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Abstract

A rotationally resolved ultrahigh-resolution fluorescence excitation spectrum
of the S; « Sy transition of perylene has been observed using a collimated
supersonic jet technique in conjunction with a single-mode UV laser. We
assigned 1568 rotational lines of the 03 band, and accurately determined
the rotational constants. The obtained value of inertial defect was positive,
accordingly, the perylene molecule is considered to be planar with Dy, sym-
metry. We determined the geometrical structure in the Sy state by ab initio
theoretical calculation at the RHF/6-311+G(d,p) level, which yielded rota-
tional constant values approximately identical to those obtained experimen-
tally. Zeeman broadening of each rotational line with the external magnetic
field was negligibly small, and the mixing with the triplet state was shown
to be very small. This evidence indicates that intersystem crossing (ISC) in

UPresented in part at the 64th International Symposium on Molecular Spectroscopy
(Ohio State University, June 2009).

*Corresponding author. FAX: 481 75 753 4065
E-mail address: baba@kuchem.kyoto-u.ac.jp

Preprint submitted to Journal of Molecular Spectroscopy November 19, 2009



the S; !By, state is very slow. The rate of internal conversion (IC) is also
inferred to be small because the fluorescence quantum yield is high. The
rotational constants of the S; !By, state were very similar to those of the Sy
'A, state. The slow internal conversion (IC) at the S; zero-vibrational level
is attributed to a small structural change upon electronic transition.

Key words: , perylene, rotationally resolved fluorescence excitation
spectrum, rotational constants, radiationless transition, ab initio theoretical
calculation

1. Introduction

Perylene is a typical example of molecules known as polycyclic aromatic
hydrocarbons (PAHs), making it a good target for the study of investigat-
ing the structure and excited-state dynamics of a large molecule by means
of high-resolution spectroscopy. It shows a strong absorption band in the
visible region and a high fluorescence quantum yield [1, 2, 3]. Intriguingly,
its behaviour is inconsistent with the basic rule that radiationless transition
is fast in large molecules because of their high density of coupling levels [4].
It is of great importance to accurately determine the perylene’s geometrical
structure in the Sy and S; states, because the rate of radiationless transition
is strongly dependent on molecular structure. Perylene possesses 20 7 elec-
trons which does not conform to Hiickel’s rule that cyclic planar molecules
in which each atom has a p orbital are aromatic and stable if they contain
4n + 2 7 electrons. Phosphorescence was very weak even in cold solid me-
dia [5], suggesting that the singlet-triplet mixing by spin-orbit interaction is
small and that intersystem crossing (ISC) is very slow in the S; state of pery-
lene. Another important process is internal conversion (IC) to the S, state
by nonadiabatic vibronic interaction. The rate of IC is strongly related to ge-
ometrical molecular structure and potential energy curves. We observed the
rotationally resolved ultrahigh-resolution spectrum of the S; « Sy 09 band
of jet-cooled perylene and accurately determined the rotational constants at
the zero-vibrational levels of both the Sy and S; states. It is very hard,
however, to determine the geometrical structure of a large molecule from its
rotational constants alone though not impossible. We therefore performed
ab initio theoretical calculation to evaluate the structural parameters with
reference to the accurately determined rotational constants. In this article,
we present the results of ultrahigh-resolution spectroscopy and theoretical



calculation, and discuss their implications for the structure and excited-state
dynamics of the isolated perylene molecule.

2. Experimental

Perylene (Wako Chemical) was used as purchased without further purifi-
cation. The solid sample was kept at 190 °C in a stainless steel container
and the vapor was mixed with He gas. The mixed gas was expanded through
a pulsed nozzle (an automobile fuel injector) to generate a supersonic jet,
which was collimated using a skimmer (2 mm orifice diameter) and a slit (2
mm width). This collimated supersonic jet was crossed with a laser beam at
right angles. The distance between the nozzle and the crossing point was 30
cm. The residual Doppler width is estimated to be 0.0001 cm ™! under this
condition.

As a light source, we employed a cw ring Ti:Sapphire laser (Coherent
CR899-29, AE = 0.0001 cm™!) pumped by a Nd:YVO, laser (Spectra-
Physics, Millennia Xs, 532 nm, 10W). The second harmonics was generated
using an enhancement cavity (Spectra-Physics, Wavetrain-SC, LBO), and
the power at 401 nm was 10 mW. Fluorescence from excited molecules was
collected using a combination of a spherical mirror and an ellipsoidal mirror
with a 90% efficient solid angle, and was detected using a photomultiplier
(Hamamatsu R585) through a glass filter (Toshiba L42) to block the scat-
tered laser light. The output of the photomultiplier was processed through
a gated photon counter (Stanford Research SR400). The change in fluo-
rescence intensity with the laser wavelength was recorded as a fluorescence
excitation spectrum. We simultaneously recorded frequency marks and a
Doppler-limited absorption spectrum of iodine in order to calibrate transi-
tion wavenumbers of rotational lines. A part of the laser output was phase-
modulated at 30 MHz by an electro-optic modulator (New Focus 4002), and
was passed through a confocal etalon with a focal length of 50 cm (Burleigh,
CFT-500, FSR = 150 MHz, finesse = 30). The transmitted light intensity
was recorded as frequency marks. The cavity length was stabilized using a cw
single-mode green laser (InnolLight, Prometheus 20, 532 nm, 20 mW) with
its wavelength tuned to a hyperfine line of iodine. Transition wavenumbers
of rotational lines in the Doppler-limited absorption spectrum of iodine were
calibrated according to an atlas [6]. The relative and absolute accuracies
were 0.0002 and 0.003 cm ™, respectively.



3. Results and Discussion

The molecular structure and coordinate axes of perylene are illustrated
in Fig. 1. As shown later, the isolated perylene molecule is considered to be
planar with D, symmetry. Because the three coordinate axes are all equiva-
lent in the D), symmetry, we must rigorously define the axis notation. Here,
we consider the x and y axes the in-plane short and long axes, respectively.
The z axis is out-of-plane. The fluorescence excitation spectrum and dis-
persed fluorescence spectra of the S; <= Sy transition of jet-cooled perylene
have been already reported [7, 8, 9, 10, 11]. The 09 band is strongly observed
at 401 nm. In addition, we have observed the rotationally resolved ultrahigh-
resolution fluorescence excitation spectrum. The whole band is shown in Fig.
2. A sharp peak of the () branch is clearly seen at the band center, indicating
that this transition is an a-type transition, and that the transition moment
is parallel to the a axis with the selection rules of AK, =0, AK, = *+1, and
AJ = 0,£1. The S; state is therefore identified as ! By,. Perylene is a typical
asymmetric-top molecule, in which the A, B, and C values are all remark-
ably different. We analyzed the rotational level energies using the A-reduced
Hamiltonian method as presented by Watson [12]. The nonvanishing matrix
elements are given by

< JKM|HY|JKM >

= LBOJII 1)+ {A 5B+ 0)] K

~Ay JH(J+1)7? = Ay J(J+ DK — Ak K*, (1)

< JK £ 2M|HW|JKM >

_ {E(B_c)_aj J(J+1)—%5K [(K +2)° + K*]}

x{[J(J+1) = K(K+D][J(J+1) - (K+1)(K+2)]}%  (2)

where |JKM > is the eigenfunction of a symmetric-top molecule. J is a
quantum number of the total angular momentum J, and K and M are
quantum numbers of the projections of J along the molecule-fixed z axis
and the space-fixed Z axis, respectively. The matrix elements are indepen-
dent of M in the absence of the magnetic field. A, B, and C are the rigid
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rotor rotational constants. Ay, Ajk, and Ag are the symmetric-top quar-
tic centrifugal distortion constants, and 0; and dx are the asymmetric-top
distortion constants.

We iterated a procedure of assigning rotational lines and improving ro-
tational constants, and finally obtained accurate rotational constants by a
least-squares fit of 1568 assigned lines. The resultant values are listed in Table
1. The spectrum calculated using these constants and assuming a rotational
temperature of 7 K was in good agreement with the observed spectrum. The
observed and calculated spectra near the band origin are shown in Fig. 3.
Strong transitions from low K levels overlap within the natural linewidth
and give rise to prominent regular peaks. We achieved the best agreement
assuming a linewidth of 0.001 cm™!, corresponds to a fluorescence lifetime
of 5.3 ns. This is appreciably shorter than the observed lifetime by real-time
measurement (8.88 ns) [9]. The discrepancy may be attributed to satura-
tion broadening in the ultrahigh-resolution spectrum because this transition
is very strong. Fig. 4 shows the similar spectra in the lower wavenumber
region. The prominent lines are assigned as 9Pgr—o1(J"). The spectrum
calculated using these constants is also in good agreement with the observed
spectrum.

The value of inertial defect A = I, — I, — I, was calculated to be 2.0085
amuA? based on the determined rigid rotor rotational constants. The inertial
defect of a hypothetical rigid or frozen molecule is represented by

A=-2 Z mic; (3)

where m; and ¢; are the mass and the out-of-plane (z) coordinate of the ith
atom, respectively. Therefore, the inertial defect is vanishing for a planar
frozen molecule and the A value is assumed to be zero. If the molecule
is nonplanar, the A value must be negative. The experimental value is,
however, slightly different from the expected value, because of vibration-
rotation interaction or average on zero-point vibration [13, 14]. In a large
planar aromatic molecule, the zero-point inertial defect is small and negative,
and is empirically expressed as [15]

3.715
Ag = — +0.00803+/1. , (4)
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where I, and A are in units of amuAZ2. v is the lowest energy of out-of-plane
vibration in units of cm~!. The first negative term arises from an out-of-plane



vibration of the lowest frequency mode. The second positive term expresses
the effect of in-plane zero-point vibration. In fact, the values of inertial defect
are small and negative for large PAH molecules such as naphthalene (—0.15
amuA?) [16, 17], anthracene (—1.08 amuA?) [18] and pyrene (—0.65 amuA?)
[19]. In perylene, the second positive term is estimated to be 0.39 amuA2.
The experimental value (2.0085 amqu), however, is much larger than this.
At the very least, we can conclude that the perylene molecule is planar,
and that its symmetry is identified to be Dy, because the second positive
term would have to be negative for a nonplanar molecule. The positive
inertial defects were found in many small planar molecules [20]. The large
positive value in perylene may be due to large contribution of symmetric in-
plane vibrations. The perylene molecule actually possesses a large number
of symmetric in-plane modes and the energies of some of them are small.
Perylene has 20 7 electrons and does not conform to Hiickel’s rule in
the same manner as pyrene [19], the equilibrium structure of which is the
symmetrized form of two mesomeric structures of localized double bonds. In
order to confirm this and to estimate the geometrical structure, we carried
out ab initio theoretical calculation using the Gaussian 03 program pack-
age [21]. First, we calculated the rotational constants of the Sy state with
the geometrical optimization of several calculational methods retaining Dy,
symmetry. The restricted Hartree-Fock (RHF) method with a 6-3114+G(d,p)
basis set yielded A = 0.0211130, B = 0.0111056, and C = 0.00727753 cm™*,
all of which are astonishingly close to the experimentally obtained values of
A = 0.0211320, B = 0.0111077, and C' = 0.0072744 cm~!. The errors are
0.09, 0.02 and 0.04% for the A, B, and C values, respectively. Consequently,
we consider the geometrical structure that we calculated to be accurate for
the isolated perylene molecule in the Sy state. The resultant bond lengths
and bond angles are shown in Fig. 5. We calculated the rotational constants
with various bond lengths and could estimate the accuracy of these calcula-
tions to be 2 mA? for the C-H bond and 0.2 mA? for the C-C bond. Although
the RHF method does not sufficiently account for electronic correlation, the
rotational constants calculated using this method are almost identical to the
experimentally obtained ones. The error in the A value is slightly large, but
they can probably be attributed to the effect of zero-point vibration, which
can not be incorporated into ab initio calculation. We also performed RCIS
calculation for the S; state, but the resultant values for rotational constants
and excitation energy were not sufficiently similar to the experimental val-
ues. In future studies, we intend to perform calculations at a higher level
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such as SAC-CI, as this method has been shown to be very powerful in the
anthracene molecule [18].

The transition wavenumbers of observed lines were all in good coincidence
with calculated transition wavenumbers using the obtained rotational con-
stants. We found no energy shift occurring as a result of local perturbation;
accordingly, the mixing with the triplet state is considered to be small. We
have already identified many level shifts and large Zeeman broadening in the
S1 (n7*) states of glyoxal [22] and pyrazine [23], in which the singlet-triplet
coupling through spin-orbit interaction is strong. We have now observed the
ultrahigh-resolution spectrum of perylene in the external magnetic field of 1
Tesla. However, we could find no change in the spectrum, and The Zeeman
broadening of M levels has been shown to be fairly small. This indicates that
singlet-triplet interaction is very weak and that ISC is minor in the S; !By,
(r7*) state of perylene. This is common among other PAH molecules such
as naphthalene [16, 17|, anthracene [18], and pyrene [19], and is consistent
with El-Sayed’s rule that spin-orbit interaction between the '77* and 37rr*
states is very weak for a planar molecules with 7 bonds [24]. The El-Sayed’s
rule also states that mixing between the 'n7* and 377* states is large, which
is true in the cases of glyoxal and pyrazine.

Another possible radiationless process in the S; state is IC, which is
caused by vibronic interaction with high-vibrational levels of the Sy state.
The IC rate is given by [4, 25, 26, 27]

<x§0 X§1°>
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2
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¢s, and ¢g, are the electronic wavefunctions of the Sy and S; states, respec-
tively. ng is the vibrational wavefunction of the high-vibrational level in the

Sp state, and nglzo is that of the zero-vibrational level in the S; state. § is the
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Dirac delta function. (); is a normal coordinate and () represents the equilib-
rium position. The second matrix element is non-adiabatic Franck-Condon
overlap of a promoting mode and the third is Franck-Condon overlap of other
modes. The S; ' By, and Sy 'A, states are coupled by a by, vibration. The
IC rate is zero when the equilibrium molecular structure and potential en-
ergy curves are identical for the Sy and S; states. In large PAH molecules,
the 7 orbital is uniformly distributed over the whole molecule. The bond
orders and energies are not significantly changed by electronic excitation,
and the small changes are further diluted with a large number of 7 electrons.
Therefore, the structural change arising from the 77* excitation is generally
expected to be small. This similarity in the molecular structures of the Sy
and S; states has been demonstrated in pyrene [19]. The obtained rotational
constants of the S; 'Bs, state of perylene are also very similar to those of
the So ' A, state. This small structural change can be understood through an
examination of the 7 orbitals shown in Fig. 6, which were calculated at the
RHF/STO-3G level. The S; !By, state is principally represented by the con-
figuration of HOMO - LUMO one-electron excitation. The wavefunctions
are uniformly distributed over the whole molecule in HOMO and LUMO.
Consequently, the bond orders and the slopes of potential energy curves are
also expected to be similar between the Sy and S; states. Therefore, the
small IC rate can be attributed to the small scale of the structural change
that occurs upon electronic excitation.

In conclusion, we observed the rotationally resolved ultrahigh-resolution
spectrum of the Sy !By, < Sy 1A, 0§ band of jet-cooled perylene and deter-
mined the rotational constants at the zero-vibrational levels of the Sy and
S1 states. Because the value of inertial defect is positive, the isolated pery-
lene molecule is considered to be planar. Ab initio theoretical calculation
at the RHF/6-311+G(d,p) level yielded the rotational constants of the S
state approximately equal to the experimentally obtained ones. We consider
our calculated geometrical structure to be an accurate representation of the
structure of the isolated perylene molecule. It is worth noting that the rota-
tional constants of the S; state are very similar to those of the Sy state. This
indicates that the structural change that occurs upon electronic excitation is
very small. The slow IC process can be attributed to the small scale of this
structural change.
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Table 1

Molecular constants of the Sy *A,(v” = 0) and S; By, (v = 0) states. The
rotational constants A, B, C, Ay, Ajk, Ak, 075, 0k, band origin vy, and
standard deviation o are in units of cm™!. The Moments of inertia I,, I, I,
and inertial defect A are in units of amuA?2.

Perylene So 1A4,(v" =0) S1 !By, (v = 0)
A 0.021132(45) 0.020847(45)
B 0.0111077(60) 0.0112638(58)
C 0.0072744(39) 0.0073044(38)
Dy (x1077) -2.6(21) -2.6(21)
Dy (x1078) 3.8(17) 3.6(17)
D;(x1079) -6.4(25) -6.6(24)
S (x1078) -9.0(22) -9.0(20)
57(x1079) -3.5(14) -3.6(13)
K -0.4468 -0.4153
I, 797.73 808.64
I 1517.65 1496.62
1. 2317.39 2307.87
A 2.0085 2.6174
Ty - 24059.372(3)
o - 0.00040
fit lines - 1568
band type a
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Figure Captions

Fig. 1 Molecular structure, and coordinate and rotational axes of perylene.

Fig. 2 Ultrahigh-resolution fluorescence excitation spectra of the 03 band
of the S; « Sy transition of perylene in a collimated supersonic jet.

Fig. 3 The observed (Obs.) and calculated (Calc.) ultrahigh-resolution
fluorescence excitation spectra of the 03 band near the band center. Assign-
ments are indicated by the lines above the observed spectrum.

Fig. 4 The observed (Obs.) and calculated (Calc.) ultrahigh-resolution flu-
orescence excitation spectra of the 03 band in the lower wavenumber region.
Assignments are indicated by the lines above the observed spectrum.

Fig. 5 Molecular structure of perylene in the Sy state as determined by ab

initio theoretical calculation at the RHF /6-3114+G(d,p) level. Bond lengths
are in units of A.

Fig. 6 7 orbitals of perylene calculated at the RHF /STO-3G level.
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