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Alternative Approaches for the Calculation of Induction Energies: Characterization,
Effectiveness, and Pitfalls
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One of the practical difficulties precluding the generalized development of nonadditive, polarizable models
for statistical simulations is rooted in the costly estimation of accurate induction energies, from which distributed
polarizabilities can be derived. From a finite perturbation (FP) perspective, mapping the induction energy
over a grid of points implies as many distinct quantum chemical calculations of the molecule interacting with

a polarizing charge as the total number of points. Here, two alternative routes for computing accurate induction
energies in a time-bound fashion are explored. The first one is based upon second-order perturbation theory
and only involves a single quantum chemical calculation at the Hatffeek level of approximation to map

the induction energy. The second one, less straightforward in its implementation, relies on a topological
partitioning of the response charge density, also evaluated from a single quantum chemical calculation, yet
at virtually any level of sophistication. Critical comparison with reference FP computations reveals that only
appropriate scaling of the perturbative (PT) induction energies can warrant a faithful description of polarization
phenomena. In the case of neutral molecules, a reasonable reproduction of molecular dipole polarizabilities
is achieved when use is made of a simple scaling function that solely depends on the distance separating the
points of the grid from the center of mass of the molecule. For anions, the marked anisotropy in the deviation
of the PT induction energies from the target FP ones makes the definition of such a general scaling function
virtually impossible. In sharp contrast, the approach based upon the topological partitioning of the response
charge density does not require any adjustment or scaling, and, thus, constitutes a more robust and rigorous
strategy for the computation of induction energies. Examination of distinct protocols for mapping the induction
energy emphasizes the necessity to sample the space around the molecule far enough from the nuclei to
reproduce molecular dipole polarizabilities accurately. Compared to the spatial extent of the grid, the density
of points appears to be of lesser importance.

nonadditivity effects can be neglected, intermolecular potentials

The assumption that induction effects can be accounted for Parameterized with net atomic charges derived from the HF/6-

in an average fashion by means of a simple, appropriate 31G(d) electrostatic potential provide a reasonab_le description
parameterization is at the origin of the durable success of Of the properties of the liquidl, although explicit, mutual
pairwise, additive potential energy functions for cost-effective polarization of the constituent molecules and their environment
statistical simulations of liquids. An important ingredient in the is clearly absent. The advantage of representing the system using
development of such nonpolarizable, effective force fields pairwise, additive potential energy functions lies in the cost-
consists of increasing artificially the polarity of the participating effectiveness of the statistical simulation, avoiding the compu-
molecules to compensate for missing, through-space inter-tationally demanding estimation of induced moments at the
molecular induction phenomedaA popular approach for  expense of sampling of the phase space. Such an implicit
implicit polarization is based upon the observation that, polarization approach is, however, not equivalent to a rigorous,
compared to the experimental gas-phase quantities, moleculamtomic-level description of the molecular response to a non-
dipole moments computed at the Hartréeock (HF) level of uniform, external electric field, thus constituting the inherent
theory, using a split-valence 6-31G(d) basis set, are systemati-imitation of the approach. This is particularly relevant in
cally exaggerated.In a number of instances where explicit ~ statistical simulations of ionic species or highly polarizing
systems interacting with polarizable ones. Furthermore, explicit
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simulations, has allowed molecular assemblies of appreciablethe molecule, discretized in the form of a grid N§ points,
complexity to be tackled over realistic time-scales, using evaluating induction energies for the same grid via FP would
sophisticated potential energy functions. The generalized avail-require N, distinct QM calculations, hence constituting the
ability of such resources has inevitably contributed to the recent computational bottleneck of the approach. Clearly, the signifi-
interest of nonadditive force fields, opening the way to the cant computational effort involved in the determination of
development of alternative approaches for modeling induction induction energies, including usually intramolecular electron
effects in chemical systems. To a large extent, the success ofcorrelation and employing large basis sets to warrant an
molecular simulations relying on polarizable potential energy appropriate reproduction of the molecular polarizabilities, limits
functions is closely coupled to the ability of the modeler to the applicability of FP to sufficiently small, prototypical systems.
design such functions. Arguably, the most popular scheme for In light of these conclusions, two alternatives were developed
constructing models of atomic polarizabilities is the one concurrently, aimed at a faster estimation of induction energies
proposed by Applequiétin essence, his method is based on a and relying essentially upon a single QM calculatiera sine
self-consistent determination of parameters characterizing thequa noncondition for the development of nonheuristic models
atomic polarizability that see each other through screened of distributed polarizabilities. The first scheme, based on second-
dipole—dipole interactions. Just like its refined version devised order perturbation theory, allows the generation of large grids
by Thole? this heuristic approach implies a substantial com- Of induction energies derived from one QM calculation at the
ponent of arbitrariness in the parameterization of the model. In HF level?-?2In essence, it relies upon an uncoupled form of
contrast, the partitioning scheme put forward by Stérfe, the HF equations and provides only an approximation of the
combining an earlier formulation of the susceptibility function ~€xact induction energy. Using adequately chosen scaling factors,
of the charge densit§ with the distributed multipole analysis ~ this perturbative approach has been shown to yield induction
(DMA) method?* is clearly more rigorous. Rational models of ~€nergies in good agreement with the FP quantifidhe second,
distributed polarizabilities are derived from high-quality quan- More elaborate scheme consists of computing induction energies
tum mechanical (QM) calculations of the response of an isolated from fully distributed models of polarizabilities obtained W|t_h|n
molecule to an external perturbation, thereby providing one- the framework of the AIM theory? The key feature of this
and two-center chargecharge, chargedipole, dipole-dipole, approach.lles in its ability to map grids of |_r1dyct|on energies
etc. parameters. A pivotal aspect of this approach concerns théom @ single QM calculation at a sophisticated level of
partitioning of the response charge density into atomic and @Pproximation, followed by the topological partitioning of the
nonlocal contributions. Closely related, an alternative procedure €l€ctron density response into atomic regiéhs.

supplying reasonably transferable, distributed polarizabiities 1€ main thrust of the present contribution is the search for
relies on a topological partitioning of the molecular space into &N Optimal, cost-effective approach for constructing models of

atomic regions, according to the theory of “atoms in molecules” distributed polarizabilities capable of describing accurately
(AIM) devised by Badet3 The derived polarizability parameters nonadditive phe_nomena_ln statistical S|mulat|_ons. A pz_;lrtl_culgr
have been shown to reproduce accurately, in a given region effort has been invested in the past decades in the optimization
the induced moments due to a local electrostatic potential andOf bas_|s sets Of_ reasonable size, adapted _to the reprpduc_t_lc_)n of
its successive derivatives experienced at another site. Inherently}EIGCtIrIC properties. Here, th? molecular dipole polarizabilities
nonlocal®913the resulting models include a plethora of terms for a series of s4ma||, protot)éplcal molecules have been computed
that rapidly become cumbersome to handle, especially in the us'|||ng thehELlﬁ, tt:etstsdlef, an((jjthe prglckméﬁbtisis setts. Itb ;
context of statistical simulations. For the latter, the number of W' P€ Shown that the second probably constitutes the bes

polarizability components should be reduced significantly to compromise in terms of precision and computational effort for

yield compact and tractable sets of parameters, limited to low- tmhgnivt;afllrjr?(gl(;)enlsor);r:ioilst?i“t)our;e%ne(r)?;isz’a?)ﬂi?i’ezerlllcee)éttrt]i?edri\éeril?sp-
order terms, e.g., charge flow and one-center dipole polariz- P . ’

abilities, capable of describing induction phenomena at a and the limitations of two alternative approaches for calculating
minimal cost. As a result, the above methods are not necessaril nduct|on' energies, namely the_method based on secono!-_order
compatible with such requirements, and the quality of the perturbation theory and that relying upon a topological partition-

generated models strongly depends on their level of sophistica—'ng Of.the. response charge density, will be discussed. To analyze
tion. For instance, limiting the description to atomic dipole quantitatively the accuracy of these approaches, the computed

A, ; .. __induction energies of a series of molecules will be compared
Eg%ﬁ?ﬂlg'iﬁa:ﬁ?ﬁf drIT) %rlc;dil;ckt]lcc:ge?gsr:olecular quantities with those obtained via FP methodology. An important aspect

) ; ] _in the derivation of distributed polarizabilities concerns the
Atomic point charges derived from the quantum mechanical gesign of the grid of points over which the induction energy is
electrostatic potential computed on a grid of points around the mapped. The density of points, as well as the radial extent of
moleculé*~*® are largely utilized for parameterizing the Cou- the grid will be analyzed by considering how they affect the

lomb part of all-purpose force fields. In the spirit of this fitted polarizabilities. Last, models of distributed polarizabilities,
approach, a number of schemes targeted at the construction ofncjuding charge flow and isotropic dipole polarizabilities, will
mOdelS Of diStributed p0|ari2abi|ities have been devised, basedbe bu||t us|ng the |nduct|0n energies resu'ﬂng from Second_
on a least-squares fitting procedure to the induction en€rdy.  order perturbation theory and the topological partitioning of the
Their strength resides in the possibility to generate easily response charge density. As a rigorous assessment of their
compact and flexible sets of polarizability parameters at any respective quality, the molecular polarizabilities regenerated
given order. Contrasting with the electrostatic potential, directly from these models will be compared with those obtained from

available from the wave function, the induction energy is second-order MgllerPlesset (MP2) computations and those
somewhat more difficult to attain. In its most straightforward determined experimentally.

formulation, referred to as finite perturbation (FP)t can be . )

estimated by considering the interaction of the molecule with a 2- Methods and Computational Details

nonpolarizable point charge. Whereas potential derived charges 2.1. Effects of Geometry and Basis Sef critical issue in
imply a single QM calculation to map the entire space around the construction of models of distributed polarizabilities is the
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level at which the induction energy is computed to guarantee the nuclear charge of atolocated aRa. Induction phenom-
an accurate regeneration of molecular polarizabilities. It has beenena appear at the second order of perturbation theory:
demonstrated that the faithful reproduction of these quantities

via QM calculations requires a high level of sophisticaion. _ @}(0) Ok (l)D

In particular, to attain results in close agreement with the g = m"/’ ®3)
available experimental data, the introduction of intramolecular K

electron correlation, at least at the MP2 level of approximation, Here, |31 the first-order corrected molecular wave function.

and the use of large, flexible basis sets are mandatory. Recentquation 3 can be approximated within the framework of the
calculations of molecular polarizabilities employing the triple- theorv. emploving the following expressidh:
-like 6-3114-+G(2d,2p) basis set, have revealed that the latter ¥, employing g exp '

was far from optimal for that purpose, always providing occvir ¢
underestimated quantiti@s Considerable effort has been de- Y e zz zzc* c @
voted in recent years to the development of alternative basis = " &4 — | £ £ LK
sets aimed at a quantitatively accurate description of electric '

properties in molecular systems. In the present contribution, the ¢ ande, correspond, respectively, to the energy of occupied,
merits of the ELF! the Sadlef? and the Spackméfbasis sets 4 and virtualr, molecular orbitals of the isolated species. The
for the computation of molecular dipole polarizabilities will be strength of this PT approach lies in its reduced computational
analyzed for HO, NHs, H>S, HCN, GHj, CoHa, CoHe, CeHe, cost, as only one single QM calculation at the level is required
HCOH, HCOOH, and HCONH These QM calculations were  tg estimate the density matr#%?22It also constitutes its inherent
carried out at the MP2 level of approximation, utilizing two \yeakness. It should be clearly emphasized here that eq 4
distinct geometries for each molecule, one optimized with the provides only a coarse estimate of the actual induction energy.
popular 6-31G(d) basis set, largely employed in the parameter- Fyrthermore, because it is based upon an uncoupled form of
ization of macromolecular force fields, and the other with the the HE equations, the PT scheme is limited to that level of
6-311++G(2d,2p) basis set. All geometry optimizations and theory, and the resulting induction energies should be scaled to
estimations of molecular dipole polarizabities were carried out compare with those derived from QM calculations, including
using the Gaussian 98 suite of prograthsn terms of electron correlation effects.
computational investment, the Spackman basis set proba- The second, more elaborate method for estimating induction
bly constitutes the most attractive option for computing mo- energies equally relies upon a single QM calculation, carried
lecular polarizabilities, as it contains less than half as many gyt either at a time-dependent HF (TDHF), coupled perturbed
basis functions as the ELP basis set. For instance, in theyr (CPHF), or any higher level of theory. From this calculation,
case of GHe the ELP, the Sadlej, and the Spackman g; topological analysis of the response charge density is
basis sets involve respectively 294, 198, and 126 basis func-performed to derive the components of distributed polarizabili-
tions. ties, of%, . = oure(rsfs), at a given rank, I < L, wherelL is

2.2. Alternative Schemes for Calculating Induction Ener-  the highest rank of the multipoles considered in what will be
gies.One of the fundamental issues that this article proposes toreferred to as the model of topologically partitioned electric
address concerns the comparison of approximate methods folproperties (TPEPSE From the knowledge of these TPEPs, the
the reliable computation of induction energies that can be jnduction energy resulting from the polarization of the molecule

employed routinely in the development of models of distributed py the nonpolarizable chargg can be determined readily:
polarizabilities. Within the reference method, referred to a$°FP,

the molecule interacts with a nonpolarizable chacgdpcated 1, P s "
atr, on a grid ofN, points. The resulting induction energy can Uinak = — ~% Z Z -|_|S,(,oo(7~|,(,|',('TﬁK',oo (5)
be expressed as 2 s

Ok

b, (4)

[re—rl

o= _ O 1 Here,s ands denote two sites of the molecule, located at
linax = Coax — ¢ &N (1) andrs, respectively T, is a matrix element of the electro-
static tensor that corresponds to multipole compohermiving
Srotalk is the energy of the molecule in the presence of the point at points the electrostatic potential, or its successive derivatives,
charge, requiring one individual QM calculation for each point created by point chargg..°
kof the grid;N, separate QM calculations are, therefore, needed  |n the present contribution, the induction energies computed
to map the full grid of induction energies? is the energy of  ysing egs 1, 4, and 5 will be compared for a variety of small,
the isolated molecule?7’(ry) is the electrostatic potential at prototypical species, viz., £, CéHs, HCONH,, CH;OH,
generated by the isolated molecule. HCOOH, and HCOO. For each compound, a grid of points
The first alternative to the variational definition of the consisting of seven concentrical van der Waals surfaces was
induction energy highlighted by eq 1 stems from perturbation generated, over which the induction energy was mapped. Use
theory. At the first order, the interaction energy of a molecule was made of a cutoff distanagy, of 7.5 A, limiting the spatial
interacting with the nonpolarizable point chargelocated at distribution of the points from any nucleus. Roughly speaking,
re is given by the electrostatic potential points were distributed between 3da@ A from the center of

mass of each species, with a separation between the layers of
ZA occ
AOED T e D LANL)
|r|<_ RA| a v

D Ar = 0.75 A, making a total of 892, 1452, 962, 858, 878, and
=’

790 points in the case of B CsHs, HCONH,, CH3;OH,

HCOOH, and HCOO, respectively. FP and TPEP induction
(2) energies were determined at the MP2/Sadlej level of approxima-

tion, whereas PT ones resulted from single HF/Sadlej calcula-
where|¢,Ostands for a basis function,, is the coefficient of tions. All geometries were optimized at the MP2/6-311&
atomic orbitalu in the occupied molecular orbital andZa is (2d,2p) level. The TPEP expansion was truncated at the
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quadrupole and the hexadecapole polarizabilities for hydrogenvan der Waals radius of the latter are discarded arbitr&it.

and heavy atoms, respectively.
What makes the direct use of TPEPs for constructing

It has also been noted that an envelope separated by 0.1 A for
concentrical layers and a grid step of 0.5 A for Cartesian #frids

nonadditive potential energy functions so cumbersome is the were appropriate, smaller separations of the points leading to

extraordinarily large number of components, which rapidly
becomes difficult to handle when the size of the molecule
increases, e.g., from 5790 forkd; to 18690 for GHe. From
the induction energy mapped over the gridN\yfpoints, it is,
however, possible to derive far simpler, compact models of
distributed polarizabilities. In practice, eq 5 will be employed
to obtain a reduced set o, componentsnxfjl,K. capable of

reproducing the induction energies computed via eq 1, 4, or 5.

comparable derived point charg&sMoreover, the envelope
beyond which the electrostatic potential is computed has been
oversized by doubling each van der Waals radius to ensure that
contamination of7’(ry)due to the penetration of the electron
clouds is negligible?

These observations, mutatis mutandis, may be applied for the
derivation of fitted models of distributed polarizabilities. In
addition to penetration effects that alter the pure multipolar part

In the latter case, the target induction energies have beenof the electrostatic potential, it is important to ascertain that
calculated using the full TPEP model described in the previous the polarizing charge is not too close to the nuclei, where it
paragraph. One straightforward route to constructing compactis likely to induce strong fields that entail nonnegligible

models of distributed polarizabilities consists of solving the
normal equations of the least-squares probl&#:32Another,
closely related way to build models of distributed polarizabilities
is provided by the statistical analysis of distributed polarizabili-
ties (SADP) method, which will be employed in what follog{s.
This method, offering a pictorial representation of the fitting
proceduré?is based on a random selectionNyfpoints among
the N, > N points of the grid and solving th¥; x N. system
of linear equations. Deriving a set of distributed polarizabilities
following this protocol is reached by constructing for each
component of the distributed polarizibilities a distribution
function, S(}5,), from which the most probable value is
inferred. An attractive feature of the SADP method is its ability
to pinpoint pathological cases, often illustrated by flat distri-
butions characterizing redundant or ill-defined components
aifmv-zo'zs

Asa pertinent test of the intrinsic quality of the fitted models
of distributed polarizabilities, molecular polarizabilities, .,
were regenerated at originy by translating the distributed
components at sitesands), afj,K.(rs,rg), according to

Qe = Z’Z z Miere(Fo =19 Oy o (s Te)
SS lskslg ks
Mie1fo =) (6)

where, 7{.1«(r) is a translation function defined by Stoffe*°
Grids of points were constructed with the program GRID

3.135 Evaluation of induction energies by means of the PT

scheme was done with the MOPETE suite of progr&h@M

hyperpolarization contributions. Experience has shown that
doubling van der Waals radii, as was done for fitting point
charges to the electrostatic potential, safely circumvents this
problem?® The issue of spatial extent and grid step requires,
however, more attention because the influence of a distant
polarizing charge on a highly polarizable molecule can be
appreciable. The strength of the PT method and that based on
the use of the TPEPs resides in their ability to generate rapidly
large grids of induction energies, the number of points being
virtually independent from the computational effort, in contrast
with the FP approach. Here, four different grids were constructed
for CeHs, employing distinct cutoff distances,, beyond which
points are discarded and separations of the concentrical van der
Waals envelopeshr, viz. (i) re = 5.4 A, i.e., approximately
three times the van der Waals radius of carbon, ane- 0.15

A, (i) re= 5.4 A andAr = 0.75 A, (iii) reee = 9.0 A andAr

= 0.15 A, and (iv)reee = 9.0 A andAr = 0.75 A, yielding,
respectively, 4368, 1044, 7224, and 1452 points. Furthermore,
two additional Cartesian grids of regularly spaced points along
thex, y, andz directions were built, using a grid step of 0.5 A
and a cutoff distance corresponding to (i) three and (ii) five
times the van der Waals radius of the participating atoms, thus,
yielding, respectively, 4785 and 25999 points. For each grid,
induction energies were calculated from the TPEPs, although
the PT method could have been equally employed for that
purpose.

For all models of distributed polarizabilities reported herein,
the root-mean-square deviation (RMSD) between the reference,
QM induction energy,Zndx, and that regenerated from the
models, ?And,k, will be calculated by means of the following

calculations prior to the topological analysis of the response expression:

charge density were performed using MOLCA®Determina-
tion of the TPEPs was carried out using the FOURIER
programg®

2.3. Effects of the Grid.A critical issue not discussed hitherto
concerns the definition of the grid over which the induction

NP
RMSD =\ — ) [%ax —
NyE ’

1/2
f?/md,klz] ©)

energy is mapped. For the most part, the influence of its spatial together with the relative error, defined as

extent and the separation of its constituent points on the derived

distributed polarizabilities remains unclear. Careful examination

of the grid in the case of point charges fitted to the electrostatic
potential led to the conclusion that insofar as the space
surrounding the molecule of interest is sampled appropriately,

addition of points in the periphery is superflucs? In fact,
since the number of points lying close to the van der Waals

1N //’lnd,k_ //'md,k
Ae =100 x —Z‘|—|
Np = L//'ind,k

3. Results and Discussion

(8)

3.1. Effects of Geometry and Basis SefAs can be seen in

envelope is small compared to the total number of points Table 1, the largest number of basis functions does not
forming the grid, any additional point far from the nuclei will necessarily ensure an optimal accord between the quantum
contribute to the reproduction of low-order moments, modulating chemically calculated molecular dipole polarizabilities and the
the short-range effects of higher order contributions that are bestexperimentally determined ones. In fact, in the light of the
described in the vicinity of the molecule. For this reason, points RMSD and the mean errors between the latter quantities, the
found at distances from the nucleus exceeding three times thebest results are obtained with the Sadlej basis set, which broadly
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TABLE 1: Molecular Dipole Polarizabilities 2 of Selected TABLE 2: Molecular Dipole Polarizabilities @ of Selected
Prototypical Molecules Using the ELP, the Sadlej, and the Molecules at the MP2/Sadlej//MP2/6-311+G(2d,2p) Level
Spackman Basis Sets in Conjunction with MP2/6-31G(d) and of Approximation
MP2/6-311++G(2d,2p) Geometries — -
- Q10,10 Q11c,11c Q11s11s 08 Qlexp
MP2/ELP ~_MP2/Sadiej MP2/Spackman — ~c 30.830 18572 18572 22.658 22.47
DzP* TZP* DzP TZP DZP TZP CoHa 34134 22.464 25.080 27.226  28.70
CH 31111 27.252 27.252 28,538  30.17
CoHa a010 30.909 30.556 31.186 30.830 30.888 30.535 216
aucuc 18.938 18.814 18708 18572 16.925 16.837  H0 9751 9542 10063 9785  9.79
i1 18.938 18.814 18.708 18572 16.925 16.837 NHs 13.710  13.710 15695  14.372 15.25
a 22,928 22.728 22.867 22.658 21579 21403 Celo 45171  81.401 81401  69.324  67.49
CoHa o010 34.359 33.999 34.494 34.134 34.188 33.827 HCOO 36.551  24.684  42.080  34.438 —
Ouic11c 22.631 22.537 22559 22.464 21.468 21.396 H2S 24.260 25150 24.274 24561  25.51
Q115115 25.178 24.947 25317 25.080 25.039 24.809 HCN 22.359 13.811 13.811 16.660 17.48
a 27.389 27.161 27.457 27.226 26.898 26.677 HCOOH 16.388  28.133 23596 22.706  22.95
CoHs aio10 30.816 30.873 31.069 31.111 30.955 29.496 H.CO 22,283 12810 17.789  17.593  16.53
Quicie 27.046 27.062 27.247 27.252 27.067 26.124  H,CONH; 20.686 36.776 27.605 28.355 27.53
Q11511 27.046 27.062 27.247 27.252 27.067 26.124 CHCH,NO,  33.685 45715 53.376 44.259 —
a 28.579 28.332 28.521 28.538 28.363 27.248 CHiCN 38.985 24.042 24.042 29.023 30.23
H,0 o010 9.696 9.546 9.900 9.751 9.327 9.188  CHsF 17.798  16.226  16.226  16.750  20.04
Qg1 9.654 9.574 9622 9542 9.104 9.042  CH;OH 19.775 20.258 23.095 21.043 2241
ais1s 10131 9.925 10.266 10.063 10.196 9.980  CH.SH 33.819 33523 42641 36.661 —
a 9.827 9.682 9.929 9.785 9542 9.403 CO, 28.287 12.967 12.967 18.074 19.65
NH3 1010 13.687 13.508 13.886 13.710 13.638 13.445 CH;COCH; 33.700 45.123 46.374 41.732 43.12
Qucaie 13.687 13.508 13.886 13.710 13.638 13.445 HCOCH; 23.737 36.130 30.254 30.040 30.98
ai1s11s 15.574 15.519 15.757 15.695 14.983 14.912 HF 6.401 5.295 5.295 5.664 5.40

a 14.316 14.178 14.510 14.372 14.086 13.934 CH;COOCH; 36.421 46.938 54.319 45.893 46.34

CsHs o010 45.342 45.234 45.287 45.171 43.015 42.922 CH;OCHs 30.546 37.811 31.400 33.252 35.70
a1ic11c 81.630 81.113 81.919 81.401 80.793 80.283 CHsNH, 23.953 24.796 28.325 25,691 27.06
a11s11s 81.630 81.113 81.919 81.401 80.793 80.283 CeHsOH 47.403 84.246 93.073 74.907 74.91
a 69.534 69.153 69.708 69.324 68.230 67.829 CsHeN 41.144 73.197 77.425 63.922 64.10

HCOO~ 1010 37.614 36.922 37.245 36.551 33.735 33.019 RMSD’ (a.u.) 1.32
iic11c 25.136 25.020 24.802 24.684 19.985 19.858 e

Q11s11s 42.719 42.613 42.199 42.080 37.203 36.988 0.04

a 35.156 34.852 34.749 34.438 30.308 29.955 a All molecular dipole polarizabilities in atomic units (a.u.). These
H2S ai010 23.201 23.085 24.399 24.260 23.800 23.668 quantities correspond to the eigenvalues of the dipole polarizability

Quicie 23.261 23.214 25.229 25.150 24.263 24.198 tensor.’ Root-mean-square deviation between the experinféraati

Ouisizs 23.733 23.435 24.576 24.274 24.766 24.448 the QM estimatess Mean error between the experimeftand the
o 23.398 23.245 24.735 24.561 24.276 24.105 QM estimates.

HCN Q010 22.488 22.144 22.700 22.359 21.863 21.537
Qe 14.112 13.983 13.943 13.811 13.281 13.181 i ) ] )
t11511s 14.112 13.983 13.943 13.811 13.281 13.181 The symptomatic case of anion HCOQ@rovides a glaring
a 16.904 16.703 16.862 16.660 16.142 15.966 example of the difficulties involved in the determination of the
HCOOH a0 16.506 16.391 16.503 16.388 30.888 15.477 polarizabilities of negatively charged species. The results

aic11c 28.078 27.747 28.329 28.004 26.828 26.517 . ;
i 23.989 23.687 24.024 23.725 23.725 23.426 reported in Table 1 can, indeed, vary by more than 4 a.u.,

o1 0723 0780 0.696 0.753 0.890 0.948 depending on the basis set employed. This example illustrates

a 22.040 22.608 22.952 22.706 22.040 21.807 the well-known necessity to include diffuse functions for the
H.CO Qo010 22.408 22.106 22.583 22.283 21.323 21.069 treatment of anions or neutral molecules bearing lone pairs

Qa1 12.985 12.885 12.910 12.810 12.445 12.367 extending far from the nuclé? On that point, the basis set of

ausis 17.923 17.787 17.926 17.789 17.206 17.072 . ;
o 1797 17503 17806 17593 17001 16833 SPackman is clearly inadequate and should be replaced by a

H,CONH,  aio10 20.745 20.641 20.791 20.686 19.934 19.854 larger, more complete one.
aic1c 36.879 36.422 37.134 36.683 36.137 35.697 As an additional test, the basis set of Sadlej was employed
Ous11s 27.878 27.584 27.987 27.696 27.345 27.053 subsequently to estimate the molecular dipole polarizabilities
a11s11c -0.881 -0.859 -0.929 -0.911 -0.774 -0.756 .

a 28.501 28.355 28.637 28.355 27.805 27.535 CH3OH, CHSH, C(G, CHsCOCH,, HCOCH;, HF, ChHs-

BQ/ISD"(a-U-) 127 113 112 105 112 140 COOCH;, CH3OCH; CHsNH,, CsHsOH, and GHsN. As can
A 024 038 001 020 072 101  pe observed in Table 2, the general agreement between the
a All molecular dipole polarizabilities in atomic units (a..L2)Geom- guantum chemically calculated quantities and the experimentally

etries optimized at the MP2/6-31G(d) (DZP) and at the MP2/6- determined ones (the RMSD between the quantum chemically
311++G(2d,2p) (TZP) levels of approximationsRoot-mean-square  calculated and the experimentally determined molecular dipole
deviation between the experimerftaéind the QM estimates. Mean polarizabilities are equal to 1.16 and 0.61 a.u., respectively)
error between the experimerftand the QM estimates. confirms that MP2/Sadlej constitutes an appropriate strategy for
corresponds to an intermediate between the costly ELP and themodeling induction phenomena.

less expensive Spackman basis $gt4/hile the ELP and the 3.2. Alternative Schemes for Calculating Induction Ener-
Sadlej basis sets give comparable molecular polarizabilities, thegies. As mentioned previously, the bottleneck in the develop-
latter should be preferred over the former on account of its lesserment of full QM models of distributed polarizabilities fitted to
cost. The Spackman basis set yields systematically underestithe induction energy is rooted in the tremendous cost involved
mated quantities, ca. 0.4 a.u., thus constituting a less appealingn the evaluation of the latter on large grids of poitftg?In
choice for the computation of induction energies. Interestingly this spirit, only the conception of a fast and reliable approach
enough, in a number of instances, geometries optimized usingfor mapping the induction energy can guarantee the success of
the smaller 6-31G(d) basis set led to a better agreement betweesuch fitting procedures, readily usable in the design of non-
the calculated and the experimental dipole polarizabilities. additive potential energy functions, as was the case for potential
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derived charges in pairwise, additive force fields. This explains

why alternative routes to the expensive FP have been sought

lately. In this section, the induction energies resulting from the
interaction of GHg, CsHs, HCONH,, CH;OH, HCOOH, and
HCOO™ with a nonpolarizable, polarizing charge, computed

using FP, the PT approach, and that based on the use of TPEPs,

are compared critically. Direct comparison of the induction

energies obtained from these three schemes is not possible

because of the difference in the levels of theory at which the
QM calculations were carried out. In particular, PT induction
energies result from an HF/Sadlej computation, whereas the
guantities derived from FP and from the TPEPs were evaluated
at the MP2/Sadlej level of approximation, albeit TPEPs could
have been obtained just as well from CPHF calculations. To

assess the performances of the PT approach, the induction

energies computed from eq 4 for neutral molecules should,

Chipot et al.
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therefore’ be scaled by an appropriate factor Compensating forFigUI’e 1. FP induction energies versus PT induction energies for all

the systematic underestimation of.,qx. The case of anions is
far more problematic, as will be discussed below. The choice
of an adapted scaling factor is not obvious for two major reasons.
First, as has been commented on, scaling of the PT induction
energies depends radially on the location of the polarizing
chargegk, from the nuclei. It has been observed that the scaling
factor decreases rapidly from the points near the molecule to
those lying far from it. In fact, the distribution of/,qx(FP)/
na(PT) as a function of, the distance separating the center
of mass of the molecule from poirk of the grid, not too
unexpectedly exhibits a plateau wheis sufficiently large. A
function, f (r), which consists of powers ofl/is proposed to
model the evolution of the scaling factor; other functional forms
were investigated but did not improve the description. The
second reason lies in the PT approach itself. Conceptually, it is
based upon an uncoupled form of the HF equations, thus,
providing always a lower bound of the reference, MP2/Sadlej
FP, induction energies. Interestingly enough, the Gaussian 98
suite of progran® provides two distinct estimates of molecular
dipole polarizabilities: an “exact” on@exaci relying on the
derivative of the energy with respect to the electric field, and
an “approximate” one,aycur, Obtained by means of the
uncoupled HF equations (UCHF). Consequently, it would be
natural to model/ingx(FP)/74nax(PT) by the raticiexac{CucHr,

in which @ denotes the trace of the molecular polarizability.
PT induction energies were, therefore, scaled by-dependent

factor, £(r), defined by
a
(ao ;) ©)

whereag = 0.82455,ap = 1.54964, and, = —0.94522 are
parameters fitted to reproduce the evolutiorf @) in a series
of small, prototypical molecules.

In Figures 1 and 2, the reference FP induction energies are

(_xexact + i. +

Xexact
U r

r=—1f(n=

QychrF QycHrF

the neutral chemical species.
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Figure 2. FP induction energies versus induction energies derived from
TPEPs for all the neutral species.

energies derived from TPEPs is necessarily dependent on the
rank at which the expansion of eq 5 is truncated. It is worth
noting that scaling factof(r) defined in eq 9 provides only an
average correction at a given valuerofn reality, the dispersion
of %inax(FP)IZ4nax(PT) is the largest whenis small, i.e., for
the few grid points close to the nuclei. This explains why the
error between scaled PT and FP induction energies, arising
mostly from these few points, remains, nonetheless, moderate.
The case of anion HCOGis significantly more problematic,
and illustrates the difficulties of the PT approach to handle such
species. Here, an appropriate scaling factor is far more difficult
to seek due to the erratic behavior @f,qx(FP)/Z4nax(PT) as a
function ofr, oscillating roughly between 0.5 and 3.5 (see Figure
3). The previously witnessed systematic underestimation of the
induction energy does not hold anymore for negatively charged
compounds. It is, therefore, extremely difficult to define an

plotted against the quantities estimated from eqs 4 and 5.average scaling factor in the spirit of eq 9, capable of correcting
Considering that raw PT induction energies depart nonuniformly the PT results on the sole basis of a radial dependence. Using
from the FP ones by up to ca. 40%, they were scaled using eqthis equation, the error relative to the FP induction energies,
9 for comparison purposes. It can be observed that, insofar asinitially equal to 38.1%, is even increased. A closer examination
neutral compounds are concerned, scaled PT induction energie®f Zinqx(FP)/Z4nax(PT) around HCOO reveals a strong angular
and those derived from TPEPs behave similarly. The error dependence of this quantity, distributed symmetrically with

relative to the reference FP quantities, i|@/nax(FP) — Z4ndx-

(PTITPEPY Z4nax(FP), never exceeds 7.3% for the former and
6.2% for the latter. These errors clearly arise from distinct
origins. In the case of PT induction energies, deviation from
the reference FP quantities is rooted in the level of theory, viz.
uncoupled HF equations, in conjunction with an ad hoc,
empirical scaling. In contrast, the accuracy of the induction

respect to the plane of the anion. It can be observed that
2bnax(FP)/?na(PT) = 1.0 only in a small solid angle about
the C, axis of the anion. Clearly, scaling of the PT induction
energies is now a function of both the radigl, and the
azimuthal,f, angles, in addition to the distanag,separating

the center of mass of the anion from the points of the grid.
6,p-dependence can be introduced conveniently using the real
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0.000 weight of the short-range, higher-order contributions that
modulate the reproduction of molecular dipole polarizabilities.
Depending upon the grid, discrepancies in the regenerated
molecular polarizabilities can attain ca. 10 a.u., with respect to
the reference MP2/Sadlej values. Such is the case, for instance,
of aym1m components, using the orthogonal, Cartesian grid of
4785 points. Whereas the latter would prove appropriate to
derive net atomic charges from the electrostatic potential and
reproduce not only the molecular dipole moment but higher-
e OPT versus FP order components as well, accurate representation of induction
—0.025 | e DTPEPs versus EF | phenomena requires that the space around the molecule be
- sampled thoroughly over a sufficiently large radial extent from
—0.030 L2~ ‘ ‘ ‘ l \ the nuclei. This result is not totally surprising considering the
=030 -0.025  -0020  -0.015  -0010  -0.005  0.000 long-range nature of the interaction of a polarizing charge with
FP induction energies (a.n.) the molecule of interest.
Figure 3. FP induction energies versus PT/TPEPs induction energies  Tgple 3 also suggests that the role played by the density of
for HCOO™. grid points,Ar, on both the distributed polarizabilities and the

. . S regenerated molecular quantities is very moderate. To ascertain
spherical harmonics{(6, ¢), the order of which is inherently this observation, seven orthogonal Cartesian grids were con-

ge'?“?‘_’ to fthe symmletryl_of tfhe anion, the_reE)y mf\klng the structed, using distinct densities, viar = 0.50, 0.55, 0.65,
efinition of a general scaling factal(r, 6, ¢) = dexacl@ucke (75 1 00, 1.50, and 2.00 A, corresponding to 25999, 19495,
() Zim .y:”n(g, ?) a.cumberso'me task, probab]y |mp035|ble 11819, 7710, 3244, 966, and 407 points, respectively. As Table
to accomplish. Here, in the partlcular case of anion HCOO 3 confirms, the influence oAr on the fitted polarizabilities is
can b? shown that = .2 r(_eal spherical harmonics should be only marginal. It can be noted that as the density of points
taken into account, Whlle;‘gft-orderondaf 1, are extraneous.  yiinishes. so does the carbegarbon charge flow polariz-
It can be further seen thgd (6, ¢) andy, (0, ¢) do notplay oy, oCC At the same time, thewmim components of the
ﬁ'rgorge Am the distribution 0fZinai(FP)/%nai(PT) around dipole molecular polarizability decrease moderately from 86.246
- As a result, the scaling factor for this anion can be to 85.790 a.u., thereby indicating that the choicé\ofis most
expressed as likely not as crucial as that af,. Whereas in the case of the
o a a _FP methqdology, the r_ole afr governs the computational cost
&r, 6, @) zde_xam( +T1+_:) x involved in the mapping of the induction energy around the

-0.005

—0.010

-0.015 f ﬁg 8

-0.020 | e -

PT induction energies (a. u.)
TPEP’s induction energies (a. u.)

molecule, this aspect is clearly of lesser concern for either the

[Coo + Coo(3c0£0 — 1) + c,,sinfO(cody — sirfy)] (10) PT approach or that based on the TPEPs.
3.4. Models of Distributed Polarizabilities.As has been seen

whereap, = 0.66143,3, = 6.79301,a, = —5.91835,C00 = so far, the scaled PT approach and that relying upon the TPEPs

0.29592,,0 = —0.11348, and,, = —0.19254 are parameters ~ apparently provide comparable induction energies, at least for
optimized using a Levenbergvlarquardt fitting procedure. ~ neutral chemical species. This result stems from the statistical
Using eq 10, the error between the scaled PT and the referenceénalysis of the deviation| Zinai(FP) — #ina(PT/TPEP)Y
FP induction energies drops from 38.1 to 15.6%. Whereas the %indx(FP), which can be artificially small, considering that the
improvement is significant, the inclusion of second-order real Main source of error lies near the nuclei, and is essentially
spherical harmonics is evidently insufficient to ensure optimal concealed by the vast majority of points in the periphery, for
scaling. In sharp contrast, the induction energies evaluated usingVhich the accord is much better (see Figure 1). Determination
the TPEPs turn out to be much closer to the target FP Va|ue3,0f models of distributed polarizabilities and reconstruction of
viz. the error is ca. 9.7%, highlighting the obvious superiority molecular polarizabilities, directly comparable with the reference
of the approach based on a topological analysis of the responséIP2/Sadlej quantities, should prove the true worth of the two
charge density for dealing with anions. alternative schemes for the computation of induction energies.
3.3. Effects of the Grid.Models of distributed polarizabilities  In this section, models of distributed polarizabilities consisting
consisting of charge flow plus isotropic dipole polarizabilities Of charge flow plus isotropic dipole polarizabilities were derived
were determined subsequently by means of the SADP scheme. for CoHs, CeHg, HCONH,, CH;OH, HCOOH, and HCOO,
The choice of isotropic dipole polarizabilities is dictated by the using large Cartesian grids of points for whicfy corresponds
desire to construct compact models suitable for statistical roughly to five times the van der Waals radii of the participating
simulations and to avoid possible numerical instabiffié%that atoms andAr = 0.5 A, 21581, 25999, 19362, 19269, 19093,
generally translate into flat or poorly defined distribution and 19099 points, respectively.
functions,:l'(af‘:lw). From these cost-effective models, molec-  The distributed polarizabilities computed from the SADP
ular dipole polarizabilities were regenerated using eq 6 and proceduré® are reported in Table 4, together with the corre-
confronted critically to the corresponding target MP2/Sadlej sponding molecular dipole polarizabilities derived using transla-
values. tion eq 6. From the onset, it can be observed that models of
As can be observed in Table 3, the sensitivity of both the atomic polarizabilities constructed from induction energies based
distributed polarizabilities and the reproduced molecular quanti- on TPEPs always yield smaller RMSDs and mean errors than
ties to the spatial extent of the grid points, irg,;, is appreciable. those obtained from the PT approach. Whereas establishing the
Limiting the distribution of the points to approximately three superiority of one scheme over the other cannot be done in the
times the van der Waals radii of the participating atoms is clearly sole light of this trend (both the RMSD and the mean error
not enough to guarantee a faithful description of the prevailing reflecting the quality of the models and not the deviation from
molecular dipole component. The reason lies in the exaggeratedhypothetically “exact” induction energies), it may, nonetheless,
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TABLE 3: Effects of the Grid Definition on the Distributed Polarizabilities 20 and the Regenerated Molecular Dipole
Polarizabilities® of C¢He at the MP2/Sadlej//MP2/6-313+G(2d,2p) Level of Approximation

vdW envelopes

Feut 55A 55A 75A 75A

Ar 0.15A 0.75A 0.15A 0.75 A MP2/Sadlej
oSS 0o —1.793 —1.765 —-1.675 —1.679
oM, -0.511 -0.573 —0.564 —0.607
oSS, 7.551 7.542 7.484 7.487
RMSD (102 a.u.) 0.374 0.523 0.338 0.490
Ae (%) 3.16 3.73 2.94 3.50
010,10 45.308 45,253 44.906 44.920 45.171
Q1c,11c 89.154 89.279 89.934 87.576 81.401
Q115138 89.154 89.279 89.934 87.576 81.401

Cartesian grid

I'cut 3.0x RvdW 5.0x RvdW 5.0x RvdW 50x RvdW

Ar 0.50 A 0.50 A 0.55A 0.65A MP2/Sadlej
oSS0 —1.722 —1.614 —-1.614 —-1.626
oSH —0.602 —0.524 —0.523 —0.504
oSS0 7.982 7.666 7.666 7.658
RMSD (103 a.u.) 0.242 0.184 0.189 0.188
Ae (%) 2.66 2.14 2.14 2.12
010,10 47.894 45.996 45.995 45.945 45.171
Ql11c,11c 91.373 86.246 86.253 86.211 81.401
Q1511 91.373 86.246 86.253 86.211 81.401

Cartesian grid

Feut 5.0 x Raw 5.0 x Raw 5.0 x Raw 5.0 x Riaw

Ar 0.75 A 1.00 A 1.50 A 2.00 A MP2/Sadlej
oSS0 —1.677 —1.582 —1.583 —-1.527
oS, —0.514 —0.549 —0.558 —0.636
oo 7.664 7.685 7.659 7.658
RMSD (102 a.u.) 0.187 0.185 0.190 0.192
Ae (%) 2.12 2.12 2.11 2.09
010,10 45.986 46.111 45,955 45,949 45.171
Q110110 86.191 86.021 86.003 85.790 81.401
Q115118 86.191 86.021 86.003 85.790 81.401

aModels of distributed polarizabilities include charge flow plus isotropic dipole polarizabilftiak.molecular dipole polarizabilities in atomic
units (a.u.).

be inferred that grids of induction energies mapped by means4. Conclusion

of TPEPs probably contain fewer points corresponding to large ) ) S
errors that could deteriorate globally the determination of Aside from the computational cost overrun implied in
distributed polarizabilities. It should be remembered, indeed, statistical simulations, one of the limitations to the generalized
that for all neutral moleculeS, tmdependent Scaling factor use of p0|al'lzab|e pOtentIa| energy functions lies in the d|ff|CU|ty
defined in eq 9 provides only an average correction of the PT 0 design compact, nonheuristic models of distributed polariz-
induction energies, neglecting possible angular dependenciesabilities based on sophisticated QM calculations and capable
The most striking difference between the two sets of models Of accounting for through-space induction effects appropriately.
lies in the systematic exaggeration of the atomic dipole In essence, the main obstacle to the derivation of distributed
polarizabilities by the PT approach, while charge flow polar- polarizabilities is the fast yet accurate computation of induction
izabilities are conspicuously underestimated; the almost vanish-energies to which the latter will be fitted. Preliminary attempts
ing oS, component in GHs is a glaring example of the tO determine models of atomic polarizabilities based on FP
witnessed tendency. This conspicuous behavior is at the origincalculations emphasized that the applicability of this approach
of overestimated molecular dipole polarizabilities, suggesting Was restrained to sufficiently small chemical speéfe®,on

that a topological partitioning of the response charge density account of the tremendous computational effort it involves, i.e.,
supplies somewhat more reliable induction energies than doesmapping the induction energy over a grid\f points requires

the PT scheme. N, separate calculations. At this point, earlier studies illuminated
The deficiencies characteristic of the latter approach are the preponderant role of the basis set in the faithful reproduction
magnified in the special case of anion HCQGOn particular, of experimental molecular dipole polarizabiliti#ssuggesting

whereas component 1. 11c of the molecular dipole polarizability ~ that only the use of large and flexible basis sets can guarantee
is reproduced accuratelyis11s and oo 1o are exaggerated by reliable results. Careful examination of the behavior of the
ca. 15 and 6 a.u., respectively. Although the introduction of a ELP?* the Sadlef® and the Spackmé&fbasis sets led to the
0,¢-angular dependence in the scaling of PT induction energies conclusion that the second offers the best possible compromise
improved the model significantly, it should be acknowledged in terms of accuracy and computational investment. Whereas
that, at this stage, only the use of TPEPSs can guarantee a faithfuthe geometries optimized at the MP2/6-31tG(2d,2p) level
description of polarization phenomena involving anions. of approximations yield molecular dipole polarizabilities in



Induction Energy Calculations J. Phys. Chem. A, Vol. 105, No. 51, 20011513

TABLE 4: Models of Charge Flow Plus Isotropic Dipole Polarizabilities® and the Regenerated Molecular Dipole
Polarizabilities? for a Series of Small Prototypical Molecules at the MP2/Sadlej//MP2/6-3tt+G(2d,2p) Level of Approximation

distributed polarizabilities molecular polarizabilities
PT TPEPs PT TPEPs MP2/Sadlej

CoHe oS ~0.267 ~1.714 Q10,10 28.740 33.612 31.111
oS ~0.493 ~1.279 Q11 30.359 29.294 27.252
oSS, 12.435 7.520 Os1is 30.359 29.294 27.252
RMSD (10 a.u.) 0.319 0.119
Ae (%) 5.33 3.03

CeHs aOCé,COZO —1.252 —-1.614 Q10,10 52.638 45.996 45,171
oSt ~0.269 ~1.614 Ol 11c 82.146 86.246 81.401
oSS, 8.773 7.666 Osiis 82.146 86.246 81.401
RMSD (10 a.u.) 0.299 0.184
Ae (%) 4.10 2.14

HCONH; oM, ~0.516 —0.760 O40,10 25.051 21.235 20.686
oSS, -1.491 ~1.915 Ols11c 35.887 37.965 36.683
oSN -0.711 —1.566 Olits 15 31.884 30.112 27.696
o —0.408 ~0.262 o4z ~0.072 0.099 0.178
oSS, 7.243 6.013 Qs 11c —2.548 ~1.167 -0.911
ofN 6.582 4.806
o2 11.197 10.395
RMSD (10 a.u.) 0.214 0.139
Ae (%) 5.15 2.48

CH,OH oS -0.791 —0.960 Q10,10 23.142 21.076 19.775
oSl ~0.939 ~1.213 Q11 25.103 22.421 20.258
oS0 —0.697 ~1.158 Ous11s 24.579 24.684 23.095
oS —0.890 —0.828 st 0.449 0.198 0.530
o$E 11.632 8.944
o2 6.229 5.262
RMSD (103 a.u.) 0.201 0.173
Ae (%) 5.76 4.06

HCOOH oS, ~0.557 —0.880 Q10,10 19.879 16.922 16.388
oS5, ~1.242 ~1.294 Qe 11c 28.719 28.575 28.004
oSS, ~0.575 ~1.212 Qs1s 25.824 25.568 23.725
oS ~0.669 ~0.588 Qs1e ~1.343 0.281 0.753
oSC 6.309 5.114
o008 6.744 5.704
e 6.826 6.105
RMSD (10 a.u.) 0.159 0.087
Ae (%) 4.89 2.22

HCOO oS —2.477 —2.201 010,10 42.598 38.900 36.551
oS8 —3.581 —2.104 Ol 11c 24.208 24.732 24.684
oS 4.936 10.459 Osiis 57.564 44.321 42.080
e 8.551 7.134
RMSD (10 a.u.) 0.502 0.265
Ae (%) 19.33 2.70

a All molecular dipole polarizabilities in atomic units (a.u.).

excellent agreement with experiment, it has been observed thattomparable quality in terms of error with respect to the reference
those obtained with the smaller 6-31G(d) basis set could lead FP values for all neutral molecules. Because the PT scheme
to equally remarkable results. described here makes use of an uncoupled form of the HF
Even at the MP2/Sadlej level of theory, FP calculations are equations? scaling of the induction energies by means of an
still too expensive, thus making it necessary to search for swift, appropriately parameterizeddependent function is necessary
inexpensive methods to compute induction energies and toto compare with the MP2/Sadlej quantities. The main advantage
derive distributed polarizabilities. With this objective in mind, of this method resides in its simplicity of implementation and
two alternatives were examined, one relying upon second-orderthe very low computational effort it implies, the single QM
perturbation theory and an uncoupled form of the perturbed HF computation being performed at the HF level of approximation.
equationgl22 the other upon a topological analysis of the This also constitutes the weakness of the approach, considering
response charge densi23in the spirit of Bader's theory of  that an appropriate scaling is necessary to yield values of MP2/
“atoms in molecules?® The presdent contribution analyzes Sadlej quality, a key requirement that appears to be impossible
critically these alternatives and proposes a series of guidelinesto fulfill completely in the special case of anions, even by
and recommendations for the design of models of distributed increasing the complexity of the scaling function through an
polarizabilities. angular dependence. In contrast, the method relying on a
Based on a single QM calculation, both the PT approach andrelocalization of the TPEPs, although more complex in its
that making use of the TPEPs supply induction energies of implementation and more computationally demanding on ac-
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