J. Phys. Chem. R000,104,7339-7345 7339

Atomic Partitioning of Molecular Electrostatic Potentials

D. S. Kosov and P. L. A. Popelier*
Department of Chemistry, UMIST, Manchester, M60 1QD, England

Receied: January 27, 2000; In Final Form: May 25, 2000

The theory of atoms in molecules (AIM) defines bounded atomic fragments in real space that generate
transferable atomic properties. As part of a program that investigates the topological partitioning of
electromagnetic properties based on the electron density, we have calculated the exact atomic electrostatic
potential (AEP) of an AIM atom in a molecule. Second we expand this atomic electrostatic potential in terms
of AIM electrostatic multipole moments based on spherical tensors. We prove that the convergence of this
expansion is faster than previously assumed, even for complicated atomic shapes.

1. Introduction with Gaussian, Slater, or plane wave functions, are stable with
respect to basis set variatiéh?2and exist within the framework
of classic correlation methods, including DFT approaches.

In Section 2 we define the AEP after a concise outline of the
construction of an atomic basi2. In Section 3 the AEP is
expanded in a basis of spherical harmonics introducing elec-
trostatic AIM moments. We rigorously discuss the condition
of formal convergence of the AEP in terms of the AIM
moments. In Section 4 computational details are given on both
the method and the convergence assessment of the AEP. Finally
we apply the new AIM concept in Section 5 to a set of molecules
including molecular nitrogen, water, ammonia, imidazole,
alanine, and valine.

Progress in the field of molecular electrostatitaccelerated
after the concept of the molecular electrostatic potential (MEP)
was introduced. The MEP is a physically observable quantity
and can be derived directly from the wave function. The
important role the MEP plays in computational chemistry is
indicated by its many applicatiohin reactivity (electrostatic
catalysid), zeolite§ (and more generally crystal surfaces and
cavities), solvatiorf,complementarity and similarity (encom-
passing hostguest interactiorfsand structure-activity relation-
ship$).

The electrostatic potential has also proved to be very useful
in rationalizing the interactions between molecules at large
§eparations and for molecular .re.cognitio.n proce%slgspar- 2. Atomic Partitioning of the Exact Molecular
ticular the role of the electrostatic interaction in proteins cannot Electrostatic Potential
be overestimatet. The initial step in many biological processes
such as drugreceptor or enzymesubstrate interactions is The molecular electrostatic potential (MEP), denoted/gry,
molecular recognition, in which the receptor recognizes key can be computed exactly from the molecular electron density
features of the approaching drug. This recognition, which peiedr’) = —p(r') and the nuclear charge densiy.{r’), by
precedes formation of covalent bonds, is believed to occur when

two molecules involved in the process are at a relatively large ) P ,pnuc(r') T Peredr’)
separation. Loosely speaking two molecules first see each otherv(r) - fdr r—r| - fdr Ir—r'| -
by means of the electrostatic potential.
In this contribution we focus on the atomic partitioning of Zy o(r")
the MEP within the context of the theory of atoms in molecules Z— - fdr’ (1)
(AIM). 1213 This theory provides a rigorous scheme to cut a Ir — Ryl Ir—r|

molecule into atoms in real space, rather than in the Hilbert . "

space of the basis functions. AIM multipole moments have been WhereZa is the charge of nucleus located at positiorRa, r'

used before in the representation of the electrostatic pofénifal @€ the three coordinates _descrlblng th_e_molecular charge d_ensny

and of the electrostatic interaction between simple moledtf€s. ~ andr are the three coordinates describing the MEP. The right-
We introduce the exact AlMatomic electrostatic potential ~ nand side of eq 1 follows fromnudr’) = 3 aZad(r" — R4) since

(AEP) and the convergence behavior of the AIM electrostatic 1N this work the nuclear charge density is represented by

moments to this AEP. It will be shown that this convergence is Monopoles only. It should be noted that the volume integral

attained at lower order than previously assuffédWe hereby ~ €xtends over all space. The MEP has a clear physical meaning
extend the list of useful atomic properties that distribute P€cause, when multiplied by a unit charge, itis simply the work

important molecular quantities over atoms. This list includes a d0ne of bringing a proton from infinity to the point Although

bond ordeR! an atomic valence inded, atomic frequency- V(r) is actually a potential it is often expressed in units of
independer and frequency-depend@&polarizabiliies, and ~ €nergy, such as kJ/mol, a convention we adopt in this article.
an atomic dispersion coefficier®$All these properties benefit ~An alternative interpretation of MEP is to regard it as the
from being independent of the underlying computational scheme €lectrostatic interaction energy of a molecule with a proton

that yields the wave function. More precisely, they can be used Situated at the poirit In reality this proton induces polarization
of the molecular electron density, but this effect is not taken

* To whom correspondence should be sent. Fax: 44-161-2367677. Tel.: INt0 account here sincp(r) corresponds to the unperturbed
44-161-2004511. E-mail: pla@umist.ac.uk. molecular ground state.
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Atomic properties are defined as volume integrals over the to the same origin. The functio@m(6,¢) is the renormalized
atomic basir of a property density. As a consequence of the spherical harmonic, denoted Mm(0,¢):
AIM partitioning a molecule is divided in nonoverlapping atoms,
hence a molecular property is simply the sum of the values of _ 4
the corresponding atomic property. The AEP caused by the Cin(0.90) = 2|+1Y'm(0’(p) ®)

electron density of an ator is given by: ) ) .
Below we use this series expansion to expand the AEP rather

Zy () than the MEP, hence the origin of this series expansion will be
Valr) = Ir—R, ngdr Ir —r'| @) taken as the nuclear origin of atof not the molecular origin.

A Since we compute the electrostatic potentmitside an
where Qp is the atomic basin housing nucleds and the electron distribution the radius of the electronic coordinate
remaining symbols have the same meaning as in & total r' is in principle smaller than the radius of the potential
MEP is then merely a sum of all the AEPs, or: coordinater. Thus for our application we will replaae: by r’

andr- by r in subsequent formulas. For computational con-
Z, o(r") venience we introduce the real functidisd6,¢) andCimd6,¢)
V(r) = ZVA(r) = Z |r—R| — fQAdr'” o (3) by the following unitary transformatiot?
A

We emphasize that the proposed partitioning occurs in real space Cimd0.9) = \/%((‘qum(@ @) +C_(0.9) (6a)

consistent with successful and practically useful AIM concepts

such as AIM distributed polarizabilities, dispersion coefficients .

and bond orders. P , b , ICIms(va) = \/%((—1)”‘C|m(6,¢z) - Cl—m(e!w)) (6b)
There are alternative partitioning schemes for the MEP in

Hilbert space, such as distributed multipole analysis (DKA) The multipole expansion (eq 4) can be rewritten in terms of

or a quantum chemical model for electrostatic effects by?3ug. real renormalized spherical harmonics:

These Hilbert space partitioning models have in common that |

molecular properties are distributed over atoms purely on the 1 > -

basis of the proximity of the centers of the basis functions to Ir—r'| - ;Tlclo(e 9")Cio(0,9) +

the nuclei. As a result, an atomic property is entirely dictated —or |

by the positioning of the basis functions contributing to the . .

corresponding molecular property. The AIM partitioning method leclmc(e 9")Cim 0,¢) +

does not depend on where the basis functions are centered, their =orm=

mathematical shape, or even whether they exist in the first place, .

such as in the case of grid determined properties. It assigns in Z}Tl qus(e 9" )Cnd0,9) (7)

a nontrivial way which portions of real space contribute to a U

given atom, based on the shape of the interatomic surfaces

which are in turn determined by thetal electron density.
However, a numerical evaluation of the exact AEP in eq 2

o ol

'Note that each term of this expansion is real. Substituting eq 7
into the definition of the AEP (eq 2) we arrive at an exact

. L . . X . expansion of the AEP in terms of AIM multipole moments in
requires an atomic integration for every given point (coordinates eq 8
r) for which the potential needs to be evaluated. By introducing
a Taylor expansion of the integraid— r'|~! one can separate o
the electronic coordinates from those describing the electro-  V,(r) = Z)r_l_lcm(@v(P)Qm(QA) +
static potentialy. The atomic integration then leads to atomic =

multipoles, which can subsequently be used to compute the ° |
electrostatic potential via the developed series expansion. The Zr‘ N quc(@,(p)Q,mc(QA) +
advantage of the coordinate separation is clear: the integration = m=

does not need to be performed for every given pofior which 2 :
one wants to know the potential. The only price paid for this Z)r chms(e'(p)les(QA) (8)
series expansion is possible convergence problems, a matter that = m=

is discussed in the next section. where Qio(Q4),QmdQa) and QmgRa) represent the AIM

3. Multipole Expansion for Atomic Fragments bm;sl;[:]psgli momentSobtained via integration over the atomic
It is known that an expansion of the electrostatic potential in

terms of Cartesian tensors leads to unwieldy expressions ancblo = fQAdr' Ptot(r')r'lcm(@'v ?):

redundant momentZ.Hence we follow the route of the spherical

tensor formalism. The expression — r'|~1 is conveniently Q= [ dr'p (r')r'C,.L0.¢");
expanded in terms of spherical harmorfigas is shown in eq ime fQA o ime
I I ll r !
4. Qms= fQAdr Piolr ) Cind 0,") (9)
[
1 i If the nuclear charge density just consists of monopoles the

Ir—r'| - e Z (—1)"C(0'.¢)Ci(0.9)  (4) function pii(r') can be replaced by-p(r') for all multipole
=or = moments excepQoo, Which can be written as

In this expressiont < is the smaller and- is the larger value

of r = |r| orr' = |r'|, where both vectors andr’ are referred Qoo = fQAdr (=p() + Zy = =N(Q,) + Z, = q(2,)
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TABLE 2: Comparison? Between the Exact AEP
(Calculated by Direct Integration over the Atomic Basin)
and the AEP Generated by AIM Moments for a Nitrogen
Atom in N and for the Whole Molecule (Sum of AEPS)

V(r)

N Reonv=5.7 N

I rms Amax rms Amax
0 27.359 42.572 6.348 10.757
S/ 1 4.102 7.974 8.006 12.332
- 2 0.724 2.154 1.020 2.004
- 3 0.260 0.638 0.477 0.913
Figure 1. A schematic representation of an atomic basin containing 4 0.096 0.337 0.147 0.312
the fragment of the electron densityfr') that generates the corre- 5 0.033 0.086 0.053 0.108
sponding atomic electrostatic potentiff). Note thatr’ andr have a 6 0.024 0.092 0.040 0.112
common origin, i.e., the nucleus of the atom. The circle represents the 7 0.010 0.024 0.016 0.042
convergence sphere outside whifr) formally converges. 8 0.011 0.039 0.016 0.040

TABLE 1: Magnitude 2 of the Rank-l Multipole Moment, Q @ Computed for grid points on the water-accessible surface (see text).

: : o ~ bThe root mean square (rms) and absolute value of the maximum
au), of C, in Alanine and Upper Limits for Terms, Q/R.‘: The | quare.
EkJ/)mol)CEIontributing to theplgxpansion of the Aton?ilcwwnv deviation () are given in kd/mol, and the convergence radius
Electros,tatic Potential in eq 8 is given in au.f The rank of the multipole, see eq 9.

[ Qi (au) Q/R:E, (kd/mol) TABLE 3: Comparison? Between the Exact AEP and the
0 0334 143585 AEP Generated by AIM Moments for the Oxygen Atom and
: : the Hydrogen Atom in Water, and for the Whole Molecule
1 0.359 25.320 (Sum of AEPS)
2 0.426 4.923
3 2.276 4.316 O H
4 2.353 0.731 Reonv=5.08 Reonv=4.15 HO
2 23 é% 8%2 | rms Amax rms Amax rms Amax
7 51.979 0.071 0 9.657 14.485 8.033 21.276 19.387 27.483
8 243.368 0.055 1 3.998 9.845 0.242 1.125 4.079 10.143
. . _ 2 0.967 2.376 0.211 1.270 1.224 3.695
“The magnitude is computed asQ = 3 0440 1219 0055 0313 0482  1.296
\/(QlO)Z—i-z'm:l(Q,m)2+z'n.,zl(les)2 where the moments are definedin 4  0.078 0.195  0.014 0.094 0.086 0.215
eq 9 of the main text. 5 0.036 0.097 0.014 0.107 0.047 0.194
6 0.032 0.124 0.009 0.037 0.037 0.137
; ; [P - 7 0.021 0.059 0.008 0.031 0.027 0.073
The main advantage of the multipole expansion is its compu 8 0018 0041 0008 0.035 0.025 0.066

tational efficiency. As explained in the previous section, the
atomic integration is completeoeforethe pointr is given at # Specifications identical to those in Table 2.
which the AEP needs to be known. Equation 8 makes clear TABLE 4: Comparison Between the Exact AEP and the

that V(r) can be computed at any point using the atomic AEP Generated by AIM Moments for the Nitrogen Atom

moments. and the Hydrogen Atom in Ammonia, and for the Whole
We now discuss the issue of the convergence of the multipole Molecule (Sum of AEPs)

expansion of our AEP. Figure 1 shows a schematic representa- N H

tion of an atomic basin containing the electron dengiy/) Reonv= 5.4 Reonv= 4.22 NH;

that generates the AEP denoted\{y). Both vectors' andr | ms A ms A ms A

are centered on the nuclear origih. To ensure formal

convergence of the multipole expansion we demand|that 0 10965 21204  6.967  19.330  5.289 9.590

Ir'| for all points. This means that a pointmust lie outside a ! 6.959 12127 0618 3878 7.735 14032
| . A ! 2 1.745 4.924  0.252 1.568  2.130 5.431

sphere with radiugr’|, where |r'| is the maximum value 3 0.440 1.317 0.029 0.143 0.472 1.438

encountered within the atomic basin. The atomic basin is 4 0.089 0.274  0.026 0.252  0.119 0.528

bounded, both within the molecule, by the interatomic surfaces, g 8 8;3 8 igg 8-8%3 8-825 8 833 8 32‘51

as well as at its open side by a constant electron density 7 0.013 0055 0008 0.050 0020 0.089

envelope. A typical choice is the so-called van der Waals 4 0.011 0042  0.008 0024 0018 0.068
envelope, practically represented by the- 0.001 or 0.002 au S _
surface?® The AEP will formally diverge for any point within # Specifications identical to those in Table 2.

the sphere with radiug’ and therefore definitely for an o
P B Imax y Y some electron density is excluded from the moment. In

point inside the atomic bas®a. In our calculations we ensured ) ) ;
that the potential was evaluated outside the divergence sphereSUmmary, the practical use of electrostatic moments introduces

This property of formal convergence of the AEP can be a tradeoff between exact formal convergence and completeness

considered as an advantage over methods that define multipole§>f the moment. Because of the finiteness of th_e atomic basins
as integrations over whole space. It is well-known that if the W€ are able to control convergence, and make it formally exact
whole electron density is included, then the convergence sphere| N€cessary.

has an infinite radius and the multipole expansion is formally
divergent everywhere. Despite this flaw multipole expansion
schemes such as DMA are practically useful, presumably In all our calculations the electron densjifr) was obtained
because the electron density decays exponentially to zero infrom the solution of the KohrnSham equation. This method is
the outer regions. Of course, an integration over a finite volume, computationally less demanding than the HartrEeck/MP2
such as in the computation of the AIM moments, means that method but yields comparable results for molecular proper-

4. Computational Methods
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Figure 2. A 1D profile of atomic electrostatic potentials (AEP) along @esymmetry axis in ammonia. Given a test charge-aéfau the potential

is expressed in kJ/mol, and the distamde measured from the nitrogen nucleus. The AEP due to nitrogen (dotted) is added to the AEP of three
times the AEP of a single hydrogen (dashed) to yield the MEP (solid). The minimum in the MER2© kJ/mol) occurs at 2.7 au, just below a

van der Waals surface determined by a typical hard sphere radius of 1.5 A (or 2.85 au).

TABLE 5: Comparison? Between the Exact AEP and the AEP Generated by AIM Moments for All the Atoms in Imidazole and
for the Whole Molecule (C;NH4) (Sum of AEPS)

0 2 4 6
| ms Amax ms Amax rms Amax rms Amax
C1 (Reonv=5.49) 16.294 38.059 0.696 2.980 0.051 0.214 0.010 0.045
C2 (Reonv=5.46) 12.286 28.410 0.594 2.711 0.049 0.208 0.010 0.042
N3 (Reonv= 5.44) 4.323 10.310 0.476 1.692 0.043 0.200 0.008 0.030
C4 (Reonv=5.47) 16.524 35.881 0.567 2.392 0.033 0.147 0.009 0.040
N5 (Reonv= 5.46) 4,949 15.452 0.385 1.770 0.053 0.235 0.011 0.045
H6 (Reonv= 4.52) 3.826 10.936 0.174 1.033 0.030 0.292 0.011 0.105
H7 (Reonv=4.15) 3.790 11.323 0.179 1.032 0.030 0.286 0.011 0.103
H8 (Reonv= 3.70) 5.079 20.215 0.197 1.708 0.022 0.283 0.008 0.040
H9 (Reonv=4.18) 3.815 10.949 0.189 1.172 0.033 0.331 0.011 0.123
CaNaH4 19.993 56.090 1.465 4.647 0.171 0.924 0.033 0.162

a Specifications identical to those in Table 2.

ties30-31 Of the available exchange-correlation functionals, the for the order of 10 thousand points lying on the molecular
gradient-corrected hybrid functionals provide the best overall surface, defined by the = 0.002 au envelope. The rms
coherence with MP2 theory and experimental data. The B3LYP deviation amounts to 0-10.5 kJ/mol for several test molecules
parametrization, i.e., Becke’s three-parameter formulation of the such as water and NNThis good agreement demonstrates the
exchange functiongd and a gradient-corrected correlation computational accuracy of the numerical algorithm implemented
functional of Lee, Yang, and P&fhave proven to be of reliable  in MORPHY 3637 Furthermore these calculations provide an
quality. The geometry optimizations, wave functions, and MEPs independent assessment of the error inherent in AIM multipole
were generated by the program GAUSSIAR®Y the B3LYP/ moments via a physical and measurable quantity, namely the
6-311+G(2d,p)//HF/6-31G(d,p) level. Although we generated electrostatic potential.
the electrostatic potentials using a fairly high level of theory it ~ To estimate the convergence rate of the AIM moments we
has been stated befSrthat varying the level does not greatly calculated the AEP on the so-called water-accessible surface.
affect the overall pattern of the potential for a given molecule. This is an important surface from a practical point of view
The AIM moments were implemented in MORPHY®Lp to because it indicates the closest approach of a water molecule.
an arbitrary rank |, high enough to assess the multipole Hence in molecular dynamics simulations the electrostatic
convergence rate thoroughly, as shown in the tables below. Thepotential is typically sampled on this surfatNe represented
program MORPHYO0L1 also computes the AEP for a given atom the water-accessible surface by*16 3 x 10* grid points on
directly via eq 2. Since the AEP needs to be known in thousandsan envelope lying 1:41.5 A outside the molecular surface. The
of points it was implemented efficiently, each pairdppearing water-accessible surface was represented by a single envelope
as a parameter inside the inner integration quadrature loop. of constant electron density, in line with the representation of
The accuracy of the AEP was checked against the MEP, the molecular surface. This surface is also determined by a single
independently computed by GAUSSIAN94 via eq 3. Indeed, isodensity envelope, usually pf= 0.002 au. The value gf to
the MEP should equal the sum of the AEPs of all atoms in the represent the water-accessible surface was first guessed and then
molecules. For that purpose the root-mean-square (rms) devia-adjusted such that the average distance between the molecular
tion between the MEP and the sum of the AEPs was computedsurface and the water-accessible surface was about 1.4 A. The
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5. Applications and Discussion

We have performed calculations on molecular nitrogen, water,
ammonia, imidazole, alanine, and valine, which we will now
discuss in turn. Table 1 provides a qualitative assessment of
the convergence of the multipole expansion for@en alanine.

The magnitudes of the terms in eq 8 can be estimated from the
(coordinate-invariant) magnitud€¥ of the multipole moments
divided by the appropriate power of the convergence radius
H Reonv Since Cim(0,¢)| < 1 the teer/I{;ﬁv is an upper limit
9 for the actual contribution to the AEP.

The first test of the usefulness of AIM moments is the

generation of AEP for a nitrogen atom irnp.Nt is clear from
Table 2 that rms deviations of less than 0.1 kJ/mol occur for a
nitrogen AEP generated by AIM moments up to rdnk 4
(hexadecapole). The multipole-generated MEP computed from
the sum of the two nitrogen AEPS yields deviations of less than
0.1 kJ/mol from rank = 5 onward. An early study by Stone
water-accessible electron density envelope is typically of the and Aldertori® expected that a nonspherical slice cut off would
order of p = 10°5-10"* au. The AIM electrostatic moments  give rise to a poorly converging multipole series expansion for
were computed via integration (see eq 9) where the atomic basinthe total molecule’s electrostatic potential. This conjecture, based

Figure 3. Labeling scheme of imidazole used in Table 5.

was capped by the isodensity envelopeef 5 x 1075-1073 only on inspection of the magnitude of AIM moments, proves

au depending on the convergence radius. to be wrong. Based on this simple experiment and on further
It is convenient to visualize the comparison between the exact results discussed below we confiththat our form of distributed

and multipole generated AEP via the program RasfM@&uch multipole analysis, which rests on a physical division of space

visualization contains detailed information complementary to into disjoint regions, is useful. A reduction of the rank invariably
the tables listing the values of the rms and magnitude of the leads to additional sites at which multipoles with lower rank
maximum deviationsAmay. The program RasMol was also used are centered, that are obtained via a fitting procedure. We believe
to show a color-coded map of the AEP. that an expansion that only involves nuclear centers is a good

Figure 4. The atomic electrostatic potential (AEP) of 6n the water-accessible surface around alanine. The part of the picture before the plotting
plane has been deleted (slab mode) in order to show the interior of the object.,Tdtent contributes everywhere positively to the molecular
electrostatic potential. The most positive region develops near the hydrogen attached §oatitk fEotrudes toward to the Nkerminus. Color

code (in kJ/mol): 81< white < 91 < gray < 101 < blue < 112 < green< 122 < yellow < 132 < red < 142.
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TABLE 6: Comparison? Between the Exact AEP and the similar rapid convergence behavior (Table 4) although the
AEP Generated by AIM Moments for the C, Atoms in nitrogen atom is slightly slower than the oxygen in water. The
Alanine and Valine nittogen atom has an rms value of 0.13 kJ/mol when the
Cq in alanine Cq in valine expansion is truncated at rank four.
Reonv= 6.1 Reonv = 6.2 We consider the case of ammonia to speculate on an
| rms Armax rms Amax interesting issue that has arisen in connection with a rigorous
0 7.791 19.790 7.706 15.534 study on the electrostatic potenti&f) of free atoms. By means
1 1.459 5.902 0.957 3.043 of a rigorous derivation starting with Poisson’s equation Sen
2 0.827 2.906 0.676 2.052 and Politzer proved that V(r) of neutral free spherical atoms
i S:égé 8:‘1122 8:(1)%8 8:%2 is al_vyays positi_ve. For negatively charg(_ed i()!(_s)_is initially
5 0.020 0.110 0.014 0.083 positive, then it goes through a negative minimum and ap-
6 0.010 0.048 0.009 0.042 proaches zero through negative values as «. The conse-
7 0.008 0.027 0.008 0.026 quence of this statement for atoms in molecules is intriguing,
8 0.008 0.019 0.008 0.017 although it is not known whether it can be generalized to
2 Specifications identical to those in Table 2. nonspherical atoms.

Figure 2 shows the AEP of nitrogen and the hydrogens in
compromise between the completely inadequate one-centerammonia along theC; symmetry axis, as well as their sum
multipole expansion and a practical scheme with fitted low rank resulting in ammonia’s MEP. A minimum occurs in the MEP
multipoles. at a distance of 2.7 au from the nitrogen nucleus, just below a

Similarly, Table 3 shows that a multipole expansion with typical van der Waals radius of 2.8 au. It is clear that, using the
multipoles of rankl > 3 yields a rms value of less than 0.1 AIM partitioning, this minimum is entirely due to the AEP of
kJ/mol. This limit is reached sooner for hydrogen, namely when the nitrogen atom. It is tempting to relate the existence of this
| > 2. The right columns in Table 3 show the discrepancy for minimum to the negative sign of the nitrogen charg@Nj =
the whole molecule, where the AEPs have been summed over—0.989 au) via a possible generalization of Sen and Politzer's
all atoms in the molecule. The hydrogen in ammonia shows findings#!

Figure 5. The deviations in the exact AEP and the AEP obtained from the multipole moments up to the octup@g for the G, atoms in

alanine. The part of the picture in front of the plotting plane is deleted in order to show the interior of the object. The largest deviations occur near
the cusplike edges of the atom and the region of closest proximity. Color code (in kJ/mol): white< gray < 0.2 < blue < 0.3 < green<

0.4 < yellow < 0.5. The deviations in the exact AEP and the AEP obtained from the multipole moments up to the otte@®)daf the G atoms

in alanine. The part of the picture in front of the plotting plane is deleted in order to show the interior of the object. The largest deviations occur
near the cusplike edges of the atom and the region of closest proximity. Color code (in kJ/mol):<vthite< gray < 0.2 < blue < 0.3 < green

< 0.4 < yellow < 0.5.
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We have shown the convergence for a simpleystem () Gratitude is expressed to EPSRC which sponsors this work via
and two lone-pair systems ¢B and NH). A further conver- grant GR/M18119.
gence test is provided by an aromatic system, i.e., imidazole.
Table 5 (labeling scheme in Figure 3) shows how each atom is
converging with increasing multipole rank |. Again most non-
hydrogen atoms have reached a rms value of less than 0.1 kJ/ (1) Naray-Szabo, G.; Ferenczy, Ghem. Re. 1995 95, 829.
mol whenl = 4, and the hydrogen atoms already have reached  (2) price, S. L. InMolecular Interactions: Fromvan der Waals to
it after] = 2. We observe that the rms does not always decreasefggngly Bound ComplexeScheiner, S., Ed.; John Wiley: Chichester, UK.,

monotonically with increasing )
With an eve on future applications in the chemistry of (3) Scrocco, E.; Tomasi, Fortschr. Chem. Forschl973 42, 95.
y PP y (4) Jiao, H.; Schleyer, P. v. R. Chem. Soc., Faraday Tran994

peptides we looked at the AEP of the alpha carbog) @om 90, 1550.

in alanine and valine. We have visualized the AEP gfi€ (5) White, J. C.; Hess, C. Al. Phys. Chem1993 97, 6398.
alanine in Figure 4. The AEP of the alpha carbon provides only ~ (6) Warshel, A.; Aquist, JAnn. Re. Biophys. Chem1991, 29, 267.
positive contributions to the MEP, with the most positive region (7) Sharp, K. A; Honig, B.; Harvey, S. ®iochemistryl99Q 29, 340.

(>140 kJ/mol) near the hydrogen atom attached to it, and  (8) Kenny, P. W.J. Chem. Soc., Perkin Trans.1894 199.

spreading out toward the NHerminus. Preég') g)l:fré?é/, d.f.,ggl;ph;;e&siapse, A.-M., Eds.; Oxford University
Table 6 again reveals excellent convergence behavior for both 10y Nakamura, HQuarterly Re. Biophys.1996 29, 1.
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