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As part of our long-term program to test the diffuse interstellar band—polycyclic aromatic
hydrocarbon hypothesis, we have investigatedShe S, electronic transition of neutral perylene
(CygH1) 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'spectral range. Density functional aaH initio
calculations were performed to determine the geometries, harmonic vibrational frequencies, and
normal coordinates of both tHg andS, 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 @&, hé&,
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 PhysidDOI: 10.1063/1.1851502

I. INTRODUCTION periments have shown that low vibrational statds,
<700 cn?) in the S; state show no observable IVR on the
time scale of emission while high vibrational statds,,

% 1600 cm?) in the S, state show very fast VR 27 A
model of anharmonic coupling has been proposed to explain
the observed resulfS.The vibrational frequencies in thg
state are available from earlier theoretical calculatfSrfs.

Polycyclic aromatic hydrocarbonéPAHS) have been
suggested to be the possible molecular carriers of the ubi
uitous diffuse interstellar band®IBs) seen in absorption in
the spectra of stars obscured by diffuse interstellar clothds.
Despite the fact that DIBs were first discovered in 1922,

e o o o D callate ecuencies, however, were found o be i
y Sor agreement with the experimental values. The vibra-

validity of this proposal by measuring the electronic spectra{? . . )
of various neutral and ionized PAHs under conditions thatIonal frequencies of the IR-active modes in fygstate were

0 .
mimic those found in the interstellar clouds where the DIBs,a.ISO reportea. To the pest of our knowledge, theoretical
- : : L vibrational frequencies in thg, state have not been reported.
are orlglnatec?.Earher experimental data were primarily ob-

. . L ! . In the presen r, we present th vity ring-down
tained with matrix-isolation spectroscogilS) due to its the present paper, we prese t t. © ca t_y g-do
. ) L : ._spectrum of theS,;« & electronic transition of jet-cooled
capability of trapping neutral and ionized PAHSs in cryogenic : -
) . . 910 neutral perylene (C,oH;,) in the 24 000-24 900 cth
inert-gas solid matrice$™ The spectral features recorded .
. . (401.6—-416.7 nmspectral range. Quantum chemical calcu-
with MIS, however, are shifted and broadened due to the_.. . . S
. . : : : . . Tations are carried out to determine the equilibrium geom-
interaction of the trapped species with the solid lattice. This_, . L T . )
. S . " . “etries, harmonic vibrational frequencies, and normal coordi-
shortcoming was overcome by the application of cavity "9 hates in both thes, and S; electronic states. A rotational
down spectroscopyCRDS.**3 Only a limited number of '

PAHs have been studied by CRDS due to the difficulty Ofcontour analysis is performed to derive the rotational tem-

o . erature. Finally, a Franck—Condon treatment is carried out
bringing these low-vapor pressure molecules into the gag

; ..~ _Tto calculate the vibronic spectrum of tBg— §, transition. A
phase in amounts detectable under the laboratory conditions, . . P 0 .
that are relevant for astrophysical stu diade vibrational assignment for the observed spectral features is

We select theSl(lB3 )<—So(1Ag) transition of neutral proposed, and six normal modes are identified in the ob-
U

perylene because it can be served as a model system for tﬁgrved spectrum.
study of middle-size compact PAHs of similar structure. The

absorption spectra of both neutral and ionized perylene have. EXPERIMENT
been measured with MI1§724Pererne has been noted for its

remarkable intramolecular vibrational redistributiofvVR) A. Apparatus

effects in theS; state. Laser-induced fluorescer(téF) ex- The experimental apparatus has been described in detall
previously.15'16A pulsed supersonic beam containing gas
9E|ectronic mail: x.tan@jhu.edu mixtures of neutral peryle_n(eSigma-AIdrich, purity > 9_9%)
PElectronic mail: Farid.Salama@nasa.gov and Ar was prepared with a pulsed discharge slit nozzle
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1000 4 FIG. 1. Cavity ring-down spectrum of perylene.
A 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 2X010° Pa and the background
pressure in the chamber was 10.5 Pa. The inset panels
H | show the weak features observed in the 24 000-24 060
m rmmn and 24 820—24 900 crhspectral ranges. The observed
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(PDN). The PDN assembly is based on a design by Saykallgition board (Adlink, PCI9813. The data were then pro-
and co-worker§? It consists of a heated copper sample res-cessed by a PC program and the cavity losses were extracted.
ervoir and a 10 cm long by 20@m wide slit, which is

sealed from inside by a slit poppet driven by three synchro-

nized pulsed solenoid valvé&eneral Valve Series)9Two  B. Results

stainless knife-edge electrodes are mounted outside the PDN
on each side of the slit. The two electrodes are separated b

an even gap of 40am and configured as the cathode of atrum was recorded 4 mm downstream of the slit nozzle with

high voltage pulse generator. The PDN assembly itself i?he PDN assembly maintained at a stable temperature of
configured as the anode. This design enables the generatigli7 °C. The backing pressure of Ar was %.0CF Pa and the
O.f atomic and mollecular lons qnd radicals in the jeF expanbackground pressure was 10.5 Pa. A number of vibronic
sion. In the expenment, the h'gh, voltage was applied onl_ybands were observed in this spectral region. The observed
for the Wavele*ngth calibration, which was achieved by MONI*hands are labeled alphabetically in Fig. 1. The weak bands in
toring the Ar atomic lines generated in the discharge.io 24 000—-24060 and 24820—24900 ¢rspectral ranges
Perylene was placed on the bottom of the heated samplge shown as two insets in Fig. 1. Bands grouped under the
reservoir to ensure adequate evaporation. The original POPPeL me |etter are numbered in the increasing order of energy
design was modified to run at higher temperature by replac(the numbers are not shown in Fig. A series of bands with
ing the 10 cm long Viton rubber cord with a Vespel plastic gimjlar bandwidths, labeled—1 are predominant in the spec-
rod (Dupont, SP-22 Gradand by mounting a water-cooling {rym_ The profiles of these bands are found to be neither
system on the pulsed solenoid valves. With these modificasayssian nor Lorentzian, but rather to be determined by their
tions, we can achieve a constant operating temperature @htational contour. In addition to these narrow bands, several
300 °C with the PDN assembly. relatively broader bands, labelgeg-N, O, and P, were also
The supersonic beam containing perylene and Ar wagpserved. All these spectral features could not be observed
probed by cavity ring-down spectroscopy. The spectra wergjhen the PDN assembly was kept at room temperature.
probed using frequency-double output of a Nd:YA®rium  \when Ar was replaced by He as the carrier gas, the spectrum
aluminium garnet (Quanta-Ray Lab 150 from Spectra- pecame very noisy. This is due in part to the much larger
Physicg pumped dye laser(Quanta-Ray PDL-2 from |eaking rate of He through the modified Vespel plastic poppet
Spectra-PhysigsA mixture of dye solution of LDS 821 and (the background pressure increased to 20 Pa for the same
LDS 869 (Exciton were used. The bandwidths were backing pressure of 1010° Pg. With He as the carrier gas,
0.18 cmt and 0.7 cr® for the fundamental and doubled the strong band$B1-B3, E1, E2, H1, andl1) remained
output, respectively. The ring-down cavity consists of twoessentially the same, while all the weak bands were buried
high-reflectivity (99.99% at 420 nminconcave(6 m curva- by noise and became indiscernible. Based on these observa-
ture radiug mirrors (Los Gatos Researtimounted 55 cm tions, we assign the observed baifgith the exception of)
apart. The typical ring-down time was 5. The ring-down to perylene. This assignment is further confirmed by the
signal was collected by a photosensor mod{#&780-04  Franck—Condon treatment discussed later in this paper.
from Hamamatsuand digitized by a 20 MHz 12 bit acqui- We fitted the observed bands with a Gaussian profile.

Figure 1 presents a cavity ring-down spectrum of
erylene in the 24000—-24900 chrspectral range. The spec-

Downloaded 18 Feb 2005 to 143.232.124.88. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE I. Band positions, Gaussian widths, intensities, and vibrational as-

signment for bands in the cavity ring-down spectra of perylene.

Band Positiof Width? Assignment
J 23066.34) 15.215) Complex?)
K 24009.54)  6.44) (1a,)
L 2402594 5197 (1a,)3(1by,)7
M 24031.74)  4.4(4) (1ay)}
N 2404284)  4.722 (1by)3
Al 24049.%4) 2993 (1by)g
A2 24072.24)  3.103) (1a,)1(1by,)}
A3 24002.84)  3.16) (1a,)3(1by,)}
Bl  24059.74) 3.1(1) 03
B2 24 082.34) 3.1(1) (1ay)i
B3 2410284  2.82) (1a,)2
B4 24 122.24) 2.72) (1a,)3
B5 24 140.34) 2.94) (1ay)}
c1 24 154.34) 2.502) (a3
C2 2417814 252 (1a,)}
[ox] 24 200.84) 2.62) (1a,)3
c4 24 221.64) 3.1(3) (1a,)3
c5 24 241.14) 3.6(8) (1ay)§
C6  24250.84)  3.28) (1a,)]
c7 24 278.14) 2.8(5) (1a,)§
o) 24361.54)  6.95) (1au>°(1ag)o
P 24 383.24) 5.509) (1a,)3 (1ag)o
D1 24 401.84) 3.1(4) (1by) (1ag)o
D2 24 423.84) 2.53) (1a,)}(1by)} (1ag)o
D3 244443) 3512 (1a)3(1by)i(1ay);
El 24 411.%4) 2.91) (1ag)
E2  2443364) 2.801) (1a,)1(1ag)s
E3 2445384  2.82) (1a,)3(1ay)
E4 2447294  3.23) (1ay3(1ay)
E5  24491.04) 2.97) (1a,)5(1ag)s
v 24484.14)  2.42) (2ag)g
FL 2450684  3.12) (1a,)3(1ay)
F2  2452944) 282 (1ay)3(1ay)
F3  2455144)  2.4(2) (1a,)3(1ag)
F4  24573.44)  2.44) (1a,)3(1ay)
Gl  24594.34) 263 (1a,)§(1ag)g+(1by,)1(38g)3
HL  24607.64)  2.61) (3ay)s
H2  24630.14)  2.401) (1a,)1(389)5
H3 2465094  3.103) (1a,)3(3ay)
11 24763.34)  2.61) (1ag
12 2478554  2.81) (1a,)1(lay)?
I3 24806.14) 292 (1a,)3(1ay)3
14 2482554  3.16) (1a,)3(1ay)3
Q 2483734 212 (lagg(2ag)
R 24853.94)  2.62) (429§
S 2485894  416)  (layi(layi+(la)i(layi(2a)s
T 2487584  3.29) (1a,)1(4ay);
U 24880.84)  5.530) (1ay)3(lag)i(2ay)

*The values are in units of crh
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FIG. 2. The coordinate system used in the quantum chemical calculations of
perylene. The calculations were performed in g symmetry. Unique
bonds in the molecule are labeled alphabetically as a—j.

~352 cm?. Several other similar pattern repetitions can be
identified as follows:B and H 548 cm?, A and G
(548 cm?), B and| (704=2x 352 cn1Y).

lll. THEORY

To interpret the observed spectrum, we have carried out
a rotational contour analysis and a Franck—Condon treat-
ment. Single-excitation configuration-interacﬁ?)(CIS) cal-
culations were performed to determine the equilibrium ge-
ometries, harmonic frequencies, and normal coordinates in
both theS, and S, electronic states. It should be pointed out
that the single excitations have no contributions to &e
electronic wave function due to the Brillouin theorem, and
therefore the CIS calculations are actually the Hartree—Fock
(HF) calculations for theS, electronic state. Density func-
tional theory>—>®(DFT) calculations with the Becke’s three-
parameter exchange functioffaland the correlation func-
tional of Lee, Yang, and PafLYP) (Refs. 37 and 3Bwere
also performed to determine the harmonic frequencies and
normal coordinates in th§, state. All calculations were car-
ried out with the Gaussianoscod€® The coordinate system
used in the calculations is shown in Fig. 2. Theg, point
group was used in the calculations.

A. Rotational contour analysis

The equilibrium geometries in both ti®y and S, elec-
tronic states were determined by the CIS calculations with
the 6-31Gd,p) (Refs. 40 and 41 basis set. The vertical
transition energy was found to be very sensitive to the polar-
ization functions, especially to the functions on the C at-
oms. The calculated vertical transition energy is too high
without the inclusion of the polarization functions. Table ||
lists the calculated equilibrium geometries in both states. The
calculated geometry in th®, state is in good agreement with
that determined by x-ray diffractiolf. The equilibrium rota-
tional constants were determined 4%=0.0211 cm?, B”

The fitted positions and widths are listed in Table I. As_q 0111 cnit, C’=0.007 27 critt and A’ =0.0208 crit, B’

shown in Table I, the bands grouped under the same letter arey 0113 cmt, C”=0.007 31 et in S, andS,, respectively.
separated by a roughly equal spacing. We fitted this spacingje have selected the strongest badn Fig. 1 for a rota-

with the formulad wg(v+1/2) - AwXs(v+1/2)?, and derived
Aw, to be ca. 23.9 ciit assuming that =0 for the first band

tional contour analysis because this band has the ®/éét
ratio and is associated with the 0-0 vibronic transitias

in each of the band systems. The pattern seen in the barfktermined in the Franck—Condon treatmefihe deviation
systemsK, A, B, andC is repeated in the similar but weaker from the equilibrium rotational constants caused by anhar-
band system®, D, E, andF that are shifted to the blue by monicity is therefore expected to be small for this band.
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TABLE II. Bond lengths(the unique bonds are labeled in Fig.a® perylene
(in angstromgs

S (*Ay)
Sl (1B3U)
HF/6-31Qd, p) Expt® CIS/6-31Gd, p)
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 24052 24066 24060 24084 24068
g 1.486 1.471 1.441 Wavenumber (cm™)
h 1.076 1.076
i 1.076 1.076 FIG. 3. Simulation of the rotational contour of the strongest bBtidof
i 1.072 1.071 perylene. The solid line represents the experimental spectrum while the
dotted line represents the simulated spectrum. The equilibrium rotational
°From Ref. 42 and averaged Iy, geometry. constants determined by CIS/6-3(Gp) were used in the simulation. A

\Voigt line shape withr=0.7 cm?, as determined by the Ar atomic lines, and

. . . y=0.65 cm* was found to well fit the experimental spectrum.
Perylene is an asymmetric top molecule in both e

and S, electronic states. The rotational wave function of an ) . .
asymmetric top molecule can be expressedag .***The  rotational constants determined by the CIS calculations and
a’'c

asymmetric top rotational wave functions are often groupedn€ derived nuclear statistical weights were used. We expect
in accordance to the parity of tHe,K, pair: eg eo, e, 00 a Vogit line shape for the rotational lines, as the result of the
where e represents even arm represents odd. In order to convolution of the intrinsic Lorentzian lineshape and the
simulate the rotational contour, the nuclear statistical weight§aussian lineprofile of the probe laser. The linewidth of the
for these four types of rotational wave functions need to bd’robe laser was determined to be O-Té”@ff?q‘%ency'
determined. We use the method proposed by Landau arfiPubled outpytby an inspection of the Ar atomic lines ob-
Lifshitz*® and later corrected by Jon#sIn this method, the Served when the discharge was turned on. SinceseT-

characterdenoted byy®") of an operatiorP in the molecu- ~ WIN code does not support Vogit line shape, the simulation

lar symmetr)‘}“ group of the molecule in the representation Was first performed with a Lorentzian line shape and the

(denoted byl*") spanned by the rovibronic wave functions output was then processed With a small computer _code to
include the effect of the laser line shape. The simulation was

allowed by the nuclear statistics is given by _ . :
performed by varying the rotational temperature and the in-
=211 21+ 1)(- 1)@2MaD), (1)  trinsic Lorentzian line width until a good agreement between
the simulated and the experimental spectra was achieved.
where the multiplication contains one factor for each grouprigure 3 presents the simulated spectrigotted line along
of n, nuclei having nuclear spih, permuted byP. The char-  with the experimental spectrugsolid line). The agreement
acter is zero ifP is a permutation-inversion operation. The petween the simulated and experimental spectra is very
reduction of 7% into the irreducible representations gives good. From the simulation, the rotational temperature was
rise to the nuclear statistical weights for the correspondingjetermined to be 52+4 K and the intrinsic Lorentzian line-
rovibronic wave functions. In the case of perylene with thewidth was determined to be 0.65+0.05 @m

coordinates shown in Fig. 2} is reduced as

I'S" = 1072 @ 10727, © 1008, ® 1008B,,

e B. Harmonic frequencies and normal coordinates
® 10084, ® 1008, & 1008,, & 1008B,,. (2)

The harmonic vibrational frequencies and normal coor-
The symmetry species of thee eo, og oo rotational wave dinates of the 90 normal modes in both tBegand S, elec-
functions are deduced by using the asymmetric top symmeronic states were determined by the G- for §;) calcu-
try rule?* In the case of perylene, the results @e-A,, lations with the 6-31@l,p) basis set. The 6-31+ +H@,p)
€0-Bsg, 06— B,g, andoo—B,,. Since the vibronic wave func- basis set was also used in the frequency calculation ogfhe
tion in the vibrational ground state in th® manifold is  state. It has been known that DFT calculations produce more
totally symmetric(I',e=eiec® I'in=Ag® Ag=Ay), the sym-  reliable frequencies than the CIS method in which only lim-
metries of the rovibronic wave functions in tisg manifold ited configuration interactions are treated. We therefore also
are the same as those of the rotational part. By an inspectigmerformed a DFT calculation of th® state using the hybrid
of Eq. (2), the nuclear statistical weights for the rovibronic B3LYP functional with the 6-31++@l,p) basis set. Care
wave functions having thee eo, oe oo rotational wave has been taken to ensure strict convergence in light of the
functions are 1072, 1008, 1008, and 1008, respectively.  existence of several low-frequency modes of perylene.

The simulation of the rotational contour of baBg was The 90 calculated harmonic frequencies in both e
carried out using thasyrRoTwIN computer code developed and S; electronic state using HF/6-31¢ p), B3LYP/6-
by Judge and Clouthiéf.In the simulation, the equilibrium 31++G(d,p), and CIS/6-31@d,p) are listed in Table III.
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TABLE Ill. Harmonic frequencies of perylen@n cm™). The scale factors used in the calculations are 0.91,
0.98, and 0.91 for HF/6-31@,p), B3LYP/6-31++QGd,p), and CIS/6-31K,p), respectively.

S (*Ay) S ('By)
Normal

mode  HF/6-313d,p) B3LYP/6-31++QGd,p) Expt. CIS/6-31Gd, p) Expt.
1a, 5.510.8°? 23.9 248 25.1 36.8 48, 47.3
1by, 95.3 93.6 o4 86.1 84
1byg 119.3 125.6 1374

2by, 176.0 175.5 176.8

1bg, 208.0 203.2 192.1

2a, 239.3 2335 226.3

1by, 247.0 249.1 243.4

2byg 297.8 294.0 278.1

lay 344.6 348.6 353 344.3 351.8
by, 351.7 358.2 357.3

2a, 422.3 426.0 427 424.7 425.0
2by, 426.0 420.0 389.2

30, 451.1 452.7 481.5

1bg, 454.8 458.8 448.9

3by, 472.1 4735 480.8

2b,, 527.3 530.4 507.2

2y, 528.2 532.7 521.0

3a, 531.8 525.8 500.6

3a, 533.8 543.2 547 536.7 547.8
4b,, 555.3 549.8 527.5

2by, 577.2 576.2 557.2

3byg 615.0 621.5 609.4

3bg, 628.3 622.8 599.9

4a, 643.8 640.6 628.3

4by, 655.8 645.4 635.9

3by, 763.8 767.5 747.0

5byg 767.2 738.8 718.1

4bg, 7745 748.3 744.0

3bg, 776.9 785.3 79 784.5

5by, 780.0 760.1 765, 772 734.0

4a, 784.6 791.2 81 789.7 79% 794.2
5a,, 788.3 766.2 758.0

4b,, 807.7 811.7 790.0

6by, 833.1 806.8 811, 8f5 783.7

By, 852.1 815.7 780.1

6a,, 914.1 877.3 843.2

5by, 923.7 885.0 864.1

by 930.5 895.9 887.8

7by, 939.3 904.7 900.9

by, 944.2 940.5 936.2

5a, 966.4 974.0 973.7

5byg 987.0 1056.5 1054.8

7a, 1002.5 957.8 978.8

6bs, 1005.1 961.9 985.2

8byg 1011.2 966.1 986.8

8by, 1013.5 970.3 969 991.4

4b,, 1019.2 1043.1 1047 986.2

5ba, 1080.4 1092.6 1088, 1089 1090.9

6ay, 1096.3 1106.0 11062 1103.5 1099
5by,, 1104.3 1130.1 1131, 1132 1060.0

6y, 1116.2 1147.2 1115.1

6by, 1132.1 1190.7 1128.7

6bs, 1149.7 1148.5 1138.0

7a, 1190.2 1191.4 1194.5

by 1191.6 1193.2 1156.8

7y, 1191.7 1215.0 1184.8

8byg 1204.3 1224.3 1210.8
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TABLE Ill.  (Continued).

S (*Ay) S, ('By)
Normal
mode HF/6-31Gd,p) B3LYP/6-31++QGd,p) Expt. CIS/6-31Gd, p) Expt.
7ba, 1216.1 12125 1216, 1218 1183.9
8Dy, 1269.8 1283.2 1299.6
8ay 1304.9 1298.8 13060 1277.3 1292
9y, 1313.5 1356.6 1300.9
9b,, 1322.9 1336.4 1223.8
8bs, 1335.2 1366.1 1374%5 1221.9
9, 1342.7 1364.4 1356.7
10a, 1368.1 1375.1 1372 1374.7 1398
9bs, 1388.4 1384.4 1385 1387.3
11a, 1449.3 14455 1476.2
10bg, 1457.5 1448.1 1444.5
100y 1471.3 1460.1 1450.0
10b,, 1496.4 1480.2 1366.2
11b,, 1521.2 1509.6 1500°5 1486.5
11b,, 1533.7 1531.1 1559.3
12a, 1623.0 1578.0 1580 1622.4 1603
11by, 1627.6 1598.3 1567 1581.5
133, 1636.9 1603.6 1557.1
12by, 1639.6 1604.8 1554.3
12b,, 1653.7 1618.6 16135 1568.9
120, 1672.1 1632.4 1585.3
13by, 3039.9 3114.2 3040.8
130y, 3040.4 3114.6 3041.1
130, 3042.6 3116.4 3043.6
14a, 3043.5 3117.0 3044.2
14b,, 3057.8 3130.0 3057.8
14b,, 3059.8 31324 3058.8
14b,, 3060.9 3131.5 3057-3085 3061.0
153, 3063.1 3134.1 3062.4
15y, 3078.2 3146.4 3088.2
15hg, 3078.6 3146.7 3088.2
150, 3103.4 3161.7 3115.9
163, 3103.4 3161.9 3116.6

*The value in the parentheses was obtained with the HF/6-31(# 5 method with a scale factor of 0.91.
PFrom Ref. 26.

This work.

The frequencies of these modes differ by more than 10% betwee®, thed S, states.

°From Ref. 22.

The scale factors used for the three methods are 0.91, 0.988 cni?, respectivel);.6 Except for this mode, the HF/6-
and 0.91, respectively. The normal modes are labeled bg1G(d,p) predicts values very close to those predicted with
their symmetries. Modes of the same symmetry are nuUmB3LYP/6-31++Gd,p) at low frequencies but begins to

bered in the order of increasing vibrational frequency in thesystematically underestimate the values at high frequencies
S state. Care has been taken to best correlate the norm(g3000 cntd).

modes in th@l st.ate with those in th&, state by an inspec- Ohno and co-workef&4 have shown that conventional
g(r)]?j g;\tztrea:/gg[:)znﬁ;\/rgos:e;Orrnrgsdsr;?:ctgredirr?gisc‘iger?;zsje%&qamum chemical methods might fail to predict a reliable
cies in theS, state calculated with HF/6-31+ H&, p) were . ) . . . .
found to be very close to those calculated with HF/6-eXC'te_d aromatic mqlecule if there exist a strong vibronic
31G(d,p) except for the lowestd, mode. The frequencies coupling between this mode and another mode in a nearby
of this mode calculated with HF/6-316,p), HF/6-31+ electronic state. In such a case, dramatic frequency upshift
+G(d,p), and B3LYP/6-31++G@d,p) are 5.5cml (coupling with a lower vibronic stajer downshift(coupling
10.8 cm1?, and 23.9 cmt, respectively, indicating that the with a higher_ vibronic staeand change of vibration_al mode
frequency calculations for very-low-frequency modes areform (Duschinsky effec?) can be observed for this mode.
very sensitive to diffuse functions and electron correlationAn inspection of the frequencies calculated with HF/6-
The frequencies of thisa, mode in theS, andS, states have 31G(d,p) and CIS/6-31&d,p) shows only two modes
been determined by laser-induced experiment to be 24.5 anghose frequencies differ by more than 10% betweenShe

armonic frequency for a normal mode in an electronically
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B1 E1 SO: B3LYP/6-31++G(d,p) (b) FIG. 4. Comparison of the calculated and experimental
S: C|S/6-31G(d ) spectra. The calculated spectra are convoluted with a
1 P Gaussian function ofr=2.5 cn! and are shifted so
" that bandB1 falls at the experimentally measured posi-
tion. Several major spectral features are labeled in the
M same way as in Fig. 1a) The experimental spectrum.
K C1 A% H1 (b) The spectrum calculated using the normal coordi-
l l o) ‘ nates calculated with B3LYP/6-31+ @& p) and
1 | CIS/6-31Gd,p) in the § and S; electronic states, re-
spectively.(c) The spectrum calculated using the nor-
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and§, state: &, and b,y These two modes are labeled “d” with B3LYP/6-31++@d,p) and CIS/6-31@&d,p) in the S,
in Table 11l to indicate possible inaccuracy of the calculatedandS, electronic states, respectively, while the spectrum pre-
frequencies in thé&, state. sented in Fig. &) was calculated using the normal coordi-
nates calculated with HF/6-31++&Gp) and CIS/6
C. Franck—Condon treatment and vibrational -31G(d,p) in the § and S, electronic stgtes, respegtively.
assignment The calculated spectra are convoluted with a Gaussian func-
tion of 0=2.5 cni! and are shifted so that barR] falls at
A Franck—Condon treatment has been carried out to cakhe experimentally measured position. Several major spectral

culate the observed vibronic spectrum. In Fhis t'reatment, a sﬁéatures are labeled in all the spectra in the same way as in
of normal modes was selected and the vibrational quanta igjg 1 t assist in the correlation of the calculated features
these modes in th andS, electronic states were specified. i the experimental features. In the calculations of the vi-

The Franck—Condon factors between the vibrational stateg, o nic spectra, six normal modes were selecte; 1b

generated this way in th& and S, electronic states were 1a, 23, 34, f;md &, A vibrational temperature ’of 915 K
then evaluated using the normal coordinates obtained in theé '« o4 in the calculations for the purposes of “magnify-
frequency calculations. The evaluation of the Franck—

. ing” weak hot bands. As discussed in the previous section,
Condon factors was performed using teLFC computer the frequencies of thea], mode calculated with the HF and
code developed by Borrelli and co-workéfsThe vibronic q el

spectrum is then calculated using the obtained FranckC'S methods are not reliable. Since this mode is expected to

Condon factors and by assuming a same vibrational temperi?—‘"’“'e S|gp|f|cahnt excitations becaused th'ts very I_OW frel-
ture for all the normal modes selected. In this Franck-duency in the S state, we used the experimenta

Condon treatment, we effectively ignored the dependence d‘fe-quenmezs‘s for this mode after the Franck-Condon calcu-

the electronic transition dipole moment on the nuclear coorlations to generate reliable positions for the spectral features

dinates of the molecule. This should be a good approxima@ssociated with this mode. As shown in Fig. 4, the two cal-

tion if the vibrational excitation in the molecule is low since culated vibronic spectra are in very good agreement with the

in such a case, the vibrational wave functions are mainlygxperimental spectrum. In general, the calculated spectrum

localized in the vicinity of the equilibrium geometry of tilg ~ Shown in Fig. 4b) matches better with the experimental

state. spectrum than the calculated spectrum shown in Fig). 4
Two calculated vibronic spectra of ti&— S, transition  The intensities of bandB2 [transition(1a,)1]-B5 [transition

of perylene are presented in Fig. 4. The experimental spedla,);], H1 [transition (3a,)5]-H3 [transition (1a,)5(3ag)g],

trum is presented in Fig.(4). The spectrum presented in Fig. andE2 [transition(lau)i(lag)(l)]-E4 [transition(lau)g(lag)(l)]

4(b) was calculated using the normal coordinates calculateth the calculated spectrum shown in Figb¥are in better
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agreement with the experimental intensities than those of thieronic interactions between the electronic states. As shown
corresponding bands in the spectrum shown in Fig),4 in this work, the harmonic approximation works very well
while the intensities of bands [transition(lau)g], L [tran-  for perylene. This is not surprising if one considers the fact
sition (1au)§(1b1u)}], M [transition (1au)§], N [transition that perylene is a compact and therefore relatively rigid
(1by,)3], O [transition (1a,)5(1ag)gl, C1 [transition(1a,)§]-  structure. This point is very well illustrated with a compari-
Cca [transition(lau)g], andR [transition(4ag)é] in the calcu-  son of perylene with pentacene that has a linear and therefore
lated spectrum shown in Fig.(@ are in better agreement relatively floppy structure. It has been shaiwr that penta-
with the experimental intensities than those of the correcene has a very anharmonic “butterfly” modsb,,) with a
sponding bands in the spectrum shown in Fig)4 theoretical frequency of ca. 42 cfin the S, state. The 2-0,
With the help of these two calculated vibronic spectra,4-0, and 6-0 vibronic transitions in this mode form the strong
the observed spectral features excépan be positively as- features observed in ti8 < S, transition of pentacene at 81,
signed. This assignment is listed in Table | along with the195, 332, and 342 cm, respectively. It also has been shown
fitted band positions and widths. From the vibrational assignthat pentacene is quasiplanar in tBgstate. We have em-
ment, the frequencies of modelin the §; andS, states are  ployed the same Franck—Condon treatment to pentacene and
determined to be 25.1 cthand 47.3 ci' using the posi- completely failed to predict the strong 2-0, 4-0, and 6-0 vi-
tions of bandsK [transition (1a,)9] and C1 [transition  prational transitions in thets,, mode. The frequency of the
(1a,)3], respectively. The frequencies of mOde&g,12ag, butterfly mode is usually a measure of the rigidity of an
3ay, and 4y in the S, state are determined to be 351.8°¢m  aromatic molecule. Compared to pentacene, the butterfly
425.0 cm?, 547.9 cm', and 794.2 cmt using the positions mode (1by,) in perylene has a frequency of ca. 94¢ém
of bandsE1 [transition (1ag)g], V [transition (2ag)g], H1 indicating that perylene is more rigid than pentacene.
[transition (3ag)g], and R [transition (4ag)g], respectively. It is interesting to compare our results with earlier LIF
The frequency difference of modebyl, between the; and  experiments. In two papers published by Tramer and co-
S, states is determined to be —10.2 Crhy using the spacing workers, the fluorescence excitation and dispersion spectra of
between banda1 [transition(1by,)1] andB; (transition 0-0.  the same transition were recorded to study the IVR of
These experimentally derived frequencies are listed in Tablgerylene?®?® Although the fluorescence excitation spectrum
lll. We also list in Table Il the frequencies derived from was not published in these papers, the authors reported that
other experimental data*°that can be correlated to our cal- the strongest band of the transiton was located at
culated normal modes. Bandéls L, M, N, O andP (in par- 24070 cm®. This value is 10.3 ciit to the blue of the stron-
ticular K and O) are broader than the other features. Thisgest bandB1 observed in our CRDS experiment. We believe
could be attributed to nearby unidentified hot-band transithat there was probably a wavelength calibration error in
tions. No reasonable assignment can be made for Band these earlier experiments. A number of vibrational frequen-
from our Franck—Condon treatment. We suspect that this feasies were identified in their experiments. We could match the
ture is due to the transition of van der Waals complex formeqeported moded-G, R, and S (Table 2 of Ref. 25 with

between perylene and Ar in the expanding jet. modes identified or calculated in this work. We have diffi-
culties in identifying other modes reported by these authors.
IV. DISCUSSION Based on our experiment and theoretical calculations, we

believe that modéd (20 cnitin §; and 13 cmit in S)) does

In this paper, we have presented the cavity ring-dowmot exist. It is also very likely that only one of modésJ’
spectrum and quantum chemical calculations of$e-S,  andK is real, which can be correlated with modb,d In
transition of perylene. Most vibronic bands were assigned iranother LIF experiment by Schwartz and co-workera fre-
the Franck—Condon treatment. The vibronic spectra calcuguency of 95 ciit (Table 1 of Ref. 2Y was reported in the
lated in the Franck—Condon treatment are found to be in ver, state. We now know from our Franck—Condon treatment
good agreement with the experimental spectrum. As showthat this frequency is not a fundamental frequency of a nor-
in Table lll, the calculated frequencies are in very goodmal mode but is due to the overtone transit(dau)g.
agreement with the experimental frequencies derived from  For low rovibronic stategE/,; <850 cn?) in the S
this work and from other experimental watk*® This is par-  manifold of perylene, we expect the lifetimes are determined
ticularly true for the frequencies in tI& state predicted with  mainly by the resonant radiation due to the lack of IVR
B3LYP/6-31++Q@d,p). One relatively large disagreement (Refs. 25-2Y and the absence of other singlet electronic
is found for the frequencies of mod@,lpredicted with HF  states in between. This is confirmed by our observation that
and CIS, indicative of the sensitivity of the frequency calcu-all vibronic features of perylene have about the same widths
lation of very-low-frequency modes to the diffuse functions(2.4—3.5 cm?'). Middle-size compact neutral PAHs of simi-
and electronic correlation. One conclusion of the present pdar structures as perylene are characterized by well-separated
per is the necessity, in the frequency calculation for very-S, and S; states and a strong transition between the two
low-frequency modes of polycyclic aromatic molecules, ofstates with similar oscillator streng;fﬁ.We expect the ob-
inclusion of diffuse functions and electron correlation. served bandwidths of perylene to be typical for these com-

The good agreement observed between the calculatqehct neutral PAHs. It has been recognized that small and
and experimental frequencies is partly attributed to the largeniddle compact PAHs might be present in the interstellar
energy gaps betwee®, and S; (2.98 eV}, and betweer§;  medium as neutral molecules and ions due to strong radiation
and S, (~0.82 e\). Large energy gaps result in weak vi- from nearby star$.The contribution of neutral PAHs and
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