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In this paper we report the results of an experimental study of the energetics and intramolecular dynamics of
the first electronically excited .S, singlet state of tetracene (C,;H,,) seeded in supersonic expansions of rare
gases. Internal cooling of tetracene in supersonic expansions of Ar down to rotational temperatures Ty ~5-7
K and vibrational temperatures T, <50 K can be accomplished at moderately low stagnation pressures
p = 100-200 Torr of Ar, Kr, and Xe when expanded through a D = 150 u nozzle. 'We have interrogated the
fluorescence action spectra, the energy-resolved fluorescence, and the time-resolved fluorescence of the
ultracold, isolated, bare, large molecule for excess vibrational energies E, =0-4000 cm~' above the
electronic origin of the S, state. The electronic origin of the §('4,,}>S\('B,, ) transition located at 22 360
cm™' exhibits a partially resolved B-type rotational structure, which concurs with the short axis polarization
of this transition. We were able to identify nine totally symmetric @), fudamentals and three vibronically
induced b ,, fundamentals in the vibrational structure of S, in the energy range E, = 0-1600 cm~'. The
vibrational structures of the S, state and of the S, state in the isolated molecule are in good agreement with
the mixed crystal data, indicating small medium effects on the low-energy vibrational level structure.
Information on the shift and distortion of the potential surface of the S, state relative to .S, was inferred from
frequency changes and from Franck-Condon vibrational overlap factors. We have investigated two classes of
nonreactive dynamic processes in the S, manifold, involving intrastate anharmonic mixing (IAM) and
interstate electronic relaxation (ER). IAM was explored by the observation of the onset for spectral congestion
in the absorption spectrum which marks the onset of the vibrational quasicontinuum, as well as by the
observation of band splitting in the energy-resolved emission spectra which marks the onset of IAM. The
threshold for IAM in the S, state of tetracene is exhibited at E, ~1000 cm~' below the onset of the
vibrational quasicontinuum, which occurs at E, ~1600-1800 cm~'. These observations provide a firm basis
for the identification of three energy regions for IAM in the S| manifold of this large molecule, i.e., the sparse
level structure (£, =0-1000 cm™'), the intermediate level structure (K, = 1000-1600 cm™'}, and the
statistical limit (£, > 1800 cm™"). Information concerning ER in the S, manifold was obtained from the
experimental decay lifetimes 7 of photoselected states at excess vibrational energies E, = 04000 cm~'.
Excitations in the sparse vibrational level structure in the range E, = 0-1200 cm™' results in a retardation of
the ER rate relative to its value for the electronic origin; this blocking of the ER rate for low E, is attributed
to §,—T, intersystem crossing, which is characterized by a low electronic energy gap. Excitation in the
vibrational quasicontinuum results in the 7 values which are practically independent of E, with 7 = 4.5+0.5
nsec in the range E, = 2000-4000 cm~'. This observation cannot be reconciled with the notion of effective
energy redistribution among all vibrational modes and is tentatively attributed to the effects of selective

intrastate anharmonic mixing which involves a subset of the vibrational states.

. INTRODUCTION

High-resolution electronic spectra of large molecules
in the low-pressure gas phase are usually diffuse.! The
spectral diffuseness may be due to homogeneous broad-
ening originating from intramolecular nonradiative re-
laxation processes, e.g., electronic relaxation or pre-
dissociation.!=® Alternatively, spectral diffuseness may
be due to a large number of rotational-vibrational tran-
sitions. Thermal populations of rotational and vibra-
tional levels of the ground electronic state, together
with angular momentum selection rules for rotational
excitation and in conjunction with the propensity rule
Ay =0 for the excitation of each of the nonsymmetric
vibrational modes, result in appreciable thermal in-
homogeneous broadening (TIB) effects. These TIB ef-
fects obscure most of the vibrational structure in elec-
tronically excited states of large molecules studied in
the gas phase. To overcome these effects of TIB on the
absorption spectra, it was customary to conduct spec-
troscopic studies on guest molecules in low-tempera-
ture mixed crystals® and in Shpolskii matrices.” The
identification of the zero-~phonon lines of the guest mole-
cule contributed substantially to the elucidation of ex-
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cited-state energetics, However, the spectroscopic
and the dynamic information emerging from such stud-
ies is inherently complicated because of four reasons:
(a) site splitting due to different trapping sites, ®® (b)
inhomogeneous broadening originating from statistical
distribution within each trapping site, ®® (c) lattice mul-
tiphonon side bands, 1% and (d) medium-induced vibra-
tional relaxation of vibrationally excited molecular
states.®® The last point brings up a basic difficulty in
probing intramolecular dynamics of large molecules
when embedded in a dense medium. During the last
decade there has been considerable experimental and
theoretical efforts aimed towards the understanding of
nonreactive relaxation phenomena, i.e., interstate
electronic relaxation and intrastate vibrational energy
redistribution in electronically and vibrationally excited
states of large molecules.?™%'11-1® pertinent informa-
tion concerning these phenomena stems from the inter-
rogation of time-resolved or energy-resolved decay of
well-defined photoselected molecular states of “iso-
lated” collision-free large molecules. The “isolated”
molecule limit can be accomplished in some care-
fully designed bulb experiments®*'!*® and in thermal
molecular beams. *?® However, photoselective excita-
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tion of a well-défined initial state of a large molecule
cannot be accomplished in such bulb or beam experi-
ments conducted at room temperature, as the molecule
carries its memory of thermal population of the ground
state to the electronically excited state. The severe
effects of TIB obscure the dynamic as well as the ener-
getic information pertaining to electronically excited
states of isolated large molecules. A powerful way to
overcome TIB effects rests on the use of isentropic su-
personic expansions advanced by Kantrowitz and Grey
30 years ago.® The spectroscopic implications of su-
personic expansions were recognized by Huber and
Douglas, 2 who proposed that supersonic-free expan-
sion of a polyatomic gas can lead to appreciable rota-
tional and vibrational cooling, thus resulting in a con-
siderable simplification of the notorious absorption
spectra of some triatomic molecules, such as NO,.
These pioneering studies of absorption spectroscopy in
supersonic expansions conducted in 1963-1965 demon-
strated the rotational cooling of NO and NO,. The
merger between laser techriology and supersonic beams
led to remarkable progress in spectroscopy. This tech-
nique was advanced by Sinha, Schultz, and Zare for the
study of alkali dimex‘s” and by Smalley et al. for the
investigation of NO,.* % The use of supersonic-free
expansions of seeded molecular beams results in ultra-
cold, “isolated,” large molecules, whose excited-state
energetics and dynamics can be explored experimen-
tally. =# [n this paper, we report the results of our
experimental study of the energetics and intramolecular
dynamics of the first electronically excited singlet state
S, of the tetracene (Cy4H,,) molecule seeded in super-
sonic molecular beams of rare gases. A preliminary
report of some of these results was presented al-
ready, ®'% while in the present paper a full account of
the energetic and dynamic information is unveiled. The
technique used by us®® rests on expanding the large and
heavy molecule in heavy rare-gas diluents, e.g., Ar
and Kr through nozzles of diameters D =100-200 u.
Efficient cooling of the internal degrees of freedom of
the hedvy molecule in the supersonic expansion of‘heavy
diluents down to rotational temperatures of T~ 5-7 K
and to-vibrational temperature of T', <50 K can be ac-
complished at moderate values (p =150-250 Torr) of
the stagnation pressure of the heavy rare gas. Excited-
state energetics in the S, state was interrogated by
monitoring the energy-resolved fluorescence action
spectra, and additional energetic data were obtained
from energy-resolved fluorescence spectroscopy. This
energetic information provides input data, which are
essential for the elucidation of excited-state intramo-
lecular dynamics. We are interested in two general
classes of nonreactive relaxation phenomena in bound
electronically and vibrationaliy excited states of large
molecules, *%11~18 j ¢, interstate electronic relaxa-
tion (ER) and intrastate vibrational energy redistribution
(IVR). Direct spectroscopic information on IVR, i.e.,
anharmonic mixing within the S, manifold of tetracene,
was obtained from the fluorescence action speetrum,

as well as from studies of the energy~-resolved fluores-
cence. The present study provides an unambiguous
identification of the threshold for intrastate anharmonic
coupling, as well as the observation of the onset of the

am

vibrational quasicontinuum in the S, state of this large
molecule. This information is pertinent for the under-
standing of the broad class of phenomena pertaining to
IVR that are of central importance in the areas of uni-
molecular reactions*® and high-order muitiphoton exci-
tation. #'%5 While the features of IVR are not yet fully
elucidated, the problems of interstate coupling and ER
in isolated molecules were extensively explored.?~S:11-18
The present work provides new information on ER of
photoselectively excited vibrational states in the S,
manifold of the tetracene molecule. The time-resolved
decay lifetimes of well-defined photoselected vibration-
al states within the S; manifold of this large molecule
drastically differ in respect to their absolute values,

as well as in their dependence of the excess vibrational
energy, from the lifetimes obtained in low-pressure
bulb experiments at elevated temperatures. From the
experimental point of view, our data demonstrate the
nature of the novel information on ER of isdlated large
molecules which cannot be obtained under conventional
circumstances. From the point of view of general
methodology, our experimental lifetime data indicate
that the details of the current theories of optical selec~
tion in ER require some gross modifications. The re-
sults of the present study demonstrate that the increase
of spectral resolution in seeded supersonic beams by
three orders of magnitude over that accomplished in
bulb experiments and in thermal effusive beams pro-
vides a powerful method for genuine photoselective ex-
citation of well-defined vibrationally and electronically
excited states of large isolated molecules and for the
interrogation of the dynamic consequences of such pho-
toselective excitation, a goal which could not be accom-
plished previously under conventional circumstances.

. EXPERIMENTAL PROCEDURES

A schematic presentation of the apparatus for laser
spectroscopy of large and heavy molecules in seeded
supersonic beams is presented in Fig. 1. We shall now
proceed to describe in some detail the components of
our system.

A. Pumping

Our supersonic beam apparatus uses a pumping sys-
tem constituting a 6-in. diffusioh pump (Varian VHS 6),
backed by a rotatory pump (Alcatel) with a pumping
speed of 500 £ min™'. This pumping system was util-
ized for supersonic-free expansions of seeded Ar, Kr,
and Xe through 150 p and 200 u nozzles at stagnation
pressures of p =50~1000 Torr. Spectroscopic and life-
time studies were usually conducted at p = 200 Torr of
Ar. For some high-flow experiments, *® where He was
expanded at p=7600 Torr through a 150 y nozzle, only
the Alcatel rotatory pump was employed.

B. Nozzles

The supersonic nozzles were of two types: (a) A 160-
4 nozzle was mechanically drilled and chemically etched
in a 100~y thick Tantalum disk.. (b) A ceramic 200-u
nozzle was built from machinable ceramic in order to
eliminate the possibility of thermal decomposition of the
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tetracene molecule on the metal surface. The nozzle

hole was backed by a piece of sinterglass to prevent
clogging of the nozzle.

The nozzle oven was constructed out of two standard
ultrahigh vacuum 3~in. flanges. These flanges were
heated by a thermocoax. The temperature was con-
trolled by a Eurcotherm controller. The oven was radia-
tion shielded to decrease the effects of black-body radia-
tion on the photomultiplier.

C. Beam production

A gaseous mixture of the diluent gas and the tetracene
molecule was expandéd through the nozzle. The diluent
gas consisted of Ar or Kr at p=20~500 Torr. The tet-
racene sample (purchased from Aldrich and used with-
out further purification) was mass analyzed for purity.
The tetracene powder was heated to 220 °C, where the
vapor pressure is about 0.1 Torr. The diluent gas was
sent through the heated nozzle chamber containing the
solid sample of tetracene.

D. Diluent gas

We have found that the mass of the diluent rare gas
exhibits a marked effect on the degree of rotational—

Amirav, Even, and Jortner: Intramolecular dynamics of isolated tetracene

FIG. 1. The basic experimental arrange-
ment for laser spectroscopy in seeded
supersonic expansions. The upper part
describes the setup for laser excitation
and interrogation. The components of the
system are 1. energy meter, 2. beam
splitter, 3. focusing lens, 4. light baf-
fles, 5. vacuum envelope, 6. oven and
nozzle, 7. light baffles, 8. vacuum win-
dow, 9. light collection lens, 10, lens
bolder, 11. vacuum seal, 12. filter
holder, 13. photomultiplier. The lower
part describes schematically the gas
feeding system. The components are 1.
pressure gauge, 2. gas supply tube, 3.
vacuum chamber, 4. thermocoax and
thermocouple, 5. oven and nozzle, 6.
beam flag, 7. ionization gauge, 8. col-
lection lens, 9. lens holder, 10. vacuum
seal, 11. filter holder, 12. photomulti-
plier.

vibrational cooling of the large molecule.® Efficient
rotational-vibrational cooling was accomplished with
Ar and Kr at moderate values of pD =2-3 Torr cm,
where D is the nozzle diameter. This effective inter-
nal cooling at moderate values of pD in héavy diluents
cannot be accomplished in a light diluentlike He under
the same conditions because of the velocity slip ef-
fect.348-4% The customary use of He as a diluent re-
quires a large throughput pumping apparatus®-% or a
pulsed nozzle source. QOur technique, based on the use
of the heavy diluents, makes it possible to use a “poor
man’s” medium-sized pumping throughput setup (see
Sec. IIA) in the construction of the supersonic beam ap-
paratus. By an optimai choice of the stagnation pres-
sure of Ar and Kr in the range p =100-300 Torr, inter-
nal cooling was accomplished, and the spectrum was
not obscured by the formation of van der Waals com-
plexes between the aromatic molecule and the rare-gas
atoms. ™

E. Collision-free conditions °

The dynamic studies interrogating excited-state life-
times and énergy-resolved fluorescence were conducted
in seeded supersonic expansions of Ar at the stagnation
pressure of p =~ 200 Torr. Under these conditions the
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pressure on the vacuum chamber is p, ~10" Torr. The
Mach disk®® appearing at the distance X, =0.67 D(p/p,)*'?
from the nozzle will be exhibited at X, =50 mm, estab-
lishing the boundary of the “zone of silence.”* The in-
terrogation of excited-state dynamics by laser spec-
troscopy was conducted at a distance X=5-7 mm from
the nozzle, i.e., X/D=30-40. The density, p, in the
interrogation range is*® p =0.16 py(X/D)2, where pg is
the stagnation density. The time, 7, between collisions
is 7,=A/Av, where X is the mean free path and
Av=(v/M), being the spread of the velocity around the
mean value v =(5,T,/u)!’?, M is the Mach number, 7,

is the nozzle temperature, and p represents the mass

of the diluent, Taking A=1/0p, where ¢ is a typical
collisional cross section, we get 7,=M/Vop, and utilizing
the relations®® M =133 (PD)** for Ar and the density re-
lation, we finally get '

___133(PD)™*(x/D)?
Te ™ [5kTo/0) ] 00. 16 p, °

Typical values are T=500 K, p,=5x10" cm™, pD=4
%107 atmem, M=14.5, and X/D =383, Taking a large
collisional cross section of o =250 Aa, we finally obtain
T,=10"® sec. As the experimental lifetimes are 7< 30
nsec, which are considerably shorter thant,, the tet-
racene molecule can be considered to be “isolated” on
the relevant time scale.

F. Dye laser

We have used a pulsed nitrogen pumped dye laser
(Molectron DL2) with a spectral bandwidth of 0.3 cm™
(as specified by the manufacturer). The temporal laser
pulse width (FWHM) measured by a fast photodiode and
a sampling scope was 4.0+ 0.5 nsec. The temporal re-
sponse of the entire measuring system to be described
in Sec. IIH was somewhat longer. The laser was
passed through a polarizer to reduce the effects of the
laser superradiance. A small portion of the laser beam
was split and directed onto a detector for continuous
monitoring of the intensity. The signal of the detector
was used for the on-line normalization of the fluores-
cence action spectra to the laser intensity. The laser
beam was focused into the vacuum chamber. In order
to eliminate spurious effects of laser stray light, the
laser beam was baffled at the entrance and at the exit
tubes, which are connected to the vacuum system. The
laser crossed the seeded supersonic beam at the dis-
tance X =5~7 mm from the nozzle; this distance could
be controlled by moving the nozzle. The absolute laser
wavelength was calibrated utilizing the photogalvanic ef-
fect, as well as by a conventional technique using a
monochromator (1/4 m McPherson). The accuracy of
the absolute wavelength scale is +3 f\, the absolute ac-
curacy of the frequency scale being +15 cm™. A
schematic outline of the setup for spectroscopic mea-
surements and for the interrogation of energy-resolved
and time-resolved fluorescence following laser excita-
tion of the seeded supersonic beam is outlined in Fig. 2.

G. Fluorescence action spectra

These correspond to the intensity of the total fluores-
cence versus the laser wavelength, which was continu-
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FIG. 2. A schematic block diagram of the setup for the inter-
rogation of fluorescence action spectra, energy-resolved emis-
sion, and time-resolved emission in seeded supersonic expan-
sions. ‘

ously scanned. The total fluorescence was collected
through a light pipe (diameter 6.3 mm) or by a f =1 lens
(focal length 35 mm). In earlier experiments we used
the light pipe which was placed approximately 8 mm
above the nozzle and which was heated to prevent con-
densation of the tetracene. In subsequent experiments
the light collecting lens was preferred. The collected
fluorescence was passed through glass filters to elimi-
nate stray light and detected by a fast photomultiplier
(Hammamatsu R-936 or Phillips XP 1021). The photo-
multiplier output was recorded by a boxcar integrator
after normalization to the laser intensity. The spectra
were recorded by an x-y recorder. The x axis, corre-
sponding to the laser wavelength, was controlled by the
computer (HP model 9825 A), which also controlled the
laser scan. The y axis corresponds to the fluorescence
intensity divided by the laser intensity. The spectra
presented in the present work provide a faithful repro-
duction of the scans of the x-y recorder.

H. Energy-resolved fluorescence spectra

These correspond to the energy-resolved fluorescence
resulting from excitation at a fixed laser wavelength.
The energy-resolved laser-excited fluorescence from
the seeded jet was collected and imaged by a lens onto
the entrance slit of a monochromator (Jarrel-Ash 1/4
m) and detected by a Hammamatsu photomultiplier, the
resulting spectra resolution being 7 A (30 ¢m™). The
spectra were recorded by the x-y recorder. Effort was
devoted to the characterization of the emission signal
at the laser wavelength, which can originate from three
sources: (a) resonance fluorescence, (b) near-resonant
Rayleigh (elastic Raman) scattering, and (c) spurious
laser stray light. We did not find evidence for the con-
tribution from source (b). Two techniques were applied
to distinguish between genuine resonance fluorescence
and the laser stray light: (i) We have measured the en-
ergy-resolved lifetimes for emission by the techniques
to be described in Sec. III. Emission of type (c) follows
the temporal decay of the laser pulse, Eq. (II. 1), while
the temporal duration of the resonance fluorescence and
type (a) is characterized by longer exponential fluores-
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cence decay times with 7 = 4 nsec. (ii) When the energy-
resolved emission was broad, we were able to deter-
mine the nature of the resonant emission signal from

the measurement of its energetic width by reducing the
slit width of the monochromator. Observation of a reso-
nant signal, whose energetic width is not broadened be-
ing equal to the spectral resolution, is assigned to spuri-
ous emission of type (c).

l. Lifetime measurements

The time-resolved emission, resulting from excita-
tion at a fixed laser wavelength, was measured by a
Biomation (Model 8100) transient recorder and was av-
eraged by a home-built signal averager. The spacing
between consecutive channels of the transient recorder
was 10 nsec. The temporal response function F(¢) of
the measuring system (laser width, laser jitter, photo-
multiplier rise and fall time, and Biomation) could ade~
quately be represented by a Gaussian function

ot - £5)], (I 1)

with @ =0. 10 nsec™ and the pulse width (FWHM) being
(In2)*/?a~'=8 nsec. t, marks the time (on a relative
scale) corresponding to the maximum of the pulse. The
decay of the fluorescent signal was followed over two

to three orders of magnitude. Usually about 3000 fluo-
rescence pulses were averaged for each decay curve.
The analysis of the experimental time-resolved decay
curves rests on the conventional deconvolution proce-
dure, where the fluorescence signal I (¢) at time ¢ is ex~
pressed in terms of the convolution of the response of

F(t) exp[-

the system to the laser pulse F(¢), Eq. (II.1), and the
response function G(¢) of the system
t
I(t) =f ar' F{t") G{t - ') (11. 2)
0

for a single exponential decay G(¢) @ exp(—t/7), being
characterized by the lifetime 7. The fluorescence signal
{apart from irrelevant numerical constants) is

I(t) =exp[-(t —to)/T]H(t) , (1L. 3)
where
H(t) =3 {erflalt —t,) - (207) ] +erf[aty+ (2am) ']} . (L. 4)

The experimental decay curves I{f) can be deconvoluted
by calculating the function I(¢) =[H(¢)] I (¢) which, ac-
cording to Eq. (II.3), will directly result in the decay
lifetime. Numerical simulations of Eq. (II. 3) for the
characteristic temporal reciprocal width «=0.10 nsec™t
of our laser indicate that in the time domain, where the
laser intensity has decayed to values less than 2% of the
peak value, i.e., F(¢)/F(t;,)<0.02, the correction func-
tion is lower than 1.17 for 7=4.0 nsec and lower than
1.08 for 7=5 nsec. Thus for 7>5.0 nsec the convolu-
tion procedure is not necessary; while for lifetimes in
the range 7=4.0-5.0 nsec direct measurement of 7
from the experimental fluorescence decay curves in the
time domain where F(#)/F(t;) <0.02 introduces an upper
bound for the systematic error which is 8% for 7=5
nsec. The experimental lifetime data reported in the
present work are believed to be accurate within + 10%
for 7= 5 nsec, while for lifetimes in the range 7=4-5
nsec the accuracy of the lifetime data is + 15%.
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FIG. 3. Fluorescence excitation spectra in the range 4460~

4500 A of tetracene seeded in supersonic expansion of Ar.
Tetracene heated in the sample chamber to 220°C (vapor pres-
sure 10-'Torr) was seededin Ar at backing pressures of 18—
180 Torr (indicated on the spectra). The mixture was expanded
through a D =150 u nozzle. The exciting dye laser has a band-
width of 0.3 cm™! and crossed the supersonic expansion at 5—7
mm down the nozzle. All fluorescence excitation spectra are
normalized to the laser intensity. At lower values of p <100
Torr the vibrational sequence congestion and the hot bands are
severe; at p =180 Torr the major feature in the spectrum is the
0—0 transition at 4472 &,

11l. COOLING OF TETRACENE IN SUPERSONIC
EXPANSIONS

In view of the recent progress in the development of
spectroscopic methods in seeded supersonic beams, it
is imperative to gain detailed information on the degree
of rotational and vibrational cooling of large and heavy
molecules in these systems in order to establish the
conditions for the reduction of the severe effects of ro-
tationa! broadening and of vibrational sequence congestion
(VSQ). Figures 3 and 4 portray fluorescence excitation
spectra of tetracene seeded in Ar at moderate pres-
sures, p=18-200 Torr, and expanded through a D =150
i nozzle. The excitation spectra of Fig. 3 correspond
to the vicinity of the electronic origin of the lowest spin-
allowed A, (v = 0) = 'B,,(v = 0) electronic transition,
which will be discussed in some detail in Sec. IV, as
well as to the neighborhood of the first prominent 314
em™! vibrational excitation of this electronic transition,
which appears in Fig. 4. These spectra at low Ar pres-
sures, p <100 Torr, reveal severe effects of rotational
broadening and of VSQ. The effects of VSQ (Figs. 3 and
4) are manifested by (i) sequence broadening of ~ 200
em™! in the vicinity of room temperature and (ii) the in-
tensity of the genuine 0-0 and 0-314 cm™! transitions at
high temperature (Fig. 4) is negligibly small, practical-
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TETRACENE
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P=210 torr
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WAVELENGTH (8)

FIG. 4. Fluorescence excitation spectra in the range 4390
4515 A ‘of tetracene seeded in supersonic expansions of Ar.
Argon seeded with 107! Torr tetracene at three pressures in-
dicated on the spectra was expanded through a D =200 u ceramic
nozzle. These spectra correspond to the electronic origin and
to the intense 314 cm™! vibrational excitation of tetracene. Note
that the intensity of the 0—0 and of the 0—314 cm™! vibrational
features are negligible at a high temperature (p =28 Torr).

ly all the intensity originating from sequence bands.
From the results of Figs. 3 and 4, it is apparent that
supersonic expansion of tetracene seeded in Ar at the
backing pressure of 180 Torr through a D =150 u nozzle
results in an excitation spectrum which is practically
free from VSQ. The only alien feature in the excitation
spectrum in the vicinity of the 0—0 transition of tetracene
in Ar is the peak at 4479 A (see spectrum at p =180 Torr
in Fig. 3), which is due to a van der Waals complex
(Sec. IV). The weak satellite bands peaking at 4475,
4488, and 4492 A (Fig. 4) are intrinsic, being due to
sequence bands. We conclude that the use of Ar as a
diluent for the large molecule at moderate values of

pD =2.3 Torr cm results in efficient internal cooling.
On the other hand, the expansion of tetracene in He and
Ne under the same pD conditions (Fig. 5) results in a
spectrum which is heavily smeared by rotational
broadening and by VS8Q in the case of He. In the case
of Ne rotational cooling appears to be more effective;
however, the spectrum is still heavily contaminated by
VSQ. Effective internal cooling can be accomplished in
the heavy diluents where the mass ratio between the
diluent and the molecule is not too low, so that the ef-
fects of velocity slip*®*™*® are small.
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Rough estimates of the internal temperatures of the
tetracene molecule in the supersonic expansion of Ar
at p =180 Torr can be provided. Regarding the rota-
tional temperature T, it is reasonable to assume that
in the “heavy” Ar diluent Ty is close to the translational
temperature T,, as is the case for diatomic mole-
cules.’®3® The terminal translational temperature was
evaluated according to

T,=Toll+3 (-1 M3,

where T, is the nozzle temperature, M is the terminal
Mach number being given®® for Ar by M =133 (pD)%*,

and y=%. For tetracene expanded in Ar at pD=2.3
Torr cm, we calculate T, =7 K and assert that T, ~7 K.
As far as the vibrational temperature T, is concerned,
one can utilize the intensity of the sequence bands for
an estimate of an upper limit for T'y. The spectrum in
Ar at pD=2.3 Torrcm (Fig. 5) reveals a weak sequence
band at 4475 A, separated by 15 cm™ from the origin
and characterized by a relative intensity of <0.01 rela-
tive to the 00 transition. The lowest ground state vi-
brational frequency for such an aromatic hydrocarbon is
expected to be ~ 200-250 cm™ and, provided that such
frequency is responsible for the weak sequence band,

we estimate T, <50 K. This cooling of tetracene in su-
personic expansions of Ar down to T~ 7 K and T, <50 K,

T T T T =T
Tetracene
He 175 torr
P
[
had
So
>
o
® Ne 175 torr
x
a8
-
<
A
>
z
-]
c
® 0
-
£
Ar 175 torr
O—J L\k
1 | ] I 1 1
4460 4480 4500 4520

Wavelength (A)

FIG. 5. Fluorescence excitation spectra in the range 4460— '
4520 A of tetracene cooled in supersonic expansions of rare
gases. Tetracene was seeded into the rare-gas diluent and
expanded at a pressure of p =175 Torr through a 150-u nozzle.
The three excitation spectra (from top to bottom) correspond
to He, Ne, and Ar, as marked on the figure. The position of
the baseline for each excitation spectrum is marked by zero.
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accomplished at moderate pressures of heavy dilu-
ent, is sufficient to eliminate the effects of VSQ, being
adequate for spectroscopic applications and for the study
of intramolecular dynamics of photoselected well-defined
vibrational states.

IV. SPECTROSCOPY OF THE S, STATE OF
TETRACENE

A. Spectra of the bare molecule

Figures 6 and 7 show the fluorescence excitation spec-
tra in the range 4500-3800 A of tetracene seeded in Ar
at the stagnation pressure of 180 Torr. We have demon-
strated that these spectra originate from the “bare”
molecule rather than from van der Waals complexes,
which can be formed between tetracene and Ar. The
evidence rests on the following observations:

(a) Decreasing the downstream temperature by in-
creasing the Ar pressure in the range 20-180 Torr re-
sulted in rotational-vibrational cooling (discussed in
Sec. I1}; no new intense spectral features were induced
by increasing the stagnation pressure. Some weak fea-
tures, such as band peaking at 4479 A (Figs. 3-5 and 6)
which starts appearing only after vibrational cooling is
accomplished, is assigned to the tetracene-Ar complex.
However, all the prominent spectral features are due
to the bare molecule.

(b) We have conducted a careful comparison between
the spectra of tetracene seeded in different diluents,
establishing that all the prominent intense features ex-
hibited in the spectra of Figs. 6 and 7 as well as most,
but not all, of the weak spectral features are indepen-
dent of the nature of the carrier gas. The spectral fea-
tures, which are invariant with respect to the nature of
the diluent, originate from the bare molecule. Figure
8 shows a small portion of the spectrum of tetracene in
Ar (p =180 Torr), Kr (p=135 Torr), and Xe (p =100
Torr) in the vicinity of the lowest-energy 4472 A intense

TETRACENE

Ca0

14
W
H 1 | { 1 :
4250 4300 4350 4400 4450 4500
WAVELENGTH (A)
FIG. 6. Fluorescence excitation spectrum in the range 4500~

4250 A of tetracene cooled in a seeded supersonic expansion of
Ar at p =180 Torr. The fluorescence excitation spectra are
normalized to the laser intensity. The other experimental con-
ditions are identical to those in Fig. 3. The relative intensity
(in arbitrary units) at 4500 A corresponds to the baseline. The
relative intensities are marked on the figure.
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FIG. 7. Fluorescence excitation spectrum in the range 4300—
3800 & of tetracene cooled in a seeded supersonic expansion of
Ar at p=180 Torr. The experimental conditions are identical

to those of Fig. 3. The fluorescence excitation spectra are nor-
malized to the laser intensity. The relative intensities of two

of the spectra relative to the lower spectrum of Fig. 7, which
displays the electronic origin, are spectrum (C) scaling factor
of (3) and spectrum (B) scaling factor of (). Spectrum (4) is
displayed in relative units only. The zero intensity correspond-
ing to the baseline is marked on each of the spectra.

spectral feature. These spectra clearly demonstrate
that the intense 4472 A feature, which is invariant with
respect to the nature of the diluent, originates from the
bare molecule. Some very weak bands on the low-energy
side depend on the nature of the carrier gas and are
due to tetracene-R (R=Ar, Kr, and Xe) van der Waals
complexes. A comparison between the spectral features
of tetracene expanded in Ar (p =175 Torr) and in He
{p="7600 Torr) obtained in the spectral range 4405~
4430 A is displayed in Fig. 9. The prominent spectral
feature in this region is the 4410 A band, which corre-
sponds to the 314 cm™! vibration of tetracene. A care-
ful comparison of the two spectra in Fig. 9 reveals that
they are identical, except for the weak band in Ar, which
peaks at 4419 A and which is attributed to the vibrational
excitation of the tetracene—Ar complex.

{c) Omiy at higher stagnaiion pressures of Ar {p> 200
Torr), additional intense new spectral features were ex-
hibited, which are due to tetracene—Ar complexes. The
absorption bands attributed to the van der Waals com-
plexes increase fast with increasing pressure. The for-
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mation mechanism of these van der Waals complexes in-
volves three-body collisions. '3 Accordingly, the in-
tensity of the absorption band due to the tetracene-Ar,
complex is expected to increase with pressure as p*'.
This diagnostic criterion® is borne out by the new fea-
tures appearing at p> 200 Torr, providing a direct
method for distinguishing between the features of the
van der Waals complexes and those of the bare mole-
cule.

On the basis of the foregoing arguments we were able
to assign all the intense features in the tetracene spec-
tra of Figs. 6 and 7, as originating from the isolated,
bare, ultracold molecule. Furthermore, the identifica-
tion of some weak molecular features, together with
studies of energy-resolved fluorescence reported in Sec.
IV D, enabled us to identify some weak features in the
low-energy range of the spectrum (Fig. 9) as corre-
sponding to vibrational excitation of the bare molecule.

B. The electronic origin

No intrinsic, bare, molecule features were observed
at wavelengths below 4475 A. The lowest-energy spec-
tral feature of the isolated, bare, tetracene molecule in
the supersonic beam is located at 4472 A (22361 cm™).
The absolute value of the wavelength scale is accurate
within + 3 A (+ 13 cm™!), being determined by the accura-
cy of the calibration of the laser wavelength. The 4472
A (22361 cm™?) spectral feature is attributed to the elec-
tronic origin of the lowest spin-allowed and symmetry-
allowed 'Sy(*4,,) ~'S;('B,,) electronic transition. The

FIG. 8. The fluorescence ex~
citation spectra of tetracene
expanded in Ar(p =180 Torr),
Kr (p =135 Torr) and Xe (p
=100 Torr) in the vicinity of the
0-0 electronic origin of the
bare tetracene molecule.
Other experimental conditions
as in Fig. 3. Note that the in-
tense 4472 A feature is inde-
pendent of the nature of the dil-
J uent. The weak satellite
bands on the low-energy side,
which depend on the nature of
the diluent, are due to van der
Waals complexes.
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3777

TETRACENE

Ar 175 torr

J N W

He 7600 torr

INTENSITY (ARBITRARY UNITS)
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FIG. 9. Fluorescence excitation spectrum of tetracene in the
range 4405-4430 A seeded in a supersonic expansion of He at
a backing pressure of p =10 atm (lower curve) and of Ar at a
backing pressure of p =175 Torr. The nozzle diameter was
150 u. The high-flow supersonic beam of seeded He (p =10
atm) was obtained using a mechanical pump with the laser
crossing the beam at X =2, 5 mm from the nozzle. The seeded
Ar beam at (p =175 Torr) was crossed by the laser at X =5 mm
from the nozzle. The intensity in the range 4412-4430 Ais
scaled up by a numerical factor of 3.0.

B,, symmetry of the electronically excited state® in the
molecular point symmetry group D,, was unambiguously
established on the basis of mixed crystal spectra.’® The
electronic transition moment for this transition is po-
larized along the short molecular axis. Additional sup-
port for this symmetry assignment of the electronic
transition originates from the partially resolved rota-
tional structure of the electronic origin. In Fig. 10 we
display the fluorescence excitation spectrum of the elec-
tronic origin as well as of the 314 c¢cm™ vibration of the
tetracene molecule under medium-resolution conditions
allowed by the 0.3 cm™ spectral bandwidth of the laser.
The individual spectral features in Fig. 10, as well as
other spectral features in the low-energy range of the
spectrum (Fig. 11), have a width of ~3 cm™ because of
unresolved rotational structure. An additional cause of
broadening of the individual spectral features can be due
to the presence of 1.1% of *C in neutral carbon, so that
the percentage of isotope *C impurities in tetracene is
21%. We were unable to identify any isotopic bands un-
der the highest (0.3 cm™) spectral resolution employed
by us.

A partial resolution of the rotational structure of the
electronic origin could be accomplished, as is evident
from Fig. 10. The band contour of the electronic origin
consists of a double hump devoid of a central peak. The
tetracene molecule is an asymmetric top with an asym-
metry parameter! 3¢=-0.97, thus being close to a pro-
late symmetric top. If the configurational changes ac-
companying electronic excitation are small, two types
of rotational bands are expected.®® Type A (parallel)
bands, where the transition moment is polarized along
the axis of the least moment of inertia, show a strong
central @ branch flanked on both sides by weaker P and
R branches. Type B (perpendicular) bands have an in-
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FIG. 10. Medium-resolution fluorescence
excitation spectrum (spectral resolution of
0.3 cm™!) of the electronic origin and the
314 cm™! vibration of tetracene cooled in a
supersonic expansion of Ar at p =180 Torr.
All other experimental conditions as in

Fig. 3. Note the B-type rotational structure
of the electronic origin.
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tensity minimum at the band center flanked by two equi-
distant intensity maxima. The band contour for the
electronic origin of the lowest spin-allowed transition
of tetracene conforms to the double-headed perpendicu-
lar B band. Accordingly, the double-headed band is
short axis polarized. The information stemming from
the B-type shape of the rotational contour with regard
to the short-axis polarization of the first spin-allowed
electronic transition is consistent with the well-estab-
lished assignment of this electronic excitation to the
'A,,~ B, transition. The largest molecule, whose un-
resolved rotational structure was reported up to date,
is the naphthalene molecule studied by Craig and col-
leagues.®® The observation of the rotational structure
of the huge tetracene molecule demonstrates again the
new possibilities opened up by the advance of the tech-
niques of laser spectroscopy in seeded supersonic
beams.

C. Vibrational structure of the S, state

The spectrum spanning the range 4500-3850 A (Figs.
6 and 7) is assigned to the vibrational structure of the
lowest spin-allowed S,~ S; electronic excitation of the
tetracene molecule. Tetracene has 15 totally symmet-
ric a; -type vibrations, all of which are in principle
active for the symmetry-allowed Sy(*A,,) - S,(!B;,) elec-
tronic transition. In Table I we present a vibrational
analysis of the S,— S, electronic transition. In the low-
energy range 4500-4410 A all the bare molecule spec-
tral features were included incorporating both the in-
tense features, i.e., the 4472 A 0-0 transition and the
4409 A vibrational excitation at 314 cm™ above the ori-
gin, as well as weak spectral features. We have estab-
lished (see Sec. III) that the very weak features listed
in Table I do not originate from van der Waals com-
plexes. However, extreme care must be exerted in the
assignment of such weak features to the parent mole-
cule, as they may originate from chemical or isotopic
impurities. On the basis of studies of energy-resolved
emission, to be reported in Sec. IVD, we were able to
attribute the weak features la and 2, located at 246 cm’?
and at 288 em™! above the elecironic origin, to intrinsic
excitation of the tetracene molecule. At higher energies
above the 314 cm™ vibration, very weak features were
not listed and for the spectral range 4400-3850 A only
the prominent absorption features were incorporated
in Table I. The identification of the fundamental vibra-
tions in the S, state rests on the following five indica-
tors:

]
4375

(1) Energetics. Inthe low-energy range the assign-
ment is quite straightforward.

(2) Relative intensity. In the higher-energy range
some of the prominent features are assigned to funda-
mentals.

(3) Appearance of vibrational progressions and com-
bination bands.

(4) Comparison with the polarized ab‘sorption spec-
trum of tetracene in the mixed crystal,? %

(5) Comparison with the energy-resolved fluorescence
spectrum of tetracene in the supersonic expansion (Sec.
IV D), whichgives information regarding the ground state
fundamentals. As the changes in the force constants be-
tween the S, and the S, states are expected to be small,
the fundamentals in the ground electronic state and in
S, are expected to be close in energy.

Twelve fundamental frequencies of the S, state were
identified. The fundamental frequencies listed in Ta-
ble II are in good agreement with the S; frequencies
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FIG. 11. Some details of the fluorescence excitation spectra

of tetracene cooled in Ar at p =180 Torr. All other experi-
mental conditions as in Fig. 3. Note that the four prominent
features in the range 4240-4260 A involve Fermi resonances.
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TABLE I. Vibrational assignments and experimental decay lifetimes of the S; state of the iso-
lated tetracene molecule.

Number? Av=v—vy® Lifetime®
(a) R)aA,0 (cm™) Intensityd Assignment®{ (nsec) T
1 4472.0 0 Vs 0—0 20. 0
la 4423.3 246 VW
1b 4419.6 265 VW
2 4415.1 288 AAN 288(F)
3 4410.2 314 S 314(F) 31.8
3a 4409.4 317 VW
4 4378.1 480 480(F) 24.6
5 4355.1 600 S 600(F) 35.7
6 4350, 2 626 2x 314 -2 31.0
7 4326.9 750 S 750(F) 34.3
8 4269.7 1060 750+314 4 21.7
9 4251.7 1159 S (F) FRS (9-11) 23.8
10 4250.1 1168 FRS (9-11) (?) 28.7
11 4249.2 1173 (F) FRS (9-11) 20.5
12 4239.9 1225 S 1225 (F) 20.0
13 4221.6 1323 w 700+2% 314+5
14 4220.1 1335 w
15 4218.6 1344 : 750+600 -6
16 4215.4 1362 S 1362(F) 23.7
17 4213.5 1372 S FRS (16-17) 23.4
18 4208.1 1403 w 600+480+314+9
19 4200.1 1442 S 1442 (F) 21.3
20 4193.0 1488 w 1173 +314+1
21 4191.0 1499 W 2% 750 +1
22 4185.7 1529 1529 (F)
23 4184.0 1539 Sh 1225 +314
24 4182.3 1551 S 1551 (F) 14.8
25 4179.5 1565 w
26 4178.0 1573 w
27 4158.6 1685 1362+314+11 12.4
28 4146.0 1758 1442 +314+2 10.6
29 4131.0 1846 1529 +314+3 8.4
30 4128.4 1861 S 1551 +314 -4 7.7
31 4118.0 1923
32 4094.5 2062
33 4092.5 2074
34 4073.2 2189 1442 +750 -3 6.4
35 4016.6 2536 5.6
36 4005.1 2607 5.1
37 4002.9 2621 5.2
38 3994.4 2673 5.2
39 3988.0 2714 2x1362-10 5.0
40 3949.8 2956
41 3934.4 3056 2x1529+2 4.4
42 3927.8 3103 2x 1551 4.4
43 3918.7 3158 4.4
44 3907.7 3229 4.2
45 3906.4 3239
46 3903. 8 3245 4,2
47 3885.7 3374
48 3852.7 3594 4.0
49 3830.7 3744 4.4

The very weak bands 1» and 3a may be due to impurities. The very weak bands 12 and 2 can
safely be assigned to the tetracene molecule on the basis of energy-resolved emission data.
bAbsolute accuracy of wavelength scale +3 A.
®Accuracy of frequencies relative to electronic origin +2 cm™.
9Relative intensities are labeled as (VS) =very strong, (S)=strong, (Sh)=shoulder, and (VW)
=very weak. The qualitative intensity scale is relative referring separately to each of the
four regions in Figs. 6 and 7.
°Fundamentals are labeled by (F) and frequencies are expressed in cm™ units.
!The occurrence of Fermi resonances is labeled as FRS, where the numbers in parentheses
refer to the sequential numbers of those vibrational states which result from the anharmonic
mixing. Thus, states 9—11 are mixed and so are states 16 and 17. In these cases, the
assignment of fundamental frequencies is somewhat ambiguous.
EAccuracy of most lifetimes is +10%, and for the short lifetimes in the range 4-5 nsec
the accuracy is +15%.
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TABLE II. A comparison of excited state S, fundamentals of the isolated tetracene molecule and

of tetracene in mixed crystals.

Host Crystals

Isolated molecule p-Terphenyl Naphthalene Dibenzyl Biphenyl
Symmetry (present work) Ref. (53) Ref. (51) Ref. (52) Ref. (52)
314 308 309 314 320
600 609 619 609 613
750 746 743 747 747
755
1009
a 1159 1151 1162 1157 1162
le 1225 1213 1217 1214 1225
1362 1361 1358 1365 1376
1442 1415 1417 1418 1425
1529 1509 1510 1511 1518
1551 1549 1563 1562
288 289
b3, 480 479 480
1173 1166

from mixed crystal spectra,®™®® On the basis of the
close correspondence between the isolated molecule
frequencies and those for the molecule in a mixed crys-
tal spectra can be utilized to distinguish between two
types of fundamental frequencies: (i) totally symmetric
a,, vibrational frequencies corresponding to the sym-
metry-allowed 'A,, - 'B,, electronic transition, and (ii)
nontotally symmetric vibrations which derive their in-
tensity via Herzberg-Teller-type vibronic coupling with
the higher-energy, strongly allowed 'B,, molecular
state. Nine a,, totally symmetric fundamentals were
identified at 314 cm™, 600 cm™, 750 cm™, 1159 cm™,
1225 cm™, 1362 cm™!, 1442 cm™, 1529 cm™, and 1551
cm™. In addition, three nontotally symmetric funda-
mental vibrations of 288 cm™, 480 cm™, and possibly
also 1173 cm™ were observed.

When the excess vibrational energy above the elec-
tronic origin increases above 1000 cm™, interesting
complications due to Fermi resonances set in. The
three bands (9), (10), and (11) in Table I (see lower
part of Fig. 11) are assigned to two fundamentals and a
third intense vibrational feature originating from the
Fermi resonance, where in this triplet the intensity of
a single symmetry-allowed a,, fundamental is shared
by all members. Similarly, out of the two strong fea-
tures (16) and (17) (Table I), one fundamental is effec-
tively coupled to and shares its intensity with its neigh-
bor. The exhibition of these effects of intrastate anhar-
monic coupling is manifested by three consequences:
first, by the modification of the intensity distribution;
second, by level shifts; third, by the appearance of new
vibrational features. When the excess vibrational ener-
gy further increases exceeding approximately 2000 em™
or so, the effects of intrastate anharmonic coupling re-
sult in the appearance of a large number of new vibra-
tional features. This gpectral congestion precludes any
reasonable vibrational assignment at these higher ex-
cess vibrational energies. We shall return in Sec. V
to this problem of spectral congestion, which leads to
interesting information concerning intrastate vibration-
al energy scrambling.

D. Energy-resolved emission and vibrational structure
of the S, state

Figure 12 shows the energy-resolved fluorescence
spectrum of the isolated, ultracold, tetracene molecule
excited at the electronic origin. This spectrum was ob-
tained under low resolution (30 em™), so that the line
broadening in the high-energy range of the spectrum is
instrumental. The analysis of the vibrational structure
of the fluorescence spectrum of Fig. 12 is given in Ta-
ble III. The intense highest-energy emission band cor-
responds to the S, (v’ =0) - S,(v’ =0) transition, where
v'’ and v/ denote the collection of vibrational quantum
numbers in the electronically excited state and in the
ground state, respectively. The lower-energy emis-
sion bands correspond to the transitions $,(0) = Sy{v’),
where v’ correspond to totally symmetric a,, vibrations
for the symmetry-allowed electronic transition, al-
though for Herzberg—Teller induced vibronic components
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FIG. 12. Energy-resolved fluorescence spectrum of tetracene
cooled in a supersonic expansion (180 Torr Ar expanded through
a 150-u nozzle). Photoselective excitation was conducted at

the electronic origin (4470 A). Spectral resolution is 7 A.
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TABLE III. Vibrational analysis of the energy-resolved emission from the electronic origin

of §; of the isolated tetracene molecule.

AV =y —v Relative
A ()2 cm™® intensity® Assignment
4471.8 0 1.00 0-0
4534.1 307 0.21 ¥
4571.8 489 0.01 F
4597.7 612 0.01 F and 2% 307
4624,3 738 0.05 F
4664.0 922 0.01 612 +307 and 3x 307
4678.0 986 0.03 F
4944 .4 1060 0.01 738 +307+15
4714.1 1149 0.12 F
4720.3 1177 0.16 F
4751.0 1314 0.02
4766, 2 1381 0.33 F
4777.6 1431 0. 06 F
4789.5 1483 0.04 1177+ 307
4801.6 1536 0.09 F
4819.9 1615 0.12 F
4836.7 1687 0.06 1381+ 307
4850, 6 1746 0.01 1431+ 307
4861, 7 1793 0,01 1177+612 and 1777+2x 307
4874, 0 1845 0.02 1536 + 307
4892.5 1923 0. 06 1615+ 307
4909.3 1993 0.02 1381+612 and 1381 +2x 307
4943.7 2134 0.02
4969.1 2238 0.01
4984.7 2301 0.03 2% 1149
5002, 3 2372 0.05 2x1177 (?)
5049.5 2558 0.05
5099.5 2753 0.05 2x 1381
5140.9 2911 0.02
5159.4 2980 0.02
5181.5 3063 0.01 2% 1536
5206.1 3154

2pbsolute accuracy of wavelength scale +2 A,

bAccuracy + 10 cm™,

°Relative intensities obtained from the ratio of the amplitudes of the emission peaks in the

instrumentally broadened emission spectrum.

v’ will belong to b,;, symmetry. As is evident from Ta-
ble IV, the fundamental vibrations in the S, electronic
configuration of the isolated, tetracene molecule are
very close, within the large experimental uncertainty,
to the S, frequencies obtained from fluorescence spec-
troscopy of this molecule in a mixed crystal®'~** and
from Raman spectroscopy of the neat tetracene crys-
tal.®?

Energy-resolved emission spectroscopy provides a
diagnostic tool to determine whether some of the weak
low-energy features observed in the fluorescence exci-
tation spectrum (Fig. 9), and which were listed in Ta-
ble I, originate from the isolated molecule or are due
to molecular impurities. Excitation of the tetracene
molecule to the S;(v{’) electronically and vibrationally
excited state is expected to result in an energy-resolved
emission spectrum, which is dominated by the transi-
tion S;(v]’) = Sy(v{), where v} is the ground state vibra-
tion corresponding to v{’ in S;. The prominance of the
Ay =0 feature, i.e., Si(v{’) =~Sy(v;) band in the energy-
resolved emission spectrum, is characteristic of small
configurational changes between the two electronic states

of this large molecule. In Fig. 13 we present the ener-
gy-resolved fluorescence spectra resulting from photo-
selective excitation into the very weak feature located
at 246 cm™ (band 1b of Table I) and at 288 cm™ (band 2
of Table I}, and where we have also displayed for com-
parison the energy-resolved emission spectra resulting
from excitation into the electronic origin and into the
314 cm™ fundamental {band 3 of Table I). The energetic
shift 6w between the Ay =0 emission and the $;{0) - S(0)
emission reflects the frequency change »j w} - v;’ W}’ be-
tween the frequencies w; and w}’ in Sy and in S;, respec-
tively. For the w} =314 cm™! vibration fw< 5+ 10 cm™
in accordance with our direct determination (Tables II
and IV) that @}’ =314+ 2 cm™ and wj=3112 10 cm™.  For
the emission following excitation in the weak 288 cm™
band, we find that 5w=10+ 10 cm™. Two conclusions
emerge from this observation. First, we can safely
assign the very weak 288 cm™! vibrational feature to an
intrinsic fundamental vibration of tetracene. Second,
the corresponding ground state vibrational frequency is
w}=278x10"!. Excitation in the very weak 246 cm™*
band results again in an energy-resolved emission spec-
trum whose general features bear a close resemblance
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TABLE IV. Ground state fundamentals of the isolated tetracene molecule and of tetracene in condensed phases
(all data in cm™),

Host crystals

Isolated molecule? p-Terphenyl Napthhalene Dibenzyl Bipheny! Neat
Symmetry (present work) Ref. (53) Ref. (51) Ref. (52) Ref. (52) Ref. (57)
307 311 321 317 322 317
612 616 619 618 621 620
738 758 759 755 759 754
762
986 996 999 998 1003 1000
ay, 1013
1149 1154 1162 1162 1166 1165
1198 1201 1199 1208 1200
1381 1385 1388 1390 1400 1387
1431 1446 1448 1455 1451
1536 1546 1548 1548 1557 1547
b 1177 1178 1182
de 1615 1615 1621 1622 1629 1621

Aceuracy +10 eml.

to that originating from the S,(0) state, so that it appears
that the 246 cm™! vibration is also intrinsic. However,
for this excitation 6w=—50+ 10 cm™, so that the corre-
sponding ground state frequency is wj =296 10 cm™ un-
dergoing a large frequency shift relative to the excited-
state frequency. The identification of some very weak

o0

ey =4471.6A
0-0

I T

Nexc 442364
Ey=244cm-!

e

Nexc-4414 9 A
Ey=287cm-!

T

Xexc= 44092 A
Ey=34cm-!

1 1 1 |
4750 5150
o
WAVELENGTH (A)
FIG. 13. Energy-resolved fluorescence spectra of tetracene
cooled in a supersonic expansion (180 Torr Ar expanded through
a 160-u nozzle). Photoselective excitation was conducted at
four excess vibrational energies of (a) E;, =0 (electronic origin
(b) Ey =246 em™!, (c) E, =288 cm™ and (d) E;, =314 cm™, which
are marked on the spectra.

INTENSITY (ARBITRARY UNITS)

il

4350

1

features in the energy-resolved spectra, corresponding
to the low-frequency molecular vibrations, is of inter-
est for spectroscopic implications, as well as for the
elucidation of intramolecular vibrational energy flow in
van der Waals complexes between tetracene and rare-
gas atoms. °®

E. Totally symmetric vibrational fundamentals

From the comparison of the frequencies of the funda-
mental totally symmetric a,, vibrations in the 5,('B,,)
and in the Sy('4 1¢) electronic configurations (Tables III
and V) of the isolated tetracene molecule important con-
clusions emerge concerning intramolecular nuclear mo-
tion in the two electronic states. The a,, vibrational
frequencies are very close {(within 1%) in S; and in S,,
clearly indicating very small changes in the force field
of the electronically excited singlet state relative to the
ground state. The small changes of the a,, vibrational
frequencies between S, and S; are characteristic also of

TABLE V. The ay, vibrational frequencies of
linear polycenes (frequencies in em™).

Naphthalene Anthracene Tetracene
Niay)=9 Niag)=12 Niay) =15
Ref. (59) Ref. (59) (present work)
S Sy Sy S,
307 314
369
512
658
612 600
763 745 738 750
1025 1007 986
1144 1169 1149 1159
1240 1225
1379 1398 1381 1362
1460 1476 1442 1431
1536 1529
1579 1584 1551
3025 3037
3055 3053
3085
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lower linear polycenes, i.e., anthracene and naphtha-
lene.®® This normal behavior of the tetracene molecule
drastically differs from the pattern exhibited by the iso-
lated pentacene molecule, *® which reveals a substantial
change in the nuclear potential surface of the S; state.

From the comparison of the a,, vibrational frequencies
of the isolated tetracene molecule and of this molecule
embedded in a variety of condensed phases (Tables II
and V), we draw some conclusions regarding weak in-
termolecular medium perturbations of the a,, vibration-
al frequencies of the tetracene molecule in the §; and
in the S, electronic configurations. This general normal
feature of the tetracene molecule drastically differs
from the behavior of the larger linear polycene, i.e€.,
the pentacene molecule, which exhibits a low-frequency
nuclear motion in the S, state,*’ that is clamped by
medium perturbations.

To obtain some further insight into the nature of the
a,, vibrational frequencies of the tetracene molecule,
we have assembled in Table V the nine out of N=15q,,
fundamentals of the tetracene molecule, which were
identified on the basis of the present and previous work,
together with the totally symmetric fundamentals for the
S, state of naphthalene (N =9) and of anthracene (N =12).
Some of the a,, fundamental vibrations of the tetracene
molecule are exhibited by the lower linear polycenes,
thus providing additional support to the spectroscopic
assignments of these fundamentals.

The results of the present detailed analysis of the vi-
brational structure of the isolated tetracene molecule
are of interest because of three reasons. First, the
close agreement between the vibrational structure of
the isolated, ultracold, large molecule and the mole-
cule in a condensed medium, which was rationalized in
terms of the pedestrian argument concerning weak in-
termolecular perturbations, is of interest as it clearly
demonstrates the reliability of the experimental methods
developed by us for laser spectroscopy in supersonic
beams. This credibility test will be of considerable im-
portance to assess the reliability of new results con-
cerning excited-state nuclear motion in larger isolated
polycenes, which exhibit some isoteric effects. Second,
our data provide additional information concerning rela-
tive intensities and, consequently, the Franck—Condon
vibration overlap factors (Sec. IV F). This information
cannot be obtained for low-temperature mixed crystal
spectra, which are contaminated by broad phonon side-
bands. Third, and most important, the identification of
the vibrational structure in the §, state of the ultracold,
isolated, large molecule provides the means for explo-
ration of excited-state dynamics following photoselec-
tive excitation.

F. Franck-Condon factors

To obtain spectroscopic information concerning the
S; potential surface, two conventional sources of infor-
mation are required:

{1) Frequency changes. As we have discussed in
Sec. IV D these changes are small.

(2) Distortions of the nuclear equilibrium configura-
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tion between the S, and the S; nuclear potential surfaces
for the totally symmetric vibration. These distortions
are readily obtained from the vibrational overlap fac-
tors in absorption and in emission. In view of the small
frequency changes, the Franck~Condon nuclear vibra-
tional overlap factors are essentially determined by the
distortions of the equilibrium configuration upon elec-
tronic excitation. The Franck—Condon factors f(0v}’)
for the transition Sy(0) - S,(v}’) are given by

Flovy=[olvin|?, (Iv. 1)

where (0|v{’) corresponds to the vibrational overlap in-
tegral. From the fluorescence excitation spectra (Figs.
6 and 7), we can evaluate the relative Franck—Condon
factors from the simple relation

Foo (o) (o)

where A,. ;- and A, , are the areas of the 0~ v}’ transi-
tion and of the 0~ 0 transition in the fluorescence excita-
tion spectrum, respectively; 7(0) and 7(v}’) represent
the experimental radiative decay lifetimes of the states
5,(0) and S,(v]’), respectively. The lifetime ratio in
Eq. (IV.1) corresponds to the ratio of the fluorescence
quantum yields from the vibronic components of an al-
lowed electronic transition, as will be discussed in Sec.
IV. Utilizing the relative intensities in the fluorescence
action spectra, together with the experimental radiative
lifetimes reported in Sec. VI, we have estimated the
relative Franck-Condon factors [f(01%')/£(00)] for the
totally symmetric a,, vibrations. For the 314 ¢cm™ vi-
bration, we have taken the ratio of the areas of the cor-
responding spectral feature from Fig. 8, and for the
higher-energy a,, vibrations, we have taken the ratio

of the amplitudes of the corresponding spectral feature
and the 0-0 band as a rough measure of Ag.;*/Ag.q).
An alternative way to estimate the Franck—Condon fac-
tors between the displaced potential surfaces S, and S,
rests on the use of the relative intensities in the energy-
resolved emission spectrum resulting from the $,(0)
electronic origin. The Franck-Condon factors f(0v})
for the transitions S,(0) = Sy(v]) can be related to the
Franck-Condon factors (IV.1) by the near quality

f003) = f(00}) (1v.3)

which is expected to be exact provided that the vibra-
tional frequencies in the two electronic states are equal.
In view of the small frequency changes between the S,
and S, electronic states, the approximate relationship
(Iv.3) is expected to hold for the problem at hand. The
Franck-Condon factors can thus be obtained also from

(1v.2)

-the energy-resolved emission spectra from the relation

Z (OU") - Bo- v’
f(00) ~ By ’

where By.,; and By.g correspond to the areas of the

0-- 0 transition and of the 0—~v] transition in the energy-
resolved emission spectrum, respectively. To obtain
an accurate estimate of the intensity ratio (IV.4) for the
311 em™ ground state vibration, we display in Fig. 14
the two prominent lowest features in the energy-resolved
emission from S, obtained under low resolution, and for

(IV.4)

- other a,, vibrations we have estimated the ratio (IV.4)
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FIG. 14. Details of the energy-resolved fluorescence spectrum
of Fig. 16 in the range 4450-4550 A, which were used for the
calculation of the relative vibrational overlap Franck—Condon
factor for the ground state to the 311 cm™ and the 314 cm™! ex-
cited-state vibration.

from the amplitudes in the low resolution emission
spectrum of Fig. 11. In Table VI, we present the re-
sults for the estimates of the Franck—Condon overlap
factors £(01;’)/7(00) and f(01:)/f (00) for the prominent
totally symmetric a,, vibrations of tetracene. From
the accurate data for the S; 314 cm™ vibration and for
the Sy 311 ecm™ vibration, we get £(01}’)/£(00)=0.21
from the fluorescence action spectrum, together with
lifetime data, and for the 311 cm™ vibration in S, we
obtain £(01})/f(00) = 0. 20; - the close agreement between
the two sets of Franck—Condon factors demonstrates
the validity of the propensity rule (IV.3). The agree-
ment between the rough estimates of the relative
Franck-Condon factors for other a,, vibrations, ob-
tained in Table VI from the two independent sets of ex-
perimental data, is as good as can be expected. In the
last column of Table VI, we have displayed a mean val-
ue of the Franck—-Condon factor for the a,, vibrations.
This Franck—Condon factor provides a direct measure
of the displacement of the equilibrium nuclear configura-
tion, d;, for this particular normal mode normalized to
the rms of the zero-point energy displacement (u4; w;/
7)'/% in the normal mode. Here, i ; denotes the re-
duced mass, and w;{~ w;’~ w}) represents the frequency
of the normal mode. The Franck-Condon factor for the
fundamental a,, vibrations can be expressed explicitly
in terms of the first term of a Poissonian distribution

£(01,) =exp(~G;) G, ,
where
Gy=@¥/2)/(i/u; ) .

Thus, the relative Franck—Condon factors (tabulated in
Table VI) provide a direct determination of G;. These
reduced squared displacements provide a measure of
the configurational change. The Debye-Weller factor
for the entire configurational change between S, and S,
is G=3; + G; with the sum taken over all the a,, modes.
From Table VI it appears that G is of the order of unity,
so that about 35% of the total intensity is in the 0-0
transition. We can conclude that the total configura-
tional change between the S, and S, electronic configura-
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tions is relatively small. These reduced displacements
are expected to provide important spectroscopic input
data for estimates of the rates of nonradiative electron-
ic relaxation between the S, and the S, states of this
large molecule.

G. Spectral shifts

The observation of the electronic origin of the isolated
tetracene molecule in a supersonic expansion makes it
possible to provide quantitiative data concerning spectral
shifts of the electronic origin of the '4,,~'B,, transition
in mixed crystals. The position of the zero-phonon line,
corresponding to the electronic origin of tetracene, is
located at 20 274 em™ in p-terphynel, ® at 20246 cm™ in
anthracene, ® and at 20 252 cm™ in naphthalene, 2 as
compared to the energy of 22361 cm™ of the electronic
origin of the isolated molecule. The red spectral shifts
of 2087 cm™! for p-terphynel and 2110 cm™ for both
anthracene and naphthalene host crystals amount to ap-
proximately 10% of the total excitation energy. These
red spectral shifts reflect the effects of dispersive in-
teractions on the intense (oscillator strength f ~0.1)%%8
electronic transition.

V. INTRASTATE ANHARMONIC COUPLING

The understanding of intrastate coupling and intramo-
lecular vibrational energy redistribution (IVR) within a
single electronic configuration of an “isolated” large
molecule is of considerable interest in the broad area
of intramolecular dynamics.>!® The elucidation of the
general problem of IVR within a level structure of a
bound molecular manifold has to address the following
central ingredients: (a) The specification of the level
structure of the bound molecular eigenstates. (b) The
characterization of the excitation amplitudes, i.e., the

TABLE VI. Nuclear vibrational overlap Franck—Condon factors
between the §; and S, electronic states of tetracene.
Ground state fl01)® Excited State flo1/y
frequency {cm™)? f100) frequency {cm™!)° f(00) G;°
307 0.20 314 0.21 0.21
612 0.01 600 0.02 0.015
738 0.05 750 0.05 0.05
986 0.03 0.03
1149 0.12 1159 0.10 0.11
1225 0.10 0.10
1381 0.33 1362 0.15 0.24
1442 0,06 1431 0.13 0.09
1536 0.09 1529 0.05 0.07
1551 0.12 0.12)

apccuracy +10 cm™.

PEstimated from amplitude ratio in instrumentally broadened
emission spectrum (resolution 20 em™).

¢Accuracy +2 cm™l.
dpranck—Condon factor (FCF) for 3142 cm™! vibration estimated
from the relative areas of the 0—0 and the 314 cm™ vibration

in the fluorescence excitation spectra. All other FCF’s are de-
termined from the ratio of the amplitude of a given transition

to the 0~0 excitation. The latter FCF’s constitute a rough
approximation, accurate within a numerical factor of two or

s0.

°G, is the average of the FCF’s for the ith ai, mode obtained
from the energy-resolved fluorescence and from the excitation

spectra.
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energy dependence of the distribution of oscillator
strengths. (c¢) The definition of initial conditions which
determine the dynamics of the molecular system. Spec-
troscopic data provide direct information concerning the
level structure and the distribution of excitation ampli-
tudes, while energy-resolved and time-resolved spec-
troscopy provide supplementary information concern-
ing intramolecular dynamics. The current understand-
ing of the intrastate level structure rests on the follow-
ing description of the nuclear energy levels in the order
of increasing energy®®®:

Range A. A sparse vibrational manifold where each
vibratic level is well isolated from the others.

Range B. A vibrational quasicontinuum characterized
by high density of states.

Theoretical intramolecular criteria for the location of
the onset of the vibrational quasicontinuum in an isolated
molecule rest on the conditions of (a) strong intrastate
coupling V,p>1, where V, is the anharmonic interac-
tion between zero-order vibrational states and p is the
density of these states, and (b) efficient sequential de-
cay yp »> 1, where y corresponds to the radiative decay
width, i.e., fluorescent decay (v~ 107°-10"° ecm™) for
the S, state and infrared decay (¥~ 10°® cm™) for the S,
configuration.

A. Spectra congestion in the S, state

The first spectroscopic criterion for the identification
of the threshold in the lowest, spin-allowed, electron-
ically excited state of a large molecule rests on the ob
servation of a congested vibrational level structure in
the fluorescence excitation spectrum. This criterion
is of general applicability, being previously applied by
us to the S, state of pentacene® and of ovalene.®” The
fluorescence excitation spectra of the “bare” tetracene
molecule (Figs. 6 and 7) can be classified in the order
of increasing excess vibrational energy E, above the
electronic origin as follows:

(1) Range A, spanning the energy region 44'75-4260
A, This range exhibits well-separated vibronic bands,
the vibrational level structure in the S, manifold being
sparse. Range A spans the energy range E, =~0-1000
em™. The upper limit for range A was determined on
the basis of unique spectroscopic assignment of vibra-

tion levels.

(2) Range B. In the higher energy range below 4050
A, or so, the spectrum of the ultracold tetracene mole-
cule exhibits a congested level structure consisting of
overlapping bands superimposed on a background. The
congested level structure in the S; state of tetracene
sets in at the excess vibrational energy of £, 2 1900
ecm™, which marks the onset of the vibrational quasi-
continuum in the S, state of tetracene.

The observation of the onset of spectral congestion
provides only a semiquantitative diagnostic criterion
for the identification of the onset of the vibrational
quasicontinuum because of two reasons. First, from
the experimental point of view there is some ambiguity
in the definition of the onset for the congested vibration-
al level structure, which is taken to correspond to the
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energy where the spacing between individual spectral
features is lower than their (rotational) widths. As ro-
tational widths are 2-3 cm™ under our experimental cir-
cumstances the onset of spectral congestion corresponds
roughly to an effective density of states of the order of
approximately 1 cm for optically accessible levels.
Second, from the point of view of general methodology,
this spectroscopic technique is inadequate to probe the
details of the “transition” from range A to range B,
which is not abrupt but rather gradual. The upper lim-
it for range A in the S, state was determined to be lo-
cated at E,= 1000 cm™, as only below this excess ener-
gy unique spectroscopic assignment of all the vibration-
al levels could be provided. The spectroscopic assign-
ment of the vibrational level structure in the S; mani-
fold, provided in Sec. IV D and summarized in Table I,
points towards the identification of Fermi resonances
in the energy range E, =1000-1900 cm™, typical ex-
amples being the three lines (9), (10), and (11) in the
vicinity of 4250 A (Fig. 11), as well as lines (16) and
(17) in the vicinity of 4213 A. In the energy range E,
=1000-1900 cm™, between the upper limit of range A
and the onset of the vibrational quasicontinuum, anhar-
monic mixing between zero-order (harmonic) states
will prevail, being manifested in the appearance of
Fermi resonances. This intermediate energy range,

to which we shall refer to as AB, will still exhibit a
reasonably sparse level structure in absorption spec-
troscopy. To overcome two difficulties inherent in

our first spectroscopic criteria, i.e., the practical
difficulty due to rotational broadening as well as the
methodological difficulty due to the gradual fuzzy “tran-
sitions” from range A to range B, we have applied a
second spectroscopic technique which rests on energy-
resolved emission spectroscopy.

B. Energy-resolved emission spectroscopy

We have developed a new method for the identification
of the onset for intrastate mixing within a vibrational
manifold of an electronically excited state of a large,
isolated, ultracold molecule, which rests on the follow-
ing characteristics of the energy-resolved emission
spectrum:

(1) Range A. Photoselective excitation of vibronic
states is expected to result in a “normal” emission
spectrum of a nearly harmonic large molecule, which
exhibits small configurational changes between S, and
So-

(2) Range AB. Photoselective excitation of states
results in the splitting of the emission bands in the en-
ergy-resolved fluorescence spectrum. This splitting
is a consequence of anharmonic coupling in a moderate-
ly sparse manifold,* where individual states can be pho-
toselected. The threshold for the splitting in the energy-
resolved emission spectrum marks the onset for effec-
tive anharmonic coupling.

(3) Range B. At higher excess vibrational energies,
photoselective excitation results in broadening of the
energy-resolved emission, marking the characteristics
of the statistical limit®'* for intrastate mixing. This
broadening effect was observed in the energy-resolved
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emission for the S; state of phtalocyanine, 3* of ovalene,’’
and of naphthalene.’® Figures 15-17 portray several en-
ergy-resolved emission spectra for excess vibrational
energies in the range E, =0-3250 cm™!. The energy-
resolved emission spectrum, Fig. 15(a), resulting from
excitation into the electronic origin is dominated by the
5,{0) = S,(0) transition, as is appropriate for small con-
figurational changes (see Sec. IV G) between the S, and
the S, potential surfaces. The vibrational structure of
the transitions S;(0) ~S,(v') was analyzed in Sec. IVC.
Excitation of the S, state at low excess vibrational ener-
gies, e.g., at E, =314 cm™, [Fig. 15(c)] results in
emission spectra that are characterized by two central
characteristics: (i) The position of the dominant spec-
tral features coincides within + 10 em™ with the §,(0)
-S¢(0) emission. (ii) There is no evidence for any in-
trinsic line broadening of the dominant feature, its line
broadening being instrumental. The individual bands

in the emission spectra Fig. 15(b) and 15(c) correspond
to the transitions S;(v]’) = Sy(v; + '), where the initial
vibrational state is v}’ =314x 2 cm™ for Fig. 15(b) and
v}’ =750% 2 cm™! for Fig. 15(c). The corresponding
ground state frequencies are v} =310z 10 cm™! for Fig.
15(b) and v}’ =740+ 10 cm™ for Fig. 15(c). Thus, the
prominent Ay =0 features, corresponding to v/ =0 in
Fig. 15(b) and (c), practically coincide with the 0—0
transition of Fig. 15(a). All the three emission spectra
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(b)hex=44102 A

INTENSITY (ARBITRARY UNITS)

(c) hex=43269 A

4200 2600 5000
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FIG. 15. Energy-resolved fluorescence spectra of tetracene
cooled in a supersonic expansion (180 Torr Ar expanded through
a 160-u nozzle). Spectral resolution is 7 A. Photoselective
excitation was conducted at three laser wavelengths, corre-
sponding to excess vibrational energies of (a) E; =0, (b) Ey
=314 em™, and (¢) Ey =750 em™. The laser wavelength is
marked by an arrow. The resonance emission in all three
spectra corresponds to genuine resonance fluorescence.
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FIG. 16. Energy-resolved fluorescence spectra of tetracene

under conditions as in Fig. 15. Photoselective excitation was
conducted at four laser wavelengths at (d) E,=1159 cm™, (e)
E,=1168 cm™!, () E,=1173 cm™, and (g) E;,=1225 cm™, which
are portrayed in the lower part of Fig. 11. Theresonance
emission in the four spectra corresponds to genuine resonance
fluorescence.
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FIG. 17. Energy-resolved fluorescence spectra of tetracene
under conditions as in Fig. 15. Photoselective excitation was
performed at three wavelengths at (h} E, =1442 em™, (i) Ey
=1551 cm™, and (j) E;=3158 cm™. The resonance emissions
in (h) and (i) correspond to resonance fluorescence, and the
resonance emission in (j) is spurious, being due to stray light.
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of Fig. 15, resulting from photoselected S, states at
Ey <1750 ecm™, exhibit conventional spectroscopic fea-
tures resulting from photoselection of a well-defined,
nearly harmonic, initial vibrational state in the S; man-
ifold. The energy range spanned in Fig. 15(a) clearly
corresponds to the “A” region. Increase of the excess
vibrational energy above 1000 cm™ results in a dramatic
change in the energy-resolved emission spectra, as is
apparent from Figs. 16 and 17. Photoselection at E,
=1159 em™ [Fig. 16(d)| and at E,=1173 cm™ [Fig.
16(f) ] results in the appearance of a shoulder on the

Ap =0 feature and other bands, and to an appreciable
apparent broadening of the Ay =0 feature. Excitation

at £, =1225 cm™ [Fig. 16(g)] and at £, =1442 cm™

[Fig. 17(h)] results in a splitting of the Ay =0 emission,
as well as of other emission bands. This novel effect
is attributed to the consequences of intermediate level
structure within a single electronic manifold. Effec-
tive anharmonic mixing within a moderately sparse
manifold results in scrambled nuclear molecular eigen-
states, which are well separated in energy. As the lev-
el structure of these nuclear molecular eigenstates is
sparse, a single nuclear molecular eigenstate (NME)
can be photoselected, which can decay radiatively to a
manifold of Sy ground state NME’s of the same vibronic
parentage. Consequently, the Av =0 emission, as well
as other vibrational transitions, will be split. The
splitting of the emission bands provides a measure of
the energetic spread of the scrambled NME’s in the S,
manifold. The appearance of splitting in the energy-
resolved emission in the energy range 1000 cm™ < Ey,
<1442 cm™ marks the AB transition range.

Additional increase of E, above approximately 1500
ecm™ results in three effects on the Ay =0 emission:
(a) the disappearance of resolvable splitting, (b) ap-
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FIG. 18. The energy of the peak of the Av =0 band in the energy-
resolved emission of tetracene in supersonic expansions of Ar

is photoselectively excited at excess vibrational energies Ey
=0-3300 cm™! above the electronic origin. The energies are
displayed in terms of the spectral shift towards lower energies
of the peak relative to the position of the 0—0 transition. When
the Ay =0 band is split, the positions of the two clearly resolved
peaks were indicated and econnected with a broken vertical line.
The three distinct ranges A, AB, and B for intrastate scramb-
ling are indicated.
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FIG. 19. The width (FWHM) of the peak of the Ay =0 band in
the energy-resolved emission of tetracene in supersonic ex-
pansions of Ar are photoselectively excited at excess vibra-
tional energies E, =0-3300 cm™! above the electronic origin.
Splitting of the Av =0 band is indicated by (S). The three dis-
tinct ranges A, AB, and B for intrastate scrambling are in-
dicated.

preciable broadening of the emission band, and (c) a
large red shift of the peak of the Ay =0 band relative to
the 0-0 emission. Now, the density of scrambled
NME’s in the S; manifold is large. A wave packet of
NME’s is photoselected, each of which is radiatively
coupled to a group of NME’s of the S; manifold. This
state of affairs corresponds to the statistical limit for
intrastate coupling. This energy region corresponds to
range B. Figures 18 and 19 provide an overview of the
broadening, the splitting, and the spectral shift of the
Ap =0 feature in the energy-resolved emission from the
S; manifold of the isolated tetracene molecule and pro-
vide detailed information regarding bound level struc-
ture of NME’s for the tetracene molecule, which can be
separated into three regions:

(I) Sparse level structure. Exhibited at a low excess
vibrational energy E, <1000 cm™. Here both the ab-
sorption spectrum (Fig. 6) and the emission spectrum
(Fig. 15) reveal well-separated spectral features, cor-
responding to uncontaminated vibrational levels,

(Ia) Intermediate level structure. In the energy range
1000 cm™? <Ey, <1500 cm™, the absorption spectrum
(Figs. 6 and 7) is still sparse, although on the basis of
spectroscopic assignments (Sec. IV C) Fermi resonances
can be identified. The emission spectrum (Figs. 16 and
17) manifests the effects of extensive anharmonic
scrambling, resulting in a sparse distribution of
NME’s, all of which are individually active in absorp-
tion and in emission.

(1) The quasicontinuum. At excess vibrational en-
ergies E, > 1800 cm™, the absorption spectrum exhibits
a congested level structure, revealing overlapping bands
superimposed on a background (Fig. 7). This congested
level structure corresponds to overlapping resonances,
which result from effective anharmonic mixing between
a large number of close-lying zero-order vibrational
states. This level structure can be considered as re-
sulting from the effects of many-level Fermi resonances.

J. Chem. Phys., Vol. 75, No. 8, 15 October 1981

Downloaded 16 Feb 2009 to 132.66.152.26. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



3788

= 0 s

~ Jo

<' J3

é X% < K3 SO
_—X; = Ky
é-——x'l' ‘§/ K,

0 0

ZERO -ORDER STATES NUCLEAR MOLECULAR

EIGENSTATES

FIG. 20. A simple level structure for the splitting of emis-
sion in the intermediate energy region. The electronic origins
of the §; and §; manifolds are labeled by zeros. Anharmonic
interstate coupling V, between the zero-order states in S, and
between the zero-order states in S; results in the NME’s labeled
as {K;) and |J;) in the two electronic manifolds. In the inter-
mediate level structure a single NMB, say |J;), can be photo-
selected, which decays radiatively to all the {|K;)} states of
the same vibrational parentage.

In this energy range photoselection of an individual NME
is practically impossible, and optical excitation results
in a wave packet of S; NME’s. When the absorption
spectrum is reasonably uniform in energy, the dephas-
ing of the initially excited wave packet will be fast on
the time scale of the radiative decay, and individual un-
correlated NME’s will be radiatively dumped.

C. Comments on energy-resolved fluorescence as a
probe for intrastate dynamics

The dynamic implications of the spectroscopic results
of the preceding section are of considerable interest as
they bring up some central issues, e.g., level struc-
ture, transition amplitudes, and decay of scrambled
NME’s. To provide an adequate quantitative descrip-
tion of the energy-resolved emission, we shall utilize
some results of the effective Hamiltonian formalism,
which was developed to handle both time-resolved as
well as energy-resolved observables.®® The experi-
ments described in Sec. V B correspond to energy-re-
solved observables, where the laser beam with frequen-
cy w, is scattered from the molecular supersonic beam,
and the scattered photons with energy wy are detected.
To bring out the nature of the scrambled level struc-
ture, we should consider the NME’s that are of the same
vibrational parentage in S; and in §,. These scrambled
NME’s, originating from anharmonic scrambling be-
tween zero-order nuclear states in the two electronic
configurations, are portrayed in Fig. 20. Let us de-
note by {1x%)} and by {1x}"} the zero-order vibrational
states in the relevant energy region in the electronic
configurations S, and Sy, respectively. Each xj, zero-
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order state is characterized by the energy E, and de-
cay width y,, and the x}' states are characterized by
energies Eg and decay width yz. We note in passing that
the decay widths v, correspond to additive contributions
from infrared decay, from radiative decay to the ground
electronic state, as well as to electronic relaxation; the
decay widths y; contain infrared decay only. Application
of the effective Hamiltonian formalism®%15-18 epgbles us
to construct the NME’s. These NME’s {1J,)} in the S,
manifold are
n
= e lxd s i=teen, .
o

which are characterized by the energies E(Jj) and decay
width ¥(J,). - The mixing coefficients {a’,} are real for
the intermediate level structure and complex in the sta-
tistical limit. Finally, n denotes the total number of the
S, NME’s in the relevant energy range. In a similar
way, the NME’s for the S, manifold are

n
]Ki>=;b§\xg'>, i=l-+on , (V.2
being characterized by the energies €(K;) and widths
y(K;), the mixing coefficients being {b}}. It is impor-
tant to note that the mixing coefficients {a’} and {p%}
in S; and in Sy, respectively, are usually different in
the two electronic configurations. Finally, to complete
the description of the level structure we have to incor-
porate the electronic origin 1g) of S, characterized by
the energy E(g), which is the only populated ground
state. The energy-resolved fluorescence is described
in terms of a second-order process

@) (o)) 2 k)Y

involving radiative coupling, denoted by H,,,, between
the S, origin |g) and the S; manifold {IJ;)}, which is sub-
sequently radiatively coupled to the S, manifold {|K,)}.
The cross section IK’(w,, wp) for the photon scattering
process, where a photon w; impinges on the molecule

in state | g) resulting in a photon wg with the molecule

in the state |K;), is given by?

Z <KitHint|jl><ji|Hintig> 2
5 E(g)+Tiw ~EW,) - iv(J;)/2

Hint

(v.3)

IKi(wI! wg) =

X S(E(K;)+wp—E(g) -Fw,) . (vV.4)

The total cross section I(w;, wg) for the photon scatter-
ing process [Eq. (V.3)]is obtained by summing over all
final NME’s:

Hw;, wp)= ; I (wp, wp) . (v.5)

i

To obtain explicit expressions for the cross section, we
shall invoke two reasonable assumptions. First, we as-
sert that only a single zero-order state, say xj in the
S, manifold carries oscillator strength from |g), i.e.,
acts as a doorway state while all the other x,{a#1)
states are inactive. The radiative coupling term con-
necting |g) and each iJ,), which appears in Eq. (V.4)
can be expressed with the use of Eq. (V.1) in the follow-
ing form:

(g|Hmt|Jj)=a’1(ng“tlxi) ’ (v.6)
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being determined by the amplitude of the doorway state.
Second, as we are concerned with a molecule that ex-
hibits relatively small configurational changes between
S, and S, we can assume selective radiative coupling
between zero-order states in the two electronic mani-

folds
<X;lH1nthé’>=lJ~5ae ’ V.7

where u is some numerical constant. Consequently, the
radiative coupling term connecting S; and S; NME’s,
which appears in Eq. (V.4), is given by

<Ki'Hint|jj>:“' Z (al)* bl . (v.8)

Armed with Egs. (V.4), (V.5), (V.6), and (V.8) the total
scattering cross section takes the form
Iwy, wg) = !“|2 |<XlllHintlg>|2

al $a(a)* bl ’
X; ; E(g)+ﬁw1_E(JJ) —1‘}/(JJ)/2

XB8[E(K,;)+iwp —E(g) =Fw,] , (v.9)

which constitutes our general result. The cross section,
Eq. (V.9), involves a generalized weighted density of
states function, where the states at energies [E(K,.)
-E(g) +#wy —fiw; ] are weighted by a second-transition
moment. This general result can readily be applied for
the elucidation of the features of the intermediate level
structure and the statistical limit.

(1) Range AB. Intermediate level structure. The
level structure of the NME’s is sparse, so that a single
NME, say |J.), can be photoselected. The second-or-
der transition moment in Eq. (V.9) contains a single
term, so we get

- 1a¥'y o (a2)* b 12 [y )/ 2]
I(wh wF) ; [E(Jx;—E(g)—ﬁwl]E'* [:(JJC)/Z]

X O[E(K;) +Hwp ~ E(g) =hw,] .

(v.10)

From Eq. (V.10) it is apparent that the single NME
|Jx) decays radiatively to » final {IKQ} levels in the S,
manifold. The energy-resolved emission consists of »
distinct components, resulting in the energetic splitting
of the Av =0 emission. In particular, the following
quantitative aspects of the energy-resolved emission
spectrum equation (V. 10), should be noted: (a) The en-
ergies of the components of the Av =0 emission for fixed
7wy and Awg provides a direct measure of the energetic
spread of the {|K;)} NME’s in the S, manifold. (b) The
relative intensities of the components of the Av =0
emission are determined by the amplitudes {a}} and
{bL}, which are governed by the intrastate anharmonic
coupling.

(2) Range B. The statistical limit. The level struc-
ture of the NME’s is now dense. Under these circum-
stances a single |J,) NME cannot be photoselected as
the resonances overlap. The onset for overlap of reso-
nances is exhibited when spacings become smaller than
widths,

|EW;) -EW,) S vE), ¥(E,),

for pairs of NME’s. Now, the transition amplitudes in
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Eq. (V.9) contain a superposition from a large number
of {|J;)} NME’s in the S, manifold and the contribution
of interference terms. The broadened emission spec-
trum incorporates two major ingredients: (1) an ener-
getic effect determined by the delta functions in Eq.
(V.9), originating from the spread of the {|K,)} NME’s
in the S, manifold and (2) the distribution of the transi-
tion amplitudes. The energetic broadening of the Av =0
emission resulting from photoselection in the statistical
limit again reflects the energetic spread of the {IK,)}
ground state NME’s. The red shift of the peak of the
Ap =0 emission apparently stems from different dis-
tributions of the mixing amplitudes {a’,} and {3} in the
two electronic configurations.

To conclude this discussion of the spectroscopic im-
plications of intramolecular vibrational energy redis-
tribution in the S; manifold of a large molecule, it is
important to emphasize the universal features of in-
tramolecular coupling and dynamics in a bound molec-
ular level structure® manifested by the close analogy
between the intrastate level structure considered herein
and the well-established description of interstate cou- -
pling and electronic relaxation, 251315

VI. ELECTRONIC RELAXATION FROM THE S,
MANIFOLD

We have studied the time-resolved fluorescence de-
cay of tetracene seeded in supersonic expansion of Ar
following photoselective excitation. The time-resolved
emission of states at excess vibrational energies E,
=0-4000 cm™ was investigated. Typical experimental
time-resolved decay curves are presented in Fig. 21.
The time-resolved fluorescence exhibited a single ex-
ponential decay mode over two orders of magnitude.
The decay lifetimes of the isolated ultracold molecule
are summarized in Table I. The lifetimes 7 of photo-
selected states at E, =0-4000 cm™ drastically differ,
both in respect to their absolute values and their E,
dependence, from the lifetimes of the S, state of tetra-
cene obtained from low-pressure bulb experiments at
room temperature. %+¢* The dramatic change in the life-
times in the range of the electronic origin and the 314
em™ vibration upon cooling of the molecule is demon-
strated in Fig. 22. The lifetimes of poorly defined ini-
tial states excited in the sequence bands of “hot” tetra-
cene expanded in Ar at p =28 Torr vary in the range
T=5-14 nsec. These relatively short lifetimes ob-
tained herein by excitation of the “hot” molecule are
in qualitative agreement with the lifetime data of Okajima
and Lim® for this molecule in the bulb at 210°C. This
agreement between the present data for the hot molecule
at p =28 Torr and the bulb experiment® provides further
credibility to the experimental techniques employed by
us. ' Unfortunately, these decay lifetimes of the hot mol-
ecule® do not yield information concerning the lifetimes
of well-defined photoselective vibrational states, as at
high temperatures sequence congestion effects prohibit
photoselective excitation, and the excited states corre-
spond to considerably higher effective value of E,.

The lifetimes summarized in Table I refer to the de-
cay of states at photoselected well-defined values of E,.
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FIG. 21, Typical time-resolved radiative
decay lifetimes of tetracene cooled in a

B supersonic expansion of 180 Torr Ar ex-

o panded through a 160-u nozzle. The tem-
poral Gaussian profile of the laser (marked
laser stray light and measured in the ab-
sence of tetracene) is characterized by

= Eq. (II.1). Note that the intensity of the

* laser stray light decreases by more than
two orders of magnitude over a single Bio-
mation (10 nsec) channel. The excitation
N wavelengths are marked on the lines. The
- lifetimes 7 (in nsec) are also indicated

on the lines.

In range A and range AB, well-defined vibrational states
are photoselected and their subsequent decay is interro-
gated, whereas in range B the excitation involves a man-
ifold of states in the vibrational quasicontinuum. We
have failed to observe any dependence of the radiative
decay lifetime on the rotational states. In an admittedly
crude experiment the rotational envelope of the elec-
tronic origin was excited at four different energies,
which correspond to energies of —3.0 cm™, - 1,2 em™,
0.8 cm™, and 2.8 em™, relative to the center of the @
branch, i.e., the minimum of the double-humped rota-
tional envelope. The decay lifetimes were in the range
19.3+ 1 to 20.4+ 1 nsec, being invariant (within the ex-
perimental uncertainty of 10%) to the nature of the photo-
selected group of rotational states.

In Fig. 22 we portray the dependence of the experi-
mental fluorescent lifetimes 7 of photoselected vibration-
al states within the S; manifold on the excess vibrational
energy. These experimental decay lifetimes are deter-
mined by the well-known relationship

Mr=(r) e (m,),

where 7, is the pure radiative lifetime, and 7,, repre-
sents the nonradiative lifetime due to intramolecular
electronic relaxation. In principle, both 7, and 7, de-
pend on the initially excited state. However, for a
strongly allowed electronic transition, as is the case
for the So('A,,) - S;(!B,,) excitation of tetracene which
exhibits only a small nuclear configurational distortion
upon excitation, we expect that the pure radiative life-
time is only very weakly dependent on the initial vibra-
tional state. For totally symmetric a,, vibrational ex-
citations (and their combinations) in the S; manifold, it
is safe to assume that the electronic transition moment
is constant and vibrational sum rules for all the radia-
tive transitions S,('By,,a},) =~ So(*A4,, ajl) taken over all
the final vibrational statesaj, do apply. According, the
only dependence of 7, on the initial vibrational state is
due to the v® factors (where v is the frequency of pho-
tons emitted in each channel), which introduce a minor
correction. For vibronically induced b,, vibrational ex-
citational excitations in the S; manifold, the major con-

(V1. 1)

tribution to 7, originates from the radiative transitions
S1(*Byy; b3,) ~So(*Ay,; biLajl) with by, =bi,, so that the

approximate sum rule for all final aj, vibrational states
does hold. We can thus conclude that the experimental
7 data of Fig. 22 provide us with a measure of the gen-

T T

T T
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Seso I
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(35]
0 1 | 1 ] 1
4390 4415 4440 4465 4490 4515
o
WAVELENGTH (A)
FIG. 22. The effect of sequence congestion of lifetimes of te-

tracene following photoselective excitation. The curves repre-
sent fluorescence excitation spectra of tetracene in Ar. The
radiative decay lifetimes are denoted by numbers in square
brackets [ | and are given in nsec. Lifetimes were measured
in the viecinity of the electronic origin and near the 314 cm™!
vibration. The upper curve with lifetimes in the range 5-14
nsec corresponds to ‘“hot” tetracene expanded in Ar at p=28
Torr. Under these circumstances, sequence congestion is
severe. The lower curve corresponds to vibrationally cool
tetracene expanded in Ar at p =210 Torr.
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eral trends of the nonradiative decay lifetimes for elec-
tronic relaxation. Our data provide quantitative infor-
mation concerning the relative quantum yields for radia-
tive decay. The quantum yield for fluorescent emis-
sions is given by

Y=1/1, . (V1. 2)

Provided that the pure radiative lifetime is practically
independent of the initial state v;’, the relative emission
quantum yield Y(v{’}/Y(0) from the v, state normalized
to the emission yield from the electronic origin is just
given by the ratio of the experimental decay lifetimes:

Y(v{")/Y(0) =1(v;")/7(0) . (VL. 3)

Strong experimental support for the validity of Eq.

(V1. 3) and vida infra for the independence of 7, on the
initial state is obtained from the quantitative agreement
between the Franck—Condon factors obtained in Sec.
IVF (see Table VI) for the 314 cm™ vibration from the
fluorescence excitation spectra and from the energy-
resolved emission. The relative emission quantum
field from v{’=314 cm™! is obtained from the energy-
resolved data of Sec. IV F in the form

Y(v{)/Y(0) = (“‘—°—L)(—M)

(V1.4)
Ag.yp By. vy

Equation (VI.4) yields the value Y(v]’)/Y(0) =1.60+ 0. 15,
which is in excellent agreement with the direct determi-
nation of the relative quantum yield, Eq. (IV.3), which
gives Y(v}')/¥(0)=1.59+0. 15 for the 314 cm™! vibra-
tion.

The general features of the dependence of 7, and of
the relative emission quantum yield, on the excess vi-
brational energy (Fig. 23) can be summarized as fol-
lows:

(1) The lifetimes and the relative emission yields in-
crease with increasing E, at low values of E,, reach-
ing a maximum at E,~ 600 cm™. The experimental life-
times of the 314 cm™, 600 cm™, and 750 cm™ vibration-
al states are close to the pure radiative lifetime 75~ 30-
35 nsec® estimated from the oscillator strength. %% 8!

(2) Excitation of vibrational fundamentals and their
combinations at low excess vibrational energies E,
=0-1400 cm™ result in an increase of the experimental
lifetime and in the enhancement of the emission quan-

tum yield, as compared to their values at the electronic
origin. Thus, at these low excess vibrational energies

we observe retardation of the electronic relaxation rate,
(1,,)"! with increasing E,.

(3) In the energy range E, =1500-2000 cm™, 7 and
the emission quantum yield decrease quite fast with in-
creasing E,, the relative emission quantum yield de-
creasing by a numerical factor of four in this energy
range.

(4) In the high-energy range E, = 2000-4000 cm™, 7
is practically constant, being independent of the excess
vibrational energy. %

These experimental data provide central information
concerning electronic relaxation from photoselected
states in the S; manifold of the tetracene molecule. It
is quite safe to assume that the only open decay chan-
nels in the energy range studied herein involve nonre-
active electronic relaxation to lower electronic config-
urations, i.e., S;~7T,and S;~S,. It is reasonable to
assume that both these channels correspond to the sta-
tistical limit for electronic relaxation. Unfortunately,
direct information concerning the branching ratio be-
tween these channels is not yet available. Needless to
say, such information has to be obtained for the isolated
ultracold molecule. In what follows we shall have to
invoke some untested and unsafe assumptions and con-
jectures to specify the decay channels. The two truly
surprising features of our photoselective dynamic stud-
ies are the retardation of the electronic relaxation rate
at low Ey and the practical independence of 7 and of the
electronic relaxation rate in E, for high excess vibra-
tional energies. Both observations are in contrast to
most theoretical predictions. '™ we ghall now pro-
ceed to discuss separately the features of the ER rate
in the low and in the high E, regions.

The retardation of the ER rate, relative to the ER dy-
namics of the electronic origin, is exhibited for Ey,=0-
1500 cm™. In particular, the surprising increase of 7
with increasing E; is exhibited for E, =0-750 cm™,

This energy region corresponds to range A, according
to the classification of the level structure (Sec. V),
where the S, vibrational level structure is sparse. In
this energy range individual, nearly harmonic, vibronic
levels are photoselected, and their interstate ER is sub-
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sequently interrogated. In this low-energy range each
vibronic level acts on its own and IVR is not exhibited,
whereupon the molecule cannot act as its own heat bath.
The dependence of the ER rate v, (Ey)=[7(E,)]  on E,
in range A can be estimated on the basis of numerical
model calculations based on the harmonic model for in-
terstate decay of individual vibronic levels.!" Three
general trends for the dependence of v, (E,) on E, can
be exhibited.!” (a) For a large electronic energy gap
relative to the characteristic vibrational frequencies,
Y..{Ey) exhibits a fast, nearly exponential increase with
increasing E,. (b) For moderate values of the electronic
energy gap, v,,(Ey) exhibits a moderate, close-to-linear
increase with increasing Ey. (c¢) For small values of the
electronic energy gap, 7,.{E,)”! initially decreases with
increasing Ey, reaching a minimum and then starts in-
creasing. This effect originates from the decrease of
the nuclear Franck—Condon factors at small values of
the energy gap with increasing Ey,. The experimental
observation of the retardation of the ER rate of photo-
selected states in the S; manifold of tetracene at low
values of E, can tentatively be accounted for in terms

of S, ~ T, intersystem crossing, which corresponds to
case (c). This mechanism requires a small electronic
energy gap between the electronic origins of the two
electronic states. Two comments are in order at this
point. First, from the point of view of methodology,
the general mechanism proposed herein for S;~ T, in-
tersystem crossing at low values of E, is consistent
with our recent observation of the heavy atom effect on
ER of the electronic origin of low vibrational levels of
tetracene—-Kr, and tetracene-Xe, van der Waals com~
plexes.?® Second, from the practical point of view, the
intersystem S, — T, crossing may be intermediated by a
T, electronic configuration lying closely to the electron-
ic origin of S;. The coupling of S; with T, which in turn
is effectively coupled to a T; quasicontinuum, will pro-
vide the small energy gap required to account for the
interesting retardation effect of the ER rate. However,
no experimental or theoretical information is currently
available to test this proposed mechanism.

The observation of the independence (or the very weak
energy dependence) of T on E in the high-energy range
E, =2000-4000 cm™ is interesting and intriguing. The
experimental decay lifetimes in this energy range are
4.5+0.5 nsec with a spread that is smaller than the ex-
perimental uncertainty. As in this range 7 is consider-
ably lower than the pure radiative lifetime, we can as-
sert that the constant lifetime is practically equal to the
nonradiative decay lifetime. Thus, our data imply that
T, 1S constant in this energy range. Two general com-
ments concerning these data are in order. First, the
independence of 7 and of 7,, on E, for high values of E,
is exhibited also in the S, state of the pentacene mole-
cule, where 7=5.5+0.5 nsec in the energy range E;
=1000-3000 cm™.%" Thus, the invariance of T at high
values of E, is expected to be a general phenomenon
in the S, state of very large molecules. Second, the
onset for the independence of 7 on E, sets in at the
threshold of the vibrational quasicontinuum. This ob-
servation establishes an interesting relation between
inferstate ER and intrastate scrambling. We can as-

Amirav, Even, and Jortner: Intramolecular dynamics of isolated tetracene

sert that in range B the ER decay rate is independent

of the excess vibrational energy. The theoretical in-
terpretation of the energy dependence of the nonradia-
tive decay rate is fraught with difficulties as one has

to consider the implications of effective intrastate an-
harmonic mixing on the interstate ER process. An ex-
treme point of view will invoke the assumption that the
“molecule acts as its own heat bath” so that a micro-
canonical thermal distribution is accomplished among
all vibrational degrees of freedom.® Such an extreme
approach will imply that the average energy, e, for
each vibrational degree of freedom is e = E,/S, where

S is the total number of vibrational degrees of freedom.
Thus, for tetracene at E, =4000 cm™, we get e =50
em™, so that the vibrational temperature is quite low.
Such an extreme view of complete intramolecular vibra-
tional distribution will imply that the nonradiative life-
times in range B will be close to the nonradiative life-
time of the electronic origin. This conclusion does not
concur with the experimental data as for the electronic
origin 7,,~ 50 nsec (estimated from the experimental
value 7 =20 nsec and taking 7, =35 nsec), while in range
B 7,,~4.5 nsec, Thus the molecule excited in range B
does not act as a simple thermal bath. We conjecture
that the weak dependence of 7 and of the ER rate in
range B originates from the effects of effective but se-
lective intrastate anharmonic mixing involving a subset
of the vibrational states. Such an interplay between non-
democratic selective intrastate scrambling and inter-
state ER in large molecules is of considerable experi-
mental and theoretical interest, and, undoubtedly, many
examples of such phenomena may be unveiled in the fu-
ture.
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