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Raman scattering in Gy and CygN4, aza-fullerene: First-principles study
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We carry out large-scaleb initio calculations of Raman scattering activities and Raman-active frequencies
(RAF’s) in C4gN;, aza-fullerene. The results are compared with those gf Twenty-nine nondegenerate
polarized and 29 doubly degenerate unpolarized RAF's are predicted,§Ng,C The RAF of the strongest
Raman signal in the low- and high-frequency regions and the lowest and highest RAFgNgp &re almost
the same as those ofyC The study of G, reveals the importance of electron correlations and the choice of
basis sets in thab initio calculations. Our best calculated results fo @ith the B3LYP hybrid density
functional theory are in excellent agreement with experiment and demonstrate the desirable efficiency and
accuracy of this theory for obtaining quantitative information on the vibrational properties of these molecules.
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I. INTRODUCTION than one nitrogen atom and reported the existence of a novel
CugN;, aza-fullerené*® Very recently, we have studied the
In 1985, Gy, a fascinating molecule formed as a trun- bonding, electronic structure, Mulliken charge, infra(é&d)
cated icosahedron with 20 hexagonal and 12 pentagonapectrum, and NMR of &N, by using density functional
faces and 60 vertices, was discovered by Krettal! Since  theory(DFT) and the 6-31G basis sEtWe characterized 58
then, a third form of pure carbon, calléalerenes’ has been IR spectral lines and eight®C and two ®N NMR spectral
extensively studied. This kind of molecule can crystallize insignals of GgN;, and demonstrated that this aza-fullerene
a variety of three-dimensional structurgswith an even has potential applications as semiconductor components for
number of three-coordinatesp? carbon atoms that arrange nanometer electronics because of its small energy gap, as a
themselves into 12 pentagonal faces and any numbdr) (  promising electron donor for molecular electronics, and as a
of hexagonal face$.The macroscopic synthesis of sdot, good diamagnetic material because of the enhancement of
which contains @, and other fullerenes in large compounds, diamagnetic factors in the carbon atotighe characteriza-
plus the straightforward purification techniques, which maketion of C,gN45 is a timely problem both from the viewpoint
pure fullerene materials available, opened new research ojpf its practical applications and to understand doping ¢g C
portunities in science, engineering, and technofogyn the  derivatives. In the present paper, we characterize the Raman
meantime, doped fullerenes have also attracted a great despectrum of GgN;,.
of researchers’ interest due to their remarkable structural, As a material is doped with foreign atoms, its mechanical,
electronic, optical, and magnetic propertie$For example, electronic, magnetic, and optical properties chahg@he
doped tubular fullerenes can exhibit large third-order opticahbility to control such induced changes is vital to progress in
nonlinearitie§ and be ideal candidates as photonic devicesmaterial science. Raman and IR spectroscopic technigties
for all-optical switching, data processing, and eye and sensare basic, useful experimental tools to investigate how dop-
protection(optical limiter). Another example is alkali-metal- ing modifies the structural and dynamical properties of the
doped G, crystals, which can be superconductmBecause pristine material and to understand the physical origin of
of their unique structure and electronic properfiésijerenes  such induced changes. Over the past 10 years, both tech-
can be doped in several different ways including endo-niques have been widely used to study the vibrational prop-
hedral doping;*° substitutional doping'=* and exohedral erties of Go,* ?*its derivative compounds;?®and(doped
doping.®="° carbon nanotubés. It has been shown thatgghas in total
Since the average carbon-carbon bond length §pi€ 46 vibrational modes including 4 IR-acte?? and 10
slightly larger than that in graphite, which can only be dopedRaman-active»?* vibrational modes. Well-resolved Raman
by boron, and the force constahtire somewhat weakened spectrd® are also available for & and a number of its de-
by the curvature of the & surface, both boron and nitrogen rivative compounds.
can substitute for one or more carbon atoms jg. &% In In this paper, we perform first-principles calculations of
1991, Guo, Jin, and Small€y successfully synthesized Raman scattering activitie)RSAs) and Raman-active fre-
boron-substituted fullerenesgg B, with n between 1 and quencieSRAF’s) in both GgN;, and Gg using DFT and the
at least 6. In 1995, Hummeleet all? reported a very effi- restricted Hartree-FockRHF) method. Very recently, Choi
cient method of synthesizingsgN, which has led to a num- et al?® have theoretically assigned all 46 vibrational modes
ber of detailed studies of the physical and chemical properef Cqy, including a scaling of the force field by using Pulay’s
ties of GgN.5"%13 Recently, Hultmanet all* have method. In this paper, however, we carry ali initio a
synthesized nitrogen-substituted derivatives gfWith more  series of calculations for . We want to test the efficiency
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and accuracy of such first-principles calculations and studyally, a smaller basis set provides a poorer representation.
in detail, basis set effects on RSA's and RAF’s by comparingMoreover, only the parts of the molecular orbital which cor-
our theoretical results with available experimettd:?®To  respond to the selected basis can be represented. Since the
the best of our knowledge, such basis set effects on theomputational effort ofb initio methods scales formally as
RSAs and RAF’s of G, have not been considered before. Ni,* it is important to make the basis set as small as pos-
These calculations for &g give us a benchmark for assigning sible without compromising the accuracy or missing part of
the Raman-active vibrational modes ofgl8;, and provide the state space which should be represented. Hence, one pur-
us with constructive insight into the microscopic mecha-pose of this paper is to determine the effects of basis%ets
nisms responsible for the difference betweegN;, and  for the calculations of Raman spectra by considering the
Ceo- We find that the 10 RAF’s for £, obtained by using a Slater-type basis set STO-3G and split valence basis sets
hybrid DFT method and large basis sets, are in excellen8-21G, 6-31G, and 6-31@) (i.e., 6-31G*).
agreement with Raman experiments. We predict thgNG
aza-fullerene has 58 RAF’s including 29 nondegenerate po-
larized modes and 29 doubly degenerate unpolarized modes. o ] ) ]
This paper is organized as follows. Section I briefly re-  The vibrational analysis of polyatoms described by Wil-
views theab initio methods, basis sets, and the theory ofSonet al.™ has been implemented in tl@ussian 98 pro-
calculating Raman scattering activities. Section Il present§ram. This analysis is valid only when the first derivatives of
our Raman results for bothsgand GgN;, obtained by using the energy with respect to the displacement of the_ ato_ms are
RHF and DFT methods, and the results are compared t&r0 (in other words, the geometry used for vibrational
results obtained by other theoretical methods. Our conclu@nalysis must be optimized at the same level of theory and

B. Vibrational analysis and Raman scattering activity

sions are given in Sec. IV, with the same basis set that the second derivatives are gen-
erated with. The force constant matriK is defined as the
Il. THEORY second partial derivatives of the potentialwith respect to
the displacement of the atoms in Cartesian coordindtes
A. Ab Initio methods and basis sets example Ax,, Ay, Az of thekth atom, i.e., a HiX3n

Ab initio methods obtain information by solving varia- Matrix (n'is the number of atomsvhose elements are given

tionally the Schrdinger equation without fitting parameters by
to experimental data. Instead, experimental data guide the
selection of theab initio methods rather than directly enter-
ing the computational procedures. Fullerenes have been chal-
lenging molecules foab initio calculations because of their
size?® Recent advances imb initio electronic structure where 1,72, m3)=(AXq,Ay1,AZ;). (- - -)o Mmeans that the
methods and parallel computing have brought a substantialecond partial derivatives are taken at the equilibrium posi-
improvement in the capabilities to predict and study thetions of the atoms. Usually, the matrik in Cartesian coor-

properties of large molecules. The coupled cluster méthod dinates is converted to a new matf& in mass-weighted
has been used to predict phenomen& jp.3! Otherab initio 112

. N _ Cartesian coordinateg=m;"“z;, i.e.,

methods, which are less demanding in terms of computation

cost than the coupled cluster method, have been used for 52V

much larger fullerenes and carbon nanotubes, for example, Rijz(mimj)WKij:( ) , 2

Ceo (Refs. 32 and 33 with self-consistent field and Moller- 90i99;/

Plesset second-ordéviP2) theory, G, (Ref. 394 and carbon ) _

nanotubesRef. 39 with DFT, and Gy, (Ref. 36 with the whgremi is the mass of the atom. Thel"n, the eigenvalugs

HF method. The major expense in HF and DFT calculation®f K give the fundamental frequencieg (in the unit of

arises from solving the electronic quantum Coulomb probcm™Y), i.e., »,=\}%(27c), wherec is the velocity of light

lem. The effective Hamiltonian diagonalizati¢a procedure in vacuum. The eigenvectors give the normal modes.

that scales aBl3, N, being the number of basis functions To lowest order, Raman intensities are proportional to the

represents only a minor portion of the computational time inderivatives of the dipole polarizability with respect to the

calculations of molecular clusters containing up to severaVibrational normal modes of the material, evaluated at the

hundred atomg’ In addition, DFT(Ref. 38 requires an ad- equilibrium geometry. For example, most Raman scattering

ditional three-dimensional numerical quadrature to obtain th@xperiments use a plane-polarized incident laser beam. The

exchange and correlation energi®sBoth HF and DFT direction of the incident beam, the polarization direction of

methods have been implemented into tBeussiaN 98  this beam, and the direction of observation are chosen to be

program:? In this paper, all calculations are performed by perpendicular to each other. Under these circumstances, the

using theGAUSSIAN 98 progrant®49 first-order differential cross section for Raman scattering in
One of the approaches inherent in all initio methods is  the qth vibrational mode is written 4%

the introduction of a basis s&t.f the basis set is complete,

exact expansions of the molecular orbitals can be obtained.

However, a complete basis set requires an infinite number of

functions, which is impossible in actual calculations. Gener-

2
Ki':< av) (i,j=12,...,3), Y
Po\aman),

do
da

4
hog

| aman &)
¢ 90c*Twg(1—ng) T
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lraman IS the Raman scattering activity, and

=exfd —fwy/(xgT)]. ws is the frequency of the scattered ra-
diation, wq is the frequency of theth vibrational modexg

is Boltzmann's constant, antl is temperature. For the spe-
cial case ofrr/2 scattering geometry,,man €20 be written as

| B (daXX day, dazz)2 7 (daxx dcvyy)2
raman qu qu qu 4 qu qu
(daxx_ dazz)2+(dayy_ dazz)2
d=, d=q d=, dE,
da,,\? da,,\? da,,\?]?
+6 _Xy) +6 _XZ) +6( _yz) , (4)
d=, d=, d=,

where=  is the normal coordinate corresponding to tib
vibrational mode and is the dipole polarizability tensor. It
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FIG. 1. GgN;, structure. Red is for nitrogen sites and grey for
carbon sites. There are 10 unique verti¢es10 as labeled. The 15
bonds between labeled vertices are all unique.

should be mentioned that the above equation is valid only if

resonant effects are neglected, andthgcattering geometry g.31G and 6-31G*. The B3LYP DFT method includes a
is more typical thanr/2 one in the Raman measurements of pixture of Hartree-Fock(exac) exchange, Slater local

a Gy crystal.

exchangé; Becke 88 nonlocal exchandethe VWN lil lo-

To obtain the Raman activities, one must compute th g exchange-correlation functiondf, and the LYP correla-
derivatives of the polarizability with respect to the normaliion functional®’ The optimized bond lengths for,gN;, and
mode coordinate& . These can be viewed as directional Cqo are listed in Table I. Compared togg; in CygN;, the

derivatives in the space of 3N nuclear coordinates and aRngths of bonds that wereggdouble bondsfor example
expressed in terms of derivatives with respect to atomic cogq— cor C3—C10 increase, while the lengths of bon'ds

ordinates, R,. For the polarizability componenty;; (i,]
=X,Y,Z), we have

3N
daij _ c?aij
d=q

where é,q=dRy/J= 4 is thekth atomic displacement of the
gth normal mode. Then, the necessary derivatives can
expressed in terms of the atomic forces as foll 6w

5
k=1 IRy ®

fqu

r?aij _ (73E . (92Fk
IR, 9GidG;IR, dG;dG;’

(6)

whereE is the total energy; is theith component of an
assumed external electric field, and F,=JE/JRy is the
calculated force on thkth atomic coordinate.

Ill. RESULTS
A. Geometry optimizations

In our previous work® we calculated the bond lengths of
CugN1, by using the B3LYP(Ref. 43 hybrid DFT method
with the 6-31G basis set. The geometry ofIT;, is shown
in Fig. 1, where the 10 unique sitégertices 1-1Dcan be
identified from nuclear magnetic resonaritdt was found
that there are 15 unique types of bonds ig\G, (Ref. 16:

that were single bonds in ¢ (for example, C3-C4,
C6—C10) decrease, yielding two bonds with a small differ-
ence in length. According to our B3LYP/6-31G* calculation,
the bond length difference is reduced from 0.059 A 3 ©
0.027-0.041 A in gN;,. This can be explained by the fact
that the 12 extra electrons iy, fill t,, andty, orbitals

b hich have some antibonding character and consequently

increase the length of-£C double bonds. Compared with
B3LYP calculations and experimerffor Cg,, RHF gener-
ally underestimates the lengths o€ and G—C bonds by
about 0.5%. Judging from the success of the B3LYP geom-
etries for Gg, we conclude that the role of electron correla-
tion is important in the accurate description of localization
and delocalization ofr electrons in @. Such bond equal-
ization has also been observed in the DFT calculations for
K3Cgo by Bohnenet al*® and for Gy by Choi et al?® To
prevent the collapse of the valence functions into the inner
shell and ensure an adequate description of bonding interac-
tions which involve overlap of valence functions, the
6-31G* basis set for carbon and nitrogen provides a better
description of the inner-shell region as well as the valence
region than STO-3G, 3-21G, and 6-31G basis $&t30ver-

all, the bond length. in Cgy or C4gN45, as listed in Table |,
follows the orderl g_316, <L3.51c<Lg.31c<Lst03g, Where
Le.s1ae for Cggis in good agreement with experiment. The

6 nitrogen-carbon bonds and 9 carbon-carbon bonds. In comrdering of bond lengths suggest that increasing the flexibil-

trast, Gg has one kind of single (&-C) bond and one kind
of double bond C=C).

ity of the basis from 3-21 to 6-31G favors expansion of the
Ceo, While the extra polarization functions in 6-31G* are

In this paper, we discuss the effect of basis sets usingeeded to recontractgg: As a result, the 3-21G basis set

differentab initio methods. Before calculating the RSAs and
RAF's of both Gy and GgNj,, we first optimize their ge-

ometries by using RHF and B3LYP hybrid DFT methods
with a variety of basis sets including STO-3G, 3-21G,

fortuitously gives bond lengths closer to experiment than
does the bigger 6-31G basis set.

According to our DFT or RHF calculations, the diameter
of CygN;, varies, as compared to that ofgG from —0.3 A
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TABLE I. Bond lengths [, in A) in C4Ny,, and G calculated by using B3LYP hybrid DFT and RHF methods with STO-3G, 3-21G,
6-31G and 6-31G* basis sefsandj in Ci and N are the site numbers labeled in Fig. 1. The symbols~C” and “C=C" in parentheses
denote the original single and double bonds i3.CThe averaged bond length, .= (Lc—ct+2Lc_¢)/3.

STO-3G 3-21G 6-31G 6-31G* Expt.
Fullerene Bond Lt Lons Lyt Lns Lt Lins Lt Lins Ref. 48
CyaN1o C1—C2 (C=C) 1.437 1415 1.417 1.408 1.422 1.413 1.416 1.402
Cl—C2 (C—-C) 1.428 1.391 1.410 1.386 1.413 1.388 1.406 1.384
C1—N5 (C—-C) 1.474 1.460 1.432 1.421 1.432 1.416 1.430 1.427
C3—C2 (C—C) 1.470 1.466 1.452 1.452 1.449 1.448 1.446 1.452
C3—C4 (C—-C0C) 1.409 1.359 1.395 1.362 1.397 1.365 1.390 1.359
C3—C10 (C=C) 1.456 1.457 1.432 1.435 1.48 1.437 1.4314) 1.4368)
C4—C8 (C=C) 1.457 1.459 1.433 1.437 1.43%5 1.439 1.4313) 1.4372)
C4—N5 (C—C) 1.471 1.455 1.431 1.413 1.429 1.411 1.422 1.405
N5—C6' (C=C) 1.475 1.464 1.430 1.429 1.432 1.428 1.429 1.431
C6—C10 (G—C) 1412 1364 1396 1.366 1.400 1.371 1.394 1.363
C6—C7 (C—C) 1.440 1.435 1.421 1.418 1.422 1.419 1.414 1.414
C7—C8 (C—C) 1.420 1.371 1.402 1.372 1.407 1.376 1.402 1.370
C7—N9' (C=C) 1.459 1.442 1.416 1.405 1.419 1.407 1.410 1.396
C8—N9 (C—C) 1.451 1.431 1.418 1.408 1.415 1.401 1.408 1.406
N9—C10 (C—-C) 1.461 1.436 1.427 1.404 1.423 1.399 1.413 1.392
Cso C=C (C1—C2) 1.413 1.376 1.390 1.367 1.398 1.375 1.395 1.373 1.391
C—C (C1—C2,C1-C5b) 1.477 1.463 1.460 1.453 1.459 1.452 1.454 1.449 1.455
Lave 1.456 1.434  1.437 1.424 1.439 1.426 1.434 1.424 1.434

to +0.2 A, which has a strong effect on the force constanBB3LYP cases requires a drastic increase in CPU time. Supris-
that determines the frequencies of the vibrational modes ahgly, going just to 3-21G provides the most accurate results,
molecule. Hence, we expect that the vibrational frequenciesvhile for the bigger basis set 6-31G, the results are worse
of C4gN1, Will be strongly influenced by the bond equaliza- and adding a polarized function to 6-31G only slightly im-
tion effects and the expansion and contraction of the ball. Irproves the results. The 3-21G basis set gives systematically
the following, we investigate the vibrational properties of lower frequencies than the 6-31G basis set, while the fre-
CygN, and G based on the optimized geometries. quencies obtained from the 6-31G* basis set typically lie in
between the results of the other two basis sets. In contrast,
6-31G* does provide the most accurate bond lengths. This
suggests that the better accuracy of 3-21G is fortuitous. In-
Using the cAussiaN 98 progrant“® we calculated the creasing the basis set to 6-31G stiffens the bonds, while add-
RAF's of both Ggand GgN;,. We compare with gy experi-  ing the polarization function compensates by softening the
ment to determine the effects of electron correlations andonds. In comparison with the B3LYP results, RHF-
basis sets. It should be mentioned that our frequencies hawalculated frequencies are too high due to an incorrect de-
not been scaled. scription of bond dissociation which leads to an increased
Table Il summarizes the calculated results faj, ©b-  force constant, while B3LYP’s with large basis sets are gen-
tained by using RHF and B3LYP hybrid DFT methods. Aserally in good agreement with the experiments of Watg
shown by Dresselhaust al,>! there are 46 different vibra- al.?! In comparison with both effects, we find that the corre-
tional modes in the 174 independent normal vibrations ofation effect on the RAF’s is stronger than the basis set ef-
Cso- These modes are classified in even and odd parities arfdct. This demonstrates the importance of electron correla-
in the 10 irreducible representatives of thepoint group®*  tion in the accurate description of the vibrational frequencies
the {ay, a,}, {tig, tiu, tzg, tau}, {9y, 94}, and of these molecules.
{hg, hy} modes are non-, threefold-, fourfold- and fivefold-  For comparison, Table Il lists the calculated vibrational
degenerate, respectively. Among the 46 vibrational mode#requencies of g, obtained by using various theories, for
are 10 Raman-active ones. In choosing a basis set for thexample, the semiempirical MND@Ref. 52 and QCFF/PI
first-principles calculation, one must make a compromise betRef. 53 methods. Of these, the QCFF/PI method, which has
tween accuracy and CPU time. Table Il shows that the minibeen parametrized mainly with respect to vibrational fre-
mum calculation can be done in alt@uh of CPU, while the  quencies of conjugated and aromatic hydrocarbémesults
most expensive calculation requires 21 days of CPU. Within the best results although it gives less satisfactory geom-
out significant computational cost, one can do B3LYP/etry. Such an accurate prediction implies that the electronic
STO-3G calculations and still obtain results more accuratetructure of G, is not much different from other aromatic
than any RHF calculations. Going beyond STO-3G forhydrocarbons® Haser et al*® showed that the approximate

B. Raman-active vibrational frequencies
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TABLE Il. RHF and B3LYP hybrid DFT calculations of Raman scattering activities,{(;, in 101 m*/kg) of Cy, with the corre-
sponding vibrational modes and frequenciescm™1). hy andag modes are unpolarized and polarized, respectively. Numbers in the
parentheses are the relative errors between the calculated and the experimental fregf€hcies Table Il) of Wanget al. (Ref. 23. The
approximated CPU time for each case at the Sun64/SVR4 Unix sygtgmocessopsis also listed.

STO-3G

3-21G 6-31G 6-31G*
Method Mode Iraman v Iraman v lraman v lraman v
RHF aq 3894 1684(14.6%9 3467 1604(9.2%) 3840 1637(11.4% 3968 1600(8.9%)
441 553(21.1% 488 518(5.0%) 558 526(6.8%) 574 527(6.4%
hg 255 1912(21.6%9 224 1772(12.7% 279 1799(14.4% 283 1791(13.9%
34 1658(16.3% 35 1546(8.4%) 38 1585(11.1% 22 1562(9.5%)
188 1482(18.7% 215 1326(6.2% 199 1377(10.3% 210 1380(10.6%
87 1290(17.4% 76 1184(7.7% 44 1208(9.9% 105 1208(9.9%)
38 886(14.6% 38 828(7.2% 5 843(9.0% 46 840(8.7%
11 836(18.1% 16 761(7.5% 5 821(15.9% 9 794(12.2%
14 509(18.0% 19 475(10.2% 16 496(14.9% 12 482(11.9%
75 302(11.9% 111 295(9.2% 116 296(9.5% 115 289(7.1%
CPU Time 5h 12 h 20 h 36 h
B3LYP ag 3008 1549(5.4%) 2643 1501(2.1% 2758 1524(3.7%) 2760 1504(2.4%)
654 502(1.9% 681 491(0.4% 750 496(0.6%) 724 489(0.8%
hg 320 1677(6.6% 297 1609(2.3% 325 1627(3.4% 312 1618(2.8%)
28 1500(5.2%) 18 1436(0.7%) 23 1466(2.8%) 19 1455(2.0%
138 1332(6.7% 168 1231(1.4% 151 1274(2.1% 170 1275(2.1%
74 1166(6.1%) 71 1112(1.2% 75 1129(2.8%) 71 1125(2.4%)
47 802(3.8% 48 781(1.1% 44 788(1.9% 48 766(0.9%
4 734(3.7% 5 678(4.3% 4 738(4.3% 5 718(1.4%
4 449 (4.2% 5 429(0.5% 4 448(3.9% 5 436(1.2%
95 271(0.5% 128 271(0.3% 135 272(0.2% 130 266(1.7%
CPU Time 21h 5 days 7.5 days 21 days

TABLE lll. The vibrational frequencies obtained by other theoretical calculations performed byeCabiRef. 28, Bohnenet al. (Ref.
49), Stantonet al. (Ref. 52, Negriet al. (Ref. 53, Jishiet al. (Ref. 58, Dixon et al. (Ref. 59, Haraet al. (Ref. 60, and Onideet al. (Ref.
61). Numbers in the parentheses are the relative errors to the experimental frequéijesf Wanget al. (Ref. 23.

SIFC? LDA P LDA ¢ LDA ¢ ‘CPMD QCFF/Pf MFCM ¢ MNDO " Expt.!
ag
1474(0.3%  1531(4.2% 1525(3.8% 1475(0.4% 1447(1.5% 1442(1.8% 1468(0.1% 1667(13.5% 1469
484 (1.8% 502(1.8%9  499(1.2%  481(2.4%  482(2.2%  513(4.1%  492(0.2%  610(23.79% 493
h
1%82 (0.6%  1609(2.3% 1618(2.8% 1580(0.4% 1573(0.0% 1644(4.5% 1575(0.1% 1722(9.5% 1573
1419(0.5%  1475(3.4% 1475(3.4% 1422(0.3% 1394(2.2% 1465(2.7% 1401(1.8% 1596(11.9% 1426
1250(0.2%  1288(3.29% 1297(3.9% 1198(4.0% 1208(3.2% 1265(1.4% 1217(2.5% 1407(12.7% 1248
1117(1.6%  1129(2.7% 1128(2.6% 1079(1.8% 1098(0.1% 1154(5.0% 1102(0.3%) 1261(14.7% 1099
782 (1.2% 794(2.7%  788(1.9%  763(1.3%  775(0.3%  801(3.6%  788(1.9%  924(19.5% 773
704 (0.6% 711(0.4%  727(2.7%  716(1.1%  730(3.1%  691(2.4%  708(0.0%  771(8.2% 708
436 (1.2% 430(0.2%  431(0.0%  422(2.1%  435(0.9%  440(2.1%  439(1.9% 447 (3.7% 431
272(0.7% 269(0.4%  261(3.3%)  263(2.6%  261(3.3%  258(4.4%  269(0.4%  263(2.7% 270

3Reference 28.
bReference 60.
‘Reference 59.
dReference 49.
®Reference 61.

fReference 53.
9Reference 58.
"Reference 52.
Reference 23.
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harmonic frequencies for the twa, vibrational modes of TABLE IV. Fifty-eight Raman-active frequencies(cm™*) for
Ceo are 1615 cm? (9.9%) and 487 cm® (1.2%) at HF/  CugNi. calculated by using RHF method with STO-3G, 3-21G,
DZP, 1614 cm® (9.9%) and 483 cm® (2.0%) at HF/TzZP, 6-31G, and 6-31G* basis sets.

1614 (9.9%) cm! and 437 (12.2%) cm' at MP2/DZP,
and 1586 (7.9%) cm® and 437 (12.2%) cm‘ at MP2/ Doubly degenerate Nondegenerate

TZP, where the percentages in the parentheses are the rela- modes modes

tive errors of the calculated results to the experimental fresTo.3G 3-21G 6-31G 6-31G* STO-3G 3-21G 6-31G 6-31G*
quencies obtained by Wareg al?® Their HF calculationsare 5579 2621 2683 260.7 2939 287.6 291.2 287.9
in agreement with our RHF/3-21G results. Their MP2 results g5 5 2809 2855 2808 444.6 406.1 4289 387.5
are more accurate wheq obtained with large basis sets,_wh|.ch429.l 4089 4275 4129 4625 4151 4476 4245
also demonstrates the importance of electron correlation in 4704 4333 4546 4401 5102 4552 4832 4540

predicting accurately the vibrational frequencies of a mol- 513.6 4787 4967 4883 5226 490.8 5114 4886

ecule.
. , 583.2 516.9 548.6 539.9 5756 520.8 542.8 523.7
In addition, a number of force-constant modéRCM’s) 6035 6095 6113 5922 6083 5661 5868 5752

that include interactions up to the second-nearest

neighbore®~57 are used to calculate the vibrational frequen- 9218 6473 349'2 328'2 645'1 22(7)'(13 Zgg'; 2;2‘;

cies of Gg. None of them yield good agreement with the 7254 698.9 736 06. 650. ' : '
773.4 7264 759.2 7409 7231 654.8 670.3 651.8

experiment data. For example, an empirical force field,
which has been parametrized with respect to polycyclic aro- 780-2 761.6 7851 7574 7442 7052 7488 716.4

matic hydrocarbons, is used with thé ¢kel theory and pre- ~ 831.2 7758 806.9 7880 7773 759.7 783.6 738.3
dicts that the vibrational frequencies of the tagpmodes are ~ 848.0 820.3 8334 8208 8316 7786 8024 772.8
1409 Crﬁl and 388 Crﬁl,56 which are too low. However, 870.7 843.6 852.5 840.1 866.8 824.8 836.1 819.0
the modified FCM(MFCM) by Jishiet al®® considered in- ~ 934.6 9426 9435 9179 923.6 9184 919.0 897.0
teractions up to the third-nearest neighbors. The results ob-961.3 974.4 965.8 932.8 9529 964.6 955.7 916.2
tained by using the MFCM® as shown in Table Ill, are in  1238.4 1159.9 1191.9 1164.4 1216.2 1164.9 1192.3 1174.7
excellent agreement with the experiments of Wanal* 1280.9 1196.7 1225.0 1214.5 1327.5 1243.7 1264.1 1251.1
Table IIl also lists the calculated vibrational frequencies 1313.3 1238.4 1261.7 1249.9 1344.1 1259.7 1281.3 1272.8
of Cgo Obtained by other DFT methods, for example, local 1422.9 1276.3 1324.6 1317.6 1400.2 1335.0 1374.0 1347.6
density approximatiorf®>°° (LDA) and DFT-LDA-based  1476.0 1340.6 1382.7 1377.4 1468.7 1347.1 1389.0 1376.6
Car-Parrinello molecular dynami¢€PMD) simulation®* In 1546.2 1420.7 1456.9 1448.6 1498.2 1374.6 1424.4 1380.0
general, those calculated results are in good agreement witheps.0 1468.3 1517.1 1503.4 1533.9 1414.9 1468.7 1429.1
experiment. 1647.0 1490.0 1537.2 1540.1 1583.4 1436.5 1485.1 1475.9
Recently, Chogt al*® have performed B3LYP vibrational 17165 1541.4 1591.4 1586.5 16551 1527.5 1578.0 1551.9
calculations of Gy with a 3-21G basis set but involving scal- 17509 1631.3 1670.8 1663.5 1721.2 1559.5 1612.3 1602.1
ing of the internal force constantSIFC) K| by using the  1831.0 1669.5 1709.9 1719.9 1766.4 1612.4 1648.6 1625.7
method of Pulayet al,** i.e., 1882.8 1707.7 1749.3 1758.7 1817.4 1643.5 1686.6 1680.1
1915.5 1735.1 1777.7 1788.1 1946.3 1766.7 1803.8 1808.7

Kisjcale% (Sisj)l/thm’ @) slightly different from one phase to another, showing that the
interaction between & molecules is weak.

. In Tables IV and V, we list the RAF’s for N, calcu-
whereK;" is the force constant in internal coordinatése  lated with the RHF and B3LYP hybrid DFT methods, respec-
GAUSSIAN 98 program®® uses this form ands; and s; are tively, and different basis sets. In contrast withyCwe find
scaling factors for théth andjth redundant internal coordi- that there are in total 116 different vibrational motfefor
nates, respectively. They optimized the scaling factors byC,gN;, because of its lower symmetr§s.'® These vibra-
minimizing the root-mean-square deviations between the exional modes are classified in 58 doubly degenerate and 58
perimental and calculated scaled frequencies. Their resulisondegenerate modes. Among those vibrational modes, there
are also listed in Table Ill. Their scaling procedure does im-are 58 IR-active vibrational mod¥sand 58 Raman-active
prove the accuracy for the 10 Raman-active vibrational fremodes including 29 doubly degenerate and 29 nondegenerate
guencies of G. ones as listed in Tables IV and V. Similar tg4C including

It should be mentioned that although vibrational calcula-the electron correlation and increasing the basis size leads to
tions are all done for an isolateg{3nolecule, the calculated a redshift of the RAF's of GN;,. From our calculated re-
results are usually compared to experimental data gy C sults, we find that the nitrogen-substitutional doping results
molecular vibrations in the solid state, in the gas phase or iin a symmetry lowering and an increase in the reduced mass.
solution. The theoretical justification for this lies in the weak The symmetry lowering splits some of the degenerate vibra-
van der Waals bonds betweegy@nolecules’ The compari- tional modes observed ingeand makes many more modes
son between the observed vibrational spectra gf(Ref. 5 Raman-active for GN,. Overall, the increase of the re-
demonstrated that the measured mode frequencies adeiced mass redshifts the vibrational frequencies gf C
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TABLE V. Fifty-eight Raman-active frequencias(cm™1) for 10000 T T T T T T T T
CygNy, calculated by using B3LYP hybrid DFT methods with STO- (@) 042,3?“{13;138:::525 o 0
3G, 3-21G, 6-31G, and 6-31G* basis sets. eo: Polarized ---.-.- i
1000 | Cgq: Unpolarized - %§.° O E
Doubly degenerate Nondegenerate § 5 X oo*° .
modes modes >~ 100 bW G5 O 0o {ge P -
- s ¢ o ® i
E .i‘:‘ X) q H
STO-3G 3-21G 6-31G 6-31G* STO-3G 3-21G 6-31G 6-31G* = 5 o ’ ¢
2451 247.7 2521 2451 263.8 264.3 267.5 263.6 '-_O 10 ¢ . : o o : 3
2589 261.1 2645 2595 3819 368.2 3894 3762 ~ ; i
376.1 367.7 386.7 371.2 405.7 397.7 415.0 398.3 "; 1L ° .
410.2 388.2 408.9 396.0 4444 4154 441.7 423.8 g ! O i
446.7 428.7 446.2 4365 471.2 4584 477.3 466.6 ® ;
492.6 4495 482.0 471.6 498.3 4905 500.2 4949 — OIF ; ; 7
548.8 567.5 566.0 551.1 544.1 504.5 544.2 510.0
580.3 596.3 596.8 580.6 577.5 588.2 592.1 575.7 0.01 | i r
617.3 612.8 652.2 626.6 585.2 597.8 601.5 588.1 000 400 60D 800 1000 1200 140Q| 1600 1800 2000
649.4 629.1 662.4 641.2 621.2 603.0 616.3 596.9 Frequency (cm' )

665.2 670.6 698.1 6711 6249 614.1 652.1 627.0
7159 695.0 7139 698.6 657.8 657.1 684.2 656.2 10000 T T

766.6 760.4 768.0 7658 729.5 690.1 709.4 688.5 (b) Sz polarized O O

781.7 776.0 782.4 779.7 768.2 7648 7725 7655 oo | 480;0:63;133::;533 ------- E?.D ;
840.8 865.3 860.2 842.6 8355 850.5 8444 8297 ___ ; pee

858.1 887.4 876.6 853.9 8559 8810 868.6 8437 D y sl

1123.7 1084.4 11049 1092.7 1114.7 1079.8 1099.8 1092.1<t~ 100 F R g S TR :
1162.2 1122.8 1140.6 11380 11936 1160.0 11725 11616 % éD. o 9. i

11815 1146.8 1162.9 11558 1220.7 1181.4 1195.8 1189.0~ 4| o | e g ]
12741 1186.0 1220.0 1222.6 13159 1240.9 1267.3 1265.1 ol . . g

1318.1 1243.4 1273.6 1271.7 1337.1 1253.2 1280.2 1279.0 —

1386.2 1310.8 1336.6 1336.3 1366.7 12925 1322.1 13198 § [ ; o ; 7
14519 1369.3 1406.8 14041 1416.4 1346.6 1382.6 13789 £

1466.1 1387.9 1420.4 1419.7 1438.7 1372.8 14145 1397.4 — o1} i ; .
1503.9 1415.3 1451.6 1451.0 1481.0 1418.8 1453.2 1441.1

1570.8 1488.6 1516.8 1515.4 1530.7 1440.4 1477.2 1476.6 001 | 1
1595.2 1516.0 1550.6 1551.0 1558.4 1487.1 1511.4 1505.3 b L
1633.1 1544.0 1577.6 1577.8 1580.5 1508.5 1545.1 1530.4 200 400 600 800 1000 1200 1400 1600 1800 2000
1661.7 1577.6 1609.8 1609.8 1682.7 1592.0 1623.7 1622.9 Frequency (cm )

FIG. 2. Ab initio calculations of Raman scattering activities
(Iraman, IN 107 ¥ m*kg) in C;gN;, with (8) RHF/3-21G and(b)
C. Raman scattering activities B3LYP/3-21G. Open squares and solid circles are nondegenerate

In this paper, we only calculate nonresonant Raman imerpolarize_d and doubly degeneratt_e unpolarized Raman-active modes,
sities. We performedb initio calculations of Raman scatter- "€SPeCtively, for GgNs,. The solid and dot-dashed lines are the
ing activities | ,ama, (Refs. 17,18 for the optimized geom- calculat.ed unpolarized and polarized Raman spectral linegnf C
etries of GgN;, and G by using theGAUSSIAN 98 program respectively.

3940 \yith RHF and B3LYP hybrid DFT methods.

To test the basis set dependence of the theoretical RSAger than the basis set effect. In general, electron correlation
calculations for basis sets of different sizes have been pereduces the RSA of the strongest Raman-aciiyenode of
formed for Gyg. In Table Il are listed the RSAs for &  Cgo by about 25%. For other specific Raman-active modes,
calculated with STO-3G, 3-21G, 6-31G, and 6-31G*. Forthe electron correlation predicts at least a 20% decréase
each basis set, the strongest Raman-active linesgpfa@  increase of the RSA obtained by the RHF method. Increas-
the two a; modes, which is consistent with Raman ing the size of the basis set from STO-3G to 6-31G results in
experiment%.o‘z“The ay modes are identified by their polar- about a 10% decreaser increasgof the RSA, while adding
ized character, which strongly suggests that kejtmodes  polarization functions leads to about a 3% decre@sein-
are totally symmetri¢ The remaining 8 Raman-active creasg of the RSA. For a specific modgdor example, the
modes are unpolarized, consistent with the fivefold-gth one, we find that thekth atomic displacemerg of this
degeneratéy symmetry’! Also, we find that electron corre- mode changes little as we choose different basis sets and/or
lation and basis set change significantly the RSA of a giverconsider the electron correlation. Thus, according to(Byg.
Raman-active mode. However, the correlation effect is stronthe RSA mainly depends on the derivative of the polarizabil-
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ity a with respect to atomic coordinat& which are related IV. SUMMARY
to the choice of basis sets and the inclusion of electron cor- o
relations. In summary, we have performed large-scalteinitio cal-

In Figs. 4a) and 2b), we show the calculated RSAs culations of RSA's and RAF’s in N, as well as G using
l\aman at the corresponding RAF's for C,gN;, by using B3LYP hybrid DFT and RHF methods. We predict that
RHF/3-21G and B3LYP/3-21G, respectively. We find that theC,gN1», has 29 nondegenerate polarized and 29 doubly de-
Raman spectrum of gN;, separates into two regions, i.e., generate unpolarized RAF’s, and the RAF of the strongest
high-frequency (1100-1700 cm?!) and low-frequency spectral lines in the low- and high-frequency regions and the
(200-1000 cm?) regions, which are similar to those of lowest and highest RAF’s are almost the same as those of
Ceo- In detail, this aza-fullerene, unlikegl; has an equal Cg,. The 10 RAF’s of G, calculated with the B3LYP hybrid
number of polarized and unpolarized Raman-active modes iDFT method and large basis set are in excellent agreement
each region and, in particular, has 6 more Raman-activgjith experiment. Our study of & reveals the importance of
modes in the low-frequency region than in the high-ejectron correlations and basis setsminitio calculations,
frequency one. The strongest Raman spectral lines in bothhq our calculated Raman results qf,@emonstrate the de-
low- and high-frequency regions are the non_dlegenerate PQjrable efficiency and accuracy of the B3LYP hybrid DFT
larized ones located at 1509 chand 491 cm*, respec- \aihod for obtaining important quantitative information on
tively, which are almost the same as those of the SorEst w0 \inrational properties of these fullerenes. Finally, we

mOd?S Of Go. As shown in Fig. 2, the lowest and highest hope that these calculations will provide an incentive for
RAF's of C4gN4, are almost the same as those @f CCom- Raman measurements o4
12-

paring Fig. 2a) with Fig. 2(b) shows that the RAF’s of
CugNq, predicted by RHF method, as discussed above, are
redshifted due to electron correlations. The effects of basis

set and electron correlations on RSA's ofgl;, are similar ACKNOWLEDGMENTS
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