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A recently developed method for deriving anisotropic atomic dipole polarizability tensors has been employed
to derive these terms for each of the atoms in seven families of organic compounds: alcohols, alkanes, amides,
amines, carboxylic acids, sulfur compounds, and benzene rings. The procedure uses fits to ab initio quantum
mechanically computed molecular polarizability data to determine effective atomic polarizability tensor
parameters. A new representation is described which uses bond increments, a property of the bonds rather
than simply the atomic types, for polarizability components both parallel and perpendicular to the bonds. It
is shown to give excellent results as gauged by its reproduction of the exact ab initio polarizabilities. We
examine the accuracy of the ab initio isotropic polarizabilities compared to experiment and present a simple
scaling procedure for the former. The isotropic approximations to the full anisotropic atomic polarizabilities
are compared for differing atom types and bonding environments. The resulting molecular isotropic
polarizabilities are also compared where possible with experiment. The present model consistently predicts
both experimental isotropic molecular polarizabilities and empirically derived atomic parametrizations precisely
within a few percent.

Introduction molecules, obviates the need to use large sets of species with
frequently dissimilar atomic environments, as is generally
required by empirical schemes.

In this paper we briefly review the procedure for deriving
effective atomic polarizability tensors using ab initio quantum

It is becoming increasingly recognized that the use of current
atomistic methods for modeling the properties of molecules and
molecular materials is often severely deficient due to their
inability to model polarization effects, that is, the response of .50,jations. A new way of representing atomic polarizabilities
the electron distribution to intramolecular and/or intermolecular ;¢ described, which is based on a bond increment description
electric fields. There have been several attempts to include suchy¢ iha contributions to each atom from all other atoms to which
effects in computing not only the polarizabilities themselves i is honded. This allows the atomic polarizability to vary
but also properties that depend appreciably on the charge pol-yenending on each atom’s bonding environment. We then apply
arization, such as molecylar |nteract|qn eneré&ihesg ha\{?, the method to several classes of organic molecules, which were
generally been parametrized as effective atomic polarizabilities, .nqsen to represent both a comprehensive set of organic

using botg Bemhpmcér | arr‘]d ap initio quanltum mclacha||mcal compounds and also to provide the parameters needed to model
proceduhre : ;— N kr)esu ts a\(g besln |(rj1_conc usIve, ak:gey be- hroteins. The resulting molecular polarizabilities are tested by
cause there has been considerable disagreement between t mparing the predicted polarizability tensor elements with the

;/al_ues of (tjhe atorgig pg!;riz_abilitieshaz derilved and used :n di- corresponding ab initio values, and by comparing both predicted
ering studies and by differing methods. Also, atomic polariz- sqyopic polarizabilities with experiment. In particular we

a]IE)|I|t|e|s ha|1ve behen dehnvedl for onlydafllmlted r}umber ((ij fypﬁs examine the extent to which atomic parameters for specific
of molecules. Thus, there Is a need for atomistic models that 4, mg or atom types, such as alkyl carbons, are similar within
are both accurate and may be applied directly to predicting the yittering molecular environments, such as alkanes and alkyl-

properties of large molecules and their assemblages for any type; nines. To determine the extent to which the polarizability bond
of species. _ _ increments are transferable to additional species, we test the
Recently we have described a new theoretical procedure foraccuracy of the predicted isotropic molecular polarizabilities
determining atomic polarizability tensors in molecules using ab ith the ab initio results for species outside the set used in
initio quantum calculations either on single molecules or sets geriving the parameters. Finally we also examine the magnitude

provides a means for describing species for which no experi- that has generally been ignored in previous approaches.
mental data is available, while forming the basis of more detailed

models than have previously been possible. Specifically, the Theory and Methodology
method gives the full anisotropic polarizability tensor corre- L . N
sponding to each atom, thereby allowing for an increase in D€rivation of Atomic Polarizability Tensors. We have

accuracy over simple isotropic polarizability models. The ability recently described a procedure to determine the effective atomic

to use single molecules, or small sets of closely related Pelarizability tensors for an atom using quantum mechanically
computed molecular dipole and quadrupole polarizability tensors

T Current address: IBM Corp., 4660 La Jolla Village Drive, Suite 300, and their derivatives with respect to atomic displacements for

San Diego, CA 92122-4604. Email: ewig@us.ibm.com. Fax: (858) 587- @ Single molecule or a set of molecules containing that &tom.
5099. We require that the atomic dipole polarizability tensor compo-
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nents corresponding to theandj Cartesian axes on atos)
o, summed over all the atoms in the molecule equal the total
molecular dipole polarizability,

— a
oy = Za”
a

whereq,; is theij component of the molecular polarizability.
Similarly, if the derivative of the molecular polarizability with
respect to a molecular internal coordinates known, then this
will equal the sum of the derivatives of the atomic polarizabili-
ties, i.e., the polarizability flux termsaq,llao) corresponding
to that coordlnate

@)

day dog
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These derivatives, which measure the change in polarizability

with changes in molecular structure, may be significant in

determining molecular polarizability in cases where the equi-

librium structure differs significantly from that for which the

of were derived. In computing the molecular polarizabilities

as described below, the polarizability fluxes are not included.
Expressions such as (1) and (2) are generally insufficient to

obtain all the polarizability tensor components and their

derivatives for all the atoms in a molecule. HoweverAiis

the molecular dipolequadrupole polarizability tensor, afg

is thejk dipole—quadrupole component due to an applied electric

field in thei direction, then there exist relationships between

the Ajjx and the atomic polarizability tensors on at@nfor

example for the case= x, as follows:

Ax,xx = Z[Zaif - - aizza ] (33-)
A= SRy~ o2 —0iZ]  (3b)
AS(,zz: z[ZaiZZa— ai%a_ (3c)
Axxy_ ZZ[QX ax;)(a] ( )
— S 10a 2+ ot 3
Xz 2Z[ax oy ] ( e)
3 a a
vz EZ[O*X)/Za + axzya] (3f)

with similar expressions for fields applied in theand z
directions. In addition, if atorb is displaced in th& direction,
then, for example, (3a) gives the derivative
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with similar expressions for displacements in theand z
directions. So, if the field is applied in they, andz directions,
the relations of the form given by (3) provide a total of 18
equations for the.x Combining these with the derivatives of
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gives as many as 18(t 3N — 6) or 18(3N — 5) equations for
the atomic polarizabilities for each molecule. These alone are
sufficient to uniquely determine the atomic polarizabilities in
some cases either for single molecules or small families of
structurally related species. Notice that (4) again includes not
only the polarizabilities but also the polarizability flux terms,
such as o,/ox0).

Although (3) and (4) are rich sources of unique quantum
mechanical results for deriving an atomic polarizability model,
in practice for most molecules we have found it necessary to
include molecular polarizability data in the fit and to introduce
several approximations. These approximations are described in
the following sections.

Bond Increment Method. To make the resulting parametri-
zation more transferable among different kinds of molecular
environments, and to facilitate its later application to computing
the properties of large molecular systems, we employ a bond
increment approach. This is a common way of parametrizing
atomic partial charges. In the case of charges, we can write the
atomic partial charge on atom ¢, as

=g+ Yoy ()
b=a

wheredj is a formal atomic charge (zero except for io
is the contribution to the charge on at@ndue to atonb, and
the sum extends over all molecular bonds to atmnin this
way the atomic partial charge for each atom depends on its
molecular environment as expressed by the contributions of all
the atoms to which it is bonded. This model has the additional
useful property that the sum of all th&® will be zero for
neutral molecules if we requwéba = - 63“ for each bond
between dissimilar atoms ar” = 0 between atoms that are
chemically equivalent. (There are similar relations for the
bond increment representations of the higher static atomic
multipoles.)

Similarly we can write the atomic polarizability tensof
for each atoma as the sum over the contributions from each
atomb to which it is bonded,

aaz Zéab

bZa

(6)

The 62 summed over all atoma and b will give the total
molecular polarizability. However in this case, there is no a
priori relationship betweeti2® andd°2, andda? will in general

be nonzero between atoms that are related by symmetry or are
chemically similar. So, for atomic polarizabilities, a large
number of bond increment parameters result. We therefore make
the additional approximation that the bonds have cylindrical
symmetry. Thus if thex Cartesian axis is oriented along the
bond, we have

0% = 6ab = o2 (7a)
aab 0% = éab (7b)

which in the case of terminal atoms gives
ai‘y =ag, (8a)
0y = 0y, = 0y, = 0 (8b)

A along the three Carte5|an coordinates for each atom (or alongfor each terminal atom, Wher@%b is the contribution perpen-

the molecular internal coordinates), for a molecule Wtatoms,

dicular to the bond axis from atorh to atoma. So, using
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TABLE 1: Types Assigned to Atoms in Various Functional bond increment representation, in general had little or no effect

Groups on the quality of the fit to the ab initio data.

atom type molecular connectivity Quantum Mechanical Calculations.As in our earlier study,
c carbon (sp) in alkanes the equations of the form of (£Y4) were solved for each
c’ carbonyl carbon except in amides molecule, using Spackman'’s “polarization” basis'$and the
¢ carbonyl carbon in amides (connected to nitrogen)  Hartree-Fock approximation. We used the Gaussian90 pro-
ﬁp ﬁ;&kﬁggeﬂ ﬁg?mggfegqgscarbon or sulfur gramt! to compute the structures and mole_cular multipole values.
h* hydrogen connected to oxygen or nitrogen The molecular structures were computed in the HF/6-31G* level
n nitrogen in amides of approximationt? In determining theA tensor, a uniform
na nitrogen (s in amines electric field with a magnitude of 0.005 atomic units was applied
o doubly connected oxygen along each Cartesian coordinate, and derivatives of the elements
0 carbony! oxygen f the A matri found ically by displacing the at
S sulfur () doubly connected of the A matrix were found numerically by displacing the atoms

in both the positive and negative directions by 0.005 A along

(1)—(4), it is necessary to determine only two quantities, the the internal coordinates. Derivatives of the molecular dipole
parallel and perpendicular bond increment parameiftand polarizability were found similarly. Thus, by using (), we
5%9 for the bond increment for each bonded atom pair. determined dipole and quadrupole polarizabilities, and the
However, unlike the case of charge bond increments, for which derivatives of their components with respect to each internal
one can seeﬁga: - 6gb, polarizability bond increments in the  coordinate. These were fit to obtain té° and 62 terms.
forward and backward directions are unrelated, sodfj’i%land Weighting factors were adjusted in order to fit all the computed
(ﬁb need to be determined independently. properties with roughly the same relative errors. All molecular

Polarizability Flux Constrains. In using equations such as dipole and quadrupole polarizabilities were assigned a weight
(3) and (4), it is sometimes found that there is still not sufficient Of 100, except for the quadrupole polarizabilities of the amines
quantum mechanical information to completely determine all and the sulfur compounds (assigned a weight of 20) and the
the atomic polarizability increments without further constraints benzene molecule (given a weight of 1). All dipole and
on the polarizability flux increments such as Gﬁﬁ‘b/arw qguadrupole polarizability derivatives were given a weight of 1
wherer®is a bond length between atomandd. It was found ~ except the alcohols (given a weight of 2). The atoms were
useful to impose three types of constraints on the flux assigned the standard types as used in the CFF forceield.
parameters. First, all fluxes due to changes in bond lerfgth, The specific atom types used here are defined in Table 1.
6§b/ar°d and 8éﬁb/ar°d, were included unless tree—b bond and We have applied this method to determine ab initio polariz-
the c—d bond do not share a common atom. Second, all ability bond increment parameters for seven classes of organic
polarizability flux terms involving a bond angleé%b/aeweand compounds: alcohols, alkanes, amides, amines, carboxylic acids,
aéﬁb/aecde where <€ is the bond angle formed by atorosd phenyl rings, and sulfur compounds. Phenyl rings are repre-
ande, were not included unless tle-d—e angle includes the sented here by the benzene molecule. Excluding benzene, the
bond a—b. Third, the fluxes due to the torsions and out-of- specific molecular structures employed in deriving the bond
plane deformations were not included. Approximating these increments for each class of compounds are shown in Figure 1,
types of polarizability flux terms to zero, as well as using the referred to hereinafter as the training set.

Training Compounds
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Figure 1.

methyl amine

dimethyl amine

Molecules used in the training set to derive the atomic polarizability tensor parameters.
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TABLE 2: Ab Initio Polarizability Bond Increments Parallel
and Perpendicular to the Bond

polarizability component (3

J. Phys. Chem. A, Vol. 106, No. 2, 200229

Test Compounds

Alkanes

bond parallel perpendicular A D Q
h ¢ 0.538 0.239 1 ane cyclobutane cyclopentane
c h 0.223 0.247 etoprop
c c 0.655 0.035 H
h cp 0.431 0.138 H—C—H
cp cp 1.198 0.410
o c 1.391 0.592
c n 1.234 0.587
n d 1 ) o 9 9 O ) 45 8 cyclohexane cycloheptane methyl cyclopropane
h c 0.530 0.124
c h 0.000 0.222 H H i i
h* n 0.425 0.164 H—C—H “‘T‘“ " “"T““ T
n b+ 0.000 0.162 0 T A S N
c c 0.492 ~0.077 R T
c c 0.422 0.000 H—(—H H=C—H
Cc n 0.393 —0.061 methylcyclobutane H neopentane H 2,2 3-trimethylbutane
n c 0.727 0.000
o c"’ 1.276 0.580
o} c' 0.983 0.488 Amides .
c’ o 1.039 0.753 H—t—H
h c' 0.473 0.137 I Hof ou I T i u
h* o] 0.413 0.138 H=C——N——(¢—C—N, S TN
c c 0.447 —0.091 HooH " HoH
0 C 1.037 0.561 N-formyl glycine amide N-formy] alanine amide
c o] 0.205 0.042 u
na c 0.648 0.109 11
c na 0.455 0.094 fl T T ou
h* na 0.418 0.185 “_C_’['_T—C_N\H
na h* 0.290 0.362 HC—H
s c 1.965 1.047 H
ﬁ S 8 " 23? - 00025673 2-(formylamino)-2-methylpropanc amide
s f] 1:351 1:229 Figure 2. Molecules used to test the atomic polarizability tensor
s s 2.622 0.799 parameters.

@ Polarizability is donated to the first atom from the second in the
order given. The two directions are equivalent except where specified

otherwise in the text. Bond increments constrained to zero are not listed.

TABLE 3: Summary of the Deviations in Fitting the Bond
Increment Polarizability Tensor Model to ab Initio Tensor
Components for the Various Functional Groups

rms relative (%) deviations

(in parentheses) are fit better than the individual tensor
components. However, the quality of the fit is approximately
the same for all seven functional groups.

The remainder of this paper will focus on examining the
computed polarizability bond increments and the atomic and
molecular polarizabilities derived from them. Of the seven
classes of compounds, the alkanes and the amides were

functional polarizabilities polarizability derivatives examined in especial detail, since they form families of extended
group dipolé quadrupole  dipole quadrupole molecular structures, and there are also numerous experimental

alcohols 2.9 (0.42) 120 195 195 and previous theoretical studies ava_|lable for comparison. We
alkanes 2.3(0.97) 17.9 28.6 19.1 focus primarily on thg extent to which the bond increments
amides 3.9 (0.68) 11.4 39.6 26.4 reproduce the ab initio quantities. To verify that the resulting
amines 2.6 (0.50) 18.8 22.0 19.4 parameters capredictmolecular polarizabilities in addition to
benzene ~ 0.5(0.00) 0.0 55.0 29.6 fitting the data, we examined an additional set of alkane and
carboxy acids 5.3 (0.95) 125 46.7 26.2 amide molecules that were not used in the fitting. We will refer
sulfur cmpds 5.7 (0.67) 32.9 27.5 22.9 e
average rms 3.2 15.1 341 233 to these additional compounds as the test set. The molecular

aValue in parentheses is the rms relative percentage deviation in
the isotropic molecular polarizabilities.

Derivation of Polarizability Bond Increments

All the resulting polarizability bond increment valuéﬁb
andé%b are listed in Table 2. Table 3 shows the precision with
which the ab initio quantitiesthe molecular dipole and dipcte
quadrupole polarizability tensors and their derivatives with

structures in the test set are shown in Figure 2.

In the following sections we will discuss the results of the
derivation of the polarizability terms for each family of
molecules separately, focusing on aspects of the calculations
that are unique to that family. For purposes of comparison, it is
useful to use the isotropic polarizabilities for both the molecules
and the individual atoms, i.e. the polarizability averaged over
all directions. The isotropic polarizability for a molecule is given
by diso = (axx + oyy + 027)/3, and similarly for atona, aise® =

respect to the molecular internal coordinates for all the species(ox® + oy + 0.#)/3. The atomic polarizabilities of terminal

in the training setare fit by these polarizability bond incre-

atoms are characterized by two ternd’ and 6%, for the

ments. Dipole polarizabilities are represented better than the polarizability components perpendicular and parallel to the
quadrupole terms (3.2% and 15.1% root-mean square (rms)terminal bond. The polarizabilities of nonterminal atoms will
deviations, respectively) and, as expected with our choice of generally be characterized by completely anisotropic atomic
weighting factors, the polarizabilities are fit better than their polarizability tensors, since they contain contributions from two
derivatives (34.1% and 23.3%). Isotropic dipole polarizabilities or more other atoms.
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TABLE 4: Ab Initio and Bond Increment Values for the TABLE 5: Comparison of Experimental and ab Initio
Molecular Isotropic Dipole Polarizabilities for the Alkane Molecular Isotropic Dipole Polarizabilities for Alkanes
Molecules in the Training Set

polarizabilities (&)

polarizability (A3)

molecule experiment ab initto % difference
— - ] —

molecule abinitio  bond incremefts % deviation methane 2.60 2.31(0.29) 112
methane 2.310 2.311 (0.001) 0.04 ethane 4.40 3.9840.42) -9.5
ethane 3.976 3.949-0.027) -0.27 propane 6.23 5.65+0.58) —9.3
propane 5.649 5.688-0.061) —0.50 n-butane 8.02 7.340.68) —-8.5
n-butane anti 7.340 7.22610.113) —0.89 isobutane 8.01 7.310.70) -8.7
n-butane gauche 7.274 7.22610.048) —0.05 n-pentane 9.88 9.040.84) -85
isobutane 7.312 7.226-0.085) —0.45 average (0.58) —-9.3
n-pentane 9.039 8.865-0.174) —-1.23 N L . .
isopentane 8.951 8.865-0.086) —017 Absolute deviations from experiment in parentheses.
2,2:d!methylbutane 10.550 10.530Q.047) :0'81 TABLE 6: Empirical and Quantum Mechanically
2,3-dimethylbutane — 10.542 10.5034.039) 0.79 Determined Atomic Polarizabilities Previously Reported for
methylcyclohexane 11.606 11.476(.136) —0.16 -
overalP (0.088) 053 Alkanes Compared with the Present Results

a Absolute differences from ab initio are given in parenthe%&sms polarizabilities ()

differences (in parentheses) and average of absolute percentage method c h
differences. empirical (Miller?) 1.116 0.392
empirical (No et aFf) 1.051 0.389
It is useful in many cases to compare both the ab initio and QM (Ferraro et al) 0.85 0.40
the modeled isotropic molecular dipole polarizabilities with QM (Zhou and Dykstr#) 1.822
present work (unscaled) 0.950.967 0.338

experiment. Several compilations of these experimental values
have been published. In particular, a recent compilation by present work (scalet) 1.052-1.064 0.372
Gussoni, Rui, and ZerHigave isotropic polarizabilities of 650 #Scale factor= 1.10 from scaling the ab initio total molecular
small organic molecules, as well as analyzing the trends amongPolarizability.

the polarizabilities. The data were obtained from the Lorenz ) ] ] o

Lorenz equatiod® which relates the molecular polarizability For the alkanes, isotropic atomic polarizabilities (based
to the molar index of refraction. These data are corrected where€Ssentially on atom types) have been derived by several authors
necessary for normal dispersion, but generally not for effects Using both experimental data and quantum mechanical calcula-
of temperature, pressure, nor the frequency of the light sourcetions. Four of thesetwo empirical and two quantum mechan-
employed. For consistency we will use the values recommendedical—are collected in Table 6. These are compared with the

noted. and without the scale factor of 1.10, in the fifth and sixth rows

Alkanes. The molecules chosen to represent the alkanes Of data. Note that the values for the carbon atom from the present

varied in size from methane to methylcyclohexane. As given WOrk span a range, since they employed bond increments to
in Table 2, the polarizabilities for the alkanes with our representdiffering molecular environments. However the range

cylindrically symmetric bond increment model are given by four IS quite narrow (0.012 A indicating that a model using atom
quantities: 0", 0S¢ 6" and 6°C. As an initial test we types instead of increments could in principle be accurate across
computed egc,h cl)lf ’theD éompongnts of the molecular dipole the entire set of alkane molecules. The two empirical approaches,

e . . 6 Nars :
polarizability tensors of each molecule using the bond incre- PY NO et al* and by Miller? and the quantum mechanical
ments, and compared them with the components of the ab initio (Hartree-Fock) values by Ferraro et dlare all in substantial

polarizability tensor. The deviations between the two were found agreement with each other and with our bond increment results.
to be nearly independent of the size of the molecule, and to However the value for carbon of 1.822 Aeported by Zhou

range from 0.0% for methane to 4.4% fopentane. As shown ~ and Dykstra based on SCF quantum calculations, is larger

in Table 3, the overall rms deviation in the tensor components 2Y @bout a factor of nearly two. (Earlier work by Stout and
was 2.3%. Dykstra®® which employed quantum calculations including

Another way of gauging the quality of the model is by using electron correlation, found even larger values, for example 1.930
the isotropic molecular polarizabilities. Table 4 lists the ab initio A° With the coupled cluster approximation.) The relatively large
polarizabilities and those found using the bond increments for Values obtained by Stout and Dykstra as well as those from
the eleven alkane species. The differences between the two aréou and Dykstra arise because these two studies constrained
in parentheses, and the last column gives the percentage_the po_lanzabllltles (_)f aI_I the hydrogens to be z_ero,_thus |mpI|C|FIy
deviation. Differences range from 0.002 ®.04%) for methane  Including the contributions of the hydrogens in with the heavier
to 0.174 & (1.23%) forn-pentane. The overall rms deviation atoms in fitting the molecular polarizabilitiés:®
is 0.088 &, corresponding to an average relative deviation of  Thus, from the values in this table, there is a consensus that
only 0.53%. the isotropic atomic polarizability of a hydrogen atom in an

Experimental isotropic polarizabilities are known for at least alkane,a, is between 0.3 and 0.43Aand ag, for an sp
six of these species. The results are listed in the second columrhybridized carbon atom is about £ &neglecting the values of
of Table 5, with the ab initio values in the next column. The Stout and Dykstf& and Zhou and Dykst?§).
deviations are given in parentheses, with the percentage devia- It should be pointed out that other authors have reported
tions in the last column. The ab initio values are consistently isotropic atomic polarizabilities for alkanes. However, the values
smaller, the deviations ranging from 8.5% foipentane to generally show considerable dissimilarities among the different
11.2% for methane with an average deviation of 9.3%, sug- studies and from all those presented herein. Thus, Gao*t al.,
gesting that the ab initio results should be scaled up by a factorusing an empirical approach based on simulations of liquids,

of approximately 1.10 to reproduce the experimental values. reportedmgO = 0.124 B and aiio = 0.649 B. Nakagaw#
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TABLE 7: Ab Initio and Bond Increment Values for the
Molecular Isotropic Dipole Polarizabilities for the Amide
Molecules in the Training Set

TABLE 8: Comparison of experimental and ab Initio
Molecular Isotropic Dipole Polarizabilities of Amides

polarizabilities (&)

polarizability (A3)

molecule experiment abiniffio % difference

molecule ab initio bond increments% deviation formamide 4.08 3.46(062) -152
formamide 3.461 3.457+0.004) —-0.12 acetamide 5.67 5.070.60) —10.6
acetamide 5.067 5.036-0.030) —0.59 N-methylformamidefrans  5.91 5.09¢0.82) —139
N-methylformamidetrans  5.091 5.164 (0.073) 1.43 N-methylacetamiderans 7.82 6.73¢1.09) —13.9
N-methylformamidecis 5.155 5.164 (0.009) 0.17 N,N-dimethylformamide 7.81 6.820.99) —12.7
N-methylacetamidgrans  6.726 6.743 (0.017) 0.25 average 10.82) —13.3
N-methylacetamidegis 6.703 6.743 (0.040) 0.60 a L . .
N,N-dimethylformaide 6.817 6.817 (0.053) 0.78 Absolute deviations from experiment in parentheses.
g\grg:?ethylacetamude 8405 (o_gjéfo (0.045) 0_5%54 are smaller than experiment by amounts ranging from 10.6%

R ) o o 5 (acetamidt_e) to 15.2% (formamide)_ f_o_r an average difference of
2 Absolute differences from ab initio are given in parenthelems 13.3%. This suggests that the ab initio values should be scaled
differences (in parentheses) and average of absolute percentage
differences. up by a factor of 1.15, compared to a scale factor of 1.11 for
the alkanes.

reported that!, and o, are about equal, for example 0.582 Table 9 shows the isotropic atomic polarizabilities for the
A3 and 0.557 A, respectively, based on quantum calculations amide atom types from the tables of empirical parameters by
at the MP2 level in propane. Both of these approaches relied No et al® and by Miller? the values without and with scaling,
on studying the nonuniform electric fields formed by point and the ab initio values reported by Zhou and Dyk&usiote
charges. Thus it appears that the point-charge models are nothat all the previously reported methods require all thé sp
of the same level of accuracy as the others, and so comparisonsybridized carbon atoms to share the same polarizabilities, as
with them will not be included in our discussion of the following  well as all carbonyl carbons, all amide nitrogens, and all the
families of molecules. hydrogens. Based on our present calculations, this may be a

Amides. As shown in Figure 1, the training set for the amides reasonable approximation for the carbon atoms. However the
consisted of eight species, containing between one carbonamide nitrogens span a range of about 30% between the differing
(formamide) to three carbon atoms (dimethylacetamide). Bond bonding environments, and the hydrogens attached to carbonyl
increments are required for all bonds to the amide carbQn (¢ carbon or nitrogen have significantly smaller polarizabilities
oxygen (¢), and nitrogen (n), and the hydrogen bonded to the (0.298 & and 0.289 &) than those attached to alkane carbons

amide nitrogen (h*). For example fo-methylformamide, the
atom types are related to the structure as follows:

1

(0.389 A). Again the bond increment atomic polarizabilities
are in quite reasonable agreement with both set of empirical
values. However the values found by Zhou and DyR&tfar

the carbons and nitrogen are again considerably larger than those
from the other studies, while the carbon oxygen value (0.464
A3) is much smaller, as expected for the reasons cited above.
Other Families of Molecules.For the remaining molecules
we will focus primarily on the isotropic atomic polarizabilities
Parallel and perpendicular components are required for siX for purposes of comparing with the values reported by other
bond types, not including those that may be transferred from guthors and of examining trends between families of compounds.
the alkanes. In solving for the atomic polarizabilities and their ~ aAmines The ammonia, methylamine, and dimethylamine
derivatives, it was found that an additional constraint on the molecules were used to derive the bond increment parameters
bond increments was needed to derive a unique solution. Infor the honds to the amine nitrogen (na). In these species there
this case, for the amide carbon atom, wedget” = o5° = of" are four atom types: na, c, h, and h*, the h* representing
= 08¢ = 0% = 6T = 0. However, the increments in the hydrogen bonded to nitrogen. So, for example, methylamine
reverse direction, such aiﬁ'””, were retained. By examining  would be assigned atom types as follows:
the quality of the fit, this was found to be a very good
approximation. For example Table 3 shows that, using this h h*
approach, the components of the molecular dipole and quad- h— ' - /
rupole polarizability tensors were fit with rms deviations of 3.9% f na\
h h*

and 11.4% respectively, results which are comparable to the
Thus, there are parallel and perpendicular components for

other families of molecules.
Table 7 lists the isotropic molecular polarizabilities obtained
from the ab initio calculations and with the bond increments two additional bond types: -ena and na-h*, or four additional
for the eight amide species in the training set. The ab initio bond increments. Interestingly, when these are applied to the
polarizabilities range from 3.461 3&or formamide to 8.405 set of amines, the isotropic polarizability of the nitrogen is found
A3 for N,N-dimethylacetamide, the differences between the ab to vary appreciably between different bonding environments,
initio and bond increment values varying from 0.00%(8. 12%) decreasing from 1.0133%in ammonia to 0.964 Ain methy-
in formamide to 0.073 A(1.43%) in trans\-methyformamide. lamine and 0.915 Ain dimethylamine, for a total decrease of
These are quite similar to the deviations found for the alkanes about 10%. This is in contrast to the alkanes, for which a
(Table 4). The rms and average relative deviations are 0.040variation of only about 1% was found among the molecules
A3 and 0.56%, compared to 0.088 And 0.53% found for the ~ examined. The experimental polarizability of ammonia is 2.14
alkanes. A3, while the ab initio value is 1.80 A or 15.9% lower. This
Experimental isotropic polarizabilities are known for at least leads to a scale factor for the ab initio results of 1.19. The
five of these species, as listed in Table 8. The ab initio values resulting isotropic atomic polarizabilities are given in Table 10,

0 h* b
I I

h—c'—n—c—h
h
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TABLE 9: Empirical and Quantum Mechanically Determined Atomic Polarizabilities Previously Reported for Amides
Compared with the Present Results

polarizabilities (&)

method ¢ o n h(c) h* c(c) c(n) h(c)
empirical (Miller®) 1.369 0.739 0.851 0.392 0.392 1.116 1.116 0.392
empirical (No et aF) 1.077 0.829 1.020 0.389 0.389 1.051 1.051 0.389
QM (Zhou and Dykstr#) 1.671 0.464 1.296 1.822 1.822
present work (unscaled) 0.948.950 0.858 0.8881.156 0.259 0.251 0.830 0.808 0.338
present work (scaled) 1.084-1.098 0.987 1.0211.329 0.298 0.289 0.954 0.929 0.389

a Scale factor= 1.15 from scaling the ab initio total molecular polarizability.

TABLE 10: Empirical and Quantum Mechanically however, imposed cylindrical symmetry on the bonds to the o
Determined Isotropic Atomic Polarizabilities Previously and h atoms.) The results are shown in Table 12. Comparing
Reported for Amines Compared with the Present Results with the values in Table 11, all the polarizabilities are found to
polarizabilities (&) be quite close to those from the bond increment model. The
method na h* c largest differences between the two structures is for the doubly
empirical (Millef) 1077 0392 1116 co_nnected oxygen (0), which decr_eases from _0.651 to 0.607 on
empirical (No et af) 1.020 0.389  1.051 going fromcisto trans compared with the bond increment value
QM (Zhou and Dykstr#) 1.321-1.490 1.822 of 0.653 for both structures. For thé and h* atom types, the
present work (unscaled) 0.943.013 0.262 0.932 cis andtranspolarizabilities are very similar to each other and
present work (Scaleﬁi) 1.089-1.205 0.312 1.109 to the bond |ncrement Va'ueS.
aScale factor= 1.19 from scaling the ab initio total molecular Sulfur Compounds. As shown in Figure 1, six species were
polarizability. used in deriving the bond increment parameterc(dr—s, and

s—s bonds in Table 2) for compounds containing doubly
connected sulfur. The resulting isotropic polarizabilities are
given in the third row of Table 13. The sulfur polarizabilities
. ; 2 . span a range from 2.540 to 2.76G &r about 9% depending
were combined in the fit since they both contain the@-H on the molecular connectivity. Comparing experimental polar-

moiety. Bo.nd ir(]jcregllent terms 3re required for t[‘)NO aldditional izabilities for hydrogen sulfide and dimethyl sulfid¢3.83 and
atom types: o (doubly connected oxygen) ah(tarbonyl oxy- 7 53 £3 " respectively) with the ab initio values (3.31 and 6.73

gen). For example, acetic acid is assigned atom types as fOHOWS:A% respectively) shows that the experimental values are larger
by an average of 0.66 %or 12%. This suggests that the ab

which lists the scaled and unscaled values, along with some of
the values that have been reported by other authors.
Alcohols and Carboxylic Acidg.hese two functional groups

lll /O initio values should be scaled up by a factor of 1.12. The scaled
h—c—c¢" atomic polarizabilities are shown in the fourth row of Table

] N\ 13. The hydrogen polarizability (0.44P)is significantly higher

h o—h* than in the compounds of lighter elements (for example 0.372

_ . ~ A3%in alkanes).
In computing the bond increment parameters for the acids  Benzene In determining the polarizability bond increments
and alcohols, it was found necessary to impose the constraintsigr penzene rings, we imposed the constraint that the hydrogen

067" = o¢h = 6o = ¢¢~¢ = 0 (contributions to ¢from contribution to the carbon polarizabilig#® ~ 1 (but notoh-ce,

0, etc.) for the parallel and perpendicular components. However the carbon contribution to the hydrogen) was set to zero. As
the contributions in the reverse direction8 <", 6", 6"°, shown in Table 3, the ab initio dipole polarizability tensor of
andoc ¢, were determined. benzene is reproduced with an accuracy of 0.5% by the bond

Comparison of the experimental isotropic polarizabilities for jncrements (components parallel and perpendicular to the ring
formic acid, acetic acid, methanol, and ethanol (3.32, 5.15, 3.21,11 388 and 5.683 & respectively, from the ab initio method
and 4.92 &) with the ab initio values (2.74, 4.37, 2.77, and and 11.354 and 5.751 3%from the bond increments). The

4.44 respectively) gives an average difference of 0.50A isotropic polarizability (9.487 & was precisely reproduced by
14.0%, indicating that the ab initio values should be scaled up the pond increments.

by a factor of 1.16. The resulting atomic polarizabilities are shown in the third

The resulting isotropic atomic polarizabilities are shown in 4 of Taple 14. The experimental isotropic polarizability for
Table 11. The results are similar to those for the amides shown o penzene molecule is 10.39 ihile the ab initio value is

in Table 9. The polarizability of the carbonyl oxygen is found g 49 A3 corresponding to a scale factor for the ab initio values

to be appreciably greater’éhan that of the acidic oxygen (0.942 4t 1 09, The scaled atomic polarizabilities are given in the fourth
for atom type 6vs 0.757 A for o respectively after scaling). 4y of the table. Note that the polarizability of the aromatic

All carbon atoms again have about the same values. The scaled 4rhon atom is now about 30% larger than that in the alkanes.
polarizability of the polar hydrogen (h*) is about 0.3 Both

when the hydrogen is bonded to nitrogen in amides and when
bonded to oxygen in acids.

In the case of formic acid, there are two conformeis &nd Alkanes. The precision of the fit to the data is generally not
trans). This allows us to examine the conformational dependence sufficient to establish the accuracy and reliability of a theoretical
of the atomic polarizabilities. The bond increment model gives procedure. It is desirable to show that the resulting values may
very nearly the same isotropic polarizabilities for the two be applied to additional molecules of interest. For the alkanes
conformers. However, since both structures are planar, this is aand amides we therefore selected sets of compounds that have
case where we may solve the equations, such as (3) and (4)significantly different structures than those used in deriving the
exactly and directly without using bond incremeh(sVe have, polarizability bond increments. Table 15 gives the results for

Testing the Polarizability Bond Increments
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TABLE 11: Empirical and Quantum Mechanically Determined Isotropic Atomic Polarizabilities Previously Reported for
Alcohols and Carboxylic Acids Compared with the Present Results

polarizabilities (&)

method ¢ o o] h* h(c") c(c") c(o)
empirical (Miller®) 1.369 0.739 0.780 0.392 0.392 1.116 1.116
empirical (No et aF) 1.077 0.829 0.728 0.389 0.389 1.015 1.051
QM (Zhou and Dykstr#) 1.671 0.464 0.518 1.822 1.822
present work (unscaled) 0.849 0.812 0.653 0.249 0.230 0.806 08846
present work(scale#) 0.985 0.942 0.757 0.289 0.267 0.935 0.964047

a Scale factor= 1.16 from scaling the ab initio total molecular polarizability.

TABLE 12: Atomic Polarizabilities of the Cis and Trans TABLE 15: Ab Initio and Bond Increment Values for the
Conformers of Formic Acid, Found without Imposing Bond Molecular Isotropic Dipole Polarizabilities for the Alkane
Increment Constraints Molecules in the Test Set
polarizabilities (&) polarizability (A3)
atom type cis trans molecule ab initio  bond increments % deviation
c’ 0.844 0.843 cyclopropane 5.035 4.916-0.119) —2.36
o 0.795 0.817 cyclobutane 6.694 6.554-0.140) —2.09
o] 0.607 0.651 cyclopentane 8.224 8.193-0.031) —0.50
h* 0.247 0.223 cyclohexane 9.851 9.831-0.020) —0.89
h 0.250 0.265 cycloheptane 11.452 11.470(0.017) 0.05
N ) methylcyclopropane 6.727 6.5540.173) —2.57
TABLE 13: Empirical and Quantum Mechanically methylcyclobutane 8.391  8.1930.198) —2.36
Determined Isotropic Atomic Polarizabilities Previously neopentane 8.953  8.865(.088) —0.98
Reported for the Sulfur Compounds Compared with the 2,2,3-trimethylbutane 12.107 12.142 (0.035) 0.29
Present Results overalP . (0.112) 1.34
larizabilities (& overall excluding 3- and (0.046) 0.54
polarizabilities (%) four-membered rindgs
method S h
— - a Absolute differences from ab initio are given in parenthe%ess
empirical (Miller?) 3.056 0.392 . .
empirical (No et af) 3316 0.389 g:g::ggg:z (in parentheses) and average of absolute percentage
present work (unscaled) 2.54Q2.760 0.401 ’
present work (scaled) 2.845-3.091 0.449

TABLE 16: Ab Initio and Bond Increment Values for the

aScale factor= 1.12 from scaling the ab initio total molecular Mo:ecu:ar |_50ttrr]°pil9 DtipSC”? Polarizabilities for the Amide
polarizability. olecules in the Test Se

. . polarizability (A%
TABLE 14: Empirical and Quantum Mechanically

Determined Isotropic Atomic Polarizabilities Previously molecule abinitio  bond incremerits % deviation
Reported for Benzene Compared with the Present Results EGLYP 7.899 7.8900.009) —0.11
polarizabilities (&) FALA® 9.456 9.528 (0.072) 0.76
FAMPAM¢ 11.022 11.167 (0.145) 1.32
method cp h overalP (0.094) 0.73
emp!r!ca: (M||Ier5)F 1'383 8'392 a Absolute differences from ab initio are given in parenthe%és.
empirical (No et af) 1.4 .254 p ey ] o T
present work (unscaled) 1.345 0.236 formylglycineamide ¢ N-formylalanineamide? 2-(formylamino)-2
present work (scale) 1.466 0.25'7 methylpropaneamidé.rms differences (in parentheses) and average

of absolute percentage differences.

aScale factor= 1.09 from scaling the ab initio total molecular

polarizability. 2-(formylamino)-2-methylpropaneamide. These were chosen to
include both larger molecules than those in the training set, and

the ab initio and bond increment isotropic dipole polarizabilities also those with substituents on the alpha carbon atom. The ab
of nine test compounds. These are also shown in Figure 2. Theyinitio and the bond increment isotropic molecular polarizabilities
were chosen to include more rings and highly branched are compared in Table 16. The largest difference is found for
compounds than in the training set. 2-(formylamino)-2-methylpropaneamide, for which the ab initio

Table 15 lists the ab initio and bond increment isotropic polarizability is 11.022 A and the bond increment value is
molecular polarizabilities for the test set molecules. The overall 11.167 &, for a difference of 0.145 Ror 1.32%. For the three
rms deviation between ab initio and bond increment polariz- compounds the rms deviation is 0.094 dorresponding to an
abilities is 0.112 & for an average relative deviation of 1.34%, average absolute relative deviation of 0.73%. This is comparable
compared to 0.088 Aand 0.53% for the training set used to to the training set compounds, for which the overall deviations
derive the bond increments. However, the four largest deviationsare 0.040 & and 0.56%.
correspond to the four three- and four-membered ring com-  The results for the test compounds may be summarized by
pounds, which are generally the most difficult to model with comparing the differences between the ab initio and bond
any parametrization that is also to be employed for the straight-increment molecular polarizability tensor components and
chain alkanes. When the small ring compounds are excludedisotropic polarizabilities. As was shown in Table 3, for the
from the comparison, the deviation is only 0.04§ Ar 0.54%, alkane training set, the rms deviation in the tensor components
essentially the same as that in the training set. is 2.3% and in the isotropic value 0.97%. For the test set of

Amides. As shown in Figure 2, the three amide test species compounds these deviations are 2.6% and 1.05% excluding the
consisted ofN-formylglycineamideN-formylalanineamide, and ~ small ring compounds. Similarly for the amides, the deviation
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for the training set is 3.9% and 0.68% for the tensor componentspolarization tensor on each atom. Table 2 shows that the
and isotropic value, respectively. For the test set this is 3.9% anisotropy is always appreciable, the polarizability along the
and 0.88%. Therefore, as measured by both the tensor compobond always being at least roughly twice that perpendicular to
nents and the isotropic approximation, the bond increments arethe bond. This was also observed in the quantum calculations
reasonably transferable from the training to the test set of by Stout and Dykstr& In some cases, such as for nitrogen and

molecules. sulfur, the differences between the two components can be
_ considerably greater. This means that a computed interaction
Conclusions energy with an ion or another molecule that took place primarily

In this paper we have applied a new procedure for computing ann_g a termina_l bqnd and relieq on an isotropic_: model W(_)uld
effective atomic dipole polarizability tensors to seven types of pbtaln a polarization contribution that contains a serious
organic compounds. A new way of representing the atomic terms 'naccuracy. - .
was proposed, polarizability bond increments, which reduces _Perhaps the most significant conclusion from the agreement
the number of quantities that must be determined while Of Our quantum mechanically determined isotropic atomic
maintaining the anisotropy of each atomic tensor. It also allows polarlzab.llltles W',th thg .emplrlcal valugs !s.that It |nd|(.:at.es that
a more transferable description by including the effects of the OUr tomic polarizabilities are accuratelividually. This is a
local molecular connectivity. Thus, it should be suitable for Much more stringent requirement than requiring that their sums,
predicting the properties such as conformational energies and®S represented by the tot_al molecular polarlzabll_m_es, are
binding affinities in large molecular systems such as proteins. accurate. As we noted previouslgccuracy of the |nd|V|QuaI

Dipole and quadrupole polarizabilities and their derivatives °MIC terms should be necessary for any model that is to be
with respect to internal coordinates were computed quantum used o compute localized properties, such as interaction
mechanically and used to derive bond increments for polariz- EN€rd'€s. Therefore. the type of model presented here ShOUId
ability parallel and perpendicular to the bonds for a training set find broad application to a range of computed properties,
of 29 compounds. The results were examined by comparing particularly for large organic molecules and polymers.
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