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The self-consistent charge density-functional tight-binding (SCC-DFTB) method is employed for
studying various molecular properties of small fullerenes: C,g, Cg,, and Cy,. The computed bond
distances, vibrational infrared and Raman spectra, vibrational densities of states, and electronic
densities of states are compared with experiment (where available) and density-functional theory
(DFT) calculations using various basis sets. The presented DFT benchmark calculations using the
correlation-consistent polarized valence triple zeta basis set are at present the most extensive
calculations on harmonic frequencies of these species. Possible limitations of the SCC-DFTB
method for the prediction of molecular vibrational and optical properties are discussed. The
presented results suggest that SCC-DFTB is a computationally feasible and reliable method for
predicting vibrational and electronic properties of such carbon nanostructures comparable in
accuracy with small to medium size basis set DFT calculations at the computational cost of standard

semiempirical methods. © 2006 American Institute of Physics. [DOI: 10.1063/1.2370877]

I. INTRODUCTION

The discovery of fullerene molecules and carbon nano-
tubes ushered in a new era of nanoscience and
nanotechnology.1 Very unique and intriguing physical prop-
erties of these molecules attracted numerous researchers all
over the world, although experimental characterization of
carbon nanomaterials molecules is very often difficult. Un-
fortunately, theoretical prediction of properties that could as-
sist in the characterization is not easy due to the large num-
ber of atoms, which makes it very difficult to apply rigorous
ab initio or first principles electronic structure methods.
Quantum chemical treatment is very important for
m-conjugated carbon networks to describe properly
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sp*-carbon based nanomaterials formation and chemistry.z’3
Conventional single-determinant wave-function-based quan-
tum chemical methods are currently capable to calculate en-
ergies and optimized geometries for relatively simple sys-
tems containing up to a few hundreds of carbon atoms. For
more complex structures, for instance, fullerene assemblies”
or peapods,5 it is often necessary to consider explicitly thou-
sands of atoms to obtain a proper description of their struc-
tural and chemical properties, rendering conventional quan-
tum chemical methods useless for their modeling. The
situation is even more complicated when one wants to com-
pute higher-order molecular properties, for instance, polariz-
abilities, magnetizabilities, vibrational frequencies, infrared
(IR) intensities, and Raman activities; in this case the com-
putational cost usually scales very steeply with the number
of particles for rigorous ab initio based methods.® Even the
most advanced parallel implementations of Hartree-Fock
(HF) and density-functional theory (DFT) do not currently

© 2006 American Institute of Physics
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allow to go beyond a hundred atoms with 1000+ basis func-
tions for the calculation of analytical second derivatives,7
while the numerical evaluation of the Hessian is impractical
and not accurate.

To find a feasible alternative for the costly conventional
quantum chemical methods in case of large systems, a con-
siderable part of scientific activity is devoted to develop
algorithms that significantly reduce computational time
while preserving accuracy as much as possible. The most
promising ideas are connected to concepts of localized
molecular orbitals,® density-fitting techniques,9 integral
approximation,lo and order N methods,"' but the prediction
of second- or higher-order quantities is still not feasible for
systems with more than about 100 atoms with such clever
mathematical approximations.12 Another group of methods
that receive recently much attention is known under the com-
mon name of semiempirical techniques. Born from the ne-
cessity that in the early days of quantum chemistry comput-
ers were not fast enough to deal with a rigorous formulation
of HF and configuration interaction (CI) theory, semiempir-
ical methods utilize a large number of approximations that
concern usually both physical and mathematical aspects of
the formalism and are generally considered to be less accu-
rate. The self-consistent charge density-functional tight-
binding (SCC-DFTB) method of Elstner and coworkers is a
very successful method that uses a second-order expansion
of the DFT electron density and two-center repulsive energy
curves fitted to high-level DFT dissociation curves of model
compounds.13"4 It combines in that sense empirical and
mathematical approximations to DFT and is of comparable
computational speed as “more conventional” semiempirical
methods such as AM1 (Ref. 15) and PM3.'® It has been
applied for calculations of reaction energies and molecular
geometries, showing very good agreement to experimental
data,"*'""® and performs better than AM1 and PM3 methods
regarding fullerene isomer geometries and energetics relative
to B3LYP/6-31G(d) data."”” DFTB has also been employed
in quantum chemical molecular dynamics simulations, which
revealed that the dynamic self-assembly of buckminster-
fullerene Cg4, follows a “shrinking hot giant” road of
fullerene formation.>* Recently, the present authors devel-
oped an analytical formulation of second-order derivatives
for the SCC-DFTB method that allows for calculating ana-
lytical Hessian and harmonic vibrational frequencies.zl_23
The preliminary tests performed for a set of small and me-
dium size molecules show that SCC-DFTB can be used for
reproducing experimental fundamental frequencies and IR
and Raman spectra in a satisfactory manner. It has been
shown that it is possible to remove all large discrepancies
between the calculated and experimental vibrational frequen-
cies by refitting the original SCC-DFTB two-body
potentials;24 energies and optimized geometries computed
using the reoptimized potentials do not show significant
worsening.

The present paper represents a benchmark for the appli-
cability of SCC-DFTB towards prediction of vibrational
spectra of fullerene-based carbon nanomaterials for future
employment in the assignment of experimental vibrational
spectra. We selected three closed-shell fullerenes D, Cog,
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I;, C4, and Ds;, C;o as benchmark systems for a comparative
study. Molecular structures and IR and Raman vibrational
spectra obtained with SCC-DFTB are compared to experi-
mental results (where available), to the Cg, and C; scaled
B3LYP/6-31G(d) IR and Raman harmonic vibrational spec-
tra of Schettino et al.”> and Sun and Kertesz,* respectively,
and to our own unscaled BLYP DFT vibrational spectra, fea-
turing a small 3-21G,”" a medium 6-31G(d),”™® and a large
cc-pVTZ (Ref. 29) basis set. In particular, analytical BLYP/
cc-pVTZ calculations of vibrational spectra are computation-
ally extremely demanding with 840, 1800, and 2100 basis
functions for C,g, Cg), and Cy, respectively, and represent
themselves a milestone in the calculation of such highly ac-
curate IR spectra for fullerene systems requiring several
weeks of computer wall clock time at the Pacific Northwest
Laboratory’s EMSL. We selected the BLYP functional to per-
form a consistent set of benchmark calculations with differ-
ent basis sets because it is known to predict vibrational fre-
quencies close to experiment even without scaling,30 in
particular, with large pVTZ basis sets.’ In addition, we per-
formed calculations of the vibrational density of states
(VDOS) and the electronic density of states (DOS) for all
three molecules at the SCC-DFTB level of theory and com-
pare the results to analogous results determined using BLYP/
3-21G, BLYP/cc-pVTZ, and experimental values, where
available. For all SCC-DFTB calculations, the new reparam-
etrized repulsive potentials24 were employed.

Il. COMPUTATIONAL DETAILS

All DFTB and SCC-DFTB energy, geometry, and DOS
calculations have been performed using a FORTRAN-based
program. (Program DYLCAO was written in 1991 by Blau-
deck. Further development was due to Porezag and Kohler.
The self-consistent formalism was implemented by Elstner.)
Harmonic vibrational frequencies, IR intensities, Raman ac-
tivities, and vibrational densities of states have been obtained
using an analytical second derivative module that has been
developed in our group.21 For all DFTB and SCC-DFTB
calculations, we have used the new reoptimized repulsive
potentials.24 First principles DFT geometry optimizations
were carried out using both B3LYP (Refs. 32 and 33) and
BLYP (Ref. 32) density functionals. DFT calculation of vi-
brational spectra and VDOS was carried out using the BLYP
functional only. Results for DOS are only presented for SCC-
DFTB and BLYP, as the difference between BLYP and
B3LYP density of electronic states is relatively small. Vibra-
tional harmonic frequencies were left unscaled to allow more
straightforward comparison between SCC-DFTB and BLYP
data. Unless otherwise noted, we employed the 3-21G (Ref.
27) and 6-31G(d) (Ref. 28) basis sets for all BLYP calcula-
tions using the GAUSSIANO3 suite of programs,34 while DOS
and IR vibrational frequency calculations with the much
larger cc-pVTZ basis set were carried out using NWCHEM 4.7
(Ref. 35) at the EMSL Molecular Science Computing Facil-
ity. We accepted all default integration grid/convergence
threshold parameters of the respective programs for second
derivative calculations.
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FIG. 1. Symmetry-unique bond distances for D, Cyg, I}, C¢, and Ds;, C.

Ill. RESULTS AND DISCUSSION

Our benchmark of the DFTB and SCC-DFTB methods
for the prediction of structural, vibrational, and optical prop-
erties of fullerene-based carbon nanostructures comprises
five related quantities: (1) molecular structures, (2) vibra-
tional frequencies, (3) IR and Raman intensities, (4) vibra-
tional density of states (VDOS), and (5) electronic density of
states (DOS). In the following we will discuss each quantity
in separate subsections.

A. Optimized geometries

We have optimized the molecular structures of D, Cog,
I, Cp, and Ds;, Cq, which are the lowest-energy isomers
except for the case of C,g, where a T,-symmetric structure

Vibrational spectra and electronic structure of C,g, Cgg, and Cq
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with quintet electronic ground state is lower in energy. We
chose the lowest-energetic singlet electronic state D, isomer
for Cyg to avoid complications arising from the somewhat
different open-shell treatment in spin-polarized version of
DFTB (SCC-sDFTB).*® We discuss results for both B3LYP
and BLYP density functionals in combination with cc-pVTZ
and 3-21G basis sets, and we compare the results with SCC-
DFTB and DFTB optimized geometries. Relevant optimized
molecular structures reported in this work are available in the
supplemental material.” Symmetry-unique bond distances
for Cyg, Cgp, and C,, structures are given in Fig. 1, and
geometrical parameters for the optimized bond distances la-
beled therein are presented in Table I. We note that the bond
distances are generally very similar for all the methods with
the largest absolute discrepancy of approximately 0.06 A. In
particular, SCC-DFTB and DFTB show very little deviation,
as partial charges of C,g and C, are very small (Cg, has only
one symmetry-unique atom with O charge, and SCC-DFTB
and DFTB results are in this case identical due to symmetry).
We reported the similarity of fullerene isomer geometries
and energetics already earlier and also elaborated on the
comparison between experimental and computed symmetry-
unique bond lengths of C70.19 BLYP has a systematic ten-
dency towards longer bonds by up to 0.022 A (r5 of Cag)
compared to B3LYP, while larger basis sets generally reduce
DFT geometries by an average of 0.01 A difference. The
shortening of C=C bonds with the inclusion of polarization
functions is a well-known phenomenon; on the other hand,

TABLE I. Optimized geometries of D, Cyg, I;, C, and Ds;, C4 calculated with various methods. The root mean
square deviation o, for each method is calculated with respect to the BLYP/cc-pVTZ and B3LYP/cc-pVTZ

results. The notation r; is explained in Fig. 1.

B3LYP/ BLYP/ B3LYP/ BLYP/
cc-pVTZ cc-pVTZ 3-21G 3-21G SCC-DFTB DFTB
Cyg r 1.461 1.469 1.475 1.483 1.510 1.527
7 1.377 1.400 1.380 1.407 1.407 1.410
3 1.470 1.467 1.495 1.488 1.518 1.519
Ty 1.498 1.509 1.521 1.530 1.540 1.535
rs 1.399 1.419 1.401 1.423 1.424 1.425
76 1.499 1.515 1.505 1.525 1.523 1.516
ry 1.445 1.445 1.463 1.462 1.488 1.488
Ty 1.410 1.414 1.416 1.421 1.441 1.443
Ty 1.485 1.501 1.490 1.508 1.512 1.516
1o 1.395 1.403 1.401 1.407 1.421 1.418
1 1.395 1.414 1.398 1.419 1.426 1.426
T 1.523 1.537 1.545 1.558 1.556 1.556
Ceo r 1.401 1.401 1.390 1.404 1.411 1.411
7 1.458 1.458 1.460 1.471 1.477 1.477
Cop T 1.447 1.457 1.451 1.469 1.476 1.476
) 1.390 1.403 1.409 1.405 1.413 1.413
r3 1.443 1.453 1.449 1.466 1.472 1.473
Ty 1.383 1.396 1.401 1.399 1.403 1.404
rs 1.444 1.451 1.449 1.464 1.474 1.474
Tg 1.430 1.443 1.437 1.452 1.451 1.452
r; 1.415 1.426 1.427 1.431 1.438 1.438
rg 1.466 1.476 1.461 1.485 1.490 1.488
Ol 0.010 0.010 0.010 0.019 0.019
o 0.010 0.010 0.020 0.029 0.030

rms
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basis set and electron correlation effects are known to par-
tially cancel each other in conjugated systems such as
1,3—butadiene,37‘3 8 and the “correct” combination is often dif-
ficult to evaluate.®® The only clear exception from the ex-
pected basis set dependence of bond lengths is the r; bond of
Cgo at the B3LYP level of theory, which is shorter by
0.011 A than cc-pVTZ in case of the 3-21G basis set and
0.005 A shorter with respect to 6-31G(d).*® Solution phase
NMR (Ref. 40) and gas phase electron diffraction*' bond
lengths for Cg (1.40 and 1.45 A) are in close agreement with
large basis set DFT results (1.401 and 1.458 A). DFTB bond
lengths are longer by 0.01 and 0.02 A compared to the ex-
perimental and large basis set DFT results. A similar com-
parison of DFTB/SCC-DFTB versus experimental bond
lengths in C5, yields a more complex picture.19

The root mean square deviation o, of SCC-DFTB from
BLYP/cc-pVTZ bond lengths for all three fullerenes is
0.019 A and the o, of SCC-DFTB from B3LYP/cc-pVTZ
is 0.029 A, once again indicating that SCC-DFTB agrees
better with nonhybrid DFT geometries. We also note that
SCC-DFTB and DFTB data tend to reproduce the smaller
basis set DFT results; thus DFTB generally predicts the long-
est partial double bonds in this comparison. The origin for
this behavior may be rooted in the fact the atomic parameters
of DFTB are determined using the nonhybrid PBE density
functional,'® which itself has a tendency towards longer bond
lengths.42 The overall discrepancy of +0.03 A compared to
B3LYP/cc-pVTZ can, however, be considered relatively
harmless given the fact that the still computationally much
more expensive BLYP/3-21G exhibits an overall discrepancy
of similar magnitude with +0.02 A. We therefore confirm our
previous finding that DFTB and SCC-DFTB can be used as a
substitute for more expensive DFT calculations for the struc-
tural prediction of fullerene isomer structures.

B. Vibrational frequencies

While we could not find any reported theoretical vibra-
tional data on C,g, there are many harmonic vibrational spec-
tra computed at various quantum chemical levels of theory
for Cgy (Refs. 25, 39, and 43) and C;, (Refs. 26 and 44)
reported in the literature; the references quoted only cite the
most recent works which contain more references to other
computed IR and Raman spectra of these “popular”
fullerenes. Tables II-IV list our theoretical harmonic vibra-
tional frequencies at the BLYP level of theory with cc-pVTZ,
6-31G(d), and 3-21G basis sets and at the SCC-DFTB level
of theory. Experimental data for the 14 Cg, IR and Raman
active modes were taken from Ref. 45 and for C;, from the
compilation by Schettino et al.™ We compare our BLYP re-
sults to hybrid DFT B3LYP/6-31G(d) vibrational frequen-
cies computed by Schettino et al.” for Ceo and Sun and
Kertesz for C70.26 Both groups reported values using a com-
mon scaling factor of 0.98, following an earlier work from
1998 by Stratmann et al. on the B3LYP/6-31G(d) calcula-
tion of Cgy IR active modes.*® For comparison, the recom-
mended uniform scaling factors for B3ALYP and BLYP with
Sadlej’s pVTZ basis set are 0.9726 and 1.0047,! respec-
tively. The use of such global scaling factors is problematic,
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as force constant coupling elements between different C—C
and C=C bonds are often highly dependent on the level of
electron correlation in a nonpredictable way.47 Therefore,
and to allow a fair comparison between different levels
of theory in our benchmark study, all vibrational frequencies
were left unscaled, as is good practice in such
circumstances.” We computed all vibrational frequencies
irrespective of their IR or Raman visibility. Since experimen-
tal assignments are always subject to change and very
difficult for these species due to their many IR and Raman
silent modes, we chose the high-level BLYP/cc-pVTZ calcu-
lation as reference (V?) to which we compute root mean
square deviations o, as frequency-weighted (o7,
= | Cwivi= )2 IZw),w;=1/1)) and unweighted (g, W;
=1) quantities. Only when we explicitly discuss deviations
from experimental values, the latter become assigned as v?.
The o, values are considerably larger than the ‘“average
differences” between n experimental and calculated frequen-
cies quoted by Schettino et al.,”>** which are calculated as
JEwi(v;=19)%)/n. Weighted and unweighted o,,,s are typi-
cally used to characterize the agreement of calculated vibra-
tional frequency sets with reference data sets and are typi-
cally on the order of 10 cm™' in case of excellent agreement,
which can usually only be achieved by fitting scaling param-
eters of individual force constant matrix elements as devised
by Pulay et al.*® (see, for instance, Refs. 39 and 49) although
global scaling may sometimes succeed as well.”

Since the aim of this work is not an elaborate analysis
and assignment of the vibrational spectra of C,g, Cg4y, and
C4, we refer the reader to previous excellent reports discuss-
ing the genetic relationship between Cgy and C, vibrational
modes™’ and their symmetry justiﬁcations.44 As it was also
pointed out that the number of anharmonic force constants of
Ceo and C, is prohibitively large for an application to
achieve a realistic force field comparable to experiment,51 we
are restricting ourselves here to comparisons of harmonic
vibrational frequencies with the highest level of theory we
could afford, namely, BLYP/cc-pVTZ. In designing our
benchmark calculations, it was our hope that the BLYP func-
tional intrinsically provides for a good agreement with ex-
periment, which we found is generally true as will be de-
scribed in the following paragraphs for each species, Cog,
Ceo, and Co,.

1. Dz ng

No experimental vibrational spectra exist on this lowest-
energetic closed-shell isomer of C,g. We therefore list only
harmonic vibrational frequencies at the BLYP/cc-pVTZ,
BLYP/6-31G(d), BLYP/3-21G, and SCC-DFTB levels of
theory in Table II. All modes are Raman allowed, whereas
only By, B,, and B; modes are IR active. o;,,, and o, values
are given with respect to BLYP/cc-pVTZ and are between 13
and 16 cm™' for BLYP data sets obtained with the small and
medium basis sets and about 30 cm™ for SCC-DFTB. The
difference between weighted o}, and unweighted o, val-
ues is negligible, indicating that no systematic deviation is
present in the data sets. The lowest vibrational frequency,
which is a B, “breathing mode” of the fullerene cage, is

predicted to be 284.5 cm™' by BLYP/cc-pVTZ, decreases to
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TABLE II. Harmonic vibrational frequencies (cm™') of Cypg (D, symmetry) computed using BLYP/cc-pVTZ,
BLYP/6-31G(d), BLYP/3-21G, and SCC-DFTB. All modes are Raman active and all B}, B,, and B; modes are
IR active. Root mean square deviations are given with respect to BLYP/cc-pVTZ (v?) and given as frequency-

weighted [a7 .= (S wi(v;=1))2/Zw;),w;=1/1] and unweighted (0, w;=1) quantities.

BLYP
Symmetry cc-pVTZ 6-31G(d) 3-21G SCC-DFTB

Ay 323.0 321.4 324.1 310.9
416.5 413.0 419.9 411.2
452.6 449.0 457.4 438.7
508.7 498.9 508.7 483.4
591.0 578.9 587.6 547.3
602.4 592.7 608.3 558.0
657.5 639.1 652.8 580.5
673.8 663.3 657.7 621.0
692.0 674.4 666.9 634.0
748.2 738.3 758.8 690.2
869.2 877.2 854.9 846.3
975.4 977.4 965.7 972.3
1073.2 1085.2 1049.1 1039.3
1098.1 1105.7 1085.0 1090.4
1114.3 1128.7 1094.8 11254
1192.7 1201.3 1195.4 1197.9
1251.0 1262.0 1225.1 1241.9
1305.6 1321.7 1297.5 1290.3
1361.8 1372.7 1360.8 1331.9
1376.8 1388.0 1377.8 1425.9
1459.9 1470.1 1459.2 1473.0
B, 362.2 359.2 373.0 360.6
463.6 459.0 470.5 458.0
506.2 497.8 506.8 490.1
5233 513.7 524.6 500.4
642.2 611.5 638.2 539.2
679.7 647.9 666.9 667.9
694.8 696.5 694.2 723.2
717.8 705.2 710.0 731.8
737.1 719.3 740.3 745.2
806.6 792.6 825.0 816.3
951.3 955.8 937.5 957.4
1073.6 1083.2 1067.0 1061.9
1113.8 1121.8 1092.5 1112.8
1173.6 1083.2 1172.3 1162.2
1220.2 1233.6 1194.0 1220.1
1328.8 1342.6 1330.5 1297.7
1351.2 1363.2 1353.0 1407.3
1390.6 1400.2 1395.8 1411.7
1429.1 1437.7 1439.3 1444.1
B, 284.5 277.7 302.0 311.4
490.0 482.0 480.9 454.8
513.2 506.8 522.0 513.8
549.1 5343 549.9 528.3
609.2 587.1 606.7 555.4
639.1 621.2 613.3 586.8
684.0 657.4 690.1 655.3
6717.5 660.1 664.9 596.8
740.7 730.1 751.2 750.6
763.5 763.1 766.8 776.4
840.7 848.2 830.3 836.8
959.3 967.3 955.2 957.5
1027.8 1038.8 1004.2 1026.2
1144.2 1155.3 1113.7 1107.8
1156.8 1169.9 1152.9 1174.4
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TABLE II. (Continued.)
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BLYP
Symmetry cc-pVTZ 6-31G(d) 3-21G SCC-DFTB

1208.1 1213.1 1191.8 1199.8

1320.8 1331.2 1325.6 1338.8

1367.4 1378.5 1364.1 1378.4

1409.8 1420.8 1410.5 1438.2

B; 348.0 337.0 366.8 367.2
437.9 424.8 455.0 429.4

491.9 479.1 492.8 462.1

554.8 539.8 556.9 534.9

588.2 578.9 596.9 562.3

677.2 644.7 630.2 611.0

696.0 675.8 678.8 647.2

697.5 681.8 701.7 693.3

719.8 712.0 731.3 718.4

813.6 813.4 809.5 828.3

863.8 872.1 864.0 888.1

1001.9 1008.7 993.1 1015.7

1078.5 1085.5 1064.3 1057.7

1169.5 1183.7 1144.7 1161.1

1194.8 1202.3 1197.9 1132.8

1209.2 1216.9 1175.9 1222.4

1329.4 1341.1 1329.8 1322.4

1366.5 1375.3 1375.8 1421.6

1374.6 1387.1 1368.5 1372.4

O 15.2 13.2 324
o, 16.4 13.6 31.9

ms

277.7 cm™! at the BLYP/6-31G(d) level, and overshoots the
cc-pVTZ level with 302.0 cm™! at BLYP/3-21G. The SCC-
DFTB value for this mode is 311.4 cm™', more similar to the
small basis set DFT result. This particular behavior of vibra-
tional frequencies with the applied method is, however, not
universal, and the tabulated values do not allow to find a
systematic trend regarding frequency shifts with the level of
theory. We only note one exception, namely, that there exists
some systematic blueshift from BLYP/cc-pVTZ to SCC-
DFTB for the very highest frequencies, such as B3LYP/cc-
pVTZ A, 1376.8 and 1459.9 cm™!, B, 1351.2—1429.1 cm™!,
B, 1409.8 cm™!, and B; 1366.5 and 1374.6 cm™!, with shifts

to higher frequencies as large as 50 cm™.

2. Ih CSO

Since the experimental assignment of silent modes other
than Raman active A, and H, and IR active T, modes is
very difficult,”® we include only the experimentally visible
modes in our benchmark comparison. Here, we also list the
scaled and unscaled B3LYP/6-31G(d) values reported by
Schettino er al.* in Table III. o/, and o, for BLYP/cc-
pVTZ with respect to experimental values are 22.8 and
27.2 ecm™!, respectively (not shown in table), and indicate
some systematic underestimation of high frequency modes at
the quantum chemical level. The same can be said about the
unscaled B3LYP/6-31G(d) calculations, where the weighted

' . is 19.9 cm™!, whereas the unweighted o, is 24.8 cm™!

O-I'IHS
(also not listed). However, the trend for the high vibrational

frequencies regarding BLYP and hybrid B3LYP is opposite;
the Hartree-Fock contribution in B3LYP causes blueshifting,
whereas BLYP tends to predict too small frequencies. Re-
markably, when scaling of B3LYP frequencies by 0.98 is
applied, the values of o7, and o, with respect to experi-

mental frequencies drop to 9.4 and 8.5 cm™'. The o, and
Oms for unscaled B3LYP/6-31G(d) with respect to BLYP/
cc-pVTZ are 34.3 and 44.8 cm™!, respectively, again reflect-
ing a systematic trend in B3LYP data towards higher vibra-
tional frequencies and generally indicating the wide
uncertainty of different high-level DFT methods regarding
the prediction of even harmonic vibrational frequencies.
Compared to B3LYP/6-31G(d), SCC-DFTB performs very
well in the comparison with BLYP/cc-pVTZ, with o7, and
Oy Values of 32.2 and 34.4 cm™, respectively. Since DFTB
does not directly contain a contribution from Hartree-Fock
exchange, no systematic trend is visible in its deviations
from the BLYP data. It even outperforms BLYP/3-21G,
which has corresponding deviations of 39.0 and 39.3 cm™!
for scaled and unscaled deviations, respectively. Regarding
the lowest vibrational frequencies, we note that the fivefold
degenerate H, breathing mode at BLYP/cc-pVTZ
260.2 cm™! is lower compared to C,g by 24.3 cm™!, reflect-
ing the larger cage diameter. Its corresponding values at the
BLYP/6-31G(d), BLYP/3-21G, and SCC-DFTB levels of
theory are very similar to 258.4, 259.6, and 254.6 cm™, re-
spectively. Here, we cannot observe a systematic trend of

SCC-DFTB towards blueshifting high vibrational frequen-
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TABLE III. Harmonic vibrational frequencies (cm™') of Cq, (7, symmetry) computed using BLYP/cc-pVTZ,
BLYP/6-31G(d), BLYP/3-21G, and SCC-DFTB. Experimental data are taken from Ref. 45. B3LYP/
6-31G(d) data are given for comparison. The A, and H, modes are Raman active and the 7', modes are IR

active. Root mean square deviations are given with respect to BLYP/cc-pVTZ (v

?) and given as frequency-

weighted [0/, .= ((Swi(v;=)*/2w;),w;=1/17] and unweighted (0, w;=1) quantities.

BLYP
SCC- B3LYP* B3LYP®
Symmetry Expt. cc-pVTZ 6-31G(d) 3-21G DFTB 6-31G(d) 6-31G(d)
A, 496 481.5 479.3 473.7 490.2 487 497
1470 1431.6 1445.4 14375 1384.8 1474 1504
H, 273 260.2 258.4 259.6 254.6 261 266
437 429.0 424.1 408.5 412.5 429 438
710 711.4 691.9 643.2 664.1 705 719
774 760.0 760.3 751.2 759.7 772 788
1099 1083.2 1085.9 1069.1 1076.6 1104 1127
1250 1206.6 1221.4 1174.1 1171.3 1251 1277
1428 1380.4 1396.4 1372.3 1345.4 1426 1455
1575 1533.2 1543.9 15333 1556.9 1585 1617
T\ 527 531.2 517.6 481.1 485.6 528 539
557 568.8 568.5 559.7 576.7 577 589
1183 1160.7 1168.0 1128.9 1137.7 1189 1213
1428 1389.6 1405.4 1393.1 1347.7 1431 1460
T, 554.6 548.8 512.9 528.9 562 573
825.5 811.9 830.7 822.7 823 840
1249.1 1251.8 1225.8 1233.6 1276 1302
T, 567.3 549.0 562.5 549.5 555 566
767.9 716.1 623.8 671.8 724 739
791.3 780.7 809.0 801.0 789 805
1295.1 1307.7 1266.4 1273.2 1344 1371
G, 479.3 473.8 461.2 472.8 480 490
565.3 561.0 576.7 563.0 565 577
747.5 723.6 653.4 679.3 741 756
1049.8 1060.4 1025.9 984.4 1072 1094
1282.2 1286.8 1271.4 1270.2 1307 1334
1459.1 1470.8 1453.0 1465.9 1507 1538
A, 955.2 932.8 973.0 959.4 946 965
Ty, 338.2 3353 332.8 333.0 327 334
715.8 694.9 642.6 654.0 709 723
945.8 949.0 933.6 911.3 958 978
1149.6 1161.4 1122.0 1088.3 1177 1201
1492.6 1501.7 1499.2 1512.6 1536 1567
G, 349.5 347.8 340.5 340.1 351 358
760.7 727.7 636.5 679.9 738 753
781.8 742.7 766.1 760.4 751 766
945.0 946.8 933.8 930.1 962 982
1266.7 1279.3 1245.6 1240.4 1307 1334
1384.4 1400.3 1367.0 1355.7 1434 1463
H, 398.9 396.3 402.8 390.6 400 408
531.6 522.5 506.0 523.6 531 542
667.0 658.2 639.9 650.4 665 679
740.2 712.1 689.3 694.0 729 744
1186.8 1193.7 1163.0 1172.1 1219 1244
1307.6 1313.7 1283.6 1284.9 1343 1370
1521.9 1533.4 1518.5 1543.9 1576 1608
ol 15.0 39.0 322 215 343
Crms 15.8 39.3 344 275 44.8

Scaled values from Ref. 25.

"Unscaled values from same reference (multiplied by factor of 1/0.98).

cies; the picture is rather nonuniform. We note, however,
that, in particular, in the SCC-DFTB and BLYP/3-21G re-
gions between 600 and 700 cm™!, the basis set effect on the
values of these particular frequencies is very significant; in

going from 3-21G to cc-pVTZ basis sets, the BLYP vibra-
tional frequencies increase by more than 100 wave numbers
with SCC-DFTB being higher than BLYP/3-21G but lower
than BLYP/6-31G(d). The nature of these vibrations, invis-
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TABLE V. Harmonic vibrational frequencies in (cm™') of Cyy (Ds;, symmetry) computed using BLYP/cc-pVTZ, BLYP/6-31G(d), BLYP/3-21G, and
SCC-DFTB. Experimental data are taken from the compilation in Ref. 44. B3LYP/6-31G(d) data are given for comparison. The A{, E}, and E| modes are
Raman active and the E] and A} modes are IR active. Root mean square deviations are given with respect to BLYP/cc-pVTZ (V?) and given as frequency-
weighted [0/ .= | (Swi(v-10)*/Zw;), w;=1/17] and unweighted (,,,, w;=1) quantities.

BLYP BLYP
SCC- B3LYP' B3LYP’ SCC- B3LYP' B3LYP’
Symmetry Expt. cc-pVTZ 6-31G(d) 3-21G DFTB 6-31G(d) 6-31G(d) Symmetry Expt. cc-pVTZ 6-31G(d) 3-21G DFTB 6-31G(d) 6-31G(d)

Al 260 254.0 249.8 2537 2472 253 258 E| 328 324.4 320.1 320.5 316.7 326 332
396 394.1 386.6 383.1 382.6 393 401 361 358.0 353.5 359.8 3513 358 366
455 4448 441.6 437.0 457.8 448 457 418 417.7 406.7 398.5 401.5 415 423
568 556.1 550.8 520.8 5244 565 576 509 507.5 497.7 486.2 493.1 507 518
697 691.2 689.7 684.2 700.3 701 716 534 528.4 524.1 517.8 5357 533 544
701 715.0 692.5 645.6  657.1 709 723 578 557.1 558.2 5324 5463 573 585
1060  1047.2 1044.8 1039.8 1045.0 1061 1083 642 580.4 629.8 598.0 610.8 640 653
1182  1146.7 1157.3 11249 1132.0 1185 1209 674 644.0 653.5 635.1 651.8 666 679
1222 1199.9 1208.8  1170.1 1163.0 1229 1254 728 676.3 711.1 6453  686.0 729 744
1459  1398.3 14113 1377.6 1373.0 1450 1479 795 803.8 737.6 6749 696.6 751 767
1468  1428.1 1438.9  1426.8 1440.0 1472 1502 835 828.8 815.3 836.7 834.0 828 845
1576 15239 1533.5 1527.6 1543.0 1574 1606 904 889.5 889.4 886.1 894.2 905 923
E} 225 2222 216.7 218.6 2142 220 224 1087  1063.0 1066.2  1050.8 1066.0 1087 1109
303 301.4 294.3 2927 2920 299 305 1176 1153.3 1156.3 1136.8 1133.0 1177 1201
430 426.9 418.7 415.1 417.8 426 435 1251 12183 1226.6  1188.9 1200.0 1255 1280
505 503.8 492.4 485.7 4954 502 513 1291  1259.2 1262.2  1238.7 1248.0 1290 1317
535 518.1 526.6 537.7 5272 534 544 1321 1289.1 12943 12759 1281.0 1318 1345
668 666.5 656.1 627.0 640.6 665 679 1414 13742 1382.0 1351.7 1382.0 1415 1444
688 699.3 673.6 643.5 651.7 689 703 1430  1390.9 1403.6  1380.3 1356.0 1431 1460
721 730.8 708.3 686.9 680.2 722 737 1489  1443.1 1450.8 1427.1 1480.0 1489 1519
738 766.1 720.9 6359 688.9 735 750 1563 1516.0 1526.8 1514.1 1531.0 1569 1601
743 772.4 727.0 721.6  696.7 741 756 A} 490 489.6 476.1 466.6 4782 485 495
760 773.6 733.5 784.6  739.5 750 766 543 546.0 538.3 575.8 5426 546 557
768 791.8 756.9 651.7 7839 767 782 621 642.1 614.7 550.0 595.2 629 642
948 928.7 928.5 1025.6 941.3 945 964 e 754.8 725.7 6234 688.6 732 747
1055 1042.0 1045.5 926.2 1004.0 1059 1081 750 785.9 733.7 751.5 7475 745 760
1196  1160.2 1162.5 1145.8 1161.0 1187 1211 938 943.4 922.0 961.5 950.7 936 955
1258 12254 12329 1203.4 1200.0 1257 1283 1215 1187.2 1188.6  1168.5 1199.0 1215 1240
1332 1287.3 1298.3  1267.2 1272.0 1329 1356 1342 1304.7 1311.3  1290.4 1296.0 1338 1366
1349 1313.6 1319.2  1313.0 1292.0 1349 1377 1442 14125 1417.3  1395.0 1433.0 1450 1480
1374 1330.1 13414 1288.4 1327.0 1373 1401 Al 337 336.6 3322 338.1 3279 336 343
1500 1459.1 1465.8  1450.3 1466.0 1501 1532 527 535.3 515.6 490.9 500.7 529 540
1520 1475.8 1485.6  1462.7 1512.0 1523 1554 609 613.5 604.5 6224 611.1 612 624
1580 15199 1529.4 15144 1542.0 1573 1605 e 743.7 717.5 656.3 694.1 734 749
4 250 246.9 242.0 246.6  240.2 245 250 785 799.0 768.0 790.4 783.6 779 795
410 409.4 401.6 3954 3944 408 417 892 898.0 879.6 910.7  900.7 892 910
480 480.2 468.1 451.0 456.2 479 488 1241 1218.6 1219.2  1196.8 1202.0 1240 1266
520 517.2 508.0 500.9 499.8 515 525 1309.2 1312.8  1279.3 1290.0 1347 1375
548 533.5 535.7 5349 5332 546 557 1550 1508.4 1517.1  1492.0 1534.0 1558 1590
675 676.3 665.2 643.2  660.9 675 688 E) 309 306.1 300.2 3032 2999 304 311
712 718.6 697.6 650.8 687.5 714 728 382 382.3 376.7 372.8 3683 383 390
733 745.0 720.6 691.9 691.7 735 750 412 407.1 400.3 405.0 396.0 407 415
741 770.1 724.8 721.6  733.0 740 755 522 551.2 504.9 496.0 508.4 515 525
800 797.4 783.9 807.1 804.7 794 811 557 635.9 549.1 566.6 553.8 555 567
1050 1038.3 1039.2 1023.8 1013.0 1054 1076 e 709.6 626.6 633.0 629.1 633 646
1172 1145.7 11493  1122.0 1132.0 1169 1193 690 726.7 684.9 6349 663.1 701 715
1227  1189.6 1198.1 1161.3 1195.0 1226 1251 709 731.5 700.0 646.7 6719 717 732
1227  1261.1 1267.9  1239.9 1252.0 1296 1323 726 746.1 719.6 653.7 679.1 728 742
1311 1286.8 1291.3  1270.3 1271.0 1313 1340 790 786.3 771.5 800.0 796.7 781 797
1367 13339 1342.6  1309.4 1316.0 1366 1394 922 907.9 907.0 899.3  902.1 920 939

1445 1389.1 1403.0 1379.4 1354.0 1432 1461 1070 1057.1 1056.8 1047.3 1060.0 1075 1096
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TABLE IV. (Continued.)
BLYP BLYP
SCC- B3LYP* B3LYP’ SCC- B3LYP* B3LYP’
Symmetry Expt. cc-pVTZ 6-31G(d) 3-21G DFTB 6-31G(d) 6-31G(d) Symmetry Expt. cc-pVTZ 6-31G(d) 3-21G DFTB 6-31G(d) 6-31G(d)
1511 14692 14783 14549 14850 1516 1546 1152 11324 1140.7 1106.1 1073.0 1156 1179
1545 15217 15319 1520.5 1547.0 1574 1606 1261 1219.6  1229.0 1189.2 1200.0 1258 1283
Al 320 3205 3144 3182 3164 318 324 1316 12764  1286.6 12809 1265.0 1316 1343
458  461.9 4503  434.1 438.1 459 468 1338 12958  1299.1 1251.6 1299.0 1327 1354
564 507.6 5549 5494 568.1 564 575 1400 13557  1368.9 13414 13540 1399 1427
707 709.7 687.6 6429 6619 704 718 1455 1409.9 14223 1389.2 1393.0 1455 1484
901  890.9 888.3  877.8 8702 896 914 1528 14743  1482.6 1471.5 1498.0 1517 1547
1133 11152 11187 1096.7 1123.0 1143 1166 1565 15207  1529.5 15157 1546.0 1573 1605
1203 11793 11907 11502 1164.0 1206 1230 ol 249 .- 21.7 403 295 25.5 36.5
1320 1289.7 13047 12713 1272.0 1321 1348 O 293 214 416 304 30.2 46.2
1460 14233 14341 1422.6 1383.0 1462 1492
1557 1519.9  1529.2 15257 1538.0 1568 1600

“Scaled values from Ref. 26.
Unscaled values from same reference (multiplied by factor of 1/0.98).

ible in IR and Raman, is described as a deformation of the
pentagon rings corresponding to out-of-plane motion of its
C, units. In particular, we note that even for transition from
BLYP/6-31G(d) to BLYP/cc-pVTZ, corresponding changes
can be as large as 50 wave numbers [for instance, T, BLYP/
cc-pVTZ with 7679 cm™, up from 716.1 cm™ at
BLYP/6-31G(d) and 623.8 cm™! at BLYP/3-21G]. While we
cannot explain at this moment the origin of this strong basis
set dependence for these particular pentagon modes, we note
that SCC-DFTB performs reasonably well as a minimum
basis set method.

In this case, we compare our results (Table IV) with
experimental vibrational frequencies available for all irreduc-
ible representations from the compilation in Ref. 44 and with
the scaled and unscaled B3LYP/6-31G(d) values reported
by Sun and Kertesz.*® The values of 0 and o, for BLYP/
cc-pVTZ with respect to experimental values are 24.9 and
29.3 cm™!, respectively, and again indicate some systematic
underestimation of high frequency modes at the quantum
chemical level, as was the case before with Cgy. A similar
behavior is also seen for the unscaled B3LYP/6-31G(d) cal-
culations, where the weighted oy, with respect to experi-
mental frequencies is 18.2 cm™', whereas the unweighted
Opms 18 23.0 cm™! (not listed). Again, B3LYP tends to over-
estimate vibrational frequencies, while BLYP does not show
a clear trend. It is indeed astonishing how similar these val-
ues are compared to Cg, especially considering the fact that
now all 122 symmetry-unique vibrational frequencies are
taken into account. When scaling of B3LYP frequencies by
0.98 is applied, the values of o, and oy, with respect to
experimental frequencies drop to 7.8 and 9.2 cm™!, as was
shown by Sun and Kertesz.%® The values of o’ and Oy fOr

rms

unscaled B3LYP/6-31G(d) with respect to BLYP/cc-pVTZ

are 36.5 and 46.2 cm™!, respectively, again indicating the
wide uncertainty of different high-level DFT methods re-
garding the prediction of harmonic vibrational frequencies.
Compared to B3LYP/6-31G(d), SCC-DFTB performs simi-
larly very well as in the case of Cg in the comparison with
BLYP/cc-pVTZ, with o), and o, values of 29.5 and
30.4 cm™!, respectively. It again outperforms BLYP/3-21G,
which has corresponding deviations of 40.3 and 41.6 cm™!
for scaled and unscaled deviations, respectively. Again, it is
striking how similar the level-specific o7, and oy, values
for C¢, and C,, species are, indicating the common nature
between the two sets of vibrational modes.**° Regarding the
lowest vibrational frequencies, we note that the lowest Eé
vibrational mode related to the fivefold degenerate Cg,
breathing modes at BLYP/cc-pVTZ 2222 cm™! is even
lower compared to Cg, by 38.0 cm™, reflecting the increase
in cage diameter. Its corresponding values at the
BLYP/6-31G(d), BLYP/3-21G, and SCC-DFTB levels of
theory are again very similar with 216.7, 218.6, and
214.2 cm™!. As was the case in Cg, we cannot observe a
systematic trend of SCC-DFTB towards blueshifting high
vibrational frequencies; the picture is rather nonuniform. We
also note again the systematic blueshift of modes around 600
and 700 cm™' at SCC-DFTB and BLYP/3-21G levels of
theory; some vibrational frequencies are becoming higher
with the increase in basis set, but to a somewhat lesser de-
gree than in the case of Cgy. These modes are also related to
pentagon out-of-plane deformations. Here, we have more ex-
perimental data to compare with, and somewhat surprisingly
we find that the corresponding experimental vibrational fre-
quencies are almost always lower than the BLYP/cc-pVTZ
data, indicating that the theory is overshooting in these
modes with an increase in the size of basis set. This is “good
news” for the SCC-DFTB method, which happens to predict
in this case vibrational frequencies in similar agreement with
experiment than BLYP/cc-pVTZ although systematically
redshifted.
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C. IR and Raman spectra

Experimental vibrational Fourier transform infrared
(FTIR) spectra of Cgy and C;, have been taken from Bethune
etal.® (Figs. 3 and 4) and analogous FT-Raman spectra from
Lynch et al.>* (also Figs. 3 and 4). The FTIR spectra were
recorded with sample films on KBr and the Raman spectra,
with crystalline samples. For C,g, for which no experimental
data are available, we compare the calculated spectra with
the BLYP/cc-pVTZ IR spectrum and the BLYP/6-31G(d)
Raman spectrum. The combined experimental (where avail-
able) and theoretical vibrational IR and Raman spectra for
Cyg, Ceo» and Cy, are presented in Figs. 2—4, respectively,
with BLYP/cc-pVTZ IR spectra as highest level of theory
in case of IR spectra and BLYP/6-31G(d) in case of com-
puted Raman spectra. The Raman intensities have been
obtained from calculated Raman activities using the
procedure described in Ref. 22. The necessary parameters
(V1aser=9398.5 cm™' and 7=25 °C) are taken from experi-
ment.

When comparisons between experimental and theoreti-
cal Raman spectra are discussed, one should keep in mind
that experimental Raman intensities depend very strongly on
the wavelength of the exciting laser, state of the sample, and
the temperature of the experiment. It is very difficult to com-
pare Raman spectra obtained in different experimental con-
ditions. To enable comparison of various measurements, an-
other quantity is rather employed called Raman activity. The
dependence of Raman activities on the laser wavelength and
temperature is much smaller. Raman activities can be com-
puted in an easy manner from invariants of the polarizability
derivative tensor and are the quantities computed by popular
quantum chemistry packages, for example, in GAUSSIAN. It is
very important to stress here that the Raman activities deter-
mined from quantum chemical calculations cannot be di-
rectly compared with observed Raman intensities, since the
relationship between these two sets of quantities is very
nonlinear. Unfortunately, this mistake is very common while
reporting Raman spectra.

frequency [cm™]

Notwithstanding this principal obstacle, we note that the
overall quality of the SCC-DFTB IR and Raman spectra is
surprisingly good, even when compared to the experimental
Ceo and C,, spectra, although Raman intensities, in particu-
lar, in the case of Cg, are somewhat problematic for the
reasons mentioned above, specifically, the peaks at 500 and
1500 cm™!, where all quantum chemical methods predict
largely different Raman intensities. The IR and Raman spec-
tra for C4y and Cy, calculated with SCC-DFTB and with
BLYP/3-21G are almost identical with small deviations con-
cerning the intensity of some peaks. They match also well
the experimental findings (the experimental spectra were re-
corded not in gas-phase but for solid-state fullerences, which
may affect substantially the observed intensities). The largest
discrepancies regarding the SCC-DFTB relative intensities
compared with those predicted from BLYP can be observed
for Coq. In this case, all three calculated spectra correspond-
ing to different quantum chemical methods, both for IR and
Raman, show some similarities; however, it would be diffi-
cult to conclude that they correspond to the same molecule.
This is particularly true for the IR spectrum in the 800 cm™!
region, where SCC-DFTB and BLYP/3-21G predict the ex-
istence of two large-intensity peaks, whereas BLYP/cc-pVTZ
predicts rather low intensity peaks instead. The computed
spectra suggest that the size of the basis set can be crucial for
calculating IR and Raman spectra for C»g. The corresponding
properties of Cqy and C;, are much less dependent on the
size of basis set. The origin of the special behavior of Cyg
regarding IR and Raman intensities can be seen in its much
smaller highest occupied molecular orbital-lowest unoccu-
pied molecular orbital (HOMO-LUMO) gap than for the
other two fullerene molecules; its values determined with
DFT/BLYP/cc-pVTZ are 0.52 eV for Cyg, 1.66 eV for Cg,
and 1.69 eV for C;,. Smaller gap usually denotes larger
open-shell character of a given molecule and increases the
contribution of low-lying virtual molecular levels on the
properties of the system.
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FIG. 3. Experimental and theoretical vibrational IR and

Raman spectra of 7, Cgp.

D. Vibrational density of states (VDOS)

The VDOS is normally calculated for solid systems by
performing Fourier analysis of the velocity-velocity autocor-
relation function™ and usually yields information about vi-
brational properties of such extended systems with respect to
energy and spatial localization of particular vibrational
modes (“phonons”). In order to make the results of our vi-
brational frequency benchmark analysis applicable to nanos-
cale systems, we simulate a VDOS of all modes irrespective
of their optical activities obtained as a superposition of
Gaussian peaks (half-width=35.3 cm™') corresponding to
discrete vibrational frequencies discussed in Sec. III B. The
experimental and theoretical VDOSSs of C,g, Cg(, and C5 are
presented in Fig. 5 and are used to show the performance of
the SCC-DFTB method for all vibrational states that are cru-
cial for determining various thermodynamic properties, for
instance, entropy. We visually compare the calculated SCC-

DFTB VDOS with experimental data and with BLYP/cc-
pVTZ and BLYP/3-21G results except for C,g5, where no
experimental data are available.

For Cg, and Cy, the correspondence of the SCC-DFTB
and BLYP/3-21G vibrational densities of states is surpris-
ingly good; this is so even though the o, between these
data sets (not discussed above) is rather large with 29.9 cm™!
(Cypg), 19.8 cm™! (Cgp), and 26.4 cm™! (C5). We find it re-
markable that data sets with relatively large o, can produce
similarly looking VDOS, an indication that the quality of
predicted vibrational frequencies cannot be reduced to a
single number such as the average deviation from a reference
data set. In particular, a large peak around 650 cm™' can be
seen for all four VDOSs of Cgy and C,,, which correspond
mainly to highly degenerate C, out-of-plane rotations in pen-
tagons, all of which being dark or having low IR or Raman
intensities. This large band experiences the largest blueshift

i

it

e:i_u experiment
BLYP/cc-pVTZ BLYP/6-31G(d)

L ool

IR intensity [arbitrary unit]

Raman intensity [arbitrary unit]

FIG. 4. Experimental and theoretical vibrational IR and
Raman spectra of Ds;, Cy.
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with increasing basis set size, as discussed in Sec. III B,
which is why its peak can be found between 700 and
800 cm™! for both VDOSs from experiment and BLYP/cc-
pVTZ. Concerning the features below 650 cm™!, all four
VDOSs of each Cg, and C;, species share the same feature
of four peaks increasing in intensity with increasing frequen-
cies. Above 800 cm™', the features are not very clear and it is
hard to establish a plausible correspondence between VDOS
peaks. Overall, the correspondence of the VDOS predicted

C28 C60

by SCC-DFTB to that of large basis set BLYP/cc-pVTZ and
experimental VDOS is rather mediocre, with the exception
of C,g, where the theoretical curves show similar overall
shapes. In the cases where experimental data are available
(Cqo and C), the experimental VDOS is not surprisingly
very similar in shape compared to the corresponding BLYP/
cc-pVTZ (most accurate) theoretical data set. In conclusion,
we find that SCC-DFTB mimics the VDOS of small basis set
DFT calculations and correctly predicts its general features
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TABLE V. Fermi level energies (V) for C,g, Cgp, and C. See text for the
definition of the Fermi levels.

C28 CGO C70
BLYP/cc-pVTZ -5.11 -4.72 -4.69
BLYP/3-21G -5.16 -4.71 -4.66
SCC-DFTB =5.17 -4.98 -4.97

even when compared to experimental or larger basis set DFT
calculations; however, care needs to be taken concerning
position and exact shape of peaks.

E. Electronic density of state (DOS)

Although the eigenstates of the fullerene electronic
Hamiltonian are typically discussed in terms of molecular
orbitals (MOs) with degeneracy relationships dictated by the
high molecular symmetries,54 the electronic structures of
fullerene-containing nanoscale systems such as peapods are
typically discussed in terms of electronic density of states
(DOS),” here computed with 0.059 a.u. Gaussian half-
width. It is for this reason that we present here the DOS
of Cyg, Cgp, and Cy calculated at the BLYP/cc-pVTZ, BLYP/
3-21G, and SCC-DFTB levels of theory in Fig. 6 and com-
pare them to evaluate the accuracy of the SCC-DFTB DOS.
These plots are obtained as a superposition of Gaussian
peaks corresponding to discrete orbital energy levels. The
Fermi level, determined as an averaged energy of the highest
occupied MO (HOMO) and lowest unoccupied MO (LUMO)
orbitals, i1s denoted with a vertical arrow labeled “FE” on
each plot. Table V lists the Fermi levels for all three
fullerenes at all three levels of theory; the differences be-
tween DFT and SCC-DFTB are on the order of 0.3 eV for
Cgp and C;, and much smaller for C,g, while the basis set
effect is almost negligible. In case of C,g, FE is located at a
maximum in DOS which coincides with the very small
HOMO-LUMO gap in this molecule, whereas for the more
stable Cgy and C4 species, the FE is located at a minimum.
For Cyg, the FE is also lower at all levels of theory than Cg,
and C5, indicating the strong electron deficiency of this un-
stable species. We also note that the Fermi level is located at
almost the same energy of —4.7 eV in case of Cgy and Cy,
indicating similar redox properties for these species as has
been demonstrated experimentally before.”® Moreover, for
each species, the DOS in the vicinity of the Fermi level and
the DOS corresponding to occupied orbitals (“valence
band”) are very similar for all the methods and do not even
differ much between individual fullerene species for the re-
gion down to —1.0 hartree; a large peak around —0.4 hartree
is followed by two to three smaller peaks down to
—0.8 hartree, after which the DOS rapidly drops to zero. The
shape of the DOS corresponding to unoccupied orbitals
(“conduction band”) is strongly dependent on the size of
basis set used for the calculations; generally speaking, the
larger the basis set, the higher the DOS for unoccupied
eigenstates. This trend can be clearly seen when a split va-
lence double zeta (3-21G) basis set is compared with the
highly polarized cc-pVTZ basis set at the BLYP level; fea-
tures and absolute DOS are extremely different for both

Vibrational spectra and electronic structure of C,g, Cgg, and Cq
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cases. Since SCC-DFTB uses a minimal valence basis set, its
corresponding DOS in this region mimics more closely the
BLYP/3-21G result. This rather intuitive finding suggests
that SCC-DFTB can be potentially used for calculating only
the lowest UV transitions within a time-dependent (TD)
SCC-DFTB response analysis framework,”’ somewhat dif-
ferent to the situation of TD-DFT.™

IV. SUMMARY AND CONCLUSIONS

We have calculated optimized geometries, vibrational
spectra, and vibrational and electronic density of states of
three closed-shell fullerene D, Cog, 1), Cg4, and Ds;, Cq iso-
mers using a variety of DFT and DFTB methods. The opti-
mized geometries are reproduced with small deviations.
SCC-DFTB and DFTB overestimate bond lengths by as
much as 0.03 A for all three fullerenes when compared with
B3LYP/cc-pVTZ data, but only by 0.01 A relative to BLYP/
3-21G data. In a detailed analysis of unscaled harmonic vi-
brational frequencies, we find very interesting correlations
between the root mean square deviations o,,, of BLYP/
6-31G(d), BLYP/3-21G, SCC-DFTB, and B3LYP/
6-31G(d), with respect to the most accurate BLYP/cc-pVTZ
level of theory and experiment; while C,g is somewhat spe-
cial due to its high ring strain and low-lying virtual orbitals,
the corresponding values of oy, are highly transferable
between Cq and C,, with approximately 18 cm™!
[BLYP/6-31G(d)], 40 cm™! (BLYP/3-21G), 32 cm™! (SCC-
DFTB), and 45 cm™' [B3LYP/6-31G(d)]. While it is true
that B3LYP results can be systematically improved to match
experiment better by applying a global scaling factor of
about 0.98, the aim of our benchmark was to provide an
“honest” comparison for each method itself and to see how
SCC-DFTB performs with respect to its ‘“originating”
method, namely, generalized gradient approximation (GGA)
DFT. In this sense, accuracy of the SCC-DFTB-predicted
vibrational frequencies is of comparable or better quality
than those from BLYP with small or medium basis sets. In
the case of pentagon deformation modes around
600—700 cm™!, we find that the basis set effect is very strong
in this case and that BLYP/cc-pVTZ overshoots the experi-
mental results somewhat, while SCC-DFTB and small basis
set BLYP underestimate the frequencies of the same modes.
Regarding the modeling of vibrational IR and Raman spectra
of various fullerene structures, we find that the SCC-DFTB-
predicted spectra show good correspondence to experiment
and more elaborate theoretical findings. The quality of spec-
tra is better for fullerenes with larger HOMO-LUMO gap.
The SCC-DFTB vibrational density of states (VDOS) corre-
sponds well to BLYP calculations and mimics small basis set
results better. However, BLYP/cc-pVTZ VDOS features are
generally reproduced rather well, although exact position and
shape of SCC-DFTB VDOS features need to be treated with
care. The SCC-DFTB electronic densities of states reproduce
well the Fermi levels and densities of occupied and lowest
virtual one-electron energy levels.

We conclude that the SCC-DFTB method can be safely
employed for determination of vibrational properties of car-
bon fullerenes and nanotubes provided that the studied struc-
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tures have well-defined nonmetallic structure, i.e., the
HOMO-LUMO gap is not too small. In this case, however,
single-reference wave-function-based methods have to be
employed with great care in general, and this restriction is
not specific to the SCC-DFTB method itself.
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