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We examine the applicability of density functional theory (DFT) to the polarizability of Cn
- (n ) 3-9)

cluster anions. This was achieved by comparing DFT calculations using two different exchange-correlation
functionals (the non-empirical local density approximation, LDA, and the semiempirical hybrid functional
B97-1) to quantum chemical calculations using the coupled cluster method in the CCSD(T) “gold standard”
approximation. We find that, unless the extra electron is not bound at all by DFT, both LDA and B97-1 agree
with the CCSD(T) calculation to within 5-10%, allowing for a meaningful qualitative and semiquantitative
analysis. Furthermore, the polarizability is found to increase monotonically with chain size, consistent with
the trend inferred from electron detachment experiments.

I. Introduction

The electric-dipole polarizability, i.e., the response of the
electrical dipole to an external electric field, is a very important
property of atoms, molecules, and clusters.1,2 For example, the
polarizability plays an important role in understanding electro-
magnetic field-matter interactions and in understanding inter-
particle collision phenomena. Importantly, the polarizability of
a given object is a strong function of its size, shape, electronic
structure, etc. Specifically, experimental and theoretical studies
of cluster polarizability as a function of size have been used
extensively for understanding trends in geometrical and elec-
tronic structure evolution in clusters (see, e.g., refs 3-9).

The above studies were all performed on neutral clusters.
Very little work has been devoted to anion polarizability.
Experimentally, the reason is that anion polarizabilities are very
difficult to measure, as the response to an external electric field
is dominated by the monopole contribution. Perhaps as a
consequence, we are aware of only a few theoretical calculations
of anion polarizability for atoms and molecules10-12 (all without
comparison to experiment) and none for clusters.

Even if not directly accessible experimentally, anion polar-
izability may still be significant in other cluster measurements.
An important recent example is given by electron detachment
experiments, where polarization by the incident electron is
believed to play an important role in the detachment process.13-15

This can be understood phenomenologically by considering that
electron detachment occurs mainly at the point of closest
approach, where the incoming electron has minimal kinetic
energy.16 The attractive nature of the polarization potential will
reduce the distance of closest approach, thus resulting in a larger
distortion of the initial wave function and an enhanced electron
detachment. Several theoretical studies have included a phe-
nomenological polarization potential,17,18 but the contribution
of the polarizability to the electron detachment process has never

been studied systematically, mostly due to lack of relevant
experimental or theoretical data.

In light of the above, an accurate theoretical approach for
computing anion polarizability from first principles is of interest.
Density functional theory (DFT),19 the “work-horse” of elec-
tronic structure calculations for “real-world” materials, is a
natural candidate for such calculations. However, there are
serious concerns as to the accuracy with which present-day
approximate density functionals can correctly describe small
anions. All functionals in common use today (including hybrid
functionals) suffer from a spurious self-interaction error.20 This
means that the exchange-correlation energy does not exactly
cancel the spurious Coulomb repulsion of an electron with itself,
present in the classical electrostatic (Hartree) energy. As a
consequence, the asymptotic behavior of the exchange-correla-
tion potential is described incorrectly, decaying as-(Z - N)/r
instead of the correct- (Z - N + 1)/r, whereZ is the number
of protons in the nuclei,N represents the number of electrons
in the system, andr stands for the distance from the system’s
center. Therefore, density functional calculations often fail to
bind the extra electron in anions,21 and other physical properties,
including polarizability, can be in serious error. Obviously wave
function based quantum chemistry approaches, and in particular
the coupled cluster (CC) method,22 which is often considered
to be the “gold standard of quantum chemistry”, do not suffer
from this problem. However, their computational cost increases
very rapidly with increasing cluster/molecule size.

In this article, we examine the applicability of DFT to the
study of cluster anion polarizability. This is accomplished by
studying theoretically the polarizability of small Cn

- cluster
anions (3e n e 9).23 Those are chosen as a model system for
two main reasons: First, both carbon cluster neutrals24-29 and
anions26,30-33 have been well-investigated in general and in
particular are known to possess a linear chain ground state
structure, eliminating complications arising from structure
(mis)identification. Second, carbon cluster anions have been
recently studied by electron detachment experiments,13 thus
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facilitating at least an indirect comparison between theory and
experiment. The applicability of DFT is assessed by performing
DFT calculations with two different approximations for the
exchange-correlation functional: the non-empirical local density
approximation (LDA)34 and the semiempirical hybrid functional
B97-1.35,36The resulting trends are then compared to both highly
accurate CC calculations (using single, double, and triple exci-
tations, with triple excitations treated perturbatively [CCSD(T)])
and to trends expected from the electron detachment experi-
ments.

II. Computational Details

Non-empirical DFT calculations were performed using LDA.34

This is the simplest, and historically the first,19 modern
approximate exchange-correlation functional. In LDA, the
exchange-correlation energy contribution of each point in space
is taken as that of a homogeneous electron gas possessing the
local density. All DFT-LDA calculations were performed by
employing norm-conserving pseduopotentials37 in conjunction
with a uniform real-space grid,38 using the PARSEC39 software
suite. The grid was set up within a spherical domain as large as
26 a.u., with a grid spacing of 0.3 au. Polarizabilities were
computed numerically using the finite field approach4,5 with an
external electric field value chosen to be 10-3 a.u.

Semiempirical DFT calculations were performed using the
B97-1 hybrid functional.35,36 Hybrid functionals are typically
comprised of a weighted sum of LDA exchange-correlation,
density gradient corrections to the LDA, and Fock exchange.40

The corresponding weights are optimized empirically so as to
provide for best agreement across a large set of experimental
data, typically collected for various organic molecules. We
choose the B97-1 re-parametrization of the Becke functional
because it is well-tested, producing structures that are similar
to (or even slightly better than) those obtained by the better-
known B3LYP,41 while outperforming B3LYP in the prediction
of energetic properties.42 All B97-1 calculations were performed
using the polarization-consistent aug-pc-1 basis set developed

by Jensen et al.43 specifically for DFT, using the GAUSSIAN03
software suite.44 This basis set was found to be adequate for
our purposes through comparison with calculations using a larger
basis set from the same “family”-aug-pc-2.43 Polarizability
calculations were performed analytically.

All wavefunction-based calculations were performed using
the coupled cluster (CC) approximation. In principle, this
method can be arbitrarily accurate. In practice, its application
involves two approximations: One due to the use of a finite
(and low) order of expansion and another due to a truncation
error associated with the use of a finite basis set. Here, we have
employed the popular CCSD(T)45 method and additionally
compared its results with those obtained from the simpler
CCSD46 method (where no triple excitations are considered).
We performed the CC calculations based on both a restricted
open and an unrestricted Hartree-Fock configuration, using the
MOLPRO47 and GAUSSIAN03 software suites, respectively.
The aug-cc-pvdz and aug-cc-pvtz basis sets48 were used in both
calculations, with some additional aug-cc-pvqz calculations for
testing convergence. Polarizability was computed analytically
within GAUSSIAN and numerically, using a finite field of
0.0025 a.u., within MOLPRO.

In the DFT calculations, linear carbon cluster neutrals and
anions were optimized such that all forces were smaller than
7‚10-4 Ry/au. For the CC calculations, the B97-1/aug-pc-1
geometries were used.

III. Results and Discussion

To provide a reference point for the expected differences
between the DFT and CC results, we started by computing
polarizabilites of neutral Cn (3 e n e 9) clusters, in their linear
geometry. The results, compared with those of previous
theoretical studies (and with experiment for C3), are given in
Table 1. Clearly, agreement with both past theoretical results
and experiment is quite satisfactory.

The results of both DFT and (restricted open-shell) CC neutral
polarizability calculations are shown in Figure 1 (numerical

TABLE 1: Calculated and Experimental Geometries of Linear Neutral Carbon Clustersa

cluster method bond length cluster method bond length

C3 experiment58 1.297 C6 B97-1/aug-pc1 1.308; 1.294; 1.281
B97-1/aug-pc1 1.299 B3LYP/cc-pVDZ28 1.309; 1.296; 1.283
B97-1/aug-pc2 1.292 DFT/BP8627 1.312; 1.296; 1.282
B3LYP/cc-pVDZ28 1.301 ROHF/DZP26 1.287; 1.285; 1.274
UHF/6-31G*25 1.278 MBPT(2)/6-31G*24 1.301; 1.294; 1.281
ROHF/DZP26 1.286 CCSD(T)/cc-pVDZ29 1.326; 1.309; 1.297
MBPT(2)/6-31G*24 1.303 C7 B97-1/aug-pc1 1.294; 1.294; 1.279
CCSD(T)/cc-pVDZ29 1.321 B3LYP/cc-pVDZ28 1.296; 1.295; 1.281

C4 B97-1/aug-pc1 1.317;1.297 DFT/BP8627 1.299; 1.294; 1.280
B97-1/aug-pc2 1.309;1.287 UHF/6-31G*25 1.270; 1.280; 1.264
B3LYP/cc-pVDZ28 1.319;1.298 ROHF/DZP26 1.276; 1.285; 1.269
DFT/BP8627 1.322;1.299 MBPT(2)/6-31G*24 1.301; 1.295; 1.282
ROHF/DZP26 1.300;1.288 CCSD(T)/cc-pVDZ29 1.316; 1.310; 1.296
CCSD(T)/cc-pVDZ29 1.336;1.312 C8 B97-1/aug-pc1 1.303; 1.296; 1.280; 1.287
MBPT(2)/6-31G*24 1.313;1.296 B3LYP/cc-pVDZ28 1.305; 1.297; 1.282; 1.289

C5 B97-1/aug-pc1 1.295;1.289 DFT/BP8627 1.307; 1.297; 1.281; 1.288
B97-1/aug-pc2 1.287;1.282 ROHF/DZP26 1.281; 1.288; 1.270; 1.277
B3LYP/cc-pVDZ28 1.296;1.291 MBPT(2)/6-31G*24 1.294; 1.297; 1.279; 1.287
DFT/BP8627 1.299;1.290 CCSD(T)/cc-pVDZ29 1.321; 1.311; 1.296; 1.302
UHF/6-31G*25 1.271;1.275 C9 B97-1/aug-pc1 1.294; 1.296; 1.277; 1.283
ROHF/DZP26 1.278;1.281 B3LYP/cc-pVDZ28 1.295; 1.298; 1.279; 1.285
MBPT(2)/6-31G*24 1.300;1.291 DFT/BP8627 1.298; 1.297; 1.278; 1.283
CCSD(T)/cc-pVDZ29 1.316;1.306 UHF/6-31G*25 1.269; 1.283; 1.261; 1.269

ROHF/DZP26 1.275; 1.289; 1.265; 1.273
MBPT(2)/6-31G*24 1.302; 1.298; 1.281; 1.286
CCSD(T)/cc-pVDZ29 1.316; 1.312; 1.295; 1.299

a For each cluster size, bond lengths are given in the order of appearance from chain edge to chain center.
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values are tabulated in the Supporting Information). In this
figure, LDA results are taken from ref 49, but in order to
ascertain the accuracy of our own LDA calculations we have
successfully reproduced a selection of these LDA values.
Clearly, for most cluster sizes, the deviation between values
obtained using different methods is several percent at most.
Within DFT, the LDA and B97-1 polarizability values deviated
by less than 1.5%, except for C9, where the deviation was a
larger 5.5%. Within CC, differences between CCSD and
CCSD(T) calculations tended to increase with cluster size, with
a maximal deviation of∼5% for C9. The deviation between
the CCSD(T) and DFT/ B97-1 results also tended to grow with
cluster size. It reached a sizable∼15% for C9, but was only,
e.g.,∼5% for C8. These trends agree with the recent work of
Sałek et al., who found differences of the same magnitude
between the DFT and CC polarizabilities of, e.g., HF, CO, and
H2O.50

Next, we turned to calculations of the cluster anion polariz-
abilities, again starting with geometry optimization. Computed
geometries, The results, compared with those of previous
theoretical studies,26,30-33 are given in Table 2. Clearly, agree-
ment here is essentially as good as for the neutrals.

The results of both DFT and (spin-unrestricted) CC anion
polarizability calculations are shown in Figure 2 (numerical
values are tabulated in the Supporting Information). Three values
are missing from the figure: For C3-, LDA failed to bind the
extra electron (i.e., yielded a highest occupied molecular orbital
energy greater than zero), yielding essentially infinite (and
obviously physically meaningless) polarizability values which
were omitted.51 For C8

-, the CC polarizability calculations
exhibited serious convergence problems and both the CCSD
and the CCSD(T) values are omitted.

Unlike for the neutrals, CC calculations of anions were based
on an unrestricted Hartree-Fock (UHF)52 configuration. CC
calculations based on restricted-open Hartree-Fock (ROHF)53

were also performed. However, in some cases, they gave highly
erroneous resultssan underestimate of 11.4% and 26.5% for
C4

- and C6
- clusters, respectively. We believe that this is due

to a symmetry breaking problem54 during the solution of ROHF
under an electric field perturbation, which renders the restricted
calculation irrelevant.

Importantly, we find that, just as for the neutrals, the
polarizability trends calculated by all methods are qualitatively
the same. Within DFT, a maximal deviation of∼7% between
the LDA and B97-1 results was found (for C5

-), but the average

deviation was only∼3.5%. Within CC, the maximal deviation
between CCSD and CCSD(T) results was∼10%. Interestingly,
this deviation is somewhat larger than for the neutrals, despite a
similar role for high-order correlations in the total atomization
energy of neutrals and anions. This indicates a slightly larger
role of high-order correlations for the anions under an electric
field. Overall, the average deviation of polarizability values
between the DFT and CC calculations was∼5%. Interestingly,
the maximum deviation between the LDA and the CCSD(T)
results is only∼7%. This is actually no worse, and in fact
slightly better, than for the neutrals, despite the apparent
crudeness of the LDA in this case.

That DFT provides polarizability values that are within a
few percent of those obtained from highly accurate CC
calculationssdespite the fact that (at least) the orbital of the
highest electron is sufficiently delocalized to “feel” the incorrect
asymptotic regimesmerits a physical explanation. It was
previously pointed out, in the context of vibrational spectra of
linear carbon cluster neutrals, that complete neglect of electron
correlation in such borderline-multireference systems appears
to be more likely to yield qualitatively correct results than low-
order inclusion of electron correlation.55 Here, for both the
carbon neutrals and anions, the contribution of correlation to
the polarizability (per a given DFT-based geometry) was not
large. This is evident from the relatively modest differences
between CCSD(T) and CCSD, but even the Hartree-Fock
polarizability was reasonably similar to the CCSD(T) one.
However, this does not explain the success of the DFT
calculations because a major problem with DFT (with either
LDA or hybrid functionals) is that the exchange term is also
approximated, and this results, e.g., in the incorrect asymptotic
behavior of the potential. This problem is well-illustrated by
considering the case of a model hydrogen chain.56 Grossly
overestimated values were obtained with LDA. However, using
exact exchange (and no correlation) within DFT yielded
polarizability values that were essentially the same as those
obtained from Hartree-Fock and close to those obtained from
correlated wave function calculations. Why is it, then, that the
approximate treatment of exchange does not cause such a
catastrophic failure here? It has been previously observed that
there are cases where DFT (and, in particular, LDA) produces
an eigenvalue spectrum that is grossly underbound, but the shape
of the orbitals is still very close to the correct one.57 In such
cases, the dipolesas well as its response to the electric field,
i.e., the polarizabilityswill still be reasonable. Of course, if the
electron is not at all bound, as in the LDA of C3

-, this does not

TABLE 2: Calculated and Experimental Geometries of Linear Carbon Cluster Anionsa

cluster method bond length cluster method bond length

C3
- B97-1/aug-pc1 1.313 C6- B97-1/aug-pc1 1.280; 1.332; 1.259

B97-1/aug-pc2 1.305 DFT/LDA 1.276; 1.330; 1.267
DFT/LDA 1.321 ROHF/DZP26 1.258; 1.340; 1.237
ROHF/DZP26 1.301 MBPT(2)/6s4p1d33 1.293; 1.341; 1.290
HF/6-31G*30 1.301 C7

- B97-1/aug-pc1 1.286; 1.314; 1.284
MBPT(2)/6s4p1d31 1.317 DFT/LDA 1.279; 1.312; 1.296

C4
- B97-1/aug-pc1 1.283;1.343 ROHF/DZP26 1.261; 1.321; 1.270

B97-1/aug-pc2 1.275;1.337 C8
- B97-1/aug-pc1 1.280; 1.328; 1.259; 1.320

DFT/LDA 1.287;1.366 DFT/LDA 1.275; 1.322; 1.271; 1.336
ROHF/DZP26 1.265;1.349 ROHF/DZP26 1.257; 1.337; 1.234; 1.332
SQD-MBPT(4)/5s4p1d32 1.283;1.343 C9- B97-1/aug-pc1 1.284; 1.317; 1.275; 1.293

C5
- B97-1/aug-pc1 1.292;1.307 DFT/LDA 1.272; 1.298; 1.278; 1.310

B97-1/aug-pc2 1.284;1.300 ROHF/DZP26 1.257; 1.327; 1.251; 1.292
DFT/LDA 1.290;1.322
ROHF/DZP26 1.269;1.309
MBPT(2)/6s4p1d31 1.296;1.323

a For each cluster size, bond lengths are given in the order of appearance from chain edge to chain center.
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help. But in all other cases it suffices for obtaining a result that
is at least in semiquantitative agreement with more accurate
calculations.

Comparing Figures 1 and 2, we find that the polarizability
increases monotonically with cluster size, with a similar overall
trend. However, polarizabilities for the anion clusters are always
larger than those for the corresponding neutral cluster (computed
using the same method). This is simply due to the presence of
an additional, relatively weakly bound, electron to polarize.
However, this effect decreases rapidly with cluster size, such
that for C9

- the anion/neutral polarizability ratio is only∼1.06.
This is because the larger the cluster is, the smaller the relative
contribution of the excess electron. This provides clear-cut
computational support to an interpretation of detachment cross-
section trends in terms of polarizability.13 It rationalizes the fact
that, for carbon anions, both the detachment cross-section and
the binding energy increase on average with increasing cluster
size, whereas in the absence of polarization effects they should
exhibit opposite trends.

IV. Conclusions

In conclusion, we have computed the polarizability of carbon
cluster anions by means of both CC and DFT, in order to assess
the applicability of the latter method to the calculation of anion
polarizability. We found that DFT calculations with either LDA
or a hybrid functional agree with highly accurate CCSD(T)
calculations to within∼5-10%, unless the extra electron is not
bound at all within DFT. This allows for a meaningful
qualitative and semiquantitative analysis. In particular, we found
that the carbon cluster anion polarizability increases monotoni-
cally with chain size, an observation consistent with the trend
inferred from electron detachment experiments.
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