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By using a molecular beam apparatus in combination with a single frequency dye laser we were
able to resolve several rovibronic bands in the S, electronic state of tetracene (C,sH,,) and its
van der Waals complexes with inert gas atoms. The spectra of tetracene have been assigned and
rotational constants were derived for the S, and .S, electronic state. The existence of
perturbations in the rotational spectra of the van der Waals complexes is demonstrated.

1. INTRODUCTION

The study of the structure, binding energies and dynam-
ic behavior of large (e.g., aromatic) molecules and their van
der Waals (vdW) complexes is hindered by complicated
spectra. One can try to use Doppler-free techniques in cell
experiments’ but then the relatively high temperature gives
rise to an enormous amount of spectral lines in the rotational
bands. An experimental setup with a free jet expansion of the
molecules in a seeding gas is more convenient. In this way, a
cooling of the internal degrees of freedom of the molecules is
accomplished, resulting in a considerable reduction of the
number of spectral lines. Moreover, vdW complexes are
readily formed in the expansion. If laser excitation occurs
directly behind the nozzle the spectral resolution is sufficient
to study rotational bands of smaller molecules like the ben-
zene-helinm vdW complex,” but for larger molecules like
anthracene,’ tetracene,* and pentacene,’ only vibrational re-
solution is achieved. By enlarging the distance between the
nozzle and excitation area of the crossing laser beam and by
strongly collimating the molecular beam, one can reduce the
residual Doppler width. With the latter setup and using a
single frequency laser, we were able to resolve rotational
spectra of naphthalene,® the fluorene-argon vdW complex,’
and even the molecular eigenstates of pyrazine.®

We report the study of rovibronic bands of tetracene
(T) and its vdW complexes with rare gas (R) atoms, argon,
krypton, and xenon, in the regime of low vibrational energy
( <500cm ™). A preliminary report of some of these results
has already been presented.® In the present paper, a full ac-
count of the available information is given. The tetracene
molecule consists of four benzene rings in line. The S, state
of T has only been studied with vibrational resolution.* It is
therefore necessary to study rotational resolved spectra of
the molecule before proceeding to vdW complexes. The rota-
tional bands give insight in the structure of the free molecule
and they also serve as a check for the vibrational assignment.
1t was found before* that vibrational excitation in the S,
state, 1600 cm ! above the ground vibrational level, shows a
shortening of the decay lifetime. This effect has been attri-
buted either to the S,-T intersystem crossing or to the $,—S,
internal conversion. A study at rotational resolution allows
one to investigate such electronic interactions, even near the
electronic origin of the S, state. It will be shown in this paper
that such interstate couplings, although weak, show up in
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the regime of low vibrational energies. These effects are en-
hanced in the vdW complexes of T with noble gas atoms and
are clearly observed in the present study. The increased in-
terstate coupling is found to be in agreement with lifetime
measurements at vibrational resolution,’’ where it is shown
that the decay lifetime of the T-R complexes decreases rap-
idly in the order argon, krypton and xenon.

Model calculations'® of the T-R vdW complexes pre-
dict a possibility of tunneling effects by a large amplitude
motion of the rare gas atom. An experimental determination
of the complex structure may serve as a test of the potential
energy surface. For the T-R, molecules the existence of
chemical isomers is theoretically unlikely. An experimental
unambiguous determination of the structure is a worthwhile
undertaking. It was found, however, that no rotationally re-
solved spectra for the higher clusters were observable. This
lead to the conclusion that the interstate interactions with
the S, state are increased in the larger clusters.

Il. EXPERIMENTAL SETUP

In order to obtain much simpler (less congested) spec-
tra we used the seeded beam technique. In this way consider-
able reduction of the internal temperature of molecules
emerging in an expansion is acheived. Moreover, this expan-
sion has the advantage of an efficient production of vdW
complexes of T with the seeding gas in the molecular beam.
The spectrometer has been described before.%!2 We used a
quartz source, in which a sample of T (Aldrich) was heated
to approximately 210 °C. The vapor, mixed with the seeding
gas, was expanded through a 100 gm nozzle into a vacuum
chamber. The molecular beam was doubly skimmed, reduc-
ing the Doppler linewidth to about 15 MHz. The interaction
zone with the laser was at 30 cm from the beam orifice. The
undispersed laser-induced fluorescence was imaged onto the
photocathode of a photomultiplier tube (EMI 9863/350).
We used a standard photon counting system (Ortec Brook-
deal 5C1). The molecular beam was chopped and phase sen-
sitive detection was applied to suppress scattered laser light.
The typical preset counting time was 0.1 s.

Narrow band radiation was obtained from a single fre-
quency cw dye laser system ( Coherent Radiation 599-21). A
solution of stilbene 3 in ethylene glycol was used as a gain
medium. The dye laser was pumped by the UV lines (351-
364 nm) from an Ar-ion laser (Spectra Physics 171-UV).
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FIG. 1. Low resolution vibronic spectrum of tetracene seeded in argon
(backing pressure 4 bar). The T-Ar, (n = 1,2...) vdW complexes are indi-
cated. The spectrum has not been normalized to the laser intensity.

The bandwidth of the dye laser was about 3 MHz and the
typical output power 50 mW. For relative frequency mark-
ing, we applied a sealed-off temperature stabilized Fabry-
Perot interferometer with a 150 MHz free spectral range.
For absolute frequency measurements a home-built wave-
length meter was used.'? Its principle is based on a Michel-
son interferometer which compares the dye laser wavelength
with the accurately known wavelength of a reference HeNe
laser. By removing the intracavity étalons of the dye laser,
the bandwidth could be increased to 30 GHz. In that case,
the laser could be continously scanned by a Lyot filter over
the whole region of the gain medium.

The spectrometer is interfaced with a microcomputer
(PDP11/23 plus). Data recording by the computer pro-
vides a large dynamic range in the spectra. The computer
scans the laser and stores simultanously data from the spec-
trum and the frequency markers. In processing the data it
becomes possible to make accurate corrections for nonlin-
earity in the scan. Moreover, the computer facilitates the
tedious determination of the spectral positions and intensi-
ties.

Ill. THE S, ~ S, TRANSITION OF TETRACENE

Excitation spectra at vibrational resolution in a seeded
molecular beam are obscured by spectra of vdW complexes
of T with seeding gas atoms. Distinction between the various
transitions is based on the use of different seeding gases, the
pressure dependence of the spectral intensities and the order

of appearance of various bands belonging to the vdW com-
plexes.'"'>14 In Fig. 1, a typical low resolution spectrum of
T expanded in argon is shown. Effective cooling of the inter-
nal temperature of the molecule is accomplished at lower
pressures than formation of vdW complexes. These com-
plexes appear at relatively high pressures and increase rapid-
ly with the backing pressure. All vibronic transitions in our
experiments arise from the vibrational ground state due to
the effective vibrational cooling in the expansion. To identify
the various complexes and vibrational states, it proved to be
very helpful to operate our laser at low (1 cm ™) resolution.
This also allowed an easy optimalization of the backing pres-
sure for the formation of different complexes.

Tetracene belongs to the D,, point group and the
ground and singly excited electronic states are characterized
by 4, and B,, symmetry (with the axis chosen as {x,p,z}

= {c,b,a}). Several vibrational states of the .S, .S, transi-
tion of tetracene have been assigned by Amirav et al.* The
vibrational structure of the S, state can be divided into three
regimes. Below a vibrational energy (E,) of E, = 1000
cm ™! there is a sparse level structure. Above this level, Fer-
mi resonances appear, fading into a quasicontinuum at about
E, = 1800 cm™—'. We studied three vibrational states in the
low energy regime under rotational resolution. Two of these
states belong to an a,-type totally symmetric vibrational
mode, which is active for the S, ('B,,) S, (lAg) symme-
try-allowed electronic transition. The nontotally symmetric
by, -type mode, which has also been studied, gains its intensi-
ty from a coupling with the higher energy 'B,, electronic
state and is much weaker than the symmetry allowed transi-
tions. The observed transition frequencies to the excited
state vibrational modes are listed in Table I.

The spectrum around 22 396.53(2) cm™! was identi-
fied as the 0-0 electronic transition. Small differences in
spectral positions do exist between different investiga-
tions.'"!*!> We observed no spectral features at lower fre-
quencies which were independent of the type of seeding gas.
The spectrum appeared to be very strong. To avoid strong
saturation effects, reduction of the cw laser power to a few
mW was necessary at a focus of about 0.5 mm diam in the
interaction region. The transition around 22 708 cm ™" be-
longs to a totally symmetric (311 cm ™) vibrational mode in
the excited electronic state. As expected, the spectrum thus
proved to be of the same transition type as the 0-0 transition.

Within experimental accuracy, we did not observe any
differences between the 0-0 and 311 cm ™" vibronic transi-
tion. The linewidth in the spectra is 15 MHz and is deter-
mined by the residual Doppler width of the spectrometer.

TABLE.I. Ex;?erimental rotation-free S, ('B,, ) —S, ('4, ) vibronic transition frequencies v, of tetracene and
the relative shifts® (Av = v — v,) of the corresponding transitions of the vdW complexes.

) T T-Ar T-Ar, T-Kr T-Kr, T-Xe
Assignment v (cm™") Av (cm™!)
(0—(3) 22 396.53(2) —41.67(5) - 80.6(1) —66.9(1) —124(1) — 110.0(1)
(31lcm™h) 22 707.84(2) —41.42(5) —79.9(1) —66.5(1) —123.4(1)
(471cm™ ) 22 867.62(2) —41.52(5) —80.0(1) —66.9(1)

*The accuracy for the complexes is limited by the lack of a complete rotational assignment.
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FIG. 2. Part of the 0-0 perpendicular band around v, = 22 396.53(2)
cm ™! of tetracene. In the experimental spectrum (b) a Q branch with
K" , = lisindicated. Band (a) is calculated from the obtained rotational
constants, using rotational temperature of 2.3 K.

This is in agreement with decay lifetime measurements of the
excited state.* The spectra were uniquely identified as a b-
type perpendicular trahsition. This corresponds to a transi-
tion dipole moment along the short molecular axis. The b-
type transitions follow the selection rules ee<»00 and eo«>0e
forK” ,,K{<-K ' |,K{.Suchaspectrum shows hardly any
characteristic features and it consists of complicated sub-
bands. Part of the 00 transition is depicted in Fig. 2. A Q
band with X ” | = 1 is indicated. As a starting point for the
assignment, we used rotational constants derived for the 471
cm™! vibronic transition which will be discussed below. A
total of 65 lines of this spectrum in a 10 GHz region around
the origin was fitted to an asymmetric rotor model.'>"'® All
strong spectral lines in this region were included, containing
rotational states up to J = 15. From the fit we obtain the
rotation-free transition frequency v, and the 4, B, and C
rotational constants in the excited state as well as the ground
electronic state. In the final fit, all parameters were varied
simultaneously with an excellent result. A standard devi-
ation of 2.2 MHz was obtained. None of the observed fre-
quencies deviated more than S MHz from the calculated val-
ue. The spectral intensities were considered separately and
will be discussed below. As will be shown, not only the fre-
quencies, but also the intensities of the spectral lines could be
accounted for. The molecular constants are given in Table
I1. These constants are in good agreement with those derived
from crystallographic data.'>*® All data could be fitted very
well within experimental accuracy without taking distortion
effects into account. Also, it can be easily deduced from the

TABLE II. Rotational constants of the tetracene molecule in the S, ( 'Ag )
and S, ('B,,) electronic states (Ad=A4'-A", AB=B'—B",
AC = C’ — C").Thedatais derived from the 0-C vibrationless and the 471
cm ™! vibrational transition.

So S,
Constant (MHz) Constant (MHz)
A 1630 (1) AA 17.4(1.2)
B 213.4(2) AB — 1.81(8)
C 188.8(2) AC — 1.19(8)

rotational constants that there is no significant inertial de-
fect A7 in the T molecule in neither the ground state nor the
studied excited states.

The observed 471 cm ™! vibrational mode (Fig. 3) cor-
responds to a nontotally symmetric b,,-type vibration. The
rovibronic spectrum was identified as an a-type parallel
band with selection rules ee«>e0 and oo«o0e for
K" KK’ K. Thisspectrum shows a characteristic
P, Q, and R branch. Moreover, the density of lines is less than
in the perpendicular bands, so the identification of the spec-
trum is much simplified. As a starting point for the assign-
ment, we used estimated rotational constants, derived from
the crystal structure. We assigned a total of 160 lines in an 8§
GHz region around the band origin and fitted them to the
asymmetric rotor model. Even part of the Q branch was re-
solved and could be included in the fit. All parameters were
varied simultaneously and this fit also proved very satisfac-
tory with a standard deviation of 4.0 MHz. All data could be
fitted within experimental accuracy. The rotational con-
stants derived conformed to the 0~0 transition within statis-
tical uncertainty. The values listed in Table II stem from
combined data of both spectra.

For the parallel-type spectrum, we observed a number
of single rotational transitions which allowed us to deter-
mine the rotational temperature of molecules in the beam.
The intensity of separate rovibronic lines is given by

I =10+ 1)g,AJ".K"  K7)
E(J”,K’LI,KE')]
kT ’

rot

Xexp| — (1)
Herein, I, is a constant and E(J ",K " ,,K {) the rotational
energy of the ground state level. As T is a near prolate asym-
metric top A(J",K"”_|,K{) can be approximated by the
Honl-London factors for the limiting case of a symmetric
top molecule. The factor g, is the statistical weight of the
nuclear spin, determined by the number of allowed spin con-
figurations. The T molecule can be characterized by D,,
molecular symmetry. It'contains three groups of four equiv-
alent hydrogen nuclear spins each. The value for g, is 1072
for (K~ ,,K7) = (e,e) and 1008 in all other cases. The sta-
tistical weights are very close for the different rotational
symmetries because of the large number of hydrogen atoms
in the molecule. Such a small difference is below our detec-
tion limit and can be neglected. Relative intensities from the
471 cm™ ! parallel band were fitted to Eq. (1). The spectrum
was taken at a typical backing pressure of 2 bar, using argon

J. Chem. Phys., Vol. 87, No. 1, 1 July 1987
Downloaded 02 May 2010 to 131.174.19.37. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



van Herpen, Meerts, and Dymanus: Spectroscopy of tetracene 185

intensity (arb. units)

of- ©

OEA J Il g

-4000 -3000 -2000 1000

‘lo -

5 -

0 I i

-4000 -3000 -2000 _1000
frequency(MHz)

FIG. 3. Part of the P branch of the 471 cm™"' parallel band of tetracene
around v, = 22 867.62(2) cm ™. The experimental (b) as well as the calcu-
lated (a) spectrum is reproduced.

for a seeding gas. A single rotational temperature T,
= 2.3(3) K could be assigned.

By simulation of the spectra using Eq. (1) and the con-
stants derived (Figs. 2 and 3) it appeared that there were no
strong unidentified spectral features in either the parallel or
the perpendicular bands. The lack of significant inertia de-
fect and distortion effects, indicates the planar rigid struc-
ture of this molecule in the ground state, as well as the lower
vibrational modes of the S, electronic state. The vibrational
states of T considered in this work all showed clear unper-
turbed rotational spectra. Similar data in the low energy re-
gime of benzene' and naphthalene® also show that these mol-
ecules exhibit no observable centrifugal distortion and have
a small inertial defect in the ground state as well as the first
excited electronic state. At higher vibrational energy, the
rotational spectra experience perturbations from e.g., Corio-
lis couplings between vibrational states?! or Fermi reson-
ances. For the anthracene molecule, no rotational resolved
spectra are available. Rotational contour analysis® tend to
the conclusion that, in the low energy regime, perturbations
are not very large. These spectra of aromatic molecules are
thus different from those of e.g., azabenzenes as pyrazine,®
pyrimidine,?” and triazine,”® which show perturbations due
to intramolecular couplings, also at low vibrational modes.

The linewidth in the spectra does not exceed the residual
Doppler width in the spectrometer. The experimental error
in the intensities is at least 5% and shows no significant devi-
ation from the expected values according to Eq. (1). As can
be seen from Figs. 2 and 3, we observed a significant back-

ground in the spectra of T in the order of 20% of the intensi-
ty of single lines. This constant level cannot be caused by
laser stray light, because the molecular beam was chopped
and phase sensitive detection was applied. Such a back-
ground was absent in earlier measurements on the IO radi-
cal'?> where the same apparatus was used and is apparently
not due to some machine effect. The overlap of spectral lines
is limited, certainly in the parallel band, and thus cannot
account for the background signal. As possible explanations
for this signal, we will discuss the contribution from isotopic
species and interstate couplings.

The natural abundance of the '*C isotope is about 1%.
Since there are 18 carbon atoms in tetracene about 19% of
the T molecules will contain one or more "*C atom. Not all
carbon atoms are at equivalent positions and consequently
not all isotope bands will coincide. Nevertheless, we did not
observe separate transitions due to isotropic species of T.
The many different isotopic species might give rise to an
almost constant background in the spectra due to overlap of
lines. The intensity of this level depends on the size of the
relative shift of the different isotope bands and is hard to
estimate. However, the contributions from isotopic species
might in part explain the background.

Although we assign a “clean” rotational spectrum in T,
in contrast to observations in pyrazine® and pyrimidine,?? it
is not excluded that weak couplings between the S| state and
other states in the molecule give rise to the observed back-
ground signal. Our observations in azabenzenes justify the
assumption that a sizable fraction of the rotational lines in T
is accompanied by weak satellite transitions due to either
intersystem crossings, i.e., singlet-triplet interactions, or in-
ternal conversion, ;=S couplings. Because of the very high
density of rotational lines in T, we might expect a complete
overlap of these weak transitions, resulting in a smooth
background. This speculation is supported by the experi-
mental results on the tetracene—noble gas complexes pre-
sented in the next section. In that case, the spectra indicate a
strong increase in coupling between the S| and other states in
conjuction with a strong increase of the smooth background
signal.

IV. TETRACENE-RARE GAS VAN DER WAALS
COMPLEXES

A. Formation and identification

We studied T-R,, (R = Ar,Kr,Xe; n = 1,2) vdW com-
plexes in the molecular beam under rotational resolution.
These complexes are effectively formed in the expansion of T
with the rare gas. The production of T-He, and T-Ne, com-
plexes in this way proved unsuccessful. Even at the maxi-
mum backing pressure of 4 bar the cooling in the expansion
was insufficient. At this pressure, the cooling with neon is
much better than with helium as carrier gas. Amirav et al.!!
claimed the observation of the weak 0-0 band of the T-Ne
complex, using a high backing pressure. This band is shifted
— 5cm ™! with respect to the 00 transition in T. Due to the
vibrational congestion in our spectra, we were unable to
probe this region under rotational resolution. Mixtures of a
small amount of helium or neon in argon improved the cool-
ing conditions but were too inefficient in formation of the T—
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FIG. 4. Calculated energy surface of the tetracene—argon interaction. The skeleton of the tetracene molecule is shown on the same scale and with the same
orientation as used for the surface. The potential along the z axis at y = 0 clearly shows a double well structure.

He or T-Ne vdW complexes. On the basis of former experi-
ence’ we expect the rotational temperature of the T-R,, com-
plexes in the argon beam to be comparable to that of the host
molecule. Internal heating in complex formation is effective-
ly cooled in the molecular expansion using argon, krypton,
or xenon.

The vibrational assignment of various T-R,, transitions
has been reported by Amirav et al.!! The accuracy in their
absolute frequencies is limited '*'> by nonlinearity in the
scans. We studied transitions in the T-R,, complexes corre-
sponding to the transitions in the T molecule mentioned be-
fore (i.e., the 00 vibrationless, 311 and 471 cm ! vibration-
al transitions). In Fig. 1, a low resolution spectrum is
depicted of T expanded in argon at a backing pressure of 4
bar. The various bands are well separated. Transitions in the
various complexes are more or less regularly shifted with
respect to corresponding bands in the parent molecule. The
vibrational excitations of the T-R,, molecules are very close
but not identical to those of T, indicating that the vibrational
mode of the complex is based in large part upon the vibration
of the T host molecule. The spectra are red shifted with re-
spect to the analogous transitions in the parent molecule.
There is no spectral overlap between the various transitions
of T and the different complexes in the regime of low vibra-
tional energy. For the T-Kr, and T-Xe, complexes, we ob-
served spectra similar to that of Fig. 1 but with some extra
weak spectral features which were assigned as vdW vibra-
tional modes of the complexes. This structure is well re-
solved but of such low intensity that it was not further ex-
plored.

B. Theoretical considerations

Model calculations of T-R,, complexes have been per-
formed by Ondrechen ef al.'® A Lennard-Jones 6-12 poten-

tial was used with pairwise interactions between the R atom
and atoms in the T molecule. Higher order terms and three-
body interactions were neglected. We repeated the model
calculations with a slight modification but extended the cal-
culated area of the potential surface over the entire molecule.
The main goal was to thoroughly examine the possible exis-
tence of chemical isomers. Although these calculations pro-
vide only a rough indication of the geometry of the complex-
es, we found similar calculations very satisfactory for the
fluorene—argon vdW complex.” In Fig. 4, part of the T-Ar
potential surface is shown. We used for the interaction ener-

Ra Ra ’

where the coefficients Ag, and r, are obtained from Ref. 10.
The summation is over all atoms in the T host molecule at a
distance g, of the rare gas atom. We varied the distance of
the R atom to the molecular plane for minimum energy. This
modification to Ref. 10 was certainly necessary in the case of
nonplanar molecules like fluorene although it does not affect
the results for T very much. A favorable position of a single
R atom is predicted above the T molecular plane, near the
center of an inner ring of the molecule. The calculated dis-
tance between the inert gas atom and the molecular plane is
3.43,3.50,and 3.72 A for argon, krypton, and xenon, respec-
tively. In spite of the simplicity of the model, the calculations
rule out the existence of any other configuration of the T-R
complex. The unique equilibrium structure of the complexes
in principal can be determined from rotationally resolved
spectra of the T-R complex and the T parent molecule. This
provides direct information on the potential surface.

The T-R theoretical potential surface has a kind of dou-
ble well shape along the long molecular axis, which becomes
more pronounced for smaller noble gas atoms. Depending

(2)

A
Frn = — 3

a
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FIG. 5. Comparison between the 0-0 (b) and 311 cm™! (a) rovibronic
bands of the tetracene—argon vdW complex.

on the height of the barrier (estimated 14 cm™' for T-Ar),
this will give rise to tunneling splitting, resulting in doubling
of the rotational spectra. Calculations of such vdW vibra-
tional modes have been reported for the pentacene-R com-
plexes.?* As is clear from Fig. 4, the potential surface is rath-
er flat along the long molecular axis. A large amplitude
motion of the R atom along this axis might thus be possible.
Let us consider such a large amplitude motion (contor-
tion)?* of the R atom along the T long molecular axis. If the
separation of this motion and rotation is assumed, the zero-
order roconvibronic wave functions are of the form

q’rcve = q>rot <I)con (pvib <I’el (3 )

We describe the T-R complex by C,, symmetry and assume
that the symmetries of the wave functions of the T parent
molecule are more or less conserved in the T-R complex. It
then follows that allowed electronic—contortional transi-
tions are determined by the condition for the irreducible rep-
resentations

L(®fn Do) @ [T(PL, $5) 10T (12), (4)

where u, is a molecule fixed component of the dipole mo-
ment. This g, can be expanded in the vibrational normal
coordinates. For allowed electronic transitions, the first
term in this expansion is the leading term. The contortional
wave functions can be symmetric (s) or antisymmetric (a)
with respect to reflection in a plane through the short molec-
ular axis of T so they can be of a, or b, symmetry. For the
selection rules of the contortional transitions follows s<»s,
a<—a, s«>a. So if the approximations made are valid, we may
expect a spectrum with two rotational bands. The distance
between these bands is determined by the difference between
contortional splittings in the ground and excited vibronic
levels.

intensity (arb. units)
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T
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FIG. 6. Part of the Pbranch of the 471 cm ~' parallel band of the tetracene-
argon vdW complex. The onset of the Q branch is at the right hand side of
the figure.

C. The T-Ar vdW complex

The 0-0 and 311 cm™! vibronic transitions in T both
involve an a,-type totally symmetric vibration in the S| elec-
tronic state. For the T parent molecule, the rotational bands
proved to be identical. In the T-Ar vdW complex, again
both states behave in the same way. The rotation-free transi-
tion frequencies are almost equally shifted (Table I) and the
rotational band contours are nearly the same. This strongly
suports the identification of the bands. The spectra show a
characteristic perpendicular shape with pronounced Q
branches (Fig. 5). It should be noted that this structure
seems to be on a broad background. Such background was
also found in the T molecule (Sec. III), but it looks larger in
the T-Ar complex. Comparing the details of both transi-
tions, it appears that small differences do exist. Because of
the high density of states no single spectral lines are observed
and it is difficult to estimate the exact linewidth. We assume
that it is still Doppler limited. The 471 cm ™~ ! nontotally sym-
metric b,, vibrational mode of T gave rise to a weak parallel
band. The corresponding transition in the T-Ar complex
(Fig. 6) is shifted — 41.52(5) cm™! but still has a clear
parallel (a-type) shape. As the transition dipole moment
conserves its orientation with respect to the parent molecule,
we may conclude that the orientation of the a axis in the
parent molecule and the complex is very much alike. This is
in agreement with rotational constants derived from the
model calculations. The observed spectral linewidth in the
band is 15 MHz and thus still due to the experimental limita-
tions. The expected natural linewidth on basis of lifetime
measurements'' is about 8 MHz.

All these rotational bands were single vibronic transi-
tions. We did not find any evidence for a splitting of the
vibrational states due to a potential barrier for movements
along the long molecular axis. It is thus concluded that such
barriers must either be small or the splittings in ground and
excited vibronic states must be almost identical. It seems
very unlikely that these equal splitting are the case for all
three vibrational modes that have been studied.

Unfortunately, we did not succeed in assigning the rota-
tional spectra of the T-Ar vdW complex. As this molecule
has very small rotational constants, the spectra are extreme-
ly dense, even at a 15 MHz linewidth and a rotational tem-
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FIG. 7. Comparison between the 0-0 (b) and 311 cm™"' (a) rovibronic
bands of the tetracene-krypton vdW complex.

perature of less than 3 K. Only in the case of the parallel band
a limited number of single rotational lines was observed
(Fig. 6). On the basis of the experimental resolution it
should be possible to resolve and assign the rotational bands
of a molecule as large as the T-Ar complex. Despite much
effort, such an assignment could not be found. For example,
the clear sequence of Q branches in the perpendicular bands
looks distorted. In the parallel band there seems to be an
excess of lines which is most clearly demonstrated by a rath-
er broad Q branch. Although there is no incontestable proof,
we are convinced that this appearance of extra lines is due to
perturbations in the rotational spectra for the following rea-
sons. It is very unlikely that the unexpectedly high spectral
density is caused by a large asymmetry of the complex. On
basis of the calculated geometry we expect an asymmetry
parameter x = ~ 0.97. This is comparable with the value
for the parent molecule (xk = — 0.966). Both molecules are
thus near prolate rotors. Geometrical changes in the com-
plex structure hardly affect the asymmetry. We consider the
calculated potential surface to be sufficiently reliable to rule
out large deviations from the determined geometry. A
change of geometry upon excitation might complicate the
assignment of the spectrum. However, since the number of
rotational states does not change, the number of rotational
transitions should not be affected. A clear indication for the
existence of a surplus of transitions in the T-Ar bands is
given by the spectra of the T-Kr and T-Xe complexes were
the effects are much more evident.

The parallel band (Fig. 6) of the T-Ar complex shows a
structureless background signal. This background level is
significantly stronger than observed in the parent molecule.

For the perpendicular bands, the spectra are too dense to
draw an unambiguous conclusion. From comparison of both
spectra (Fig. 5) it is clear that there exists a difference in
background level and that it is much higher for the 311 cm ™!
band. The isotope effect of the carbon atoms, mentioned in
Sec. 111, is too small to account for the entire level in the 311
and 471 cm ' bands. Another contribution may arise from a
weak combination band. The transition dipole moment for
the parallel band in the parent molecule is along the a axis,
which is slightly rotated in the complex. Consequently the
dipole moment has a component perpendicular to the @ axis,
which allows a weak perpendicular band. The transition di-
pole moment for the 311 cm™ ' band, however, is along the b
axis. The orientation of this axis in the complex is the same as
in the parent molecule and so this will not give rise to hybrid
bands. However, a substantial background is observed. It is
felt that only the combination of transitions in isotopic spe-
cies and combination bands cannot fully account for the ob-
served backgrounds. The remaining part must be ascribed to
a strong S;-background state interaction. The nature of this
effect has been discussed for T in Sec. III. Due to the increase
in interstate coupling in the complex, as concluded from the
spectroscopy, an increase in background signal might also be
expected. As a speculative suggestion, we would also like to
mention two other possible sources of the broad structure-
less background; (i) hot bands in the spectra of the complex-
es and/or (i1) effects of predissociation. There are, however,
no clear indications in this direction and we will not further
discuss them.

D. The T-Kr vdW complex

The observed red shift of the T-Kr vibronic transitions
with respect to the T parent molecule is much larger than for
the T-Ar complex as can be seen from Table I. The influence
of the krypton atom on the vibrational levels in the ground
and excited state of T is thus different from the influence of
an argon atom. An indication of some large effects is also
given by a shortening of the fluorescent lifetime of the com-
plex to 7 ns'', and a reduction of the excitation intensity. The
rotational spectra of the T-Kr complex also clearly display
the existence of strong perturbations in the excited electronic
state.

The 0-0 transition and the transition related to the 311
cm ™ ! vibration in T have hardly any resemblance, as may be
seen from Fig. 7. The 0-0 spectrum extends over a broad
region of more than 100 GHz and suggests the presence of
two transitions. There is a pronounced Q-like branch, typi-
cal for a parallel band, and at a distance of about 4 GHz, a
number of smaller Q branches, characteristic for a perpen-
dicular transition. Individual spectral lines are no longer ob-
served. The 311 cm ™ vibronic transition shows an unrecog-
nizable structure of some broad shallow patterns. The 471
cm ™~ vibration involves a symmetry-forbidden transition in
T. In the T-Kr complex, the excitation intensity is further
decreased and the spectrum becomes very weak. It consists
of a small hump on a broad background, without any further
structure.

In none of the studied transitions in T-Kr we observed
individual spectral lines. The expected linewidth on basis of
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the measured lifetime is about 25 MHz and exceeds the re-
sidual Doppler width. Therefore the line profile will become
almost Lorentzian with tails which extend some way from
the region of the peak. Combined with the high density of
states, this causes spectral overlap.

The krypton atom in its natural occurrence is mainly
found in four isotopes, with a relative abundance of about
12%, 129, 57%, and 17% for 5?Kr, ®3Kr, **Kr, and **Kr,
respectively. Of course this slightly affects the rotational
spectra and gives rise to a smeared-out structure. The ob-
served large effects though of the T-Kr spectra will be affect-
ed, but certainly not caused by the existence of the various
isotopes.

Assuming the 0-0 vibronic transition consists of two
rotational bands, the question arises if this could be caused
by a contortional motion. However, this is very unlikely for
the following three reasons. First, the model calculations
show that the potential barrier for krypton should be smaller
than for argon, and no effects were found for the T-Ar com-
plex. Second, if coupling to the vibration is neglected, the
rotational transitions to both contortional states should exist
of the same type i.e., both spectra should be either parallel or
perpendicular bands. Third, no evidence was found for a
similar splitting in the 311, and 471 cm™' T-Kr spectra,
which involve low vibrational modes of the T parent mole-
cule. On basis of model calculations mentioned before, we
may rule out the existence of chemical isomers. Also, the
possibility of a vdW vibrational mode causing an additional
band, is rejected. The splitting between the two bands is too
small for such a vibrational energy.

It is remarkable that, in spite of the differences in degree
of perturbations in the rotational spectra, the redshift with
respect to the T parent molecule is almost equal (TableI) for
the different vibronic transitions. The relative increase in
constant background in the T-Kr spectra should be noted.
The increasing perturbation with excited state energy and
the large linewidth point in the direction of a coupling of the
S, electronic state with one or more other states.

E. The T-Xe vdW complex

The 0-0 rovibronic band of the T-Xe complex experi-
ences the largest red shift [110.0(1) cm™'] of all studied T-
R molecules. It shows even less structure than the T-Kr
spectra. Now there also exists a broad ( > 100 GHz) back-
ground with only some small humps as structure in a 30
GHz region. No traces of individual lines have been ob-
served, so the natural linewidth in the spectrum must be of
considerable size. The decay lifetime has been estimated'! to
be 1.5 ns, corresponding to a linewidth of 100 MHz. It
should be noted also that the abundant quantity of isotopic
species present in a natural amount of xenon will obscure the
spectrum.

The 0-0 band is quite weak, suggesting that the decay of
the exited state is mainly of nonradiative character. We did
not study other, even weaker, T-Xe rovibronic bands. The
observed spectrum supports our conclusion about the exis-
tence of a coupling between the S| electronic state and dark
background states in the complex. It is clear that this interac-
tion is enhanced for heavier rare gases.

F. T-R2, vdW complexes

As can be seen from Table I, a number of transitions of
the T-R,(R = Ar, Kr) vdW complexes have been studied.
The shift of these rotational bands with respect to the corre-
sponding transition in the host molecule is close but not
equal to twice the shift of a T-R complex. From this the
conclusion, it may be drawn that the second R atom occupies
a position on the surface of the host molecule, which is geo-
metrically inequivalent with the position of the first atom.
From model calculations, '’ it is found that in the most favor-
able case, both R atoms are on the same side of the T molecu-
lar plane. The benefit of this geometry arises from the R-R
interaction.

All transitions in the T-R, complex, mentioned in Table
I, qualitatively behave in the same way. They show no indi-
vidual lines, due to a large linewidth.!' The spectra have
hardly any structure and merely consist of a broad flat band.
There are no indications that the spectra consist of a multiple
of bands, due to, for example, chemical isomers.

V. CONCLUSION

It was shown that rotationally resolved spectra can be
obtained from large organic molecules like tetracene and
even its vdW complexes. We considerably improved the ac-
curacy of several vibronic transitions in the host molecule as
well as the T-R, complexes. Rotational spectra of T have
been assigned and molecular constants of the free molecule
were obtained. The rigid planar structure of the parent mole-
cule was deduced. It was also shown that there are no clear
perturbations in the rotational spectra of the lower vibra-
tional modes in the .S, electronic state.

The spectral data of the T-R,, (n = 1,2) complexes con-
firm lifetime measurements. No clear effects of tunneling
splittings were observed. Perturbations in the excited elec-
tronic singlet state are demonstrated. These effects are very
small in the T-Ar molecule, more pronounced in T-Kr, and
very large in T-Xe and T-R, complexes. It was observed
that these perturbations increase with excited state energy,
with the size of the complex, and with the mass of the inert
gas atoms. It may then be connected to e.g., the different
polarizabilities of these atoms. The spectral perturbations
may be induced by S-T intersystem crossings, S,—S, state
mixing, or even by a coupling of the S, state with higher
energy levels. The presence of such interaction is clearly
demonstrated by the 471 cm ™! a-type transition. This band
is symmetry forbidden but becomes allowed by coupling
with the S, ('B,, ) state. As the anomalous effects occur for
different vibrational levels, Fermi resonances will not be its
cause. Testing of available model calculations on the com-
plex structure was not possible due to a lack of complete
assignment of the rotational bands. However, the existence
of chemical isomers for these small complexes is shown to be
very unlikely.

A significant background level in the spectra of T as well
as T-R, molecules was observed. Part of this background
can be attributed to isotopic species and hybrid bands. How-
ever, it is felt that there is strong evidence to ascribe a certain
fraction of the background signals in the spectra to the above
discussed interaction between the S| and other states.
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