term is calculated free of basis set superposition error, &, e
using Stone’s adaptati®hof the earliet” methodology. T o

For each of the dimer geometries on the IMPT short-range oo 0001 000z 0003 0004 0005 0008
potential surface, the atoratom distances are calculated and Model Overlap /au

total model overlap for all atom pairs is obtained as © ERPC Energy v Model Overlap for Formamide Dimer

/au

ST] = 2IkS‘n(Ik) = ZieA,keB ALK exp(_au(Rik) (12) 0;040

0.038

Since the underlying assumption in our model for the exchange
repulsion energy is that

E, =K. S, (13)

we plotEe, against the total model overlag,Sonstraining the
line to pass through the origin. The gradient of the resulting

o o
2 g
B 8
6 38

L

0.020 |- S Kt

Y-S
0010 T

. e
w7

o
=3
o

(E-R + Pen + CT)/au
al

line of best fit, minimizing the root mean-square (RMS) Rl e =0
deviation of the points from linearity, iKe. Then the total oou0 & — — — — — -
overlap model exchangeepulsion (OM-ER) energy for each ' ' T odel v fau ' o

test C_onformat|on IS S'm_plwefs“' These model repuIS|on_ Figure 2. Various IMPT short-range energies plotted against the total

energies are compared with the corresponding IMPT repulsion model overlap for 21 configurations of the formamide dimer. (a)

energies in the fitting oKer and measures of the goodness-of-  Exchange-repulsion energyH.); (b) exchangerepulsion plus pen-

fit (principally RMS % error and correlation coefficient) provide etration energy Fer); (c) exchangerepulsion plus penetration plus

indications of the accuracy of the model repulsion potential. charge transferfer,d. The solid line represents the values used in
We can trivially repeat this process to generate an overlap the OM-models. Points for which more than half the predicted overlap

: . _ involves oxygen are shown as open squares, other points as filled
mode for the exchangerepulsion plus penetration energy (OM squares; this distinction is made binary for visualization purposes only.

ERP), using the assumed relationship The upper and lower dashed lines represéhtand K° respectively

Eerp= KerpSn (14) from the KO-models.

) exchange-repulsion energy could be improved by allowing
between the overlap and the IMPT exchangepulsion plus gifferent atom-atom interactions to have differeitvalues?’
penetration energy. The analogous procedure for the exchange anq would be justified in terms of the small variations observed
repulsion plus penetration plus charge-transfer energy (OM- for the noble gase®.A study of the plot of exchangerepulsion
ERPC model) uses energy against model overlap for 21 configurations of the

E, .= K. .S, (15) formamide dimer (Figure 2a) showed a simple trend. Those
erpe erp configurations where atom pairs involving oxygen made a
significant contribution to the overlap tended to lie below the
line (implying that their IMPT exchangerepulsion energies
were smaller than those predicted by the overlap model) and

Since, for the dimer configurations considered, both the
penetration and charge-transfer energies are attractive,

Ker > Kerp > Kerpe (16) those without oxygen contributions tended to lie above the line.
A similar pattern was found when the penetration (Figure 2b)
2.2. Models with TwoK Values (KO-Models).The overall and charge-transfer energies (Figure 2c) were considered, and

quality of the fit between the model overlap and IMPT also for acetamide (Figure 3) and NMA (Figure 4). As an
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ERP Energy v Model Overlap for Acetamide Dimer plus exchangerepulsion plus penetration plus charge transfer),
with the long-range electrostatic term replaced by the 6-31G**
00s0 — MP2 DMA, and the same dispersion term as used in our models.
0035 - When this is contrasted with the best possible potential based
i e on proportionality to the overlap (eq 2), (obtained by calculating
oo . . e the overlap explicitly at each point, and multiplying by an
L / optimizedKerp to convert this to an ERP energy (GM-ERP)),
" then it is clear that the overlap repulsion rises too steeply. This
- results in the N--O hydrogen bond distance corresponding to
the minimum energy increasing from 3.09 A (IMPT) to 3.11 A
= (GM-ERP). The model overlaps (OM-ERP) show a similar trend
o000 L2 to the accurately calculated overlaps, giving a minimum at 3.14
oo oo 0 recictes oertap a0 oo oo A, consistent with our results showing that the overlap models
overestimate the hydrogen bond lengths.

Figure 3. IMPT exchangerepulsion plus penetration energief,) . L .
plotted against the total model overlap for 19 configurations of the Thus, the assumption that the repulsion is proportional to the

acetamide dimer. The solid line represents itag value used in the  Overlap (OM-ERP and GM-ERP potentials) produces repulsive
OM-ERP model for acetamide. The upper and lower dashed lines walls that are too steep, an observation consistent with the
represenk*er, andK %, respectively, from the KO-ERP model. Points  overlap model being too repulsive at short range. The effective
for which more than half the predicted overlap involves oxygen are exponential constants f(ﬁerp in these potentials, in the region
shown as open squares, other points as filled squares; this distinctions 1o minimum, are 4.039 A (IMPT), 4.449 A1 (GM-ERP),

§

(IMPT)/ au

0.015

0.010

0.005

s made binary for visualization purposes only. and 4.484 A1 (OM-ERP). Thus, the overlap model overesti-
ERP Energy v Model Overlap for NMA Dimer mates the exponential decay constant by about 10%. This is
o0t related to the underlying assumption that of the overlap model,
L — — namely,
=~
%0.035 ’ E _ KS 2
= 0.030 - rep_ [ ( )
b oo _ As both Kim et ak® and Wheatley and Prié&noted, a more
§ o020 accurate relationship is
0.010 ﬂ et Erep= KSpy (4)
0.005 -'“ —
0000 i where the powey is usually in the approximate range Gs8y
000 001 o 0008 0008 < 1.2526The assumption that= 1 leads to an overestimate of
i e i the repulsion at large overlaps (short range) and to an under-
Figure 4. IMPT exchangerepulsion plus penetration energie(,) estimate at small overlaps (long range).

plotted against the total model overlap for 19 configurations of the
NMA dimer. The solid line represents th&,, value used in the OM-
ERP model for NMA. The upper and lower dashed lines reprd€nt to
andK®, respectively, from the KO-ERP model. Points for which more
than half the preo_llcted 0\_/erlap involves oxygen are s_hown as open Erep= KSmy = K[zjie A'keBAm eXp(_OLLKRik)]y (17)
squares, other points as filled squares; this distinction is made binary
for visualization purposes only.

In terms of our model overlaps, this relationship is equivalent

Unfortunately, raising the total overlap to a power is only
equivalent to adding the atoratom overlaps raised to the same
power wherny = 1. To retain the additivity of the atoratom
contributions to the repulsion, we choose to make the ap-

empirical device, we chose to generate a set of potentials using
oneK value K©) for atom pair overlaps involving oxygen, and
another valueKX) for overlaps not involving oxygen. We call

these the KO-models. The ratio of tKevalues was chosen to proximation

optimize the correlation coefficient between overlap &g _ - Y A

For simplicity, the same ratiocKC/KX) was used for the KO- Brep = K[Zica kes Aw EXPE0Ry)]

ER and KO-ERP models, as justified by comparison of Figure S caresKIA, expa, R)]Y (18)

2a,b. The ratio was, however, reoptimized for the charge-transfer

term. A significantly different ratio might reasonably be This form is computationally convenient, since it can be
expected here on theoretical grounds, as charge-transfer energiesxpressed as

are likely to be greatest between electronegative and electro-

positive atoms, particularly those involved in hydrogen bonding. Erep™ Zicaxes KI(A,) expya, Ry)] (19)

Thus, the overallK®/KX) ratio for the KO-ERPC models differs

slightly from that in the KO-ER and KO-ERP models. with K(A,)Y and §a,) as the new preexponential and expo-
2.3. Models with Two K values and Adjustment for the nential decay constants, respectively. The approximation is small

Power Law (KP-Models). The calculations in Figure 5 were  wheny is close to 1, and can be partially absorbed into the
performed in order to determine the limitations of the use of reoptimization ofK. Thus, to give more realistic exponential
the overlap in determining model repulsion potentials. Figure decay constants, we started from our existing KO-model
5a shows the interaction energy of the doubly hydrogen bondedparameters, optimizedand refitted the proportionality constants
cyclic formamide dimer (the geometry used for Figures 5a,b is K® andKX. For formamide, the RMS percentage error in the
illustrated in Figure 5c), as a function of separation. This predicted exchangerepulsion energy over the 21 dimer con-
benchmark energy is estimated by the IMPT energy (electrostaticfigurations was lowest af = 0.93 (optimized to 2 s.f.). The
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Figure 5. (a) The OM-ERP model illustrated for the case of the doubly hydrogen bonded cyclic formamide dimer. The solid curve (“IMPT")
represents the IMPT energy, with the long-range electrostatic term replaced by the 6-31G** MP2 DMA and the model dispersion added; this
“IMPT” energy is our benchmark. The light dashed curve (“GM-ERP”) is the energy obtained by calculating the overlap explicitly at each point,
and multiplying by an optimize#e, to convert this to an ERP energy. The heavy dashed curve (“OM-ERP”) is the ERP energy calculated using
the overlap model. All three potentials illustrated contain identical long-range electrostatic (6-31G** MP2 DMA) and dispersion (loannou and
Amos Ce)*®° terms and thus differ in the ERP energy alone. The horizontal axis is th© Nydrogen bond distance. (b) The KP-ERP model
illustrated for the case of the doubly hydrogen bonded cyclic formamide dimer. The solid curve (“IMPT") again represents the IMPT energy. The
light dashed curve (“GP-ERP”) is the energy obtained by calculating the overlap explicitly at each point, raising it to the power of 0.93, and
multiplying by an optimizeKe, to convert this to an ERP energy. The heavy dashed curve (‘KP-ERP”) is the ERP energy calculated using the

KP-ERP model. (c) The cyclic formamide dimer geometry on which Figure 5a,b are based. The two identical N...O distances are varied between
2.8 and 4.0 A.

corresponding values gfwere found to be 0.93 for acetamide This method was used to derive a set of repulsion models
and 0.95 for NMA. These values were similar to or slightly (KP-ER, KP-ERP, and KP-ERPC) for each of the three
larger than the values gfobtained by direct fitting of Irep) molecules. The efficacy of introducing the power dependence
against In§,), which are shown in Table 1. The approximation is illustrated for the formamide dimer in Figure 5b. Using the
of maintaining atormatom additivity (eq 18) contributed an  accurately calculated GMUL overlap raised to the power of 0.93,
RMS error of 3.6% for formamide. with the proportionality constants derived by fitting to the
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exchangerepulsion plus penetration energies (‘GP-ERP”), OM-ERP and OM-ERPC reproduced the crystal struéfuné
gives a potential curve which closely follows the IMPT formamide with acceptable accuracy (Table 3), with RMS errors
benchmark. The corresponding ateatom model (KP-ERP) of 2.9% and 4.0%, respectively, in the cell edges. The cell angle
has larger errors (as would be expected from having to § was somewhat overestimated, at around®ld@mpared to
approximate the overlap), but does give considerably better the experimental 101but the potential energy surface was very
agreement with the steepness of the repulsive wall and theflat. The OM-ERP model, which gave the best fit overall,
position of the minima than was obtained for OM-ERP. The predicted a packing about 10% denser than the crystal structure
minima are at N--O hydrogen bond distances of 3.09 A (IMPT), (the minimization was effectively at 0 K, the crystal structure
3.11 A (GP-ERP), and 3.07 A (KP-ERP). The effective at 90 K). The N--O hydrogen bond lengths, however, were
exponential decay constants fog.f£in these potentials, in  overestimated. The calculated lattice energies wéi®.5 (OM-
the region of the minimum, are 4.039°A(IMPT), 4.137 A1 ERP) and-71.2 (OM-ERPC) kJ/mol, in fairly good agreement
(GP-ERP), and 4.151 & (KP-ERP). Thus, as we expect, the with the experimental sublimation energy of 71.7 kJ/#dlhe
KP-models give a more faithful representation of the IMPT minimization causes some untwisting in the hydrogen bonded
exponential decay constants than do the OM-models. sheets, such that the molecular planes of molecules in the same
sheet are now close to parallel, but offset in the perpendicular
3. Results S 8 - ' C
direction. A fish-scale pattern is apparent, only in the minimized
3.1. Analysis of the Potential Derivation.One adVantage structure, when the sheets are viewed side-on a|ong the

of the overlap model is that no prior assumptions about p_direction. The OM-ER model, however, failed to produce a
transferability need to be made, but as the overlaps are analyzegyg||-defined local minimum for formamide.

it becomes apparent which atoms are so similar that they can
be treated as a single type. For formamide, all atoms were
considered as distinct atom types, though the parameters
describing the two polar hydrogens (H3 and H4) turned out to
be very similar. This also proved to be the case for all methyl
hydrogens in acetamide and NMA, which were grouped together
as a single type (H8). Hence the number of atom types could
be reduced to those shown in Figure 1. The potentials for each
pair of atom types were determined independently for each
molecule, allowing a final analysis of the transferability of the
parameters by comparing corresponding pair potentials for
different molecules.

The method of derivation of the potentials is detailed in Table
1, along with an analysis of how well the accurately calculated . ;
overlap$, correlates with the IMPT energies. It is clear that in the regions of both polymorphic crystal structures, as reported

the overlap correlates well with the penetration and exchange N Tables 4 and 5. The RMS errors in the reprc()Jductio;’l of the
repulsion energies, but a little less well with the charge-transfer C€ll €dges of th&3c structure (Table 4) were 6.7%, 5.9%, and

energies. The correlation is somewhat poorer for NMA than 6-1% for the OM-ER, OM-ERP, and OM-ERPC models,
for formamide and acetamide. respectively. The three models gave lattice energies5#.5,

A detailed analysis of the fits and parameters of both the —6°-4, and-69.8 kJ/mol, respectively. The latter two are within
total overlap and various models for the overlap against the expectedf>>margins of error in comparison with of the 77.2
IMPT short range interaction energies, which cover a range from kJ/mol experimental sublimation energy, which de Wit et’al.
about 1 kd/mol to 100 kd/mol, is given for each molecule in 2ssigned to a structure solved at 23R and thereby uniquely
Table 2. A selection of correlations is shown in Figures42 identified with theR3c polymorph. The OM-ERP model gives
Table 2 shows that the overlap is a useful predictor of the short- & density for thisR3c polymorph 3.3% too low and a relative
range energy contributions, and that raising the overlap to a hydrogen bond length of 1.081; OM-ERPC predicts a density
power slightly less than unity further improves the correlation ©nly 0.6% too high, and a relative hydrogen bond length of
for the exchangerepulsion plus penetration energy. The charge 1.078. Our mlnlmlzed structures were systematically compressed
transfer is somewnhat less accurately represented by the overlap2l0ng thec-direction, by about 8% when corrected for changes
There is a significant error in representing the repulsive wall N the overgll packing den.sny,.wr[h commensurate increases of
inherent in using the overlap, as illustrated for a specific potential @bout 4% in thea- andb-directions. As most of the hydrogen
curve in Figure 5 for the total overlap (GM and GP) models. Ponds in the structure are roughly aligned with tieplane,

This intrinsic error is comparable in size to the additional error this is closely related to the overestimated relative hydrogen
introduced by modeling the overlap by a sum of isotropic atom  Pond lengths.

atom exponential functions (which is done to produce a potential  ThePccnpolymorph (Table 5) is experimentally less densely
that can be used to simulate the crystal structures). Although packed, its density falling midway between the predictions of
the trends in the errors in the model potentials relative to more the OM-ER and OM-ERP models. This probably results from
reliable IMPT estimates of the short-range repulsion are the structure having been solved at room temperature, rather
reasonable, and the results of comparing potential curves as irthan the low-temperature regime of tie8c crystal data.
Figure 5 are encouraging, the real test of how important the DMAREL minimization is a 0 Kmethod, as thermal effects
residual errors are comes from the practical use of the modelare excluded, and so is expected best to reproduce low-
potentials. Here we use them to attempt to reproduce thetemperature structures. The RMS errors in the cell edges were
experimental crystal structures by static lattice energy minimiza- 5.7% (OM-ER), 6.1% (OM-ERP), and 6.7% (OM-ERPC). Our
tion. calculations tended to compress tRecn structure along the

3.2. Reproduction of the Crystal Structures with the Basic a-direction and expand it in the-direction. The relative
Overlap Model Erp = KSy. The most basic overlap models  hydrogen bond lengths were between 1.082 and 1.091 for all

An overestimate of the hydrogen bond lengths, combined with
an overestimate of the overall packing density, indicates that
empirically adjusting the value of K is unlikely to produce an
improved potential. A smalleK value would scale all atom
atom repulsions and so increase the density as it decreased the
hydrogen bond lengths. Thus, we compared a “relative hydrogen
bond length”, defined as the average crystal hydrogen bond
length divided by the cube root of the cell volume, and
normalized such that the experimental structure has a value of
1.000. The values were 1.106 and 1.104 for the structures
resulting from the OM-ERP and OM-ERPC models, respec-
tively.

For acetamide, all our models successfully reproduced minima
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TABLE 2: Calculating ER, ERP, and ERPC Energies from the Overlap Model

calculating from RMS% corrél Kb Kob Kxb y model

(a) Formamide
IMPT ER GMULS, 15.1% 0.9926 8.588 1.00 GM-ER
IMPT ERP GMULS, 19.2% 0.9909 6.354 1.00 GM-ERP
IMPT ERPC GMULS, 21.1% 0.9839 5.476 1.00 GM-ERPC
IMPT ER GP G)Y 12.5% 0.9929 5.777 0.93 GP-ER
IMPT ERP GP &)y 16.1% 0.9914 4.275 0.93 GP-ERP
IMPT ERPC GP &) 23.0% 0.9842 3.684 0.93 GP-ERPC
GMUL S, oM S, 18.9% 0.9791
IMPT ER OM S, 24.6% 0.9514 7.857 1.00 OM-ER
IMPT ERP OoMS, 26.5% 0.9496 5.813 1.00 OM-ERP
IMPT ERPC OMS, 31.7% 0.9323 4.985 1.00 OM-ERPC
IMPT ER KO S, 12.1% 0.9961 6.627 10.843 1.00 KO-ER
IMPT ERP KOSy 14.9% 0.9954 4.905 8.026 1.00 KO-ERP
IMPT ERPC KOS, 15.4% 0.9947 4.066 7.226 1.00 KO-ERPC
IMPT ER KP &)Y 8.1% 0.9962 3.971 6.609 0.93 KP-ER
IMPT ERP KP &)Y 12.5% 0.9960 2.940 4.894 0.93 KP-ERP
IMPT ERPC KP Gn)Y 14.1% 0.9945 2.412 4.426 0.93 KP-ERPC

(b) Acetamide
IMPT ER GMULS, 14.1% 0.9955 9.349 1.00 GM-ER
IMPT ERP GMULS, 17.8% 0.9927 6.984 1.00 GM-ERP
IMPT ERPC GMULS, 19.0% 0.9906 6.201 1.00 GM-ERPC
IMPT ER GP &) 13.5% 0.9952 6.247 0.93 GP-ER
IMPT ERP GP &) 15.3% 0.9929 4.669 0.93 GP-ERP
IMPT ERPC GRS) 20.4% 0.9906 4.144 0.93 GP-ERPC
GMUL S, OM Sy 13.5% 0.9958
IMPT ER OM S, 18.5% 0.9851 8.731 1.00 OM-ER
IMPT ERP OoMS, 20.7% 0.9822 6.522 1.00 OM-ERP
IMPT ERPC OMS, 24.0% 0.9782 5.785 1.00 OM-ERPC
IMPT ER KO S, 15.1% 0.9933 6.655 9.106 1.00 KO-ER
IMPT ERP KOS, 18.3% 0.9901 4.969 6.799 1.00 KO-ERP
IMPT ERPC KOS» 17.1% 0.9894 4.134 6.081 1.00 KO-ERPC
IMPT ER KP Sn)Y 7.1% 0.9955 4.145 5.514 0.93 KP-ER
IMPT ERP KP &n)Y 8.4% 0.9933 3.097 4.120 0.93 KP-ERP
IMPT ERPC KP &)Y 8.8% 0.9926 2.591 3.684 0.93 KP-ERPC

(c) N-methylacetamide

IMPT ER GMUL S, 16.5% 0.9703 8.682 1.00 GM-ER
IMPT ERP GMULS, 21.9% 0.9396 6.328 1.00 GM-ERP
IMPT ERPC GMULS, 24.1% 0.9321 5.501 1.00 GM-ERPC
IMPT ER GP &)Y 12.9% 0.9714 6.366 0.95 GP-ER
IMPT ERP GP &) 18.8% 0.9410 4.642 0.95 GP-ERP
IMPT ERPC GP &) 21.8% 0.9335 4.048 0.95 GP-ERPC
GMUL S, OM S, 13.7% 0.9981
IMPT ER OM S, 20.1% 0.9672 7.431 1.00 OM-ER
IMPT ERP OoOMS, 24.6% 0.9382 5.418 1.00 OM-ERP
IMPT ERPC OMS, 25.9% 0.9311 4.711 1.00 OM-ERPC
IMPT ER KOS, 12.3% 0.9972 6.335 9.013 1.00 KO-ER
IMPT ERP KOSn 14.8% 0.9918 4.665 6.637 1.00 KO-ERP
IMPT ERPC KOS, 14.6% 0.9909 4.037 5.814 1.00 KO-ERPC
IMPT ER KP S 9.6% 0.9961 4.284 6.295 0.95 KP-ER
IMPT ERP KP &)Y 8.9% 0.9950 3.160 4.644 0.95 KP-ERP
IMPT ERPC KP &n)Y 8.1% 0.9945 2.716 4.086 0.95 KP-ERPC

2The column headed “correl” gives the correlation coefficiBritetween the quantities in the first two columns as calculated by EXceThe
values ofK, K°, andK* quoted are those obtained when both overlap and energy are expressed in atomic units.

three models. The lattice energies calculated for Been Our OM-models were able to find minima that maintained
structure suggest that it is about 2 kJ/mol less stable than thethe crystal symmetry and gave cell lengths reasonably close to
R3c polymorph; the empirical potential Ff¥gives an energy  all four experimental crystal structures, except that the OM-ER
difference of 3.7 kJ/mol. model failed to locate a minimum for formamide. There is a
The crystal structure of NMA was successfully reproduced general pattern that the hydrogen bond lengths were over-
by all three OM-models. The OM-ER model gave a large estimated by up to about 0.3 A. The OM-ERP and OM-ERPC
relative hydrogen bond length (1.116). The OM-ERP model did models gave lattice energies that were in reasonable agreement
slightly better on this parameter (1.097) and also gave a lattice with the experimental sublimation energies, but the lattice
energy of —68.9 kJ/mol, compared with the experimental energies for OM-ER, where there was no allowance for the
sublimation energy of 70.8 kJ/m#The OM-ERPC model gave  attractive short range terms, were insufficiently attractive.
a relative hydrogen bond length of 1.086 and a lattice energy 3.3. Reproduction of Crystal Structures for Models with
of —74.8 kJ/mol. All three models gave similar RMS errors in  Two K Values. Allowing the proportionality between the over-
the cell edges of 4.0%, 3.6% and 4.1% respectively. The lap and the repulsion to depend on whether an oxygen atom
minimized structures are relatively expanded along #he  was involved (KO-models) not surprisingly improved the fit to
direction, which is close to both hydrogen bonding directions the IMPT energies quite substantially for all three amides (Table

in the structure, and compressed in hgirection, perpendicular 2 and Figures 24). These KO-models gave a better prediction
to the hydrogen bonds. of the cell edges of all four crystal structures than the corre-
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TABLE 3: Reproductions of the 90 K Crystal Structure of Formamide (FORMAMO02) by Lattice Energy Minimization with
Various Model Potentials

exptt FIT" OM-ER OM-ERP OM-ERPC KO-ER KO-ERP KO-ERPC KP-ER KP-ERP KP-ERPC NM-ERP
LEin/kJ mol? —60.93 —31.83 —-52.05 —60.25 —4143 -59.13 —67.41 -—-38.92 —-57.25 —66.09 —69.35
LE/kJ mol?t —71.7 —63.22 fail$ —65.49 —71.20 -56.97 —-66.31 —7255 -52.35 —61.73 —68.60 —74.65
space group P2y/n  P2/n P2:/n P2:/n P2:/n P2:/n P2:/n P2:/n P2:/n P2:/n P2i/n
alA 3.604 3.657 3.452 3.369 3.678  3.519 3.444 3.772  3.595 3.511 3.390
b/A 9.041 9.135 9.279 9.180 9.414  9.234 9.128 9.500 9.300 9.179 9.132
c/A 6.994 6.788 7.035 6.893 7.267 7.000 6.840 7.306  6.995 6.787 6.670
pl° 100.5 107.3 115.2 115.3 113.9 113.8 113.3 112.2 1117 110.6 112.4
vol/A3 2241 216.5 203.9 192.7 230.0 208.1 197.4 242.4 217.3 204.8 190.9
plg cnr3 1.335 1.382 1.467 1.552 1.301 1.437 1.515 1.234 1.377 1.461 1.567
p % excess 3.5% 9.9% 16.3% —2.6% 7.7% 13.4% —7.6% 3.1% 9.4% 17.4%
N---O (dimer)/A  2.948 2.935 3.145 3.082 3.205 3.081 3.000 3.214 3.071 2.969 2.940
N---O (other)/A  2.883 2.906 3.104 3.042 3.163  3.043 2.964 3.175 3.036 2.935 2.931
rel HB length# 1.000 1.013 1.106 1.104 1.083 1.076 1.067 1.067 1.058 1.043 1.062
RMS % cell edges 2.0% 2.9% 4.0% 3.5% 1.8% 2.9% 4.7% 1.7% 2.4% 4.4%

a Average hydrogen bond length {NO) divided by the cube root of the cell volume and normalized such that the experimental structures have

values of 1.000° —1 x sublimation energy from NIST databa¥eriginally from ref 33.¢ The parameters for the empirical model are taken from
the FIT parameter sét. ¢ The OM-ER model failed to locate a minimum for formamide.

TABLE 4: Reproductions of the 23 K R3c Crystal Structure of Acetamide (ACEMIDO5) by Lattice Energy Minimization

exptl FIT OM-ER OM-ERP OM-ERPC KO-ER KO-ERP KO-ERPC KP-ER KP-ERP KP-ERPC NM-ERP
LEini/kJ mol? —71.65 —23.08 —49.29 —-58.02 —44.36 —65.20 —-74.95 -—38.52 —60.79 —70.83 —74.89
LE/kJ mol* —77.2 —7243 -56.49 —-65.39 —69.76 —61.69 —72.08 —79.20 —-55.99 —-66.27 —73.32 —76.2
space group R3¢ R3c R3c R3c R3c R3c R3c R3c R3c R3c R3c R3c
alA 11.492 11.599 12.402 12.111 11.985 12.196 11.895 11.706 12.264 11.926 11.714 11.571
b/A 11.492 11.599 12.402 12.111 11.985 12.196 11.895 11.706 12.264 11.926 11.714 11.571
c/lA 12.892 12,519 12.509 12.001 11.787 12.421 11.907 11.678 12.873 12.293 12.037 12.229
vol/A3 14745 1458.7 1666.2 1524.4 1466.1 1600.1 1459.0 1385.9 1676.8 1514.1 1430.4 1418.1
plg cn3 1.197 1.210 1.060 1.158 1.204 1.103 1.210 1.274 1.053 1.166 1.234 1.245
p % excess 1.1% -11.4% —-3.3% 0.6% -7.9% 1.1% 6.4% 11.0% 6.1% 3.0% 1.2%
N---O (1)/A 2.898 2907 3.256 3.138 3.087 3.159 3.034 2.953 3.189 3.045 2.954 2.901
N---O (2)/A 2.875 2.948 3.288 3.173 3.124 3.196 3.075 2.998 3.218 3.080 2.993 2.939
rel HB length 1.000 1.018 1.089 1.081 1.078 1.071 1.062 1.052 1.063 1.052 1.041 1.025
RMS % cell edges 1.8% 6.7% 5.9% 6.1% 3.1% 5.3% 3.7% 5.5% 4.1% 4.1% 3.0%

a—1 x sublimation energy from

NIST databa®egriginally from ref 33.
TABLE 5: Reproductions of the Pccn Crystal Structure of Acetamide (ACEMID) by Lattice Energy Minimization

exptl FIT OM-ER OM-ERP OM-ERPC KO-ER KO-ERP KO-ERPC KP-ER KP-ERP KP-ERPC NM-ERP
LEini/kJ mol? —66.15 —32.30 —51.54 —-57.95 -—47.63 —63.00 —70.13 —42.32 —59.00 —66.47 —69.18
LE/kJ mol? —68.71 —54.46 —-63.21 —67.52 —-5890 —-68.82 —75.44 —-5351 —63.24 —69.78 —72.34
space group Pccn  Pcen Pccn Pccn Pccn Pccn Pccn Pccn Pccn Pccn Pccn Pccn
alA 7.760 7.536  7.400 7.107 6.982 7.420 7.130 7.012 7.652  7.323 7.187 7.248
b/A 19.000 18.687 19.212 18.679 18.440 19.091 18.569 18.300 19.331 18.759 18.457 18.401
c/A 9.510 9.566 10.334 10.094 9.993 10.098 9.838 9.668 10.176 9.889 9.710 9.647
vol/A3 1402.2 1347.2 1469.2 1340.1 1286.7 1430.4 1302.6 1240.6  1505.2 1358.4 1288.0 1286.5
plg cnr3 1.119 1.165 1.068 1.171 1.220 1.097 1.205 1.265 1.043  1.155 1.218 1.220
p % excess 41% —-4.6% 4.6% 9.0% —2.0% 7.7% 13.0% —6.8% 3.2% 8.9% 9.0%
N---O (1)/A 2.969 2927 3.299 3.182 3.132 3.202 3.079 3.000 3.223 3.084 2.993 2.930
N---0 (2)/A 3.013 2889 3.258 3.142 3.093 3.157 3.035 2.955 3.181  3.040 2.949 2.894
N---O (3)/A 2942 3.003 3.321 3.207 3.157 3.225 3.105 3.027 3.259 3.126 3.042 3.008
N---O (4)/A 2.873 2.866 3.245 3.138 3.093 3.147 3.032 2.956 3.170  3.037 2.951 2.900
rel HB length 1.000 1.008 1.082 1.088 1.091 1.064 1.068 1.065 1.049 1.052 1.048 1.032
RMS % cell edges 1.9% 5.7% 6.1% 6.7% 4.4% 5.3% 5.5% 4.2% 4.0% 4.7% 4.3%

sponding OM-models (Tables=%). For formamide, the KO-

respectively for the ER and ERP models and four, three, and

ER model successfully minimized, while the KO-ERP model one, respectively for the CT models). However, the extra
predicted the cell edges with an RMS error of only 1.8%. There parameters are justified by the empirical observations which
was a universal decrease in the relative hydrogen bond lengthsare the basis of the overlap model, and it is encouraging that
on average corresponding to about a quarter of the excess (theéhe improved fits to the IMPT data led to increasingly good
average for the ERP and ERPC models decreasing from 1.091reproductions of the crystal structures. The KP-models did well
for OM to 1.065 for KO). A decrease was expected as theON in reproducing the four crystal structures. The RMS percentage
and HP--O potentials were less repulsive than before, due to errors in the cell edges were 1.7%, 4.1%, 4.0%, and 1.8%,
the reduced value df° compared to the previous. respectively, for formamide, two acetamide polymorphs and
3.4. Reproduction of Crystal Structures for Models Using NMA, using the KP-ERP model. This was a substantial
Erep = KSy. The KP-models, as we would expect from the improvement on OM-ERP. The assumption thiat 1 was at
optimization of the powery, all gave potentials with a  least partially responsible for the excessive short-range repulsion
significantly better overall RMS fit to the IMPT data than those found with the OM-models, and hence for the large relative
generated by KO-models or OM-models. The overall trend in hydrogen bond lengths. Thus, it was no surprise that the relative
accuracy KP> KO > OM reflects the numbers of parameters hydrogen bond lengths for the KP-models were more realistic,
available to be optimized (which are three, two, and one, with the average for eight ERP and ERPC models being 1.048.
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TABLE 6: Reproductions of the 110 K Crystal Structure of trans-N-Methylacetamide (METACMO02) by Lattice Energy

Minimization
exptl FIT OM-ER OM-ERP OM-ERPC KO-ER KO-ERP KO-ERPC KP-ER KP-ERP KP-ERPC
LEini/kJ mol?t —62.93 —44.47 —62.94 —69.42 —49.00 —65.77 —71.93 —46.26 —63.67 —70.22
LE/kJ mol? —-70.8 —64.79 —58.05 —68.87 —7476 —58.24 -69.03 —75.12 —5453 -65.39 —71.83
space group Pna2;  Pna2; Pna2; Pna2; Pna2; Pna2; Pna2; Pna2; Pna2; Pna2; Pna2;
alA 9.650 9.768 10.286  9.948 9.781 10.203  9.866 9.691 10.206  9.834 9.624
b/A 6.330 6.505 6.199 6.003 5.922 6.245 6.044 5.959 6.386 6.168 6.083
c/A 7.170 7.152 7.246 7.074 6.990 7.290 7.127 7.048 7.331 7.151 7.062
vol/A3 438.0 4544 462.0 422.5 404.9 464.5 425.0 407.0 477.8 433.8 413.4
plg cnr3 1.109 1.068 1.051 1.149 1.199 1.045 1.142 1.193 1.016 1.119 1.174
p % excess —37% -52% 3.6% 8.1% —5.8% 3.0% 7.6% —83% 1.0% 5.9%
N--+O (cryst)/A 2.820 2.930 3.203 3.056 2.985 3.141 2.993 2.915 3.127 2.960 2.864
rel HB length 1.000 1.026 1.116 1.097 1.086 1.092 1.072 1.060 1.077 1.053 1.035
RMS % cell edges 1.8% 4.0% 3.6% 4.1% 3.5% 2.9% 3.5% 3.6% 1.8% 2.4%
a—1 x sublimation energy from NIST databa®egriginally from ref 34.
TABLE 7: Intermolecular Potential Parameters for KP-ERP Models?
parameter (units) Cs,/kJ mol1A® B, /A1 A./kJ mol?
type type dispersion formamide acetamide NMA formamide acetamide NMA
C1 C1 1449.4 3.764 84 3.764 84 3.84581 237154.1 199 657.6 239 607.4
C1 Cc7 1522.6 3.91577 3.991 47 446 156.4 649 883.6
C1 Cc9 1494.0 3.968 93 619 185.2
Cc7 Cc7 1599.9 3.34508 3.427 19 249 070.9 3122455
Cc7 Cc9 1569.6 3.434 81 291 270.0
Cc9 Cc9 1539.9 3.464 09 277 762.5
C1 N2 1415.4 3.893 65 448465 3.97738 424 633.5 1638239.2 4344345
Cc7 N2 1486.9 3.619 05 3.849 26 4721515 970 495.0
Cc9 N2 1419.9 3.87375 910 376.9
C1l 05 1345.0 3.994 68 4.787 40 4.856 70 294 739.2 1222094.3 1461 002.4
Cc7 05 1413.6 3.756 33 3.848 16 429 071.3 497 458.7
Cc9 05 1428.1 3.828 71 400 976.5
N2 N2 1383.7 3.900 34 3.97212 4.811 66 898 422.2 1014 713.0 11516 097.1
N2 05 1315.1 4.087 93 4.110 88 4.588 39 750 754.2 855 234.1 2480 327.3
05 05 1252.2 4.290 27 4.25576 4.364 79 944 150.8 799 553.0 924 177.5
C1 H3 392.0 3.968 79 491273 4.054 14 25100.5 249 056.6 24164.5
C1 H4 392.0 3.966 23 22 439.2
C1 H6 424.3 3.781 68 35103.0
C1 H8 439.9 416278 4.678 39 45985.0 173 891.3
Cc7 H3 411.6 3.532 45 3.499 54 23132.2 21922.7
Cc7 H8 461.8 3.435 82 3.591 47 29136.9 42 361.0
Cc9 H3 435.3 3.469 44 18 454.9
Cc9 H8 435.3 3.622 25 422234
N2 H3 382.2 3.95211 3.966 97 401331 56 430.1 52922.8 51083.4
N2 H4 382.2 3.949 72 55410.1
N2 H6 413.9 3.793 24 81 886.7
N2 H8 428.9 3.740 87 431712 51691.6 205 425.3
05 H3 362.6 4.178 36 4.175 05 3.878 04 44 464.4 48 406.6 21540.8
05 H4 362.6 4.178 36 46 492.5
05 H6 392.0 3.969 86 61 060.5
05 H8 406.5 3.84329 416391 38811.4 73673.2
H3 H3 106.7 4.210 38 422478 4.30093 5754.0 4895.9 5366.7
H3 H4 106.7 4.207 24 5800.0
H4 H4 106.7 4.204 12 5781.7
H3 H6 115.3 3.874 66 6034.1
H4 H6 115.3 3.87245 6192.7
H3 H8 119.3 3.804 12 3.807 69 3616.8 35355
H6 H6 125.1 3.628 80 6 960.8
H8 H8 134.3 3.547 31 3.989 94 3480.8 9063.8

a Parameters are given for the conventional exp-6 atatom potential A,.exp(—B,Rk) — Cs./Ri’, where (eq 197, = K(A.)Y andB, = ya,.

A small number of parameters for acetamide (for one atom type pair) and NMA (for 3 atom type pairs) were derived using overlap data from
formamide as the atoms are so buried in the larger molecules that insufficient close contacts can be sampled. These are shown in italics. Other than
this, the parameters for each molecule were derived independently.

About half of the excess relative hydrogen bond length of the overlaps in the repulsive region, but there will also be some

OM-models has therefore been eradicated in the KP-models.contribution from actual variations in the charge density

3.5. Transferability. The potential parameters for the KP-
ERP models for the three amides are given in Table 7. Given

associated with each atom type between the three molecules.
To test the significance of these variations in the parameters,

that the parameters were determined independently for eachwe use the KP-ERP parameters derived for NMA to attempt to

molecule, and that variations in tlg. will produce compensat-
ing variations inA,, there is a reasonable similarity between
the chemically similar atoms. Some of the variations will come
from the fitting of an approximate functional form to a
necessarily limited number of randomly generated atatom

reproduce the crystal structures of formamide and both acet-
amide polymorphs. In formamide, the nonpolar hydrogen (H6)
is given the parameters from the NMA methyl hydrogens (H8).
This model is referred to as NM-ERP and was able to reproduce
minima reasonably close to the experimental crystal structures
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of formamide and both experimental polymorphs of acetamide FIT and reproduces the formamide crystal structure better than
(Tables 3-5). The NMA potentials are somewhat less repulsive either DISCOVER or AMBER.

than the formamide-based and acetamide-based equivalents, an
thus predicted denser structures, shorter hydrogen bonds an
more attractive lattice energies. This is reflected in the NM-  4.1. Value of Simple Overlap Model for Repulsive Poten-
ERP minimum for formamide, where the density is 17.4% too tials. For all three molecules, the overlap model produced
great, but the lattice energy is correctly predicted to within the '€PUlsion potentials (OM-models) that gave a good description
expected experimental uncertainty. The relative hydrogen bond©f the IMPT results, showing that the assumption that repulsion
length is 1.062 and the RMS error in the cell edges 4.4%. The IS proportional to overlap is a _reasona_lble working approximation.
NM-ERP model correctly predicted the lattice energyRSE The crystal structure predictions using the OM-models, where

acetamide to within the expected experimental uncertainty and pgnetration or pen_etration and _charg_e transfer were i”?"!ded
gave an RMS error of only 3.0% in the cell edges. The density V1 the proportionality constant, give quite reasonable predictions

was only 1.2% too large and the relative hydrogen bond length of the cry_stal structures compareo! with widely _used current
1.025, the best value found for any of our models. For the room- models. Since only ong_proportlonallty constant is involved, this
température structure of tiRecnpolymorph of acetamide, the could have been empirically fitted to the crystal structure data,

NM-ERP model predicted a density 9.0% too great and a relative :Eeg Ir\1/§nr§rsnuIitrsictglaztaSh?c?z;ghbsvﬂgrg%ie éhggnt;(;if \E’V;esd g;en(\il :g
hydrogen bond length of 1.032, with a 4.3% RMS error in the P PP

cell edges. Thus, overall quality of the crystal structure from IMPT calculations. The main deficiency of the crystal

. . . structure predictions was an overestimate of the hydrogen bond
reproductions using the transferable potential was very encour-lengths Thus, the basic overlap model appears to be very

aging. ) ) ) ) suitable for estimating repulsion potentials for molecules
3.6. Comparison with Other Amide Potentials.The errors  containing unusual functional groups, where no reliable empiri-
in the reproduction of the crystal structures with these nonem- ¢4 parameters are available.
pirical potentials will arise from both inaccuracies in the model 4 2. improvements on the Overlap Model Approximations.
intermolecular potential and also approximations inherent in The errors in the OM repulsive potentials arise first from the
using lattice energy minimization to model the crystal. Thus, proportionality assumption and second from the modeling of
Tables 3-6 include a comparison with the crystal structure g by isotropic atom-atom exponential functions. These errors
reproduction using the same minimization method and molecular are generally comparable in magnitude. It would be possible to
and electrostatic models, but using repulsigiispersion pa- fit the overlap data better, for example, by using anisotropic
rameters (FITY that have been developed by empirical fitting atom—atom model potentiat$ to give a model potential that
to crystal structures and lattice energies. We find that only the more accurately represented the calculated total overlaps.
most successful of our ab initio based models (KP-ERP in most However, in this study we have investigated the limitation of
cases) give as good a quality of crystal structure reproduction the assumption of the overall proportionality between the total
as FIT. Most of the nonempirical OM potentials give a larger overlap and the repulsion enerdyef, Eerp, Or Eerpc, Table 1). It
overestimate of the density than can be attributed to the neglectappears that the tendency to overestimate hydrogen bond lengths
of temperature effects. The lattice energies predicted by thein the OM-models is due to approximating the variation of
nonempirical models which include penetration, or penetration repulsion with overlap as)Y with y = 1. We found that the
and charge transfer, are generally of similar quality to those optimum value of the powey in our KP-models was between
calculated using FIT, even though FIT had been empirically 0.93 and 0.95 for the various amides for reproducing the IMPT
fitted to other lattice energies. data for repulsive energies less than about 100 kJ/mol. The OM
The nonempirical potentials can also be compared with the 8SSumption thay = 1 leads to a model that is too repulsive at
DISCOVER” and AMBER® potentials, using the results of the sho_rtest separations qn_d insufficiently repulsive at the larger
Pillardy et al®! for their reproduction of the formamide crystal separations arqund the minimum. Also, the IMPT d?ta supp.orted
structure, albeit starting from a different determination of the the use of a different proportionality constant for interactions

crystal structur® and using a different minimization protocol. involving oxygen atoms, introducing just one additional pa-
Minimizations using the DISCOVER potential reduced the rameter, in contrast to the many_that would be requ|req .'f a
symmetry fromP2,/n to P1, and lost the puckering of the sheets differentK were used for each pair of atom types. Combining

. S . these two refinements (separat® and KX values and an
as the structure expanded in thelirection and contracted in approximate implementation of the power law) produced KP-
the c-direction. This corresponds to an RMS error in the cell PP P P P

. . models that gave very encouraging reproductions of the crystal
0, 0,
Iengths Of 6.4% relative to FORMAMOZ.’ or 6.7% relgtlve to structures, considerably reducing the excess relative hydrogen
their starting structuré® The overall density, however, is well

. . bond length.
predllcted, with errors 0f1.0% (FORMAMO2) and—1.5% 4.3. Possible Further Improvements to the Overlap Model
relative to the two crystal structure values. The hydrogen bond Methodology. Although the values ofy seem reasonably
lengths predicted by DISCOVER were also t0o long, with & o hsferable between these amides, it is not yet clear whether
relative hydrogen bond length of approximately 1.024, but the | p_qqels can produce parameters that are generally transfer-
calculated lattice energy of68.5 kd/mol is very reasonable.

: able to a range of molecules with greater accuracy than the
AMBER retained thé?2;/n symmetry, but compressed the cell simpler OM-models. Previous tests of the overlap m&dél

in all directions, with an RMS error of 8.3% relative to either 5 foundy < 1, but it is a property of the molecules
crystal structure, giving a predicted packing which was too dense concernegf and possibly of basis set. There is generally close
by 10.6% or 7.2%, and an excessively attractive lattice energy correspondence between tKevalues for different atom types,
of —92.8 kJ/mol. but all are subject to errors in the wave functions used to
Thus, the OM-ERP potential for formamide, while inferior calculate the overlaps and in the IMPT repulsion energies.
to FIT, is at least comparable in quality with DISCOVER and Indeed, the values gfwhich best described the dependency of
AMBER. The KP-ERP potential is comparable in quality to the IMPT energie&ey, Eerp, andEer,c0n the accurately calculated

. Discussion
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GMUL overlap &) were generally somewhat smaller than those containing many different types of atoms. The resulting
which optimized the KP-models (Table 1). Thus, the fitting potentials reproduce the crystal structures and lattice energies
process produces variationsyicomparable to its deviation from  of three amides with comparable accuracy to widely used
unity; this is at least partly because larger valueg wiinimize empirically fitted model potentials, showing that the approach
the errors due to nonadditivity of the ateratom terms. The is suitable for obtaining model potentials for simulations.

IMPT calculations used as a benchmark for the short-range  The main novelty of these potentials is that the short-range
energies are limited in quality by the basis set and they give repulsive terms are derived from considering the overlap of the
interaction energies at the SCF level. A considerable, but not molecular charge distribution, divided into atemtom contri-
unimaginable, increase in computational resources, would allow pytions by the GMUL partitioning of the molecular charge
this methodology to be applied more accurately by using large densities. Each set of ateratom overlaps is fitted to give an
basis set SAP® calculations to calculate the components of atom—atom exponential model, without the need to assume
the short-range energy, and to use more points on the potentiakransferability or combining rules to reduce the number of
energy surface to improve the fitting. _ _ parameters. The fitting of the ateratom overlaps provides
4.4. Improvements in the Representation of the Different  some check on the adequacy of the functional form of the model
Contributions to the Intermolecular Forces. An advantage  potential. In this case, it seemed unlikely that using an
of the nonempirical potential approach is that one can improve anisotropic atorrratom repulsion model would give a significant
the theoretical basis and accuracy of the individual contributions increase in accuracy. We were also able to check that the
to the intermolecular energy separately. In considering the ER, Gaussian basis set used to calculate the overlaps adequately
ERP, and ERPC models, we have shown that the penetrationrepresented the exponential decay of the charge defsity.
energy can be very effectively included in the model potential |, the simplest version, the short-range potential is assumed

by reducing the proportionality constant in the overlap model, 4 e proportional to the overlap, and thus the one proportionality
and that this is also a reasonable method of incorporating the constant can be fitted to experimental data, thereby effectively
charge-transfer term. Including these effects in the model \4qeling all the contributions to the short-range energy. We
potential is a theoretical improvement. Practically, the effects )56 determined these constants by fitting to ab initio estimates
on the reproduction of the crystal structures are small compared ¢ {he exchangerepulsion, penetration, and charge-transfer
with the errors in the lattice energy minimization method, but energy at a limited number of points. This has confirmed that
the addition of the penetration term does lead to better the exchangerepulsior® and penetratioi energies are both
predictions of the lattice energies. The further addition of the very well correlated with the overlap, and that the overlap can
charge-transfer term has a small effect on the crystal structure g, represent the charge-transfer energy. The resulting potentials

modeling, which is not always an improvement. This iS 56 reasonable, except that the hydrogen bond lengths were
consistent with the charge-transfer being less well represented,, o estimated.

by the overlap, and with the small magnitude of these terms.
For example the component energies at the (ERP level) IMPT
minimum for the formamide dimer (Figure 8y...0 = 3.09 A)
areEes(multipolar),—43.7; Eey, 30.3;Epen —7.3; Eqgisp (Model),
—17.2;E¢, —5.6; Epol, —7.1 kd/mol. The polarization energy is
omitted from our model potential, mainly because of its
nonadditivity, but its inclusion would further stabilize the lattice.
There is some scope for improving the dispersion potential.
We considered the possibility that the absence of dispersion
terms higher thai€s was contributing to the overestimation of
relative hydrogen bond lengths, and investigated addidy a
term to an OM-ERP model of formamide. We found that, while
the extra attractive energy compacted the structure, including
the hydrogen bonds, the relative hydrogen bond lengths were
virtually unchanged. Development of an effective multiplying
function for theCsR terms to incorporate both the higher order
terms Cg and Cyo terms and the damping effect, has been
reported for Ar---Ar, and will probably represent the best way
forward for modeling dispersion in the future. However, our
results with our best short-range model potentials are already : L
- . T the usual assumption of combining rules.
sufficiently good, allowing for the other approximations used o
in the calculations (temperature and zero point motion effects) Although the derivation of the more accurate KO and KP
and experimental error, that a more accurate potential may notMedel potentials does require about 20 points on the intermo-
give significantly better results for the crystal structures. '€cular potential energy surface to be calculated, this is orders
Similarly, the approximations in comparing the calculated lattice ©f magnitude fewer than would be required for directly fitting
energies with heats of sublimation obscure evaluation of the @ Model potential to a surface involving so many types of
cancellation of errors, such as between the absence of polarizalteractions. Our methodology involves dividing the repulsion
tion and damping of dispersion. into atom—atpm contributions via partlltllonlng of the molgcular
charge density, and then separately fitting the exponential decay
and preexponential constants for each at@tom type. This
avoids many of the problems involved in deriving atomic
We have developed a methodology for deriving model atom parameters for model repulsion potentials from calculated
atom intermolecular potentials from the wave functions of the intermolecular potential energy surfaces, where it is very hard
isolated molecules, which can be used for organic moleculesto decouple the parameters for different atom pkis.

Analysis of the IMPT potential energy surfaces showed that
the inexactness of the proportionality between overlap and
repulsion energy provides a limit to the accuracy attainable with
the basic overlap model. Better potentials can be obtained by
allowing some variation in the proportionality constant for
different types of interaction (in this case, two types depending
on whether the interaction involved oxygen) and considering a
power law relationship. These completely ab initio derived
potentials reproduce the amide crystal structures and energies
as well as the model repulsion potentials that have been
empirically fitted to such experimental data. The parameters
also show a chemically reasonable degree of transferability, and
hence this approach could be used to build up model potentials
for a wide range of functional groups. Such potentials have the
advantage over empirically fitted model potentials that all
possible types of van der Waals contacts are equally treated,
not just the types of contacts sampled in the empirical fitting.
Thus, the repulsive potential model in less favorable regions of
the potential energy surface should be better described than by

5. Conclusions
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Calculating the overlap between two molecular charge
densities); 11142730635 computationally very inexpensive relative
to ab initio supermolecul®;16.63.64density functional theor§?
or intermolecular perturbation thedfy}32%.64either IMPT” or
SAPT9 energy evaluations. It is also competitive with other
approximate metho@%°%@ of estimating the interaction energy
in the short-range region. This makes the overlap model
particularly practicable for organic molecules. This is partly

because of the relatively large size of the smallest model organic

molecules needed for the assumption of transferability of
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our results suggest that directly using the accurately calculated

total overlap (the GM-ERP model) would estimate repulsion
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potential.
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a systematic, nonempirical method of model potential derivation,

by considering the inclusion of penetration and charge transfer,

evaluating the effects of the power law governing the variation
of repulsion energy with overlap, and comparing the results for

a series of amide molecules. The results, along with those of

the previous studies on oxalic aditlan oxyboryl derivativé*

and smaller systent§,2730suggest that the approach will be
very useful for model potential development for organic
molecules. We are currently investigating its use for developing

model potentials for chlorinated organic compounds that reflect

the anisotropy in the repulsive w&#.
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