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As part of our long-term program to test the diffuse interstellar band–polycyclic aromatic
hydrocarbon hypothesis, we have investigated theS1←S0 electronic transition of neutral perylene
sC20H12d in a combined experimental and theoretical study. Jet-cooled perylene was prepared with
a pulsed discharge slit nozzle and detected by cavity ring-down spectroscopy. A number of vibronic
features were observed in the 24 000–24 900 cm−1 spectral range. Density functional andab initio
calculations were performed to determine the geometries, harmonic vibrational frequencies, and
normal coordinates of both theS0 andS1 electronic states. A rotational temperature of 52±5 K was
derived from a rotational contour analysis of the vibronic band associated with the 0-0 transition. A
Franck–Condon treatment was carried out to calculate the vibronic spectrum of theS1←S0

transition. A good agreement was found between the calculated and the experimental spectra. A
vibrational assignment is proposed and six normal modes are identified. The contribution of neutral
compact polycyclic aromatic hydrocarbons to the diffuse interstellar bands is briefly discussed.
© 2005 American Institute of Physics. fDOI: 10.1063/1.1851502g

I. INTRODUCTION

Polycyclic aromatic hydrocarbonssPAHsd have been
suggested to be the possible molecular carriers of the ubiq-
uitous diffuse interstellar bandssDIBsd seen in absorption in
the spectra of stars obscured by diffuse interstellar clouds.1–6

Despite the fact that DIBs were first discovered in 1922,7

there is no firm identification of the cariers of these bands.
Extensive laboratory efforts have been devoted to assess the
validity of this proposal by measuring the electronic spectra
of various neutral and ionized PAHs under conditions that
mimic those found in the interstellar clouds where the DIBs
are originated.8 Earlier experimental data were primarily ob-
tained with matrix-isolation spectroscopysMISd due to its
capability of trapping neutral and ionized PAHs in cryogenic
inert-gas solid matrices.9,10 The spectral features recorded
with MIS, however, are shifted and broadened due to the
interaction of the trapped species with the solid lattice. This
shortcoming was overcome by the application of cavity ring-
down spectroscopysCRDSd.11–13 Only a limited number of
PAHs have been studied by CRDS due to the difficulty of
bringing these low-vapor pressure molecules into the gas
phase in amounts detectable under the laboratory conditions
that are relevant for astrophysical studies.14–18

We select theS1s1B3ud←S0s1Agd transition of neutral
perylene because it can be served as a model system for the
study of middle-size compact PAHs of similar structure. The
absorption spectra of both neutral and ionized perylene have
been measured with MIS.19–24Perylene has been noted for its
remarkable intramolecular vibrational redistributionsIVRd
effects in theS1 state. Laser-induced fluorescencesLIFd ex-

periments have shown that low vibrational statessEvib

,700 cm−1d in the S1 state show no observable IVR on the
time scale of emission while high vibrational statessEvib

.1600 cm−1d in the S1 state show very fast IVR.25–27 A
model of anharmonic coupling has been proposed to explain
the observed results.26 The vibrational frequencies in theS0

state are available from earlier theoretical calculations.28,29

The calculated frequencies, however, were found to be in
poor agreement with the experimental values. The vibra-
tional frequencies of the IR-active modes in theS0 state were
also reported.30 To the best of our knowledge, theoretical
vibrational frequencies in theS1 state have not been reported.

In the present paper, we present the cavity ring-down
spectrum of theS1←S0 electronic transition of jet-cooled
neutral perylene sC20H12d in the 24 000–24 900 cm−1

s401.6–416.7 nmd spectral range. Quantum chemical calcu-
lations are carried out to determine the equilibrium geom-
etries, harmonic vibrational frequencies, and normal coordi-
nates in both theS0 and S1 electronic states. A rotational
contour analysis is performed to derive the rotational tem-
perature. Finally, a Franck–Condon treatment is carried out
to calculate the vibronic spectrum of theS1←S0 transition. A
vibrational assignment for the observed spectral features is
proposed, and six normal modes are identified in the ob-
served spectrum.

II. EXPERIMENT

A. Apparatus

The experimental apparatus has been described in detail
previously.15,16 A pulsed supersonic beam containing gas
mixtures of neutral perylenesSigma-Aldrich, purity.99%d
and Ar was prepared with a pulsed discharge slit nozzle
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sPDNd. The PDN assembly is based on a design by Saykally
and co-workers.31 It consists of a heated copper sample res-
ervoir and a 10 cm long by 200mm wide slit, which is
sealed from inside by a slit poppet driven by three synchro-
nized pulsed solenoid valvessGeneral Valve Series 9d. Two
stainless knife-edge electrodes are mounted outside the PDN
on each side of the slit. The two electrodes are separated by
an even gap of 400mm and configured as the cathode of a
high voltage pulse generator. The PDN assembly itself is
configured as the anode. This design enables the generation
of atomic and molecular ions and radicals in the jet expan-
sion. In the experiment, the high voltage was applied only
for the wavelength calibration, which was achieved by moni-
toring the Ar* atomic lines generated in the discharge.
Perylene was placed on the bottom of the heated sample
reservoir to ensure adequate evaporation. The original poppet
design was modified to run at higher temperature by replac-
ing the 10 cm long Viton rubber cord with a Vespel plastic
rod sDupont, SP-22 Graded and by mounting a water-cooling
system on the pulsed solenoid valves. With these modifica-
tions, we can achieve a constant operating temperature of
300 °C with the PDN assembly.

The supersonic beam containing perylene and Ar was
probed by cavity ring-down spectroscopy. The spectra were
probed using frequency-double output of a Nd:YAGsyttrium
aluminium garnetd sQuanta-Ray Lab 150 from Spectra-
Physicsd pumped dye lasersQuanta-Ray PDL-2 from
Spectra-Physicsd. A mixture of dye solution of LDS 821 and
LDS 869 sExcitond were used. The bandwidths were
0.18 cm−1 and 0.7 cm−1 for the fundamental and doubled
output, respectively. The ring-down cavity consists of two
high-reflectivity s99.99% at 420 nmind concaves6 m curva-
ture radiusd mirrors sLos Gatos Researchd mounted 55 cm
apart. The typical ring-down time was 10ms. The ring-down
signal was collected by a photosensor modulesH6780-04
from Hamamatsud and digitized by a 20 MHz 12 bit acqui-

sition board sAdlink, PCI9812d. The data were then pro-
cessed by a PC program and the cavity losses were extracted.

B. Results

Figure 1 presents a cavity ring-down spectrum of
perylene in the 24000–24900 cm−1 spectral range. The spec-
trum was recorded 4 mm downstream of the slit nozzle with
the PDN assembly maintained at a stable temperature of
217 °C. The backing pressure of Ar was 1.03105 Pa and the
background pressure was 10.5 Pa. A number of vibronic
bands were observed in this spectral region. The observed
bands are labeled alphabetically in Fig. 1. The weak bands in
the 24 000–24060 and 24820–24900 cm−1 spectral ranges
are shown as two insets in Fig. 1. Bands grouped under the
same letter are numbered in the increasing order of energy
sthe numbers are not shown in Fig. 1d. A series of bands with
similar bandwidths, labeledA–I are predominant in the spec-
trum. The profiles of these bands are found to be neither
Gaussian nor Lorentzian, but rather to be determined by their
rotational contour. In addition to these narrow bands, several
relatively broader bands, labeledJ–N, O, and P, were also
observed. All these spectral features could not be observed
when the PDN assembly was kept at room temperature.
When Ar was replaced by He as the carrier gas, the spectrum
became very noisy. This is due in part to the much larger
leaking rate of He through the modified Vespel plastic poppet
sthe background pressure increased to 20 Pa for the same
backing pressure of 1.03105 Pad. With He as the carrier gas,
the strong bandssB1–B3, E1, E2, H1, and I1d remained
essentially the same, while all the weak bands were buried
by noise and became indiscernible. Based on these observa-
tions, we assign the observed bandsswith the exception ofJd
to perylene. This assignment is further confirmed by the
Franck–Condon treatment discussed later in this paper.

We fitted the observed bands with a Gaussian profile.

FIG. 1. Cavity ring-down spectrum of perylene.
Perylene was heated to 217 °C and prepared in a jet
expansion with Ar buffer gas. The spectrum was re-
corded 4 mm downstream of the PDN slit nozzle. The
backing pressure was 1.03105 Pa and the background
pressure in the chamber was 10.5 Pa. The inset panels
show the weak features observed in the 24 000–24 060
and 24 820–24 900 cm−1 spectral ranges. The observed
features are labeled alphabetically. Features grouped
under the same letter are numbered in the increasing
order of energysthe numbers are not shown in the
figured.
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The fitted positions and widths are listed in Table I. As
shown in Table I, the bands grouped under the same letter are
separated by a roughly equal spacing. We fitted this spacing
with the formulaDvesv+1/2d−Dvexesv+1/2d2, and derived
Dve to be ca. 23.9 cm−1 assuming thatv=0 for the first band
in each of the band systems. The pattern seen in the band
systemsK, A, B, andC is repeated in the similar but weaker
band systemsO, D, E, andF that are shifted to the blue by

<352 cm−1. Several other similar pattern repetitions can be
identified as follows: B and H 548 cm−1, A and G
s548 cm−1d, B and I s704=23352 cm−1d.

III. THEORY

To interpret the observed spectrum, we have carried out
a rotational contour analysis and a Franck–Condon treat-
ment. Single-excitation configuration-interaction32 sCISd cal-
culations were performed to determine the equilibrium ge-
ometries, harmonic frequencies, and normal coordinates in
both theS0 andS1 electronic states. It should be pointed out
that the single excitations have no contributions to theS0

electronic wave function due to the Brillouin theorem, and
therefore the CIS calculations are actually the Hartree–Fock
sHFd calculations for theS0 electronic state. Density func-
tional theory33–35 sDFTd calculations with the Becke’s three-
parameter exchange functional36 and the correlation func-
tional of Lee, Yang, and ParrsLYPd sRefs. 37 and 38d were
also performed to determine the harmonic frequencies and
normal coordinates in theS0 state. All calculations were car-
ried out with theGaussian03code39 The coordinate system
used in the calculations is shown in Fig. 2. TheD2h point
group was used in the calculations.

A. Rotational contour analysis

The equilibrium geometries in both theS0 and S1 elec-
tronic states were determined by the CIS calculations with
the 6-31Gsd,pd sRefs. 40 and 41d basis set. The vertical
transition energy was found to be very sensitive to the polar-
ization functions, especially to thed functions on the C at-
oms. The calculated vertical transition energy is too high
without the inclusion of the polarization functions. Table II
lists the calculated equilibrium geometries in both states. The
calculated geometry in theS0 state is in good agreement with
that determined by x-ray diffraction.42 The equilibrium rota-
tional constants were determined asA9=0.0211 cm−1, B9
=0.0111 cm−1, C9=0.007 27 cm−1 andA8=0.0208 cm−1, B8
=0.0113 cm−1, C9=0.007 31 cm−1 in S0 andS1, respectively.
We have selected the strongest bandB1 in Fig. 1 for a rota-
tional contour analysis because this band has the bestS/N
ratio and is associated with the 0-0 vibronic transitionsas
determined in the Franck–Condon treatmentd. The deviation
from the equilibrium rotational constants caused by anhar-
monicity is therefore expected to be small for this band.

TABLE I. Band positions, Gaussian widths, intensities, and vibrational as-
signment for bands in the cavity ring-down spectra of perylene.

Band Positiona Widtha Assignment

J 23 966.3s4d 15.2s15d Complexs?d
K 24 009.5s4d 6.4s4d s1aud2

0

L 24 025.9s4d 5.1s97d s1aud3
1s1b1ud1

1

M 24 031.7s4d 4.4s4d s1aud3
1

N 24 042.5s4d 4.7s22d s1b1ud2
2

A1 24 049.5s4d 2.9s3d s1b1ud1
1

A2 24 072.2s4d 3.1s3d s1aud1
1s1b1ud1

1

A3 24 092.8s4d 3.1s6d s1aud2
2s1b1ud1

1

B1 24 059.7s4d 3.1s1d 00
0

B2 24 082.3s4d 3.1s1d s1aud1
1

B3 24 102.9s4d 2.8s2d s1aud2
2

B4 24 122.2s4d 2.7s2d s1aud3
3

B5 24 140.3s4d 2.9s4d s1aud4
4

C1 24 154.3s4d 2.5s2d s1aud0
2

C2 24 178.7s4d 2.5s2d s1aud1
3

C3 24 200.3s4d 2.6s2d s1aud2
4

C4 24 221.6s4d 3.1s3d s1aud3
5

C5 24 241.1s4d 3.6s8d s1aud4
6

C6 24 259.8s4d 3.2s8d s1aud5
7

C7 24 278.1s4d 2.8s5d s1aud6
8

O 24 361.5s4d 6.9s5d s1aud2
0s1agd0

1

P 24 383.2s4d 5.5s9d s1aud3
1s1agd0

1

D1 24 401.8s4d 3.1s4d s1b1ud1
1s1agd0

1

D2 24 423.8s4d 2.5s3d s1aud1
1s1b1ud1

1s1agd0
1

D3 24 444.3s4d 3.5s12d s1aud2
2s1b1ud1

1s1agd0
1

E1 24 411.5s4d 2.9s1d s1agd0
1

E2 24 433.6s4d 2.8s1d s1aud1
1s1agd0

1

E3 24 453.8s4d 2.8s2d s1aud2
2s1agd0

1

E4 24 472.9s4d 3.2s3d s1aud3
3s1agd0

1

E5 24 491.0s4d 2.9s7d s1aud4
4s1agd0

1

V 24 484.7s4d 2.4s2d s2agd0
1

F1 24 506.5s4d 3.1s2d s1aud0
2s1agd0

1

F2 24 529.4s4d 2.8s2d s1aud1
3s1agd0

1

F3 24 551.4s4d 2.4s2d s1aud2
4s1agd0

1

F4 24 573.4s4d 2.4s4d s1aud3
5s1agd0

1

G1 24 594.3s4d 2.6s3d s1aud4
6s1agd0

1+s1b1ud1
1s3agd0

1

H1 24 607.6s4d 2.6s1d s3agd0
1

H2 24 630.1s4d 2.4s1d s1aud1
1s3agd0

1

H3 24 650.9s4d 3.1s3d s1aud2
2s3agd0

1

I1 24 763.3s4d 2.6s1d s1agd0
2

I2 24 785.5s4d 2.8s1d s1aud1
1s1agd0

2

I3 24 806.1s4d 2.9s2d s1aud2
2s1agd0

2

I4 24 825.5s4d 3.1s6d s1aud3
3s1agd0

2

Q 24 837.5s4d 2.1s2d s1agd0
1s2agd0

1

R 24 853.9s4d 2.6s2d s4agd0
1

S 24 858.9s4d 4.1s6d s1aud0
2s1agd0

2+s1aud1
1s1agd0

1s2agd0
1

T 24 875.8s4d 3.2s9d s1aud1
1s4agd0

1

U 24 880.8s4d 5.5s30d s1aud2
2s1agd0

1s2agd0
1

aThe values are in units of cm−1.

FIG. 2. The coordinate system used in the quantum chemical calculations of
perylene. The calculations were performed in theD2h symmetry. Unique
bonds in the molecule are labeled alphabetically as a–j.
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Perylene is an asymmetric top molecule in both theS0

andS1 electronic states. The rotational wave function of an
asymmetric top molecule can be expressed asJKa,Kc

.43,44The
asymmetric top rotational wave functions are often grouped
in accordance to the parity of theKaKc pair: ee, eo, oe, oo,
where e represents even ando represents odd. In order to
simulate the rotational contour, the nuclear statistical weights
for these four types of rotational wave functions need to be
determined. We use the method proposed by Landau and
Lifshitz45 and later corrected by Jonas.46 In this method, the
charactersdenoted byxrve

sw d of an operationP in the molecu-
lar symmetry44 group of the molecule in the representation
sdenoted byGrve

sw d spanned by the rovibronic wave functions
allowed by the nuclear statistics is given by

xrve
sw = 2p s2Ia + 1ds− 1ds2Iadsna−1d, s1d

where the multiplication contains one factor for each group
of na nuclei having nuclear spinIa permuted byP. The char-
acter is zero ifP is a permutation-inversion operation. The
reduction ofGrve

sw into the irreducible representations gives
rise to the nuclear statistical weights for the corresponding
rovibronic wave functions. In the case of perylene with the
coordinates shown in Fig. 2,Grve

sw is reduced as

Grve
sw = 1072Ag % 1072Au % 1008B1g % 1008B2g

% 1008B3g % 1008B1u % 1008B2u % 1008B3u. s2d

The symmetry species of theee, eo, oe, oo rotational wave
functions are deduced by using the asymmetric top symme-
try rule.44 In the case of perylene, the results areee−Ag,
eo−B3g, oe−B1g, andoo−B2g. Since the vibronic wave func-
tion in the vibrational ground state in theS0 manifold is
totally symmetricsGve=Gelec^ Gvib=Ag ^ Ag=Agd, the sym-
metries of the rovibronic wave functions in theS0 manifold
are the same as those of the rotational part. By an inspection
of Eq. s2d, the nuclear statistical weights for the rovibronic
wave functions having theee, eo, oe, oo rotational wave
functions are 1072, 1008, 1008, and 1008, respectively.

The simulation of the rotational contour of bandB1 was
carried out using theASYROTWIN computer code developed
by Judge and Clouthier.47 In the simulation, the equilibrium

rotational constants determined by the CIS calculations and
the derived nuclear statistical weights were used. We expect
a Vogit line shape for the rotational lines, as the result of the
convolution of the intrinsic Lorentzian lineshape and the
Gaussian lineprofile of the probe laser. The linewidth of the
probe laser was determined to be 0.7 cm−1 sfrequency-
doubled outputd by an inspection of the Ar atomic lines ob-
served when the discharge was turned on. Since theASROT-

WIN code does not support Vogit line shape, the simulation
was first performed with a Lorentzian line shape and the
output was then processed with a small computer code to
include the effect of the laser line shape. The simulation was
performed by varying the rotational temperature and the in-
trinsic Lorentzian line width until a good agreement between
the simulated and the experimental spectra was achieved.
Figure 3 presents the simulated spectrumsdotted lined along
with the experimental spectrumssolid lined. The agreement
between the simulated and experimental spectra is very
good. From the simulation, the rotational temperature was
determined to be 52±4 K and the intrinsic Lorentzian line-
width was determined to be 0.65±0.05 cm−1.

B. Harmonic frequencies and normal coordinates

The harmonic vibrational frequencies and normal coor-
dinates of the 90 normal modes in both theS0 andS1 elec-
tronic states were determined by the CISsHF for S0d calcu-
lations with the 6-31Gsd,pd basis set. The 6-31+ +Gsd,pd
basis set was also used in the frequency calculation of theS0

state. It has been known that DFT calculations produce more
reliable frequencies than the CIS method in which only lim-
ited configuration interactions are treated. We therefore also
performed a DFT calculation of theS0 state using the hybrid
B3LYP functional with the 6-31+ +Gsd,pd basis set. Care
has been taken to ensure strict convergence in light of the
existence of several low-frequency modes of perylene.

The 90 calculated harmonic frequencies in both theS0

and S1 electronic state using HF/6-31Gsd,pd, B3LYP/6-
31+ +Gsd,pd, and CIS/6-31Gsd,pd are listed in Table III.

TABLE II. Bond lengthssthe unique bonds are labeled in Fig. 2d of perylene
sin angstromsd.

S0 s1Agd

S1 s1B3ud
CIS/6-31Gsd,pdHF/6-31Gsd,pd Expt.a

a 1.356 1.370 1.381
b 1.407 1.418 1.379
c 1.370 1.397 1.416
d 1.430 1.425 1.419
e 1.413 1.424 1.431
f 1.416 1.400 1.406
g 1.486 1.471 1.441
h 1.076 1.076
i 1.076 1.076
j 1.072 1.071

aFrom Ref. 42 and averaged toD2h geometry.

FIG. 3. Simulation of the rotational contour of the strongest bandB1 of
perylene. The solid line represents the experimental spectrum while the
dotted line represents the simulated spectrum. The equilibrium rotational
constants determined by CIS/6-31Gsd,pd were used in the simulation. A
Voigt line shape withs=0.7 cm−1, as determined by the Ar atomic lines, and
g=0.65 cm−1 was found to well fit the experimental spectrum.
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TABLE III. Harmonic frequencies of perylenesin cm−1d. The scale factors used in the calculations are 0.91,
0.98, and 0.91 for HF/6-31Gsd,pd, B3LYP/6-31+ +Gsd,pd, and CIS/6-31Esd,pd, respectively.

Normal
mode

S0 s1Agd S1 s1B3ud

HF/6-31Gsd,pd B3LYP/6-31+ +Gsd,pd Expt. CIS/6-31Gsd,pd Expt.

1au 5.5s10.8da 23.9 24.5b, 25.1c 36.8d 48b, 47.3c

1b1u 95.3 93.6 94b 86.1 84b

1b2g 119.3 125.6 137.1d

2b1u 176.0 175.5 176.8
1b3g 208.0 203.2 192.1
2au 239.3 233.5 226.3
1b2u 247.0 249.1 243.4
2b2g 297.8 294.0 278.1
1ag 344.6 348.6 353b 344.3 351.8c

1b1g 351.7 358.2 357.3
2ag 422.3 426.0 427b 424.7 425.0c

2b3g 426.0 420.0 389.2
3b2g 451.1 452.7 481.5
1b3u 454.8 458.8 448.9
3b1u 472.1 473.5 480.8
2b2u 527.3 530.4 507.2
2b1g 528.2 532.7 521.0
3au 531.8 525.8 500.6
3ag 533.8 543.2 547b 536.7 547.9c

4b1u 555.3 549.8 527.5
2b3u 577.2 576.2 557.2
3b1g 615.0 621.5 609.4
3b3g 628.3 622.8 599.9
4au 643.8 640.6 628.3
4b2g 655.8 645.4 635.9
3b2u 763.8 767.5 747.0
5b2g 767.2 738.8 718.1
4b3g 774.5 748.3 744.0
3b3u 776.9 785.3 791e 784.5
5b1u 780.0 760.1 765, 772c 734.0
4ag 784.6 791.2 801b 789.7 797b, 794.2c

5au 788.3 766.2 758.0
4b3u 807.7 811.7 790.0
6b1u 833.1 806.8 811, 815e 783.7
6b2g 852.1 815.7 780.1
6au 914.1 877.3 843.2
5b3g 923.7 885.0 864.1
7b2g 930.5 895.9 887.8
7b1u 939.3 904.7 900.9
4b1g 944.2 940.5 936.2
5ag 966.4 974.0 973.7
5b1g 987.0 1056.5 1054.8
7au 1002.5 957.8 978.8
6b3g 1005.1 961.9 985.2
8b2g 1011.2 966.1 986.8
8b1u 1013.5 970.3 969e 991.4
4b2u 1019.2 1043.1 1047e 986.2
5b3u 1080.4 1092.6 1088, 1089e 1090.9
6ag 1096.3 1106.0 1102b 1103.5 1099b

5b2u 1104.3 1130.1 1131, 1132e 1060.0
6b1g 1116.2 1147.2 1115.1
6b2u 1132.1 1190.7 1128.7
6b3u 1149.7 1148.5 1138.0
7ag 1190.2 1191.4 1194.5
7b1g 1191.6 1193.2 1156.8
7b2u 1191.7 1215.0 1184.8
8b1g 1204.3 1224.3 1210.8

084318-5 Spectroscopy of perylene J. Chem. Phys. 122, 084318 ~2005!

Downloaded 18 Feb 2005 to 143.232.124.88. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



The scale factors used for the three methods are 0.91, 0.98,
and 0.91, respectively. The normal modes are labeled by
their symmetries. Modes of the same symmetry are num-
bered in the order of increasing vibrational frequency in the
S0 state. Care has been taken to best correlate the normal
modes in theS1 state with those in theS0 state by an inspec-
tion of the vibrational mode forms and the reduced masses,
and several swaps have been made accordingly. The frequen-
cies in theS0 state calculated with HF/6-31+ +Gsd,pd were
found to be very close to those calculated with HF/6-
31Gsd,pd except for the lowest 1au mode. The frequencies
of this mode calculated with HF/6-31Gsd,pd, HF/6-31+
+Gsd,pd, and B3LYP/6-31+ +Gsd,pd are 5.5 cm−1,
10.8 cm−1, and 23.9 cm−1, respectively, indicating that the
frequency calculations for very-low-frequency modes are
very sensitive to diffuse functions and electron correlation.
The frequencies of this 1au mode in theS0 andS1 states have
been determined by laser-induced experiment to be 24.5 and

48 cm−1, respectively.26 Except for this mode, the HF/6-
31Gsd,pd predicts values very close to those predicted with
B3LYP/6-31+ +Gsd,pd at low frequencies but begins to
systematically underestimate the values at high frequencies
s.3000 cm−1d.

Ohno and co-workers48,49 have shown that conventional
quantum chemical methods might fail to predict a reliable
harmonic frequency for a normal mode in an electronically
excited aromatic molecule if there exist a strong vibronic
coupling between this mode and another mode in a nearby
electronic state. In such a case, dramatic frequency upshift
scoupling with a lower vibronic stated or downshiftscoupling
with a higher vibronic stated and change of vibrational mode
form sDuschinsky effect50d can be observed for this mode.
An inspection of the frequencies calculated with HF/6-
31Gsd,pd and CIS/6-31Gsd,pd shows only two modes
whose frequencies differ by more than 10% between theS0

TABLE III. sContinued.d

Normal
mode

S0 s1Agd S1 s1B3ud

HF/6-31Gsd,pd B3LYP/6-31+ +Gsd,pd Expt. CIS/6-31Gsd,pd Expt.

7b3u 1216.1 1212.5 1216, 1218e 1183.9
8b2u 1269.8 1283.2 1299.6
8ag 1304.9 1298.8 1300b 1277.3 1292b

9b1g 1313.5 1356.6 1300.9
9b2u 1322.9 1336.4 1223.8
8b3u 1335.2 1366.1 1374.5e 1221.9
9ag 1342.7 1364.4 1356.7
10ag 1368.1 1375.1 1372b 1374.7 1398b

9b3u 1388.4 1384.4 1385e 1387.3
11ag 1449.3 1445.5 1476.2
10b3u 1457.5 1448.1 1444.5
10b1g 1471.3 1460.1 1450.0
10b2u 1496.4 1480.2 1366.2
11b2u 1521.2 1509.6 1500.5e 1486.5
11b1g 1533.7 1531.1 1559.3
12ag 1623.0 1578.0 1580b 1622.4 1603b

11b3u 1627.6 1598.3 1597e 1581.5
13ag 1636.9 1603.6 1557.1
12b3u 1639.6 1604.8 1554.3
12b2u 1653.7 1618.6 1613.5e 1568.9
12b1g 1672.1 1632.4 1585.3
13b1g 3039.9 3114.2 3040.8
13b2u 3040.4 3114.6 3041.1
13b3u 3042.6 3116.4 3043.6
14ag 3043.5 3117.0 3044.2
14b1g 3057.8 3130.0 3057.8
14b2u 3059.8 3132.4 3058.8
14b3u 3060.9 3131.5 3057–3095e 3061.0
15ag 3063.1 3134.1 3062.4
15b1g 3078.2 3146.4 3088.2
15b3u 3078.6 3146.7 3088.2
15b2u 3103.4 3161.7 3115.9
16ag 3103.4 3161.9 3116.6

aThe value in the parentheses was obtained with the HF/6-31+ +Gsd,pd method with a scale factor of 0.91.
bFrom Ref. 26.
cThis work.
dThe frequencies of these modes differ by more than 10% between theS0 andS1 states.
eFrom Ref. 22.

084318-6 X. Tan and F. Salama J. Chem. Phys. 122, 084318 ~2005!

Downloaded 18 Feb 2005 to 143.232.124.88. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



andS1 state: 1au and 1b2g. These two modes are labeled “d”
in Table III to indicate possible inaccuracy of the calculated
frequencies in theS1 state.

C. Franck–Condon treatment and vibrational
assignment

A Franck–Condon treatment has been carried out to cal-
culate the observed vibronic spectrum. In this treatment, a set
of normal modes was selected and the vibrational quanta in
these modes in theS0 andS1 electronic states were specified.
The Franck–Condon factors between the vibrational states
generated this way in theS0 and S1 electronic states were
then evaluated using the normal coordinates obtained in the
frequency calculations. The evaluation of the Franck–
Condon factors was performed using theMOLFC computer
code developed by Borrelli and co-workers.51 The vibronic
spectrum is then calculated using the obtained Franck–
Condon factors and by assuming a same vibrational tempera-
ture for all the normal modes selected. In this Franck–
Condon treatment, we effectively ignored the dependence of
the electronic transition dipole moment on the nuclear coor-
dinates of the molecule. This should be a good approxima-
tion if the vibrational excitation in the molecule is low since
in such a case, the vibrational wave functions are mainly
localized in the vicinity of the equilibrium geometry of theS0

state.
Two calculated vibronic spectra of theS1←S0 transition

of perylene are presented in Fig. 4. The experimental spec-
trum is presented in Fig. 4sad. The spectrum presented in Fig.
4sbd was calculated using the normal coordinates calculated

with B3LYP/6-31+ +Gsd,pd and CIS/6-31Gsd,pd in theS0

andS1 electronic states, respectively, while the spectrum pre-
sented in Fig. 4scd was calculated using the normal coordi-
nates calculated with HF/6-31+ +Gsd,pd and CIS/6
-31Gsd,pd in the S0 and S1 electronic states, respectively.
The calculated spectra are convoluted with a Gaussian func-
tion of s=2.5 cm−1 and are shifted so that bandB1 falls at
the experimentally measured position. Several major spectral
features are labeled in all the spectra in the same way as in
Fig. 1 to assist in the correlation of the calculated features
with the experimental features. In the calculations of the vi-
bronic spectra, six normal modes were selected: 1au, 1b1u,
1ag, 2ag, 3ag, and 4ag. A vibrational temperature of 90 K
was used in the calculations for the purposes of “magnify-
ing” weak hot bands. As discussed in the previous section,
the frequencies of the 1au mode calculated with the HF and
CIS methods are not reliable. Since this mode is expected to
have significant excitations because of its very low fre-
quency in the S0 state, we used the experimental
frequencies26 for this mode after the Franck–Condon calcu-
lations to generate reliable positions for the spectral features
associated with this mode. As shown in Fig. 4, the two cal-
culated vibronic spectra are in very good agreement with the
experimental spectrum. In general, the calculated spectrum
shown in Fig. 4sbd matches better with the experimental
spectrum than the calculated spectrum shown in Fig. 4scd.
The intensities of bandsB2 ftransitions1aud1

1g-B5 ftransition
s1aud4

4g, H1 ftransition s3agd0
1g-H3 ftransition s1aud2

2s3agd0
1g,

andE2 ftransitions1aud1
1s1agd0

1g-E4 ftransitions1aud3
3s1agd0

1g
in the calculated spectrum shown in Fig. 4sbd are in better

FIG. 4. Comparison of the calculated and experimental
spectra. The calculated spectra are convoluted with a
Gaussian function ofs=2.5 cm−1 and are shifted so
that bandB1 falls at the experimentally measured posi-
tion. Several major spectral features are labeled in the
same way as in Fig. 1.sad The experimental spectrum.
sbd The spectrum calculated using the normal coordi-
nates calculated with B3LYP/6-31+ +Gsd,pd and
CIS/6-31Gsd,pd in the S0 and S1 electronic states, re-
spectively.scd The spectrum calculated using the nor-
mal coordinates calculated with HF/6-31+ +Gsd,pd
and CIS/6-31Gsd,pd in the S0 andS1 electronic states,
respectively.
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agreement with the experimental intensities than those of the
corresponding bands in the spectrum shown in Fig. 4scd,
while the intensities of bandsK ftransitions1aud2

0g, L ftran-
sition s1aud3

1s1b1ud1
1g, M ftransition s1aud3

1g, N ftransition
s1b1ud2

2g, O ftransition s1aud2
0s1agd0

1g, C1 ftransition s1aud0
2g-

C4 ftransitions1aud3
5g, andR ftransitions4agd0

1g in the calcu-
lated spectrum shown in Fig. 4scd are in better agreement
with the experimental intensities than those of the corre-
sponding bands in the spectrum shown in Fig. 4sbd.

With the help of these two calculated vibronic spectra,
the observed spectral features exceptJ can be positively as-
signed. This assignment is listed in Table I along with the
fitted band positions and widths. From the vibrational assign-
ment, the frequencies of mode 1au in theS0 andS1 states are
determined to be 25.1 cm−1 and 47.3 cm−1 using the posi-
tions of bandsK ftransition s1aud2

0g and C1 ftransition
s1aud0

2g, respectively. The frequencies of modes 1ag, 2ag,
3ag, and 4ag in theS1 state are determined to be 351.8 cm−1,
425.0 cm−1, 547.9 cm−1, and 794.2 cm−1 using the positions
of bandsE1 ftransition s1agd0

1g, V ftransition s2agd0
1g, H1

ftransition s3agd0
1g, and R ftransition s4agd0

1g, respectively.
The frequency difference of mode 1b1u between theS0 and
S1 states is determined to be −10.2 cm−1 by using the spacing
between bandsA1 ftransitions1b1ud1

1g andB1 stransition 0-0d.
These experimentally derived frequencies are listed in Table
III. We also list in Table III the frequencies derived from
other experimental data22,26 that can be correlated to our cal-
culated normal modes. BandsK, L, M, N, O and P sin par-
ticular K and Od are broader than the other features. This
could be attributed to nearby unidentified hot-band transi-
tions. No reasonable assignment can be made for bandJ
from our Franck–Condon treatment. We suspect that this fea-
ture is due to the transition of van der Waals complex formed
between perylene and Ar in the expanding jet.

IV. DISCUSSION

In this paper, we have presented the cavity ring-down
spectrum and quantum chemical calculations of theS1←S0

transition of perylene. Most vibronic bands were assigned in
the Franck–Condon treatment. The vibronic spectra calcu-
lated in the Franck–Condon treatment are found to be in very
good agreement with the experimental spectrum. As shown
in Table III, the calculated frequencies are in very good
agreement with the experimental frequencies derived from
this work and from other experimental work.22,26This is par-
ticularly true for the frequencies in theS0 state predicted with
B3LYP/6-31+ +Gsd,pd. One relatively large disagreement
is found for the frequencies of mode 1au predicted with HF
and CIS, indicative of the sensitivity of the frequency calcu-
lation of very-low-frequency modes to the diffuse functions
and electronic correlation. One conclusion of the present pa-
per is the necessity, in the frequency calculation for very-
low-frequency modes of polycyclic aromatic molecules, of
inclusion of diffuse functions and electron correlation.

The good agreement observed between the calculated
and experimental frequencies is partly attributed to the large
energy gaps betweenS0 and S1 s2.98 eVd, and betweenS1

and S2 s,0.82 eVd. Large energy gaps result in weak vi-

bronic interactions between the electronic states. As shown
in this work, the harmonic approximation works very well
for perylene. This is not surprising if one considers the fact
that perylene is a compact and therefore relatively rigid
structure. This point is very well illustrated with a compari-
son of perylene with pentacene that has a linear and therefore
relatively floppy structure. It has been shown52,53 that penta-
cene has a very anharmonic “butterfly” modes1b1ud with a
theoretical frequency of ca. 42 cm−1 in theS0 state. The 2-0,
4-0, and 6-0 vibronic transitions in this mode form the strong
features observed in theS1←S0 transition of pentacene at 81,
195, 332, and 342 cm−1, respectively. It also has been shown
that pentacene is quasiplanar in theS1 state. We have em-
ployed the same Franck–Condon treatment to pentacene and
completely failed to predict the strong 2-0, 4-0, and 6-0 vi-
brational transitions in the 1b1u mode. The frequency of the
butterfly mode is usually a measure of the rigidity of an
aromatic molecule. Compared to pentacene, the butterfly
mode s1b1ud in perylene has a frequency of ca. 94 cm−1,
indicating that perylene is more rigid than pentacene.

It is interesting to compare our results with earlier LIF
experiments. In two papers published by Tramer and co-
workers, the fluorescence excitation and dispersion spectra of
the same transition were recorded to study the IVR of
perylene.25,26 Although the fluorescence excitation spectrum
was not published in these papers, the authors reported that
the strongest band of the transition was located at
24070 cm−1. This value is 10.3 cm−1 to the blue of the stron-
gest bandB1 observed in our CRDS experiment. We believe
that there was probably a wavelength calibration error in
these earlier experiments. A number of vibrational frequen-
cies were identified in their experiments. We could match the
reported modesA–G, R, and S sTable 2 of Ref. 26d with
modes identified or calculated in this work. We have diffi-
culties in identifying other modes reported by these authors.
Based on our experiment and theoretical calculations, we
believe that modeH s20 cm−1 in S0 and 13 cm−1 in S1d does
not exist. It is also very likely that only one of modesJ, J8
and K is real, which can be correlated with mode 1b2g. In
another LIF experiment by Schwartz and co-workers,27 a fre-
quency of 95 cm−1 sTable 1 of Ref. 27d was reported in the
S1 state. We now know from our Franck–Condon treatment
that this frequency is not a fundamental frequency of a nor-
mal mode but is due to the overtone transitions1aud0

2.
For low rovibronic statessEvib8 ,850 cm−1d in the S1

manifold of perylene, we expect the lifetimes are determined
mainly by the resonant radiation due to the lack of IVR
sRefs. 25–27d and the absence of other singlet electronic
states in between. This is confirmed by our observation that
all vibronic features of perylene have about the same widths
s2.4–3.5 cm−1d. Middle-size compact neutral PAHs of simi-
lar structures as perylene are characterized by well-separated
S0 and S1 states and a strong transition between the two
states with similar oscillator strength.23 We expect the ob-
served bandwidths of perylene to be typical for these com-
pact neutral PAHs. It has been recognized that small and
middle compact PAHs might be present in the interstellar
medium as neutral molecules and ions due to strong radiation
from nearby stars.4 The contribution of neutral PAHs and
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PAH ions to the DIBs is therefore of great interest. It is
interesting to note that more than 50% of the observed DIB
features have bandwidths between 2 and 5 cm−1, which can-
not be attributed to PAH ions because of their short lifetimes
s,0.2 psd and broader bandwidthss20–30 cm−1d.15,17,54We
conclude from this study that neutral PAHs are probably
more important for these narrow DIB features.
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