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The phosphorescence spectrum @f, Cecently obtained in alkane and in Xe matrixes at low temperature,

has been modeled by means of semiempirical quantum chemical calculations, Fh&Transition in the
unperturbed molecule is symmetry as well as spin multiplicity forbidden. The intensities of the false origins
due to inducing modes have been calculated in terms of the Herzbetigr mechanism combined with an
expansion over spifnorbit perturbations. To date, this is the first modeling of the phosphorescence spectrum
of Cgp entirely based on computed molecular parameters. Thus, the analysis of the spectrum is based not only
on vibrational frequencies, but also on the comparison between computed and observed vibronic intensities.
The calculations indicate that the vibrational structure is dominated by false origins due to mogdeg,of h

and t, symmetry, but contains also a number of combination bands based mainly on theTétlenactive

hg(1) mode.

1. Introduction

The characterization of the lowest triplet states of molecules
is a fundamental step to give a satisfactory interpretation and,
possibly, to improve time-dependent nonlinear optical properties.
From this point of view, G is a very promising candidate as
a material for optical limiting devicés® because of the
sufficiently long lifetime of its lowest triplet state,;;T(about
400 us*® in hydrocarbon matrixes below 10 K), of the high
efficiency @t = 0.97367 of the § — T, intersystem-crossing
(isc), and of the fairly high transient molar extinction coefficient
in the visible spectral regiof? In fact, Gy is almost transparent
in the visible region under low optical intensities, when the
molecules are virtually all in the ground state, but becomes more
and more absorbing when it is exposed to light of increasing
intensity and a larger number of molecules are brought to the o P P 2055 500
T, state. wavenumbers / cm”'

Similarly to the lowest singlet statéd?also the lowest triplet Figure 1. The phosphorescence spectrum of @ cyclohexane

states are of g-type and calculations indicate that thetdte decalin matrix at 1.5 K, from ref 22, top, and in Xe matrix at 30 K,
belongs to the 7 irreducible representatichTherefore the from ref 20, bottom.

phosphorescence process is symmetry and spin-multiplicity

forbidden in Go and it is induced by spinorbit and vibronic and discuss the vibronic structure of the phosphorescence
interactions. As a consequence, this transition is extremely weakspectrum of G on the basis of quantum chemical calculations
and can be enhanced by the external heavy-atom effect, that isOf vibronic intensities. The analysis is carried out along the same
by dispersion of Go in matrixes Containing heavy atoms. lines followed in the interpretation of the phOSphorescence
Furthermore, if the symmetry remains the 0-0 band will be spectrum of Gy and of some disklike aromatic molecufés.
missing and, in analogy with the fluorescence spectrum, it can  The phosphorescence spectra gf @esently available, taken

be anticipated that most of the vibrational structure will consist in matrixes at low temperature, are sufficiently well resolved
of false origins associated to HT inducing modes, along with a to warrant a detailed discussion of them. Several groups have
few combination bands based on inducing modes and Franck studied the phosphorescence spectragef &% Our analysis
Condon (FC) active totally symmetricgianodes or JT active ~ Will be based on the recent spectra of Sassara ®taid of

hy modes. A more quantitative and detailed estimate of the aboveGroenen and co-worker$” depicted in Figure 1. The first,
contributions can only be obtained from the computation of Shown at the bottom of Figure 1, was taken in Xe matrix at 30
molecular parameters and couplings followed by the modeling K and shows a strong-€0 band followed by FC progressions,

of vibronic intensities. This is the subject of the present study. Which indicate that the heavy-atom interactions lower the

Thus, in the framework of our work aiming at analyzing the effective molecular symmetry. In addition, it displays a very
electronic spectra of fulleren&8;1+-16 in this paper we model ~ fine structure that reveals several HT-induced bands in the

spectral interval 7082000 cnt?l. The second spectrum, shown
* Authors to whom correspondence should be addressed. at the top of Figure 1 and taken in the cyclohexadecalin

Intensity / arbitrary units
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TABLE 1: Energies (eV) and Symmetry Type of the Lowest
Triplet States of Cgo Computed by CNDO/S-CE

n sym. E(eV)’ E(eV) E(ev)y E(ev)y expt

1 1Ty 2.17 2.17 1.89 1.41 1.88.55
2 1G, 2.96 2.96 2.32 1.83

3 1Ty 2.53 2.53 2.35 1.95

4 1Hg 2.89 2.89 2.61 2.09

5 1T 3.05 3.05 2.69 2.30

6 1G 2.90 2.90 2.74 2.30

7 1Ty 3.04 3.04 2.78 2.41

8 1H, 3.34 3.34 2.88 2.47

aComputed at the ground-state equilibrium geomet96 (14*14)
configurations in the CI, with Pariser electronic repulsidh050
(35*30) configurations in the Cl, with Pariser electronic repulsios0
(31*30) configurations in the CI, with Mataga-Nishimoto electronic
repulsion.¢ From ref 20." From ref 5.

(CD) matrix at 1.5 K, has a lower resolution, but its@ band
is weak, as it should be for very weakly distorted molecules.
This spectrum extends up to 2200 chand most of its intensity

is found in the HT false origins and in combination bands based

Giuffreda et al.

In analogy with the procedure followed to simulate the
phosphorescence spectra ef &€ and of some disklike aromatic
moleculesy’ the spin-orbit coupling integrals were evaluated
in the one electron approximation, by taking into account only
the one-center contributions, according to the Jaffproacl#2

The spin-orbit induced transition dipole moments between
the ground-stategsnd the triplet state;J (. = 1,0,—1 indicates
the spin component) is expressed by the perturbation expansion
over the intermediate stateg &d Ty, respectively,

Moje = ZMo Vi o (B — EW) + 2. M Vo o/ (Eo — Er) (1)

In the first term of eq Mo is the transition moment between
the states Sand & while Vi, is the spir-orbit interaction
between $and T,. Similarly, in the second term of eqM,
is the transition moment between the statgsand Ty, and
Vo,mo iS the spin-orbit interaction betweengSand T

In the case of &, the transition moment derived from eq 1
vanishes by symmetry. To obtain the intensities of the false

on them. Thus, the two spectra are complementary and togethtalOrigins of the § — T, symmetry-forbidden transition, we

present a reasonable number of spectral features.

The paper is organized as follows. In Section 2 we describe

how our calculations were performed. In Section 3 we report
our results on the lowest triplet states, on the vibronic activities
of inducing and FC active modes. In Section 4 we apply them
to the analysis of the experimental spectra.

2. Methods of Calculations

calculated the numerical derivatives of the corresponding
transition moments with respect to all the normal coordinates
Q« that may be active by symmetry, i.e., may have nonzero
derivative. From these induced electronic transition moments,
MKy, the vibronic transition moments of the false origins
corresponding to they fundamentalsViyo 11 can be readily
obtained (see also refs 16 and 17).

The normal coordinate®y required to calculate the induced
electronic momentsM¥y; were computed by the QCFF/PI

Electronic energies and transition dipole moments have beenygmiltoniar?® which was shown to be able to describe the

obtained by using the semiempirical CNDO/S HamiltoAfan

vibrational force field of unsaturated hydrocarb®nsnd

which has been widely employed in the study of unsaturated fy|jerene&1127very satisfactorily.

molecules and, particularly, to the interpretation of singlet state

spectroscopy of £.%12 The Self-Consistent-Field (SCF) cal-
culation of Molecular Orbitals (MOs) was followed by a
Configuration Interaction (CI) calculation in which only Singly
Excited (SE) configurations were taken into account. In some

The oscillator strengthfor each false origin is obtained from
the usual relationsh#?

f = (1/3)AvM? )

of the calculations of triplet states energies (see Table 1) the \yhere A = 4.7 x 102 » is the wavenumber for the

two-centers electron repulsion integrals were evaluated accord'corresponding vibronic transition, and (that is, M ¥

ing to the Pariser formula. The CI treatment included 196 SE
configurations arising from the promotion of an electron from
the space of the 14 highest occupied MOs, (, and g

00,17 IS
the corresponding transition dipole moment in esu.

In general, also the FC mechanism, which is based on squared
overlap of vibrational wave functions of the initial and final

molecular orbitals) to the space of the 14 lowest unoccupied glectronic states, can contribute to the vibrational structure of

MOs (ty, tig tow, and ky molecular orbitals). To check the
validity of this description we performed CI calculations of
larger sizes that included 1050 (35 30) SE configurations
and did not find appreciable differences in the energy ordering
of lower electronic states. We also performed CI calculations
by employing 930 (31x 30) SE electronic configurations with
the Mataga-Nishimoto (MN) approximation for repulsion inte-

electronic transitions. This contribution comes mainly from TS
and JT active vibrations and it is due to the displacement of
the excited-state equilibrium geometry with respect to the ground
state. Since in the jf state the JT distortions occur along h
normal coordinates, the FC active modes in thg ghospho-
rescence includegmodes besidegamodes.

The y parameters required to estimate the FC activities in

grals. The resulting energy ordering of the triplet states was ¢ phosphorescence were taken from our previous stéiéfies,

the same as'with the previous calculations, but the energy of ot employed two different sets of MOs and Cl of different
the T, state is closer to the measured value. Therefore, we gj,as to describe the, Btate.

choose to perform all the calculations of intensity borrowing
with this CI. An extension of the Cl treatment to doubly excited

In the harmonic approximation, the intensity of thth
member of the progression of thth FC active mode is given

configurations, which must be considered with caution when a by the relation

semiempirical Hamiltonian is used because of the danger of

overaccounting for electronic correlation, is not necessary in
this case. In fact, we are interested only ipdand, since this
state is found to be lower than the next triplet of the same
symmetry by at least 1 eV, its wave function cannot be
appreciably modified by the inclusion of double excitations.

The calculations were run at the equilibrium structure gf C
obtained in our previous studythat is, with the bond lengths
RCC(GG) =1.411 A andRcc(Gs) =1.471 A

li(2) = exp(+;) (7)"IV! ®)
According to eq 3 the ratio between the intensity of a member
of the progression in thigh FC active mode and the-®@ band

is given by

1i(@)/1(0-0) = (v))'IV! (4)
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Similarly, eq 4 holds also for the ratio between the intensity of TABLE 2: Computed Oscillator Strengths (f) of the False
the members of a progression built on a false origin and the ©Origins of the Ty(T2g) — So(Ag) Transition of Ceg®

intensity of the false origin. sym n v expP v calcdt v caled! f* 100
Summing together the oscillator strengths of all the false

> : - tau 1 525 527 504 0.33
origins one gets the oscillator strength of the-TS, transition, 2 578 586 605 0.07
fr. From this parameter the radiative rate constkgsy, of the 3 1180 1218 1186 0.05
phosphorescence can be obtaiA®d: 4 1430 1462 1429 0.22
tou 1 354 337 322 0.10

_ 2.3 2 71 71 2 1
Kpn= 065671 ®) 3 108 f93 oS85 007
4 1190 1228 1235 0.20
wheren is the solvent refraction index,is the wavenumber 5 1540 1535 1496 0.07
associated with the ;T— S energy gap, and is the total oy 1 345 349 333 0.19
oscillator strength. This rate constant can be compared with the 2 757 748 748 0.08
corresponding experimental value. 3 776 782 755 031
4 963 975 992 0.34
5 1315 1334 1348 0.46
3. Results 6 1410 1452 1478 0.23
a. Electronic StatesIn Table 1 we list energy and symmetry h, 1 403 399 379 0.32
labels of the lowest triplet levels computed with three different 2 525 530 491 0.63
Cl calculations based on the CNDO/S Hamiltonian. All the three 3 667 662 745 0.10
CNDO/S calculations assign the lowest triplet statg,t@ the 4 738 741 666 0.49
Tog Symmetry representation. This state is computed to be 2.17 g igig igg% ggg 8 88
eV, 1.89 eV, and 1.41 above the ground state for the three ClI, 7 1566 1569 1563 1.14

respectively. Both the energy gaps obtained by the Pariser lculated at th q ilibri ith th
repulsion are larger than the values observed in inert matrixes, . . caiculated at the ground-state equilibrium geometry, with the Cl

5 0 . of 930 configurations and the MN electronic repulsidifaken from
of 1.55 eV® and 1.58 e\% but the agreement is better when ref 30 with a few reassignments as proposed in refs 11 an8il2T

the MN rgpulsion is used. . ) frequencies from ref 33! Frequencies calculated by a modified QCFF/
According to our calculations the; Btate is at least 0.4 eV Pl Hamiltonian, from ref 11.
below the next two triplets, which belong to,@&nd Ty

symmetry. At variance with the lowest singlet states g C  JABLE 3: Franck-Condon Parameters y for the T1(T2g) —

which are computed to be quasi-degenefétahe energy gap gog?:g'):/'lgrlanzlrtrlﬁtno;()i;;he ag and hy Modes Computed by the

between T and T, is sufficiently large to ensure that the

e ) i d
calculated ordering is reliable, that is, that, Tthe state sym n  vexpt wcaled vcaled  y Ve
responsible for the phosphorescence, belongs to theym- Y 1 494 495 513 0.00  0.00
metry type. As it will be seen shortly, the computed vibronic 2 1468 1504 1442 022 011
structure of the phosphorescence spectrum supports this assign- hg 1 266 259 240 143 020
ment. 2 431 425 405 0.00  0.00
b. Intensity of HT Vibronically Induced and FC Bands 3 709 /11 633 0.00  0.00
in Ph h d ab - . h 4 772 783 794 0.17 0.02
|n_P osp_orescenceAs_note above, since iR symmetryt e 5 1095 1120 1124 0.00 0.00
triplet spin wave functions transform asgl'and the dipole 6 1248 1281 1243 0.00  0.00
moment Cartesian components transform ag the T;- - -S 7 1421 1450 1435 0.22 0.01
transition moment is symmetry as well as spin-multiplicity 8 1574 1578 1562 034 0.03

forbidden. Thus, this transition is induced by sporbit aTaken from ref 30 with a few reassignments as proposed in refs
coupling combined with vibronic perturbations mediated by 11 and 12° DFT frequencies from ref 33.Frequencies calculated by
modes belonging to the,gty, tiyand hy symmetry types. Each  a modified QCFF/PI Hamiltonian, from ref 14 Computed by a ClI
of the modes belonging to these species may give rise to a false?@sed on MOs optimized for the triplet state, from ref 46rom the
origin and may thus contribute to the vibrational structure of displacement parameters B of ref 8.
the phosphorescence spectrum @ here are 6 g 5 tp, 4 fluorescence and absorption spectra afp @ which little
tiwand 7 hy vibrations which need to be considered as possible vestiges were found only for one TS mode and one h
promoters of false origins. The list of calculated and experi- modé-24812and, more pertinent to present discussion, in the
mental frequencies and of the induced phosphorescence oscilEEL spectrum of the lowest triplet stafeA plausible explana-
lator strength for each false origin is given in Table 2. The tion is that the electronic excitation, being spread on a large
oscillator strengths presented include the contributions of all system, produces relatively small distortion of the equilibrium
the members of degenerate vibrations. geometry. Furthermore, this distortion is distributed over a large
The largest vibronic activity is found associated with the h  number of internal coordinates. Note also that the distortion of
modes with experimental frequencies of 403, 525, 738, and 1566the minimum of the potential energy surface along thebdes
cm1, the g modes of 776, 963, 1315 crhfrequency and the is responsible for the symmetry lowering to the point group
t;y mode of 525 cm! frequency. The total oscillator strength  Dgq.1529
of the Gso phosphorescence, which is simply the sum of the  They values which we obtained in refs 20,27, based on MOs

oscillator strength of each false origin, amounts to 27 20710, optimized for $ and T, respectively, and on different CI sizes,
Thus, the oscillator strength ofggis of similar size of that are reported in Table 3 along with computed and observed
calculated for G (16.4 x 10719). vibrational frequencies. The computation of the molecular

In fullerenes, the FC mechanism was found to be rather distortion along TS and JT active modes for an excited state of
inefficient, in other words, very few modes yield progressions a molecule of the size of fullerenes is obviously a formidable
or contribute to combination bands. This is evident in the problem. Thus, it is not surprising that the computedalues
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are dependent on the level of the calculations. Nevertheless, TABLE 4: Vibrational Bands of C g Phosphorescence
both calculations indicate that only thg(t) mode at 266 cmt Spectra and Their Assignments

should stand out prominently in the spectrum, and that also the cH/D 1.5 k Xe 30 Kb

ay(2) and the |(8) modes at 1468 and 1574 chmay contribute

i h biration band he vibrati | viem?) Av vemh) Av assignmerst
through combination bands to the vibrational structure. 12530 0 12714 0 00
_ 345 345 g(1), 354 by(1), 403 h(1)
4. Assignment of the Observed Phosphorescence Spectra 520 525 Iy(2), 525 (1), 2*266 hy(1)
. 710 715%42)

As noted above, the phosphorescence spectrumgghGhe 745 737 738 {(4)
gas phase is both symmetry and spin-multiplicity forbidden. It 771 776 9(3); 772 h(4),
is thus extremely weak. 905 1%5097 97%?;}9&‘26 h)
. Most of the phosphore;scence speptra available were recorded 1030 1037 776 266 1), 1037 1(3)
in low-temperature matrixes containing heavy atoms to enhance 1190 1172 118014(3), 1190 $(4)
spin—orbit interaction and thus radiative and nonradiative 1312 1315g5)
singlet-triplet transitions. Fortunately, the heavy-atom effect 1338 1342 [(6) .
enhances the phosphorescence more strongly thamn theSh 1435 112625 ffg:l;;))' 1410 g(6); 1421 y(7)
isc, and thus increases the efficiency of the phosphorescence 1531 1573 1566[{7), 1315+ 266 hy(L); 1574 h(8)
process. The spectra of Zeng etlétaken in a matrix containing 1710 1686 1430 266 hy(1), 1410+ 2%266 hy(1)
MCH/MTHF ethyliodide, and of Hung et a1, measured in Ne 1734 1468 266 hy(1)
matrix doped with Xe, belong to this group. Recently, Sassara 1840 1839 éf;ﬁ ggg %EB 1315+ 2*266 hy(1);

20 i i

et al?® reported for G an intense and hlghly resolved 1935 1960 1430 2+266 hy(1), 1410+ 2266 hy(L)
phosphorescence spectrum taken in a Xe matrix. One important 2185 745-1468 a(2)

side effect of these matrixes is to lower effectively the symmetry

. aFrom refs 5 and 222 From ref 20; note that the band at 845¢m
of Ceo, with the consequence that the phospho_rescence S_peCtruerithout counterpart in the list of inducing modes (see Table 2), has
becomes symmetry allowed. The spectrum in Xe matrix (S€€ peen attributed to the 738 cthhy(4) band of site 2¢Based on the

Figure 1, bottom) shows a strong-0 band, at 12.714 cr, calculations presented in this work; experimental vibrational frequencies
followed by a progression of the,(1) mode on top of which are taken from ref 30.

one can recognize the weak bands due to u-type inducing modes.
Therefore, it does not provide information on the vibrational
structure of the isolated molecule in the-B00 cnt?! spectral
range. In the 7082000 cnt! frequency region several bands
are identified that can be due to the HT inducing modes,
combination bands, and to fundamentals of FC active modes.
As discussed by the authcisthe observed spectrum is the
superposition of the spectra of two sites, the second of which
has a broader emission shifted about 100 tto the red, that
can be easily separated. In Figure 1 we have indicated with an
asterisk the bands due to the second site.

The phosphorescence spectrum measured at 1.5 Kina CD£
matrix by van den Heuvel et dl.and extended recently over a
larger spectral rang@, is weak and less resolved than the
spectrum in the Xe matrix, presumably because it results from
emitting molecules experiencing many different environments. ‘ ‘ ‘ ‘ ‘ |
However, it has a great advantage: its@band is weak and 0 500 w;‘\’,‘;:umber/cr;,?"" 2000 2500
thu_S all the observed vibrqnic _bands should be assigned to H-TFigure 2. Comparison between simulated and observed experimental
active modes_ or to combination bands based on the”_‘- Thlsspectra of G. (a) the experimental spectrum obtained in the CD matrix
spectrum, which starts from the-0 band at 12530 crt, is at 1.5 K2 (b) the phosphorescence spectrum simulated with a
shown at the top of Figure 1. bandwidth of 50 cm; (c) the phosphorescence spectrum simulated

All the bands observed in the two spectra are collected in with a bandwidth of 5 cmt. The solid line bands are HT-induced false
Table 4 and are now discussed on the basis of our intensityorigins discussed in the text. The remaining bands are progressions
calculations and of the experimental vibrational frequencies of @nd combinations of FC bands built on false origins.

Schettino et af® , 0 o )

In the following discussion we shall take as reference the N CD matrx¥? (spectrum a, in Figure 2) and in Xe matff,
spectrum measured in CD matrix, since it is more compatible €SPectively.
with the |, symmetry and thus is more directly comparable with ~ The solid line bands, in the high-resolution spectrum (spec-
our calculated spectrum, which is pertinent to an isolated trum c, in Figure 2), correspond to HT-induced false origins.
molecule. However, we shall emphasize the common featuresThe dotted line bands are progressions of TS and JT modes
of the two experimental spectra and we shall resort to the more built on the false origins. To compare our computed spectrum
resolved Xe matrix spectrum to discuss in more detail the with the experimental spectrum obtained in the Xe matrifes,
assignment proposed on the basis of our calculations. we artificially included in the simulated spectrum of Figure 3

A picture of the phosphorescence spectrum simulated on thea strong 6-0 band and the associated progressions of TS and
basis of calculated vibronic intensities of the HT and FC active JT active modes (see the bottom of Figure 3). In the same way
modes is shown in Figure 2. The simulation is performed by as in the experimental spectréfinshown in Figure 3, the
using two Lorentzian bandwidths of 50 and 5¢nwhich allow intensity of the 6-450 cn1! frequency range of the simulated
to mimic the broadening observed in the experimental spectraspectrum is reduced by a factor of 1/3.

tensity / arbitrary units
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2500
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Figure 3. Comparison between simulated and observed experimental
spectra of G. (a) the experimental spectrum obtained in the Xe matrix
at 30 K (b) the phosphorescence spectrum simulated with a bandwidth
of 5 cmL. A strong 0-0 band was added to the computed intensities
as discussed in the text.

The computed values of theparameters of TS and JT modes
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The next band, showing features at 995 and 1030'cm
carries roughly half of the intensity of the previous band and
includes the three bands observed in the Xe matrix spectrum at
959, 1007, and 1037 cm. The first is assigned to the,@)
fundamental, of 963 cmt, while the other two bands are
ascribed to the combination bands of the 266 €my(1) mode
with the hy(4) and g(3) inducing modes. However, according
to our results, a weak contribution to the 1037 érband may
come also from thex(3) mode whose experimental frequency
is exactly 1037 cm.

The broad band with the maximum at 1190 dprextending
from 1100 to 1300 cmt, is one of the prominent bands of the
CD spectrum. It comprises the weak bands at 1172 and 1338
cmt and the relatively intense band at 1312@mbserved in
the Xe matrix spectrurf? The correspondence between the two
spectra in this interval is modest since much more intensity is
observed in the CD spectrum compared to the Xe matrix
spectrum, as it can be seen in Figure 1. Our calculations, together
with the assignment of vibrational frequencies, are in a better
agreement with the spectrum taken in Xe matrix. Indeed, as
shown in Table 4 and Figure 2, the most intense band is
predicted at 1312 cri and is assigned to thg(&) mode. Some
activity is predicted also for the(3) and $,(4) modes at 1180

were used as a guide in the simulations of the phosphorescenc&nd 1190 C”’l‘lg respectively. However, the intensity calculated
spectra of Figures 2 and 3. The actual values employed weredt 1190 cmit is much weaker than the intensity observed in

adjusted in order to improve the fitting of the experimental

the CD spectrum. Conversely, our calculations account very well

spectrum and resulted to be intermediate between the twofOr the bands observed in the Xe matrix spectrum.

computed sefs'®in Table 3.
Conversely, the HT-induced intensities presented in Figures
2 and 3 correspond exactly to the computed values. Finally, to

make the comparison with the experimental spectrum easier,

the experimental vibrational frequencies from ref 30 were used
to build the simulated spectra.

The first vibronic band following the 60 band in the
spectrum in CD matrix is centered at 345 ¢hand is roughly
150 cnt! wide at half-height. From the comparison with the
calculated oscillator strengths, it appears to obtain its intensity
from three fundamentals of 345, 354, and 403~&morre-
sponding to the ¢1), (1), and k(1) modes, respectively.
Unfortunately, the spectrum obtained in Xe matrixes does not
give additional information since the bands observed in this
region are due to the second site (see Figure 1).

The second vibronic band in the CD spectrum, observed at
525 cntl, is naturally assigned to the two modeg1) and
hu(2), both with frequency of 525 cm. While the frequencies
of active inducing modes correspond rather well to the frequen-

The band with the peak at 1435 chand a shoulder at 1531
cm~1, comprises the bands observed at 1425 and 1573 om
the Xe matrix spectrurf According to our calculations, the
first can be assigned to the(§) (1410 cnl) and §,(4) (1430
cm ) modes, while the second is attributed to thg7h
fundamental (1566 cm) and to the combination band 266
+1310 cntl In both spectra the intensity of they()
fundamental is not especially prominent: clearly, our calcula-
tions that assign to this mode the largest HT activity, overvalue
considerably its intensity. Since the intensity of the inducing
mode at 1566 cm' was overestimated also in the simulation
of the G phosphorescence spectrdfit may be inferred that
the CNDO/S Hamiltonian tends to exaggerate systematically
the vibronic activity of G=C stretching modes in phosphores-
cence. There are several reasons to explain this overestimate,
among these the parametrization chosen which describes more
correctly thessr* states, the size of the configuration space
adopted, and the approximation in the derivation of sqirbit
coupling.

cies of the vibronic bands observed in the phosphorescence The band at 1710 cm, with a shoulder at 1840 cm, and

spectrum, their relative intensities are not always predicted
accurately. This is the case of the intensity of the 525%tm
band which is comparatively overestimated by the calculations.
Again, the spectrum in the Xe matrix does not provide
information on HT vibronically induced bands since the strong
band observed at 532 crhis due to the overtone of thg)

the band at 1935 cm in the CD matrix spectrum, can only be
combinations bands. Not surprisingly, as shown in Table 4, they
involve the R[(1) mode. For the last band in the spectrum in
CD matrix, observed at 2185 crh many attributions are
possible; one of them is the combination of th¢h with the

TS a(2) mode. The FC activity of theg@®) mode is indeed

JT active mode and completely overrides any possible weak Supported by our calculations since this is predicted to be one

band in the same frequency region.
The third vibronic band observed in the CD matrix is centered
at 745 cm! and is the most intense. It includes the three bands

of the most active modes beside thglh) vibration (see Table
3).
In summary, the assignment presented in this work, on the

observed at 710, 737, and 771 ¢hin the Xe matrix?° These basis of computed phosphorescence intensities, suggests a few
three bands, as well as the remaining bands assigned completelghanges with respect to the analysis proposed by Sassaré’et al.,
or partially to HT inducing modes, are indicated with an arrow as it can be seen from the comparison of our Table 4 with the
in Figure 1. Our calculations show that these bands derive theirpart of Table 1 dealing with the emission of the dominant site
intensity from the 4,(2), h(4), a(3) inducing modes whose 1 in ref 20. The main changes are the following:

experimental frequencies are 715, 738, and 7767 1¢h (i) the band at 771 cmt is assigned by us as due, at least
respectively. partially, to the g(3) false origin;
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(i) the 841 cnr! band is attributed to site 2, where it This analysis is able to model successfully the vibrational
corresponds to a band of 737 cin structure of the phosphorescence spectrumegb@sed on the

(iii) the 1037 cnt! band is reassigned in keeping with our assignment of Tas the lowest state of,Jcharacter, as predicted
attribution of the 771 cm! band; furthermore, as already by quantum chemical calculations. At the same time, it
mentioned above, the weak®8) false origin can be expected strengthens by its success the identification of the nature of the

at exactly the same frequency; lowest excited triplet state.
(iv) the 1468 cm?' band can be due only to the(2) The accuracy in the modeling of phosphorescence spectra of
fundamental; the alternative assignment to th@)fundamen-  Ceo, C70,"® and some disklike molecul€sis surprising if one

tal??is much less plausible because the frequency of this #fode, considers that band intensities result from the combination of

1421 cntl, does not correspond well to the frequency of the two perturbations and from a perturbative expansion where a

observed band. substantial cancellation among the various terms may occur.
Although in the above discussion we have considered only On the other hand, it indicates once again the ability of the

false origins and combination bands depending on them, in classical semiempirical quantum-chemical methods employed

Table 4 and in Figure 3 we have reported also bands observedhere, to evaluate correctly spectroscopic features of large

in the Xe matrix spectrum that are due to the FC mechanism aromatic and unsaturated hydrocarbons as well as of fullerenes.

and based on the true origin. Beside the ubiquitayf$)hthe )

ay(2) mode of 1468 cm! appears undoubtedly in the spectrum ~ Acknowledgment. Grant INTAS 97-11894 is gratefully

as the sole responsible of the band observed at 1468 étso acknowledged by F.N.

the hy(4), hy(7), and (8) modes may contribute to the intensity

of the bands observed at 771, 1425, and 1573'craspectively. References and Notes
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