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In this paper we report the results of an experimental study of the formation kinetics, excited-state energetics,
interstate electronic relaxation, and intrastate nuclear dynamics in electronically-vibrationally excited states
of van der Waals molecules, consisting of a tetracene(T) molecule and rare-gas (R) atoms. The TR,, molecules
were synthesized in seeded supersonic jets. Excited-state energetics and dynamics of TR, molecules were
explored by laser spectroscopy in supersonic expansions, interrogating the fluorescence action spectra, the
energy-resolved emission, the relative emission quantum yields, and the time-resolved emission. Spectroscopic
diagnostic methods for the identification and characterization of the chemical composition of TR,, complexes
involved the dependence of the spectral features on the identity of the rare gas, an intensity conservation rule
for the intensities of TAr, and of T, the pressure dependence of the intensity of the bare T molecule, the
pressure dependence of the intensity of the spectral features of the TR, molecules, and their order of
appearance. We were able to identify the following 13 molecules: TAr, (n = 1,2,.7), TKr, (n = 1,2,3,4), and
TXe, (n = 1,2), and to assign the spectral features which correspond to the vibrationless S—S, excitations of
these molecules. For TAr,, TAr,, TAr;, TKr;, and TKr,, a single spectral feature corresponding to each
molecule was observed, providing evidence against the existence of distinct chemical isomers of these
molecules. For TKr,; and TKr, a multiple spectrum consisting of several bands for each chemical composition
was observed, which was tentatively assigned to chemical isomers of these molecules. The TXe, and TXe,
spectra reveal, in addition to a main band, weak satellites which were tentatively attributed to vibrational
structure. The red spectral shifts of the vibrationless and the 314 cm~' §;—S, electronic excitations of all
TR, molecules from the corresponding excitation of the bare T molecule are dominated by dispersive
interactions, the red shifts for the TR, (R = Ne, Ar, Kr, and Xe) molecules being proportional to the
polarizability of the R atom. The spectral shifts of TR, molecules are not additive per added atom, the
violation of the additivity law being attributed to the occupation of geometrically inequivalent sites by the R
atoms. To demonstrate the universality of van der Waals molecule formation by large aromatics, we have
studied the energetics of T(N,), {n = 1-3) molecules and obtained preliminary spectroscopic data on T{C,H,)
and T(H,0). We have studied, subsequently, microscopic solvent effects on electronic relaxation from the
vibrationless S, state and from the 314 cm~' vibrational excitation of this state of tetracene embedded in well
characterized TR, complexes. The decay lifetimes 7 of the vibrationless S, electronic state of TNe, and TAr,
(n = 1,2,---7) molecules are in the range 7 = 172 to 34=3 nsec, being close to or somewhat higher than the
lifetime 7, = 192 nsec of the electronic origin of the bare T molecule. The lifetimes of the vibrationless level
of TKr,, TKr,, TKr;, and TKr, molecules (r =6 + 1 to 8= 1 nsec} and of TXe, and TXe, complexes (7 ~ 1.5
nsec) reveal a dramatic shortening relative to 7, which is attributed to the heavy atom enhancement of
S, —T crossing. The lifetimes of TKr, (# = 1-4) and of TXe, are practically independent of the coordination
number, whereupon the heavy atom enhancement of intersystem crossing in these systems essentially
originates from T-Kr and T-Xe single-pair interactions. We also explored some effects of intrastate nuclear
dynamics in the §, state of TAr, and of TKr, molecules. We have demonstrated that the 314 cm™!
vibrational excitations of TAr, and of TKr, do not result in vibrational predissociation on the (nsec) time scale
of the excited-state lifetime, the reactive channel being presumably closed. The heavy atom effect on the decay
lifetimes of TKr, was utilized to search for the onset of vibrational predissociation, which is exhibited at
excess vibrational energies of 1250 cm ™' above the electronic origin.

times, * solvent-induced electronic relaxation in mole-

cules corresponding to the intermediate level struc-

Considerable effort in the broad area of physical
chemistry was directed towards the elucidation of sol-
vent effects on the energetics and intramolecular dyna-
mics of vibrationally -electronically excited guest mole-
cules embedded in solutions, glasses, and solids, In
this context extensive studies of excited-state energetics
of molecules in a condensed medium were conducted ex-
ploring spectral shifts of electronic energy levels'~® and
solvent perturbations of intramolecular vibrational fre-
quencies.* Studies of medium effects on excited-state
dynamics considered a broad spectrum of photophysical
phenomena, such as solvent effects on radiative life-
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ture,®? solvent perturbations of electronic relaxation

in molecules, which correspond to the statistical limit, %®
and medium-induced molecular vibrational relaxation. ®
The information emerging from such studies is inherently
limited because of several reasons, First, the cumula-
tive effects exerted by the host medium on the guest
molecule consist of a superposition of individual pair

(or higher -order) contributions from the distinct solvent
species, Second, the host—guest interactions are de-
termined by the local structure of the solvent around the
solute. Third, the guest-host interactions may be com-
plicated by dynamic motion of the solvent, i.e., phonon
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coupling effects. Consequently, the microscopic in-
formation regarding the effects of intermolecular inter-
actions on energetics and intramolecular dynamics can-
not readily be disentangled from traditional experimen-
tal data on solvent perturbations in a dense medium,
Solvent effects on excited-state energetics and dynamics
can be studied by embedding a “guest” molecule in a
van der Waals (vdW) complex, rather than in a dense
medium. vdW molecules'®™ ! are weakly bound molecu-
lar complexes held together by attractive interactions
{(e.g., dispersive, electrostatic, charge transfer, hy-
drogen bonding) between closed-shell atoms or mole-
cules. The primary characteristics of vdW bonds are
their low (10—-1000 cm™) dissociative energies, the
long bond length, and the retention of many of the in-
dividual properties of the molecular constituents within
the vdW complex. ! Consequently, a vdW complex
consisting of a diatomic or polyatomic molecule and
simple ligand(s), such as rare-gas atoms, can be viewed
as a guest molecule embedded in a well-characterized
local solvent configuration whose excited-state features
can be studied.

Supersonic expansion beams offer an excellent medium
for the production of a variety of fascinating weakly
bound vdW molecules!™!® and molecular clusters, }*2°
During the last few years there have been extensive

studies of the ground state structure and energetics, 102+ 2

the excited-state energetics, %1% a5 well as the dynam-

ics of vibrational predissociation!®=1%1718:23:2¢ of yqw
molecules. Studies of the energetics and intramolecular
dynamics of vdW molecules are expected to yield basic
information on solvent perturbations as explored from
the microscopic point of view. With this goal in mind,
we have undertaken an experimental study of the forma-
tion kinetics, the energetics, and intramolecular dynam-
ics in vibrationally —electronically excited states of vdW
molecules consisting of large aromatic molecules, such
as anthracene, tetracene, or pentacene, and rare-gas
atoms. These large vdW molecules were synthesized
in seeded supersonic expansions. By an appropriate
choice of the stagnation pressure and of the nozzle dia-
meter, we were able to accomplish selective, gradual,
and controlled solvation of an aromatic molecule with
rare-gas atoms. The most extensive data were ob-
tained for the tetracene(T)-rare-gas(R) vdW mole -
cules, which constitute the main theme of the present
paper. The experimental interrogation techniques are
based on energy-resolved and time-resolved spectro-
scopy in supersonic expansions, %+2% monitoring photo-
selected states of well-defined TR, molecules in their
first electronically excited singlet configuration, The
major accomplishments of the present study can be
summarized as follows:

Synthesis: Studies of the formation kinetics of TR,
molecules provided diagnostic spectroscopic criteria
for the identification of the individual vdW complexes.
The quantitative aspects of the formation kinetics of
large vdW TR, molecules are of interest for the un-
derstanding of nucleation processes, as approached from
the microscopic point of view.

Spectral shifts: The investigation of the excitation
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energies of the individual T-R, complexes provides
interesting information on the spectral shifts exerted
by rare gases on the S;— S, excitation of T. In con-
trast to the extensive work on solvent shifts, =3 the
present study provides direct information on molecule-
solvent interactions in well-defined systems, providing
a novel approach for exploring spectral solvent shifts
from the microscopic point of view.

Solvent effects on electronic relaxation: We have
studied the consequences of microscopic solvent per-
turbations excited by an “inert” solvent on electronic
relaxation in the S; state of tetracene by investigating
the effects of vdW complexing on the time-resolved
emission from the vibrationless S, state of individual
TR, complexes. We have recorded modest solvent
effects, i.e., changes in the decay lifetimes ~50%, on
the lifetime of the S, electronic origin of T in TNe, and
TAr, complexes, as compared to the lifetime of the S,
electronic origin of the bare T molecule.

The heavy atom effect: We have demonstrated'® the
occurrence of the external heavy atom effect?™3" on the
S, - T, electronic relaxation of T in “isolated” TKr,
and TXe, complexes in supersonic expansions by observ-
ing a dramatic shortening of the emission lifetimes
and a reduction in the emission quantum yields from the
S, electronic origin of T in these complexes. These
studies provide a novel approach for exploring micro-
scopic solvent effects in electronic relaxation.

Intramolecular vibrational enevgy vedistribution:
Nonreactive intramolecular vibrational energy flow in
TAr, complexes at low levels of vibrational excitation
was investigated by probing the energy-resolved emis-
sion, Photoselection of low-lying vibrationally excited
states below the T-Ar dissociation energy results in vi-
brational energy redistribution in the vdW complex.

Decomposition of vibrationally excited complexes:
Reactive vibrational predissociation (VP) of TKr, com-~
plexes was studied by probing the time-resolved emis-
sion. Utilization of the external heavy atom effect on
electronic relaxation enabled us to distinguish between
the decay of the complex and the decay of the bare
molecule, which results from VP of the TKr complex,
These studies provide some information on the bonding
energies of R atoms to large aromatic molecules.

These studies of excited-state energetics and dynam-
ics of large TR, vdW complexes in supersonic beams
are of considerable interest for establishing relations
and correlations between the energetic and dynamic
features of free molecules and of those molecules in
condensed phases.

Il. EXPERIMENTAL DETAILS

The experimental techniques developed in our labora-
tory for laser spectroscopy in supersonic expansions
were already described in detail,?*% Briefly, our
supersonic beam apparatus uses a 6 in. diffusion pump
(Varian VHS 6) backed by a (Alcaltel) rotating pump with
a pumping speed of 500 liter min~!. This pumping sys-
tem was utilized for supersonic free expansions through
a D=150 . nozzle of Ar, Kr, and Xe at the stagnation
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pressures of p =50-1500 Torr. For some high flow
experiments, where seeded Ne and nitrogen were ex-
panded at p =3000--8000 Torr through the D=150 n
nozzle, only the Alcaltel rotatory pump was employed. %
A gaseous mixture of the diluent gas at p =50-1500
Torr for Ar, Kr, and Xe and p =3000-8000 Torr for Ne
and N, seeded with tetracene, which was heated in the
sample chamber to 220 °C (vapor pressure 10°! Torr®),
was expanded through the nozzle. The diluent gas

was sent through a stainless steel chamber containing
the heated solid sample of tetracene. The mixing of
the diluent with the seeding molecule is effective to en-
sure a constant partial pressure of tetracene in the
gaseous mixture prior to the supersonic expansion.
The assumption of a constant partial pressure of the
tetracene molecule in the gaseous mixture implies that
the solubility®® of the aromatic molecule in the diluent
is small. On the basis of the quantitative data for the
solubility of naphthalene in compressed gases, ¥ we
estimate that at p =1000 Torr the solubility of this
aromatic molecule will increase its concentration by
2%, which is negligible. Thus, in the pressure range
p =100-1000 Torr, where we shall provide a quantita-
tive analysis of the experimental data, the partial
pressure of the tetracene molecule can be safely as-
sumed to be constant.

Our interrogation methods are based on monitoring
the fluorescence action spectrum, the time-resolved
fluorescence, and the energy-resolved fluorescence
following laser photoselective excitation. The seeded
supersonic expansion was crossed by a nitrogen pumped
pulsed dye laser (Molectron DL2) with a spectral width
of 0,3 em™ and a temporal Gaussian pulse shape with
a pulse width (HWHM) of 4 nsec. In most of our experi-
ments performed at the stagnation pressure of p =50—
1500 Torr the laser crossed the supersonic beam at 7
mm down the nozzle. In some experiments performed
at p =3000-8000 Torr the laser crossed the beam at
3.5 mm down the nozzle. The fluorescence was col-
lected through a lens and detected by a photomultiplier.
The fluorescence action spectrum, corresponding to the
intensity of the total fluorescence vs the continuously
scanned laser wavelength, was recorded by a boxcar
integrator after normalization to the laser intensity.
Lifetimes were measured by a biomation transient re-
corder (model 8100) with a time resolution of 10 nsec/
channel and were averaged by a home-built signal
averager. The decay of the fluorescence signal was
measured over 2-3 orders of magnitude. Lifetimes
longer than 5 nsec could be determined with an ac-
curacy of £10% directly from the output of the signal
averager. As demonstrated by numerical simulations
for lifetimes longer than 5 nsec, no deconvolution pro-
cedures of the signal were required.?® The energy-
resolved fluorescence resulting from laser excitation
of the seeded jet at a fixed wavelength was collected
and imaged by a lens onto the entrance slit of a mono-
chromator and detected by a photomultiplier, The
spectral resolution of these energy-resolved fluores-
cence spectra was 7 A (30 cm™!), while the accuracy of
the positions of the peaks of the individual spectral fea-
tures was estimated to be +10 em™!.
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FIG. 1. Fluorescence excitation spectra of the Sg— S; elec-
tronic origin of tetracene and of TAr, complexes in a supersonic
expansion. Tetracene (at a fixed vapor pressure of 0,1 Torr)
was seeded into Ar and expanded through a 150 ¢ nozzle. The
backing pressures are indicated on the figure. The bandwidth
of the exciting laser was 0.3 cm™ and the laser crossed the
supersonic jet 7 mm down the nozzle, All fluorescence excita-
tion spectra are normalized to the laser intensity. The vibra-
tionless 0—0 of the bare tetracene molecule at 4472 A is marked
0-0. All these fluorescence excitation spectra were measured
on an absolute intensity scale; the relative intensities I of the
bare molecule 0—0 band are I =1,00 at p=180 Torr, I =0,50 at
=478 Torr, I=0.33 at p =609 Torr, [=0.20 at p=710 Torr,
and I=0,10 at p =853 Torr.

ill. SPECTROSCOPY OF TR, van der WAALS
COMPLEXES

Figures 1-3 portray the fluorescence excitation spec-
tra in the range, 4460-4580 A of tetracene seeded in
supersonic expansions of Ar, Kr, and Xe, respectively.
The spectra at p =180 Torr of Ar, p =135 Torr of Kr,
and p =100 Torr of Xe reveal a strong main feature peak-
ing at 4472 A, which is independent of the nature of the
diluent gas. On the basis of our spectroscopic studies?®
of the ultracold tetracene molecule the 4472 A feature
is assigned to the electronic origin of the lowest spin-
allowed S,(*A,,) ~ S,(B,,) transition of the isolated bare
molecule. At the lowest pressure of the rare-gas di-
luents shown in Figs. 1-3, the internal cooling of the
large molecule is efficient to eliminate all vibrational
sequence congestion, Each of the spectra taken at these
lowest pressures of the rare-gas diluents (p =180 Torr
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FIG. 2. Fluorescence excitation spectra of the Sy— S, elec-
tronic origin of tetracene and of TKr, complexes. Tetracene
(at a fixed vapor pressure ~0.1 Torr) was seeded in Kr and
expanded throughthe 150 1 nozzle, All experimental conditions
areasinFig. 1. Thevibrationless 0—0 excitation ofbare tetra-
cene at 4472 A is marked 0~0. All these fluorescence excita-
tion spectra were measured on an absolute intensity scale; the
relative intensities I of the bare molecule 0-0 band are I =1,00
at p =135 Torr, I =0.50 at p=275 Torr, I1=0,33 at p =330 Torr,
I=0.20 at p=391 Torr, andI=0.10 at p =465 Torr.

Ar, p=135 Torr Kr, and p =100 Torr Xe) exhibits an
additional single weak spectral feature which appears on
the low energy side of the electronic origin of the bare
molecule (Figs. 1-3). The red spectral shifts 6v for
this satellite are 6v=35 cm™ in Ar, 6v =70 cm"! in Kr,
and 6r=101 cm™! in Xe. The weak satellite bands, which
depend on the nature of the diluent gas, are tentatively
attributed to the tetracene-rare-gas (TR) (R =Ar, Kr,
and Xe) vdW molecule and this assignment will be borne
out by the kinetic analysis of Sec. IV, Increasing the
stagnation pressure of the heavy rare gas results in the
appearance of a multitude of new spectral features on
the low energy side of the 0-0 transition of the bare
molecule (Figs. 1-3). Three general characteristics

of these new spectral features should be noted. First,
the energies of these spectral features depend on the
identity of the diluent rare gas. Second, the intensities
of the features exhibit a strong dependence on the
stagnation pressure. Third, with increasing the stagna-
tion pressure the spectral features at lower energies be-
come more prominent, The new additional spectral fea-
tures are attributed to TR, (R=Ar, Kr, and Xe) vdW
molecules with various coordination numbers n. All

the spectral features appearing on the low energy side
of the electronic origin of the bare tetracene molecule
are assigned to vibrationless 0-0 transitions of TR,

Amirav, Even, and Jortner: Large van der Waals complexes

molecules. The interpretation is consistent with the
dependence of the energies of the spectral features as
the identity of the diluent and will be borne out by the
quantitative analysis of the pressure dependence of the
intensities and by the energy-resolved spectra, which
will be discussed in Secs. IV, V, and IX.

The effective formation of vdW complexes of large
molecules with the heavy rare gases Ar, Kr, and Xe
is a consequence of the absence of appreciable effects
of velocity slip in these beams.?® In these heavy di-
luents there is a proper velocity matching between the
tetracene and the diluent favoring complex formation,
On the other hand, in a light diluent, e.g., Ne or He,
one expects an appreciable velocity slip between the
tetracene and the diluent in the initial stages of the

p=100 TORR

I N
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M’ —— . XI10

}_JL__._A_ A

p=18I TORR

p=2i8 TORR

INTENSITY (ARBITRARY UNITS)
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_J ~ L

A — T

p=256 TORR

x3

,JLAI_LA_A__'J\FAA.T,__#
4460 4510 4560

WAVELENGTH (A)

FIG. 3. Fluorescence excitation spectra of the §;—S; elec-
tronic origin of tetracene and of TXe, complexes, Tetracene
(at a fixed vapor pressure of ~ 0.1 Torr) was seeded in Xe and
expanded through the nozzle. All experimental conditions are
as in Fig. 1. The vibrationless 0—0 excitation of bare tetra-
cene at 4472 A is marked 0~0. All these fluorescence excita-
tion spectra were measured on an absolute intensity scale; the
relative intensities I of the bare molecule 0—0 band are I =1, 00
at p =100 Torr, I=0.50 at p =153 Torr, I =0.33 at p=181 Torr,
I=0,20 at p =218 Torr, and I =0.10 at p =256 Torr. The fluo-
rescence excitation spectra of the TXe, molecules are displayed
in two intensity scales, as marked on the figure.
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FIG. 4. Fluorescence excitation spectra of tetracene (vapor
pressure of 0.1 Torr) in supersonic expansions of Ne. The
pressures of Ne are indicated on the spectra. In these high-
flow experiments the laser crossed the jet at 3 mm down the
nozzle. At p=7800 Torr a new spectral feature located at v
=5 em™! towards lower energies from the 4472 A 0—0 band of
the bare tetracene molecule is observed. The lowest spectrum
shows again the fluorescence excitation at p =7800 Torr on an
expanded (X 2) wavelength scale. The numbers in square brack-
ets [ ] represent the decay lifetimes (in nsec) of the individual
spectral features.

-

4460

expansion, so that complex formation will be ineffective.
Only at a later stage of the expansion in a light diluent
is the velocity slip reduced and three-body low-energy
collisions required for complex formation can prevail.
However, then the pressure is low and complex forma-
tion is ineffective. Consequently, vdW molecules be-
tween Ne and He are expected to be formed only at ap-
preciably higher stagnation pressure than for Ar, Kr,
and Xe. To demonstrate the effect of the velocity slip
on the degree of vdW complexation of tetracene, we
present in Fig, 4 the fluorescence excitation of tetracene
seeded in Ne in high-flow supersonic expansions.?® At

p =3900 Torr weak sequence bands of the isolated mole-
cule, whose intensity is ~1% of the 0-0 transition, are
still exhibited. Only at p =7800 Torr additional

bands, attributed to TNe with 6v =5 cm™! and to higher
{unidentified) TNe, complexes, were exhibited. Using He
as a diluent, we were unable to observe any vdW com-
plexes between He and tetracene up to p =8000 Torr,

2493

IV. FORMATION KINETICS AND SPECTROSCOPIC
ASSIGNMENTS

The spectral features appearing on the low energy
side of the 0-0 transition of the bare molecule were
assigned to the vibrationless electronic transitions of
TR, vdW molecules. The spectroscopic identification
of the TR, complexes with respect to their chemical
composition is of interest for several reasons. First,
it is interesting to inquire whether several TR, chemical
isomers with a fixed value of » but with geometrically
inequivalent sites for the R atoms are energetically
stable for such large vdW molecules. In this case one
expects several distinct spectral features corresponding
to a single chemical TR, composition. Second, low
frequency vibrational structure, involving vibrational
modes of the R atoms relative to the aromatic mole-
cule, may be exhibited in the spectrum, In this case
a multiple spectrum with several distinct spectral fea~-
tures corresponding to a single TR, molecule will be ex-
hibited. The distinction between a multiple spectrum
originating from chemical isomers or from the low
frequency vibrational structure of a single vdW mole-
cule can be ambiguous, and one has to rely on model
calculations of such vibrational structure as well as on
indirect arguments based on a comparison of the spec-
tra of TR, molecules with variable coordination num-
bers. Third, the identification of the parentage of the
individual spectral features is important for the elucida-
tion of the effects of microscopic solvent perturbations
on the energetics of electronic excitations of the large
molecule. Fourth, on the basis of the identification of
the parentage of the individual spectral features, one
can interrogate excited-state interstate and intrastate
dynamics of a photoselected excited state of a TR,
molecule. Fifth, the understanding of the formation
kinetics of these complexes between large aromatic
molecules and rare-gas atoms is of intrinsic interest.
In particular, it is intriguing to inquire whether vdw
formation between T and R atoms involves a three-
body collision, as is the case for vdW complexes between
small molecules and rare gases, or whether a sticky
TR complex characterized by a long lifetime can be
produced via a two-body collision with the large mole-
cule acting as an internal “heat bath” for the vibrational
redistribution of the excess energy of the vdW bond.
Sixth, the formation kinetics of such vdW molecules
are relevant for the elucidation of the microscopic
aspects of nucleation.

Several spectroscopic diagnostic methods were
utilized for the identification and characterization of the
chemical composition of various TR, complexes.

Dependence of the energies of the spectral features
attributed to vdW complexes on the identity of the rare
gas: This qualitative criterion mentioned already in
Sec. IIl segregates the spectral features of the bare
molecule from those of the vdW complexes.

Intensilty conservation rule: We shall demonstrate
in Sec. IV.A that the decrease in the intensity of the
0-0 transition of the bare molecule with increasing
stagnation pressure is balanced by the increase in the
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intensities of the spectral features attributed to the

vdW complexes, This conservation rule yields a quanti-
tative diagnostic method, which provides strong support
for our general assignment of the new spectral features
appearing at higher pressures to vdW complexes., In
addition, the intensity conservation rule inspires con-
fidence in our kinetic analysis of the pressure depen-
dence of the intensity data.

Disappearance of the 0-0 transition of the bare mole-
cule: The pressure dependence of the intensity of the
vibrationless transition of the bare molecule T, analyzed
in Sec. IV.B, provides important evidence regarding
the mechanism of the formation of the TR, vdW molecule,
which occurs via three-body collisions.

Pressure dependence of the intensity peaks of the
TR, molecules: The relative intensity of the peaks at-
tributed to the TR, vdW molecule are found to exhibit
a functional dependence of the form p 2" on the stagnation
pressure p at low values of p. At higher pressures a
more complete analysis is required. Such a p?" power
law was used by Smalley, Levy, and Wharton®® for the
identification of Hel, and He,I, vdW molecules. We
shall utilize a slightly improved version of the p*"
power law for the identification of TAr, and TKr, com-
plexes. The pressure dependence of the individual
spectral features provides a conclusive spectroscopic
method for the identification of the chemical composi-
tion of the various TR, vdW molecules.

Order of appearance of the spectral bands: With in-
creasing stagnation pressure spectral features of TR,
complexes with progressively higher coordination num-
ber »n are expected to appear. This semiquantitative
criterion is very useful for the identification of TR,
molecules,

A. Intensity conservation

In measuring the fluorescence excitation spectra of
T in Ar, presented in Fig, 1, we have carefully
monitored the absolute intensities of the 0-0 band of
the bare molecule at different stagnation pressures of
the diluent, while the partial pressure of T in the sample
chamber was maintained constant. The values of the
integrated intensity Ay(p) of the electronic origin of T
in the fluorescence excitation spectrum at the diluent
pressure p are summarized in Table I. It is convenient
to normalize these values of A,(p) to the value Ay(p)
obtained at the pressure p =180 Torr of Ar, where the
molecule is effectively cooled and free of vibrational
sequence congestion, while the vdW complexation is still
negligible., The decrease of Ay(p) with increasing p is
accompanied by the simultaneous increase in the in-
tegrated intensities of the low-energy spectral fea-
tures, which are attributed to vdW complexes. Let us
label by A ,( p) the integrated intensity of the jth low-
energy spectral feature in the fluorescence excitation
spectrum at the pressure p. The indexj=1, 2, 3,...
is taken in order of decreasing energy of the spectral
features which correspond to the (as yet unidentified)
vdW molecules, Provided that the oscillator strengths
and the emission quantum yields for all the vdW com-
plexes are equal to those of the bare molecule, we would
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TABLE 1. Intensity conservation for the formation of tetracene—
Ar complexes.

P (Torr) Ay BV A p) r(p) q(p) <1 >>/7,
180 1. 00 1.12

478 2.00 2.24 1.29 1.04
609 3.00 3.36 2,78 1.18
710 5.00 5.60 5.04 1.10
855 10. 00 11.2 12.87 1.26

expect the intensity data to obey the simple conserva-
tion relation

Ao(P)+Z A,(p) =const (av.1)
1

for all p.

A more careful analysis indicates that the simple
conservation rule (IV.1) does not strictly apply to the
fluorescence excitation spectra we have been analyzing.
Equation (IV.1) has to be corrected for the variation
in the fluorescence quantum yields of the various vdwW
molecules, Let us denote by 7, (j=1, 2,.. .) the ex-
perimental radiative decay lifetime of the S,(0) state of
the vdW complex, which gives rise to the jth peak,
while 7,=19 nsec is the lifetime of the vibrationless
level of the S, state of the bare T molecule. The life-
times of the various TAr, complexes, which were al-
ready briefly reported by us!® and which will be pre-
sented in Sec. V, vary within 50% relative to 7,. We
shall assume that the oscillator strengths and the pure
radiative lifetimes of various TAr, complexes are in-
variant with respect to their chemical composition, be-
ing equal to the corresponding quantities for the S,(0)
state of the bare molecule. The approximate conserva-
tion law (IV.1) has to be replaced by the conservation of
the integrated absorption strengths for the bare mole-
cule and for all the vdW complexes, Let By(p) and B,(p)
be the integrated absorption strengths at pressure p of
the bare molecule and of the jth vdW spectral feature,
respectively. These absorption strengths are given by
the products of an absorption coefficient and the number
of molecules in a given TR, complex or in the bare T
composition. The conservation law can be expressed in
the form

Bg(p)+z B,(p) =const av.z2)
=1

at all p.

Next, we shall invoke the simple relations between

absorption and fluorescence excitation spectra
A, p)=B,(p)T,/T, , (v.3)

where 7, is the pure radiative lifetime, which is taken
to be equal for the bare T molecule and for all TAr,
complexes, being in accord with our previous assump-
tion of equality of all the oscillator strengths. Accord-
ingly, Egs. (IV.2) and (IV.3) result in the relation
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Ag(p) + ‘; (E )AJ(P)

Ty

§=1

Note that Eq. (IV.4) is independent of 7,, being de-
termined by the lifetimes of the T and TAr, molecules,
as well as by the intensities in the fluorescence excita-
tion spectra. Let us assume that the decay lifetime of
a given class of TR, molecules is independent of the
coordination number #. For the TAr, molecules we
shall report in Sec. VIII a variation of 50% in the decay
lifetimes, the value of the ratio

S(p)= gl: A;(P)/; (%)AJ(P)

being S(p) =1,20 at p =450 Torr. Taking an average
value ({7} for the lifetimes of the vdW complexes, the
intensity conservation law can be expressed in the form

(Iv.4)

(Iv.5)

KDY/ 19=q(p)/[r(p)-1], (Iv.6)
where
q(p) Zl A(p)/Ao(D) , (iv.6a)
§=
7(p) =nA,(P)/As(p) , (IV. 6b)
.3 (T AP
77 1+j=21 (T!)AD(E) . (IV.SC)

In Table I we present the relative emission quantum
yields from all the vdW complexes in the tetracene Ar
system at different pressures. The areas A,(p) were
calculated by numerical integration of the spectra of
Fig. 1. The parameter n[Eq. (IV.6c)] was calculated
for each diluent from the relative decrease of the ampli
tude of the peak of the bare molecule at the pressure p
based on experimental results, which will be presented
in Sec, IV.B., These parameters are n=1.12 for T-
Ar, n=1.24 for T-Kr, and 5=1.56 for T-Xe. From
the data of Table I we conclude that the lifetimes of the
TAr, complexes are longer by ~10%~30% relative to the
lifetime of the bare T molecule. This result is in com-
plete agreement with the direct determination of the de-
cay lifetimes presented in Sec. VIII, which reveals a
lengthening of most of the lifetimes of these complexes
by 10%-50%, while the quantitative weighting of the
experimental lifetimes, according to relation (IV.5),
results in {r))/7,=1.20 at p =450 Torr, which is in
reasonable agreement with the results of Table I. It
is apparent that the intensity conservation law (IV.8)
is obeyed for the tetracene—-Ar system within an ac-
curacy of ~20%. This analysis of the intensity con-
servation does not yet enable us to provide an identifica-
tion of the vdW complexes; this goal will be accomplished
on the basis of the pressure dependence of the intensities.
From the analysis of the intensity conservation, two
important conclusions emerge. First, these data pro-
vide compelling evidence for the validity of the assign-
ment of the new low-energy spectral features to elec-
tronic excitation of (as yet unidentified) TAr, vdW
molecules. Second, the present analysis inspires con-
fidence in the experimental techniques utilized by us
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FIG. 5. The dependence of the intensity [T] of the 0—0 transi-
tion of the bare tetracene molecule on the stagnation pressure
p of the rare gas. For tetracene expanded in Ar, Kr, and Xe,
these data obey the relations [T]=[T], exp(-K,p?), where K,
is a three-body recombination coefficient.

for the controlled synthesis of these vdW molecules.
We expect these techniques to be sufficiently accurate
to provide quantitative kinetic information on the for-
mation mechanism of these complexes.

B. Kinetics of complexation of bare tetracene

When the stagnation pressure of the diluent is gradual -
ly increased, the fraction of the bare T molecule de-
creases due to the formation of TR, molecules. We have
followed the disappearance of the 0—0 spectral feature
of the bare T molecule in supersonic expansions of
Ar, Kr, and Xe by monitoring the pressure dependence
of the intensity of the 0—-0 bare-molecule band. Typical
data, portrayed in Fig. 5, demonstrate that the intensity
[T] of the bare molecule obyes the relation

[T}=[T]yexp(- K, p?) , av.m)

where [T]; is a numerical constant, while K, corre-
sponds to a three-body recombination coefficient. From
this result is is apparent that the attachment of the

first rare-gas atom to the large aromatic molecule
proceeds via the three-body recombination process

T+R+R b, TR +R, {Iv.s)

with %, being the recombination rate. The three re-
combination parameters for tetracene in supersonic
expansions of Ar, Kr, and Xe are assembled in Table
II. To provide a semiquantitative treatment of these
data, we shall not lean on the results of several pre-
vious calculations of chemical relaxation, but rather
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TABLE II. Three-body recombination coeffi-
cients between tetracene and rare gases in
supersonic expansions (D =150 y nozzle, tem-
perature =493 °K).

Ky o
Diluent (atm™) (Relative values)
Ar 2.0 1.00
Kr 6.9 1.63
Xe 25.6 2,77

consider a simple one-dimensional calculation of the
recombination process accounting for the density and
temperature profile of the supersonic expansion.* We
consider the change of the concentration T'(z) of tetra-
cene at the point z down the nozzle, where the velocity
is u(z), the sound velocity is V,(z), and the Mach
number is M.

The chemical rate is

aT(z) 8T (2)
of 8z

aT(2)

9z

=ulz) =MV,() (Iv.9)

For the three-body recombination process we have
0T (2)/ 8t =ky(2) p P T2) , (1v.10)

where p(z) is the local diluent density at point z, while
k,(z) is the three-body recombination rate constant at
this point. Utilizing the results for a free-jet expansion
of a chemically inert gas, one can specify p(z) and V,(z)
in terms of their dependence on the Mach number. In

a similar way, once the temperature dependence of k(z)
is specified the recombination rate can also be charac-
terized by the Mach number M. From Egs. (IV.9) and
(IV. 10) one obtains

9lnT(z) _ky(2)pz)
Y T MV

Integration of Eq. (IV,11) results in an explicit relation
for the concentration of tetracene [T] at the interroga-
tion point at the end of the expansion

[T] =[T], exp[- K, p )] ,

where [T], is the tetracene concentration at the nozzle.
The three-body recombination coefficient appearing in
Eq. (IV.12) is

-4 17 (9 ) s

(Iv.13)

where k,(0), V,(0), and p(0) represent the three-body
recombination rate, the sound velocity, and the density
at the nozzle, respectively, and where supersatura-
tion has occurred. M, is the Mach number at super-
saturation, while M, represents the terminal Mach
number,

(Iv.11)

(Iv.12)

Confronting Eq. (IV.12) with the experimental relation

(IV.7) results in an explicit expression for the three-
body recombination rate in terms of Eq. (IV. 13). As-
suming that the lower limit M, of this integral is inde-

pendent of the nature of the diluent, we can assert that
these recombination rates in different diluents are es-
sentially determined by the values of #,(0). We did not
succeed in accounting for the experimental values of

K, in terms of the “soft sphere” model® for three-body
collisions, as the one order of magnitude increase of
the relative values of k,(0) (Table II), going from Ar

to Xe, is much more pronounced than predicted on the
basis of the increase of the strength of the attractive
vdw interaction®® for T-Xe as compared to T-Ar. A
plausible reason for this failure may be due to the
inherent limitations of the soft sphere model* in ac-
counting for three-body recombination of a rare gas
with a large aromatic molecule. Invoking an alternative
empirical approach to characterize the kinetic data,

we set® ,(0) = PKz, where P~1 is the complex stabiliza-
tion probability. z is the rate of collisions of TR with
a third body z =700, where 7 is the mean velocity and
g, is the cross section for two-body collisions. K is
the equilibrium constant®? Ko« 03’2, Accordingly, k,(0)
o« o/ 2.

C. Pressure dependence of the spectral intensities of
TR, molecules

The quantitative features of the complexation kinetics
of the bare T molecule in supersonic expansions of Ar,
Kr, and Xe clearly demonstrate that the TR, vdW com-
plex between tetracene and a single rare-gas atom is
produced via a three-body collision, according to Eq.
(IV.8). On the basis of this observation we can provide
an unambiguous identification of the spectral features
which correspond to the 0-0 transition of the TAr,,
TKr,, and TXe, molecules, whose absorption intensi-
ties are expected to be proportional to pz. We have al-
ready a.nalyzed16 the pressure dependence of the highest
energy pronounced spectral feature of vdW molecules
of tetracene with Ar, Kr, and Xe, which are located at
the following energies 6v below the electronic origins
of the bare molecule: 6v=35 cm™* for Ar, 6v =70 cm™!
for Kr, and 6v =101 ecm™! for Xe. The relative intensity
of these three spectral features, being normalized to the
intensity [T] of the bare molecule, exhibits!® a p? pres-
sure dependence, providing spectroscopic identifica-
tion of the TR, (R=Ar, Kr, and Xe) molecule. To
identify the high TR, complexes we shall invoke a basic
working hypothesis, asserting that the formation mech-
anism of all TR, complexes involves a three-body col-
lision

TR,.; +R+R E’i TR, +R , (Iv.14)

where %, is the three-body rate constant for the forma-
tion of the TR, molecule. These rate constants &, de-
pend on the local temperature, local density, and rela-
tive velocities of TR,.; and R in the supersonic ex-
pansion. It should be emphazied that the mechanistic
assumption concerning three-body recombination of large
aromatic molecules with rare gases is by no means self-
evident. The assumption inherent in Eq. (IV.14) is that
the density of vibrational levels of the large aromatic
molecule in the vicinity of the dissociation energy of

the T-R bond is sufficiently low, whereupon sticky T

+R two-body collisions, where the excess energy is

J. Chem. Phys., Vol. 75, No. 6, 15 September 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



Amirav, Even, and Jortner: Large van der Waals complexes

effectively redistributed in the large molecules, are
inefficient in stabilizing the complexes. The justifica-
tion of this basic assumption will be provided on the
basis of the experimental data.

The local concentrations TR, (z) of the complexes at
the position z can now be readily expressed using the
one-dimensjional description of the supersonic expansion

8TR,(z)/8z =[k,0)f,(2)TR,.,(z)
— ne1(0)fra1 @)TR, (2)] p(0)? (Iv.15)

where E,(0) is the three-body recombination rate at the
nozzle and the diluent density is p(0). f,(z) is a correc-
tion function accounting for the velocity, temperature,
and density profiles in the expansion. For the simple
model already used in Sec. IV, B,

TV [%I))T [I%(%] o -

(v.16)

For the sake of a semiquantitative treatment of the pres-
sure dependence of the abundance of TR, molecules,

we shall at this stage invoke a simplifying assumption
asserting that the three-body rate constants %,(0) are
independent of ». This assumption will be relaxed in
Sec. IV.D.

fale) = fo(M) =

The democratic assumption now implies that the local
rates k,(0) f,(z) are independent of n. Accordingly,
we can define a simple three-body formation coeffi-
cient

K =k(0) f:'f(M)dM/(aM/dz) av.17)
1

for the system. The kinetic equations (IV. 15) are now
analytically soluble, resulting in concentrations

TR, (z,) of the complex in the interrogation area at the
point z,:

TR,(z.) =T©) P(n) , (Iv. 18)

where the distribution P(n) of the TR, molecule is
Poissonian

Pn) =exp(-Kp*) [(Kp*)'/n ], (Iv. 19)
with K being given by Eq. (IV.17). The parameter
specifying the distribution is Kp?, the mean value {n)
of the complex size is given by

{n)= Z nPn) =Kp? , (IV. 20a)
n=0

while the spread (variance) of the distribution is
0, =(n® ~n))V2=gV?2 (IV. 20b)

To make contact with the experimental data we identify
P(n) (apart from irrelevant numerical factors) with the
spectral intensity (TR,] of the TR, molecule, while
exp(~ Kp?) can be identified, according to Egs. (IV.7)
and (IV.12), with the intensity [T] of the bare molecule.
Consequently, Eq. (IV.19) is

[Tl;,.] - &Y . @v.z21)

2497
| I 1
> TETRACENE +Ar —60
&
<
w —40
=z
—20
10 =10
—~ 8 ﬂg
N
Tel 6
x
o 7
S 4} —4
-
'.._
n
o2k 2
._
Z
| L ] 1 } 1 |
100 200 400 600 1000
P(TORR)

FIG. 6. The dependence on the Ar pressure of the normalized
intensities [TAr,] /IT] of the spectral features of the TAr, mo-
lecules normalized by the intensity of the bare molecule for
supersonic expansions of tetracene in Ar. The upper insert
shows the fluorescence excitation spectrum of tetracene seeded
in Ar expanded at p =710 Torr. The individual spectral fea-
tures are labeled by the indices j=1, 2,..., 7 in order of in-
creasing wavelength, The pressure dependence of the normal-
ized intensities of these spectral features is of the form p*".
The values of » obtained from this analysis are shown in the
spectrum (upper insert).

Thus, the spectral intensity of the TR, complex nor-
malized to the intensity of the bare molecule is propor-
tional to p#'. This p* power law was applied by us

for the identification of the TAr, and TKr, complexes.

We have analyzed the spectral features appearing
on the low-energy side of the bare molecule 0-0 vibra-
tionless transition for the pressure range p =180-853
Torr in Ar and for p =135-465 Torr in Kr in terms of
Eq. (IV.21). To do so we plotted the pressure depen-
dence of the intensity ratio [TR,]/[T]=exp(kp?) [TR,],
where the three-body recombination coefficients K for
Ar and Kr are taken from the slopes of the lines in
Fig. 5. In the spectra of the T-Ar, system (Fig. 6)
we were able to identify seven distinct spectral fea-
tures (see the insert in Fig. 6) which are labeled by the
numbers j =1, 2,..., 7 in the order of decreasing
energy. As is evident from Fig. 6, the relative peak
intensities of these seven spectral features exhibit the
p® dependence in order of decreasing energy. The
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FIG. 7. The dependence on the Kr pressure of the normalized
intensities [TKr,)/IT] of the spectral features of TKr, mole-
cules normalized by the intensity of the bare molecule for
supersonic expansions of tetracene in Kr, The upper insert
shows the fluorescence excitation spectrum of tetracene seeded
in Kr expanded at p =465 Torr. The individual spectral features
are labeled by the indices j=1, ..., 10 in order of increasing
wavelength, The pressure dependence of the normalized in-
tensities of these spectral features is of the form p". The
values of » obtained from this analysis are shown on the spec-
trum (upper insert).

values of n, obtained from plots according to Eq.
(Iv.21), are presented in Fig. 6, being very close to

the integers n=1, 2,..., 7. These data provide spectro-
scopic identification of the seven peaks in the T—Ar
system, corresponding to the TAr, molecules with the
composition n=1, 2,..., 7. Inthe T-Ar system there
is essentially a single spectral feature which can be at-
tributed to a given TAr, chemical composition and no
multiple peaks corresponding to a fixed value of # were
experimentally observed. Next, we proceed to the anal-
ysis of the spectra of T-Kr complexes, which are some-
what more complicated. In the spectra of T-Kr we have
identified ten distinct spectral features (see the insert

in Fig. 7) which are labeled by j =1, 2,..., 10 in order
of decreasing energy. In this system there is a con-
siderable intensity alternation, e.g., while the j=1,

2, 4, and 7 peaks are strong, the =3, 5, and 6 peaks
are weak. The values of # for the T-Kr system ob-

Amirav, Even, and Jortner: Large van der Waals complexes

tained from the linear plots implied by the p*" power
law (see Fig. 7) are summarized in the insert in Fig.
7. On the basis of these results the j =1 peak is as-
signed to TKr,, the j =2 peak is attributed to TKr,,
the weak j =3 and the strong j =4 peaks are both as-
signed to TKr;, while the two weak j =5 and 6 peaks,
together with the intense j =7 peak, are all attributed
to TKr,. Thus, for the TKr, complexes there are no
multiple peaks corresponding to #» =1 and 2; however,
for n=3 and 4 there are several spectral peaks cor-
responding to a fixed chemical composition of the com-~
plex.

On the basis of the pressure dependence of the in-
tensities of the spectral features of T-Ar and T-Kr,
appearing on the low energy side of the 0-0 transition
of the bare T molecule, we were able to provide spec-
troscopic identification of TAr, (z=1,..., 7) and
TKr, (#=1,..., 4) molecules. As these spectral fea-
tures for each TR, with fixed » correspond to the low-
est energy excitation of the vdW molecule, they can
safely be assigned to 0-0 excitations of the vdW com-
plexes. Supplementary and complementary informa-
tion concerning the identity of the vdW molecules be-
tween T and rare gases, as well as between T and other
molecules, can be obtained from an analysis of the order
of appearance of the spectral features corresponding to
vdW molecules, which will now be considered.

D. Order of appearance of the TR, molecules

According to the three-body formation mechanism
[Eq. (IV.14)], one expects that with a gradual increase
of the stagnation pressure, the order of appearance of
the spectral features attributed to TR, molecules will
be sequential starting from n =1 at moderate values of
p. We have conducted a detailed analysis of the T-Ar
system in the context of the order of appearance of the
spectral features in the low energy side of the elec-
tronic origin of the bare molecule. In Fig. 8 we portray
the pressure dependence of the relative absorption in-
tensities of eight individual spectral features in the T—
Ar system, which correspond to the bare molecule
(n=0) and to the lowest seven (e =1, 2,..., 7) complexes.
These relative (absorption) intensities b, are given by

0= (2)/5 (%) . o

T T b i ’
n n=0 n

(Iv.22)
where A, is the area (in arbitrary units) of the spectral
feature assigned to the TAr, molecule in the fluores-
cence excitation spectrum, while 7, is the experimental
decay lifetime of this spectral feature which is re-
ported in Sec. VIII. Figure 8 provides an overview of
the pressure dependence of the absorption intensities of
TAr, complexes. Without alluding to any quantitative
estimates it is apparent that the spectral features cor-
responding to the low TAr; and TAr, complexes can
safely be assigned from a cursory examination of the
order of appearance of the vdW molecules.

To provide a more elaborate treatment of the order
of appearance of the TAr, complexes, we have solved
numerically the set of eight kinetic equations (IV.15).
The correction function f,(z) was taken to be independent
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of n, i.e., f,() =f(z) for all values of #, and is taken

in the simple functional form f(z) =[D/(z +2,)fF. Here,
D is the nozzle diameter and z,=2D-4D represents a
characteristic distance where supersaturation occurs.
This admittedly crude form of f(z) is intended to mimic
the density profile in the supersonic expansion, which
approaches the proper asymptotic value of (D/z):. How-
ever, the unknown temperature dependence of the three-
body recombination rate and the effect of the velocity
profile were not incorporated, The differential equa-
tions (IV,15) were integrated for the populations of

the TR, molecules (n=0,...,7) at z =50D., We have
used the experimental data at a single pressure (p =710
Torr) to fit the eight three-body rate constants, which
in arbitrary units are given by k,(0)=1.00, %,(0)=4.5,
k3(0) =4.4, ky(0)=4.0, k5(0)=1.5, k(0)=2.9, k,(0)
=1.2, and k4(0)=0.8., These rates were subsequently
used to provide the pressure dependence of the popula-
tions of the TR, molecules over the entire pressure
range (Fig. 8), yielding a reasonable account of the ex-
perimental data. In view of our crude analysis we did
not attempt to refine the eight parameter fit of the 60
experimental data points of Fig. 8. Nevertheless, in
spite of our simplistic approach, two conclusions
emerge from the present analysis concerning the T-Ar
system. First, additional support is provided for the
three -body formation mechanism of the TAr, complexes.
Second, the variation of the relative rates &,(0) over

the range 1.0-4.0 is rather irregular and no further
systemization of the microscopic rates was attempted.

The order of appearance of the spectral features of the
individual TR, molecules with increasing pressure pro-
vides a semiquantitative diagnostic method for the
identification of the chemical composition of these com-
plexes. We have utilized this diagnostic method for the

assignment of the absorption features of the TXe, com-
plexes. In the spectra of the T-Xe system (Fig. 3) the
strong spectral feature located at 5» =101 cm-! to lower
energies from the bare molecule electronic origin as
well as the weak band at 6 =83 cm™! exhibit an identical
pressure dependence of the form given by Eq. (IV.21)
with =1.3+0.4, and are assigned to TXe;. Next in
order of appearance are the strong spectral feature

at 5v =189 cm"! and the weak feature at 6v =147 cm™?,
both of which reveal an identical pressure dependence
of the form given by Eq. (IV.21) with n=2.2+0.4, and
which are attributed to TXe,. This preliminary assign-
ment of the spectral features of TXe, complexes is
portrayed in Fig. 9.
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FIG. 9. A preliminary assignment of the spectral features of
TXe, molecules on the basis of their order of appearance.
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TABLE III. Excited-state energetics of the vibrationless excitation of the TR, molecule.
Band number A Coordination 6v°
Molecules j (A) number n®° (em™)
0 4471.5 0 0
1 4478.5 1 35
2 4489.3 2 88
TAr, 3 4493.4 3 109
4 4502, 8 4 155
5 4508.6 5 184
6 4512.7 6 204
7 4521.2 7 246
0 4471.5 0 0
1 4485.6 1 70
2 4493.5 2 110
3 4501.8 3 (weak) 150
4 4509.1 3 186
TKr, 5 4511.9 4 (weak) 200
6 4516.3 4 (weak) 223
7 4521.6 4 248
8 4526.3 271
9 4535.7 317
10 4542.7 350
0 4471.5 0 0
1 4488.2 1 (weak) 83
2 4491.8 1 101
3 4501.0 2 (weak) 147
TXe, 4 4509.5 2 189
5 4525.0 {broad) 265
6 4528.0 (broad) 278
7 4542.0 (broad) 347
8 4546.0 (broad) 368

2Absolute accuracy +2 A. Relative accuracy =+ 0.3 A.
PFrom analysis in Figs. 6-8.

‘Red shift of vibrationless excitation of TR, from the electronic origin of T. Accuracy of év

data is+2 cm™.

The quantitative analysis of the formation kinetics of
the TR, (R=Ar, Kr, and Xe) molecules presented in
Sec. IV.B together with the semiquantitative analysis
of the formation of higher TR, (R=Ar, Kr, and Xe)
molecules presented in Secs. IV, C and IV.D provide
a posteriori justification for our basic assumption that
such vdW molecules between a large aromatic, e.g.,
tetracene and rare-gas atoms, are produced via a three-
body collision, This observation clearly rules out the
formation of stable “sticky” complexes via two-body col-
lisions between rare-gas atoms and large aromatic
molecules, which subsequently can exhibit intramolec-
ular vibrational energy flow. This negative result
is not entirely surprising as the density of vibrational
states of such a complex is rather low, at least for
vdW complexes of large molecules with a moderately
small number of rare-gas atoms. For these large vdW
molecules the three-body production mechanism pre-
vails, as is the case for the formation of vdW molecules
of diatomic iodine with rare-gas atoms, 13-

V. EXCITED-STATE ENERGETICS OF TR,
MOLECULES

The spectroscopic studies of the formation kinetics
of the TR, lead to two raajor results. First, we were
able to identify vdW molecules of tetracene characterized
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by the chemical composition TAr, (=1,..., 7), TKr,
(n=1,..., 4), and TXe, (n=1, 2). Second, we were
able to assign the individual spectral features which
correspond to the vibrationless 0-0 electronic excita-
tions of these TR, molecules into their first excited
singlet state. In Table III we summarize the peak en-
ergies of the spectral features attributed to the Sy(0)
—~§,(0) excitations of the TR, molecules. We shall

now proceed to discuss some of the consequences of the
spectroscopic identification of these complexes and sub-
sequently we shall consider the nature of the spectral
shifts.

A. Some information regarding chemical isomers and
vibrational structure

From the spectroscopic identification of the TR, mole-
cules, the following conclusions emerge:

(1) For TAr, (n=1, 2, 3) and for TKr, and TKr, we
have observed a single distinct spectral feature for
each of the vdW molecules. The spectroscopic data
seem to rule out the possibility of the existence of
isomers, corresponding to a fixed chemical composi-
tion and different unequivalent trapping sites for these
five vdW molecules, This observation concurs with
the results of recent model calculations by Ondrechen
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et al.® on the energetic stability and structure of
tetracene—-rare-gas complexes, which show that only
a single equilibrium configuration of the TR; molecule
and the TR, molecule (R=Ar, Kr, and Xe) is expected
to be energetically stable.

{2) For TKr; and TKr, a multiple spectrum correspond-
ing to each chemical composition is exhibited, There
are two spectral features which correspond to TKr,
consisting of an intense band at 5v =186 cm™! and a weak
band at 5v =150 em™!. Three bands were assigned to
vdW molecules of the composition TKr,, consisting of
an intense band at v =248 cm™! and two weak bands at
5v =200 and 223 ecm™, This multiplet structure can
originate either from the vibrational structure of a single
chemical species or, alternatively, from chemical
isomers. At present, an unambiguous interpretation of
this multiplet structure cannot be provided. As no
multiplet structure was observed for TKr, and TKr,,
we can safely assert that these two complexes do not
reveal an analogous vibrational structure, It is rather
difficult to understand why a vibrational structure with
a frequency of ~25-36 cm™! will be shown by TKr, and
TKr, and not by TKr, or TKr,, We thus tentatively
assign the multiplet structures of TKr; and TKr, to
chemical isomers, The model calculations of Ondrechen
et al.® point towards the possibility of the existence of
two chemical isomers of TKr;, whose ground-state en-
ergies are very close.

(3) For each of the tetracene—xenon complexes TXe,
and TXe,, we have observed a multiplet structure con-
sisting of a strong spectral feature and a low-energy
weak band. The splittings between the strong and weak
bands are 18 cm™ for TXe, and 42 cm™! for TXe,. In
view of the large spectral shifts of the TXe, complex
relative to the bare tetracene and the large spectral
shift between TXe, and TXe,, the spectra of these com-
plexes are not complicated by overlap of spectral fea-
tures corresponding to different TXe, molecules, so
that more spectroscopic details are unveiled. As re-
cent model calculations by Ondrechen et al.®® on the
stability of TR, complexes indicate that only a single
isomer of TXe; and TXe, is energetically stable, we
are inclined to attribute the multiplet structure of these
xenon complexes to vibrational structure,

B. Spectral shifts

The identification of the spectral features which cor-
respond to well-characterized TR, vdW complexes pro-
vides a powerful means for the exploration of the effects
of weak intermolecular interactions on excited-state
energetics of a large molecule. The spectral shift be-
tween the 0-0 excitation energy of an individual, well-
defined, TR, molecule and the 0-0 electronic origin of
the bare tetracene molecule yields direct information
on the perturbations excited by rare-gas atoms on the
electronic excitation energy of the large aromatic mole-
cule. These spectral shifts can be viewed as medium
perturbations on the electronic excitations of the large
molecule in a well-defined solvent environment of rare-
gas atoms. These spectroscopic data bear on the con-
sequences of solvent-solute interactions and on the role
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0-0
100}~ FOR T-R O Xe
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FIG. 10, The dependence of the red spectral shifts 6v of the

vibrationless Sy— S; excitations of TRy (R =Ne, Ar, Kr, and
Xe) molecules on the polarizability of the rare-gas atom.

of local solvent structure on the energetic spectral sol-
vent shifts as viewed from the microscopic point of view.
The quantitative data for the spectral shifts are sum-
marized in Table II. These spectral shifts represent
the effect of tetracene-rare-gas interactions on the en-
ergy of the vibrationless S; state relative to the vibra-
tionless S, state. The following features of the micro-
scopic spectral shifts are of interest:

(1) The spectral shifts induced by Ne, Ar, Kr, and Xe
atoms are all towards lower energies. Such red spec-
tral shifts are conventionally assigned“3 to the dominat-
ing role of dispersive interactions in modifying the
energy levels. In general, the spectral shift on elec-
tronic excitation originates from the following effects:
{a) electronic interactions, which involve (1) the modifica-
tions of the short-range repulsive interactions giving
rise to a blue spectral shift and (2) a change in the dis-
persive interactions which usually result in a red spec -
tral shift,’ (b) effects on nuclear motion, which are (1)
modifications of the difference in the zero-point energy
of the large molecule between its S, and S, states and
(2) the change in the zero-point energy of the vdw bonds
between S; and S, states. We expect that the effects of
nuclear motion are small. Furthermore, for an in-
travalent 7 — m* excitation of the tetracene molecule
we expect the changes in short-range repulsive interac-
tions to be small. Thus, the spectral shift exerted by
Ne, Ar, Kr, and Xe is expected to be dominant by
dispersive effects.

(2) The microscopic spectral shifts exerted by a single
rare-gas atom reveal a linear dependence on the
polarizability of the perturbing atom. This is evident
from Fig. 10, where we display the dependence of the
red spectral shifts of the TR, (R =Ne, Ar, Kr, and Xe)
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FIG. 11.. The dependence of the red spectral shifts 6 of the
vibrationless Sy— §; excitations of the TR, (R =Ar, Kr, and Xe)
molecules on the coordination number n. Accuracy of data
points is to +2 cm™. The experimental points were combined
by straight lines just to provide a visual demonstration of the
deviations from the additivity law per added atom.

molecules on the polarizability of the rare-gas atom,
This result is in accord with the general characteristics
of electronic spectral shifts induced by dispersive in-
teractions.! Although the theory of spectral shifts'~3

is inapplicable to the tetracene-rare-gas systems,

as the large molecule cannot be treated as a point di-
pole, a slightly extended version of the theory of dis-
persive spectral shifts* retains the same results re-
garding the linear dependence of the red shift on the
polarizability of the perturber atom.

(3) The spectral shifts of the TR, molecules are not
additive per added atom, i.e., they do not obey the
relation

svin) =nbv(l) , v.1)

where 6v(2) and 6v(1) correspond to the spectral shifts
of TR, and TR,, respectively. We shall refer to rela-
tion (V.1) as the additivity law per atom (ALPA) for the
spectral shifts., As is evident from Fig. 11, the devia-
tions of our spectral shifts from the ALPA are about
30%. The violation of the ALPA for the spectral shifts
of the vdW complexes containing a large aromatic mole-
cule is in contrast with the additivity law reported for
the spectral shifts of vdW complexes of I,**'7 and
tetrazine.!* The violation of the ALPA in large TR,

molecules can originate from two causes, First, three-
body interactions may be important for the excited -
state energetics of such complexes. Although numerical
estimates of these effects have not yet been performed,
we note that in the tetrazine—-Ar system!* such three-
body effects seem not to prevail. Second, the deviation
of the spectral shifts for the large TR, from the ALPA
may originate from the occupation of geometrically in-
equivalent sites by the rare-gas atoms., While the con-
tributions of the individual rare-gas atoms to the spec-
tral shift are still strictly additive in a second-order
treatment of the dispersive interactions, each atom
yields a different contribution. We prefer this inter-
pretation of the violation of the ALPA as it provides an
overall self-consistent picture of the qualitatively dif-
ferent pattern of the spectral shifts of TR, molecules
studied herein and of the I,-R, molecules and tetrazine—
R molecules studied by the Chicago group. 1" While
for IR, and for tetrazine-R complexes the R atoms seem
to occupy geometrically equivalent sites and thus obey
the additivity law, in the case of TR, complexes the R
atoms can occupy geometrically inequivalent sites on
the surface of the large aromatic molecule, resulting

in violation of the ALPA.,

(4) The notion of violation of the ALPA due to occupa-
tion of geometrically inequivalent sites provides some
indirect information on the geometry of tetracene-rare-
gas complexes. Consider, for example, a TR, complex.
The ALPA for spectral shifts would be obeyed provided
that the two R atoms are located on opposite sides of the
aromatic ring, each occupying the same site as the TR,
molecule, From the experimental observation (Table
TII) for both tetracene-argon and tetracene-krypton
complexes [6v(2) £26(1)] we can deduce that in the en-
ergetically favorable ground-state configuration of TAr,
and TKr, the two rare-gas atoms are located on the
same side of the aromatic ring, This expectation is
borne out by the numerical calculations of Ondrechen
et al.*® In a similar manner we note {Table III) that,
for the main peak of the TAr; tetracene—argon com-
plex, 5v(3)#6v(1)+26v(2), so that it is likely that the
equilibrium configuration of TAr; does not involve a
“sandwich-type” structure with two Ar atoms on one side
and the third Ar atom on the other side of the aromatic
ring, but rather all three Ar atoms are located on the
same side of the aromatic ring.

The additivity law per added solvent atom for spec-
tral shifts is expected to be obeyed provided that two
conditions are satisfied. First, the spectral shifts can
be handled by second-order perturbation theory and
are additive. Second, the “solvent” atoms occupy
geometrically equivalent sites. From the analysis of
the effects of microscopic solvation on the excited-state
energetics of the tetracene molecule, it appears that
the second condition is not satisfied, resulting in the
violation of the additivity law {per added solvent atom).
Future theoretical studies of solvent effects on excited-
state energetics of simple systems, e.g., nonpolar
solute in nonpolar solvents, will have to consider the
effect of inequivalent sites of the solvent in the first
coordination layer.
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VI. van der WAALS MOLECULES OF TETRACENE
WITH OTHER SOLUTES

We have been concerned with the vibrationless Sy
- S, transition of vdW molecules of tetracene with rare-
gas atoms, interrogating the microscopic effects of
“solvent—solute” interactions on excited-state energetics
of a large “solute” molecule. To demonstrate the uni-
versality of these phenomena we have shown that vdw
molecules of large aromatics are formed with a variety
of solvent molecules which include diatomics as well as
polyatomic molecules, In particular, we have investi-
gated the spectroscopy of vdW molecules of tetracene
with molecular nitrogen and have proceeded subsequently
to a preliminary study of vdW complexes of tetracene
with water, which are of particular interest, as well as
of tetracene with another medium-sized aromatic mole-
cule, such as benzene.

In Fig. 12 we present the fluorescence excitation
spectra of tetracene expanded in N, in the vicinity of the
electronic origin. The cooling of the internal degrees
of freedom of the large tetracene molecule seeded in N,
was less efficient than in Ar and even at p =450 Torr
the tetracene spectrum (Fig. 12) is still not free from
vibrational sequence congestion effects. The T(N,), vdW

T v

J l p=450 TORR

J p=3900 TORR

INTENSITY (ARBITRARY UNITS)

p=7600TORR

1 I 1
4470 4520

WAVELENGTH (A)

FIG. 12. Fluorescence excitation spectra of supersonic ex-
pansions (through a 150 u nozzle) of tetracene (0.1 Torr) seeded
into N;. The N; pressures are indicated on the figure. In high-
flow experiments at p =3500 and 7600 Torr the laser crossed the
jet at X =3 mm down the nozzle, while for p =450 Torr, X

=7 mm,

2503

INTENSITY (ARBITRARY UNITS)

4465
WAVELENGTH (A)

FIG. 13. An assignment of the spectral features of T(N,),
molecules on the basis of their order of appearance.

molecules could be observed at the low energy side of
the 0-0 of the bare molecules only at high pressures
p=2 atm. From the order of appearance of these
bands we were able to assign the spectral features to
specific T(N,), molecules (Fig. 13). We note that the
spectral features assigned to those complexes contain-
ing an odd number of N, molecules, i.e., T(N,), and
T(N,);, are broad, hiding some unresolved structure,
which may be due to chemical isomers, However, at
present the data are insufficient for a definite identifica-
tion,

We have conducted a preliminary study of the vdwW
molecules formed between tetracene and some poly-
atomic molecules. For this purpose Ar was employed
as a diluent and was seeded both with tetracene (107!
Torr) and with another polyatomic molecule M at a
pressure of 20-30 Torr, New spectral features, which
are neither due to the bare molecule nor to T (Ar),
complexes, were tentatively assigned to TM vdW mole-
cules, Figure 14 shows the fluorescence excitation
spectra of a tertiary mixture of tetracene and benzene
expanded in Ar. The spectral feature peaking at 6v
=~177 cm™! towards lower energies relative to the elec-
tronic origin of T is tentatively assigned to T(CgHy).
The fluorescence excitation spectrum of tetracene and
water expanded in Ar (Fig. 15) reveals, apart from
TAr, and TAr, complexes, new spectral features at 6v
=100 cm™}, whichare attributed to TH,O. The limited
information on the TCyH; and TH,O molecules is of in-
terest, as it demonstrates the potential of the spectro-
scopic techniques employed herein for the study of
solvation effects which are of real chemical interest.
The currently available meager information will be
supplemented by detailed studies of the formation kinetics
and energetics of these interesting complexes,
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FIG. 14. Fluorescence excitation spectrum of tetracene (p
=0.1 Torr) and benzene (p =20 Torr) expanded in 450 Torr of
Ar through a 150 4 nozzle. The spectral features around
4507 A are tentatively assigned to the T(CyHg) complex.

VIl. LOW-ENERGY VIBRATIONAL EXCITATIONS
'OF TR,, MOLECULES

Up to this point we have been concerned with the
vibrationless 0-0 excitations of TR, and other vdW
molecules containing tetracene. With increasing of
the excitation energy, vibrationally excited states of
these vdW molecules will be exhibited in the fluores-
cence excitation spectrum. In what follows we shall
present some spectroscopic information on vibrational
excitations of the TR, molecule. The lowest vibrational
excitations of the bare tetracene molecule are located
at the energies of 245, 265, 288, and 314 cm"! above
the electronic origin, % the first three vibrational excita-
tions being very weak, while the 314 cm! vibrational
excitation is strong, with an intensity of 0.40 relative
to that of the electronic origin, Figures 16 and 17

T T T T
7]
[
E TH20
. |
: e ee
<
o
5 P(Ar)=450 TORR
2 | 1ar (TArs)
< TAra P(H,0)=25TORR
N
=
w0
2
W
—
2
—1 L 1 1
4475 4485 4495 4505 4515 4525

WAVELENGTH (&)
FIG. 15. Fluorescence excitation spectrum of tetracene (p
=0.1 Torr) and water (p =25 Torr) expanded in 450 Torr of Ar
through a 150 ¢ nozzle. The spectral features of the TAr, com-
plexes are marked by arrows. The new spectral features at
4491 A are tentatively assigned to the T(H;0) complex.
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FIG. 16. Fluorescence excitation spectrum in the region 4400—

4525 A of tetracene (0.1 Torr) expanded in 850 Torr of Ar.

The vibrationless electronic excitation to S, of the bare T mole-
cule is marked by (0-0), while the 314 ecm™ vibrational excita-
tion in the S; manifold of bare T is marked by (314). The spec-
tral features appearing on the low energy side of the 0-0 band
are due to the vibrationless excitations of TAr, complexes,
while the bands in the range 4419—4460 A (see Table IV) are
attributed to ~ 314 cm™ vibrational excitations of the TAr,
molecules, The numbers in square brackets { ] present the
decay lifetimes (in nsec) of the photoselected states.

(314)

p=500 TORR

INTENSITY (ARBITRARY UNITS)

[s.8] 13:6] (5.0]
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! |
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FIG. 17. Fluorescence excitation spectra in the region 4405—

4460 A of tetracene (0.1 Torr) expanded in 500 Torr of Kr.

The 314 cm™ vibrational excitation in the S; electronic state of
the bare T molecule is marked by (314). The four pronounced
spectral features appearing on the low energy side of the (314)
band are attributed to ~ 314 cm™ vibrational excitations of TKr,
molecules (see Table IV), The numbers in square brackets

[ 1 present the decay times (in nsec) of the photoselected states.
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TABLE IV. Excited-state energetics of the
314 em™! vibrational excitation of TR, mole-

cules.
A opb
Molecules n? A) (cm™)
0 4409.7 0
(1) 4419.0 47
(2) 4425.1 79
TAr, 3) 4433.0 119
4) 4441.2 161
4445.0 180
4453.0 221
4458.0 246
4460.4 258
0 4409.7 0
TKr, (1) 4424.0 74
(2) 4433.5 122
0 4409.7 0
TXe, (1) 4428.2 95
(2) 4446, 2 186

2Assigned according to order of appearance
of bands.

"Red shift of vibrational excitation of TKr,

from the 314 em™ vibrational excitation of
bare T. Accuracy is=3 cm™l,

show the fluorescence excitation spectra of T(Ar), and
T(Kr), molecules at the low energy side of the 314 cm™!
vibration of the bare tetracene molecule. These spec-
tral features are attributed to the vibrational excitations
of the TR, molecules, this vibrational excitation being
close to 314 cm™!, On the basis of the order of appear-
ance of these spectral features, we were able to assign
them to individual TR, (R =Ar, Kr, and Xe) molecules,
The results of this analysis are presented in Table IV.
The spectral shifts 67 of these vibrational excitations

of TR, molecules relative to the 314 cm™! vibrational ex-
citation of the bare T molecule are similar to but not
identical with the spectral shifts v exhibited by the
vibrationless excitations of the same molecules with
respect to the electronic origin of T. The energy dif-
ference (6V - 6v) represents the shift of the frequency
of the 314 +2 cm™! vibration of the tetracene molecule
upon complexing. The values of (§v — 6v) are rather
small, e.g., in the range —10 to +10 cm™! (with an ac-
curacy of +5 cm™) and do not reveal any systematic
trends. Further work on microscopic solvent effects
on the vibrational frequencies of a large molecule in a
vdW complex will be of interest. However, for the time
being, we shall utilize this spectroscopic information
to provide the input data for studies of intramolecular
vibrational energy flow in the S, state of TR, molecules,
which will be reported in Sec. IX.

Vill. ELECTRONIC RELAXATION IN TR,
MOLECULES

The decay lifetimes of TR, molecules are expected
to provide information on solvent perturbations on in-
tramolecular electronic radiationless transitions in elec-
tronically excited states of large molecules. These
studies of electronic relaxation in well-characterized

2505

TR, molecules in their S, state are of interest in the
elucidation of the mechanisms of intersystem crossing
(ISC) in the statistical limit and, in particular, for the
understanding of the external heavy atom effect on

ISC in large molecules. A preliminary report on the ob-
servation of the external heavy atom effect in vdW mole-
cules has already been reported16 and in what follows
our detailed experimental results concerning time-
resolved and quantum yield data will be presented. We
have studied the time -resolved fluorescence following
photoselective excitation (pulse spectral bandwidth of
0.3 cm™! and temporal Gaussian profile with FWHM of

4 nsec)® of the electronic origin and the 314 cm™ vibra-
tional excitations of the bare T molecule, of the elec-
tronic origins of the TR, complexes, aswellasthe vibra-
tional excitations of TR, molecules, The time-resolved
decay curves for the TR, (R=Ne, Ar, and Kr) molecules
exhibited a single exponential decay over a time scale
up to 100 nsec. The decay lifetimes of the low-lying
excitations of the bare molecule, and for the TR, (R =Ne,
Ar, and Kr) molecules are presented in Figs, 4 and
16-18 and are summarized in Table V.

A. Decay lifetimes of the TNe, and TAr, molecules

One of the predictions of the theory® of intramolecular
electronic relaxation (ER) in large molecules is that
for a large molecule corresponding to the statistical
limit the ER rate is not modified by solvent perturba-
tions, provided that three conditions are satisfied.

INTENSITY (ARBITRARY UNITS)

k3]

L B B gexe

1

1 N
4510 4560

4460 o
WAVELENGTH (A)
FIG. 18. Fluoresceénce excitation spectra of vibrationless ex-

citations of TR, molecules (R=Ar, Kr, and Xe). The numbers
in square brackets [ ] present the decay lifetimes (in nsec) of
the excited states of the individual TR,, molecules.
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TABLE V. Decay lifetimes for the vi-
brationless excited state of TR, mole-

cules.

72 «<T P
Molecule (nsec) (nsec)
T 19
TNe1 33
TAr, 29
TAl‘2 35
TAr; 17
TAr, 21 “ee
TAr; 27
TArg 21
TAr, 26
TKr, 6.4
TKry 8.0
TKr, 8.6 9£1
TKr, 8.8
TXey <3

.0x0,

TXe, <3 1.5%0.4

2Direct determination from time-resolved
data. Accuracy is+=10%.

bInferred from quantum yield data of
Table VI.

First, the comparison between the ER characteristics
of the isolated and the medium-perturbed molecule is
conducted for the decay of the electronic origin of the
excited state. Under these circumstances, one does not
encounter any complications resulting from medium-
induced vibrational relaxation {(and vibrational excita-
tion) of the medium-perturbed large molecule to other
vibrational states, which may have different ER life-
times.? Second, the molecule—solvent interaction does
not modify the nuclear motion and the vibrational level
structure in any of the relevant electronic configura-
tions. Third, the solvent is “inert,” which does not
modify the energy levels and the intramolecular non-
adiabatic and spin—orbit coupling.® These predictions
have not yet been subjected to a critical experimental
test. The absence of appreciable medium perturbations
on the ER of the S, state of benzene, * naphthalene, 47
and anthracene® is considered as supporting evidence.
However, all of this experimental information pertains
to room temperature data, being plagued with the ef-
fects of vibrational sequence congestion, which pro-
hibit genuine photoselective excitation of the electronic
origin. To explore the effects of medium perturba-
tions on the ER from a vibrationless excited electronic
configuration of a large molecule, we have compared
the lifetime of the electronic origin of the bare ultra-
cold T molecule with the decay lifetimes of the elec-
tronic origin of vdW molecules of T with light rare
gases. Complexing of a large aromatic molecule with
Ne and Ar seems to satisfy the condition of medium per-
turbations exerted by an “inert” solvent as the spectral
shifts are extremely small relative to the S,-S, elec-
tronic energy gap and the light Ne and Ar atoms do not
appreciably modify the spin—orbit coupling between the
singlet S, and the triplet T, states, which is responsible

for ISC in the “isolated” molecule, and do not change
the S,-S, nonadiabatic coupling, which may be responsi-
ble for internal conversion.

The lifetime of the electronic origin of the bare
tetracene molecule is 7,=19+1 nsec, in accord with
our previous data.'®2%4 The lifetimes 7 of the elec-
tronic origins of the TNe, and T(Ar), complexes are
close to or longer than 7,. The variation of the life-
times of these vdW complexes of T with light R atoms
(Table V) is in the region 17+2 to 35+ 3 nsec, the value
of 7 varying over a numerical factor of 2. No sys-
tematic trend in the variation of these values of 7 could
be detected. These experimental 7 values are deter-
mined by the familiar relation (7! =(7,)"! + (7, )}, where
7, is the pure radiative lifetime, while 7,, is the non-
radiative lifetime due to electronic relaxation. The
moderately small changes of 7 of tetracene with binding
of Ne and Ar can originate either from changes in 7,
or from modifications of 7,, . Webelieve that the changes
of the pure radiative lifetime upon binding of rare-gas
atoms to T are minor and that the changes of the life-
times reflect variations in the nonradiative lifetimes,
The general trend of the lifetimes of the electronic ori-
gin of TNe and TAr, is lengthening relative to 7,
reflecting some retardation of the nonradiative decay of
S, (0) upon binding of light rare-gas atoms. This effect,
though relatively small, is of interest as it reflects
the possible role of weak binding of rare-gas atoms to
an aromatic molecule in the modification of the nuclear
motion and vibrational excitations of non-totally sym-
metric vibrations, which are not exhibited in the ab-
sorption spectrum, but which may actasaccepting modes
in the ER process. These experimental data are not
informative in identifying the nature of the nonradiative
decay channel of the electronic origin of the S, state of
tetracene which, on the basis of optical selection
studies in the bare molecule, appears to be dominated
by S;~ T, ISC, with a possible intermediation of the
second triplet T, state.?® From our resuits we con-
clude that the theoretical predictions regarding the
invariance of the ER characteristics of an excited
electronic origin of a large molecule to medium per-
turbations provides a sensible qualitative description,
which has to be supplemented by more detailed theore-
tical studies of the effects of an inert medium on the
nuclear states and the interstate coupling.

B. External heavy atom effect on intersystem crossing
in TKr, and TXe, molecules

Figure 19 provides an overview of the decay life-
times of the vibrationless S, level of a variety of TR,
molecules., From these results it is apparent that the
lifetimes of the vdW molecules TKr, and TXe, reveal
a dramatic shortening relative to 7, as well as relative
to the lifetimes of TNe and TAr, molecules. The decay
lifetimes of individual TKr, molecules could be directly
determined by our techniques of time-resolved spectro-
scopy. On the other hand, the lifetimes of TXe, com-
plexes are too short (<3 nsec) to be determined direct-
ly. To obtain an estimate of the decay lifetimes of the
TXe, complexes we have utilized quantum yield data.
The fluorescence excitation spectra of tetracene in Kr
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FIG. 19.
origin of the S state of the bare T molecule (z =0), of TAr; (»
=1), of TAr; (n =5), and of a large complex TAr (z >>10), The
coordination numbers and the excitation energies are marked

on the spectra.

(Fig. 2) and Xe (Fig. 3) were obtained by keeping the
pressure of the T molecule constant and changing the
stagnation pressure, while the absolute fluorescence
intensity was monitored. The decrease of the relative
intensities of the spectral features due to the TKr, and
TXe, vdW molecules relative to the 0-0 bond of the
bare molecule, as compared with the TAr, system,
originates from the reduction in the emission quantum

Energy-resolved emission spectra from the electronic
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yield of the vdW molecules containing heavy atoms.
We can immediately utilize Eq. (IV.6) to obtain an esti-
mate of the mean decay lifetime., We assume again
that the decay lifetime of a given class of TR, mole-
cules is independent of the coordination number #.
This assumption is consistent with the time-resolved
data for the TKr, molecules. The average value (7))
of the lifetimes of TR, molecules is obtained from Eq.
(Iv.6):

q(p)

UM =1, 7o) =1

(VIIL. 1)
The parameters g(p) [Eq. (IV.7a)] and »(p) [Eq. (IV.7b)]
were calculated by the procedures described in Sec.

IV. The values of 7)) calculated from the quantum
yield data (Table VI) for TKr, reveal two features.
First, the mean lifetimes for the TKr, molecules (7))
=9 nsec estimated from the quantum yields are in rea-
sonable agreement with the lifetimes in the range 6.0-
9.0 nsec obtained from direct time-resolved data for
these molecules. Second, the mean lifetime for the
TKr, molecules estimated from the quantum yield data
is practically independent of the stagnation pressure

p. Since at higher values of p the populations of the
TKr, molecules shift towards higher values of n, we

can conclude that the invariance of {{7)) with increasing
p indicates that the lifetimes are only weakly dependent
on the coordination number #n, which is in accord with
the time-resolved data for the TKr, molecules, For the
TXe, molecules the only quantitative information emerges
from the quantum yield data. The mean decay lifetime
for TXe, molecules is (7)) =~1,5 nsec. The mean decay
lifetime is again invariant with respect to changes in the
stagnation pressure, so we can conclude that for the
TXe, molecules the decay lifetimes are practically in-
dependent of the coordination number.

The dramatic shortening of the decay lifetimes of the
TKr, and TXe, molecules brings these decay lifetimes
into the range 7<< 71,, where 7,35 nsec is the (esti-
mated) pure radiative lifetime.? Accordingly, the ex-

TABLE VI. Mean decay lifetimes <<7>> for TKr, and TXe, estimated from emission quantum yields.

<<
Diluent P (Torr) AgpV/Ayp) r(p) q(p) «<T>/71 (n;:;
Kr $=135 1.00 1.24
Kr 275 2,00 2.48 0.71 0.48 9.1
Kr 330 ' 3.00 3.72 1.33 0.49 9.3
Kr 391 5.00 6.2 2.57 0.49 9.4
Kr 465 10.00 12.4 4.65 0.41 7.7
Xe P=100 1.00 1.56
Xe 153 2,00 3.12 0.133 0.063 1.2
Xe 181 3.00 4.62 0.266 0.072 1.4
Xe 218 5,00 7.80 0.632 0.093 1.8
Xe 256 10. 00 15.6 1. 305 0.089 1.7
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perimental decay rates for TKr, and TXe, are dominated
by the nonradiative component, The enhancement of the
ER in the electronic origin of the S, state in TKr, and
TXe, molecules is attributed'® to the external heavy
atom effect on the S; ~ T, ISC in the T molecule, which
is induced by the heavy rare-gas atoms. On the basis
of the identification of the chemical composition of the
individual TR, molecules we were able to explore in con-
siderable detail this solvent effect on ER. While the
heavy external heavy atom effect on T, ~ S, ISC is well
documented for guest aromatic molecules in solutions
of halogenated hydrocarbons®™?® and in rare-gas

solids, %% the present results elucidate some micro-
scopic features of this interesting phenomenon. Several
characteristics of the lifetimes are of interest. First,
the heavy atom enhancement of the ISC is considerably
more effective with increasing of the nuclear charge of
the perturbing heavy atom, which is expected. 2™37
Second, the shortening of the lifetimes of TKr, and

TXe, molecules is already exhibited for » =1. Third,
the lifetimes of the TKr,, TKr,, TKr;, and TKr, mole-
cules, as directly determined, are very close, showing
only a very weak unsystematic charge with n. Fourth,
the lifetimes of TXe, molecules, as estimated from
quantum yield data, are practically independent on the
coordination number. The only exception, which we do
not understand, for the general rule of the weak »n de-
pendence of the heavy atom enhanced lifetime of TKr,
and TXe, complexes is the short decay lifetime 7<3
nsec of the TKr, complex with n>4, peaking at 4526.3
A. In spite of this exception we can conclude that the
lifetime of TKr, and TXe, moleculespractically saturates
at n =1 and the lifetime varies only weakly with a fur-
ther increase of the coordination number beyond n =1,

The major conclusion emerging from these results
is that the heavy atom effect, which induces the S, - T,
intramolecular ISC of tetracene within TKr, (n=1-4)
and TXe, complexes, essentially originates from T-Kr
or T-Xe pair interactions. The predominant role of
T-R single-pair interactions in ISC for the singlet state
of T reflects the effect of specific intermolecular in-
teractions, which determine the consequences of sol-
vent perturbations modifying the intrastate intramolecu-
lar coupling, on this class of ER processes. Two
scrambling mechanisms were advanced®®=*" to account
for the external heavy atom effect on ISC. These in-
volve (A) mixing with neutral excitations of the heavy
rare-gas atoms and (B) mixing with charge transfer
states. Invoking analogies to electronic excitations
in solids, mechanism (A) can be considered as mixing
with Frenkel-type excitons, % while mechanism (B) cor-
responds to mixing with Wannier-type exc itations. %
Mechanism (A) for TR, is expected to result in a cumula-
tive contribution from » rare-gas atoms, while mech-
anism (B) may involve specific pair interactions. Our
experimental data provide evidence for the mixing of
charge transfer states as the dominating mechanism for
the heavy atom enhanced S, - 7 ISC in TKr, and TXe,
molecules. It should be pointed out, however, that this
conclusion is not universal and that in vdW complexes
of heavy rare-gas atoms with other aromatic molecules
both scrambling mechanisms may be operative.

Amirav, Even, and Jortner: Large van der Waals complexes

IX. SOME OBSERVATIONS ON INTRAMOLECULAR
VIBRATIONAL ENERGY FLOW IN LARGE van der
WAALS MOLECULES ‘

The understanding of intramolecular dynamics is of
considerable current interest. These studies are ex-
pected to elucidate the nature of basic reactive vibra-
tional predissociation (VP) processes!3=1%2%2¢ anq are
relevant for establishing the general features of intra-
molecular vibrational energy flow in large molecules,
Two general classes of intrastate dynamics of vdW
molecules, which involve a single electronic confronta-
tion, can be envisioned.

Reactive VP processes: When the excess vibrational
energy of the vdW molecule exceeds the energy of the
vadW bond, VP on a single nuclear potential surface can
occur. In simple triatomic complexes,*¥ e.g., LR
(R =He, Ne, and Ar), the VP process involves V—~T
exchange. In vdW dimers containing a pair of diatomic
molecules, 2¢’ VP can occur both by V—~T as well as
by intermolecular V-~V +7T, Finally, in complicated
vdW complexes containing a pair of polyatomic mole-
cules, e.g., (N,O), dimer, "% the reactive VP process
may involve simultaneous V—~ T exchange, together
with intermolecular and intramolecular V~ V +T trans-
fer?®®@® petween the two subunits. The conceptual frame-
work for the understanding of such reactive processes is
well developed, although some extensions for the study
of large systems, e.g., tetrazine—Ar! and our TR,
systems, will be necessary. It will be interesting to
obtain information regarding analogous VP reactive
processes of large vdW complexes containing large
aromatic molecules.

Nonreactive vibrational energy flow: When the VP
decay process is slow on the relevant time scale or
when the VP channel is closed because of energetic
reasons, one can consider the possibility of nonreactive
V-~V exchange between the two subunits or within one
subunit of polyatomic vdW complexes. An interesting
example involves nonreactive resonant vibrational en-
ergy flow between the two subunits of a vdW dimer
consisting of two halogen molecules. 23¢)5 Several other
nonreactive near-resonant processes can be of con-
siderable interest. For example, one can consider the
problem of nonreactive vibrational energy flow within
one large subunit of a vdW complex with the excess
vibrational energy being shared by low-frequency modes
of the vdW bond. This interesting and intriguing pro-
cess has not yet been explored, either experimentally
or theoretically. In fact, it is still an open question
as to whether such a process will be amenable for ex-
perimental observation., The search for nonreactive
vibrational energy flow within a subunit of the vdW
complex between a large molecule and a rare-gas
atom should be conducted when the excess vibrational
energy is lower than the energy of the vdW bond. In
such a low energy range the density of vibrational states
of the composite system, i.e., intramolecular vibra-
tions, as well as vibrational modes of the vdW bond may
not be sufficiently high to ensure irreversible intra-
molecular vibrational energy redistribution.

We have conducted a study of intrastate dynamics of
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T-Ar, and T-Kr, molecules excited to their S, state at
excess vibrational energy of ~314 cm™! above their
electronic origin. These data demonstrate that the VP
process

TR."~ TR{;’ +R

is not exhibited at these low excess vibrational energies
on the (nsec) time scale of the radiative decay. Some

Ix.1)

indirect information on nonreactive intramolecular vibra-
Sub-

tional energy flow was inferred from these results.
sequently, we have searched for the onset of reactive
VP of TKr complexes, providing some information on
this process.

A. Energy-resolved emission from TAr, molecules

Important information on the VP process (IX.1) can
be obtained from energy-resolved fluorescence resulting
from photoselective excitation of a well-defined vibra-
tionally —electronically excited state of the vdW mole-
cule. The following three classes of the energy-resolved
fluorescence spectra are expected:

(1) Photoselection of the electronic origin of a vdW
molecule will result in resonance fluorescence from
this molecule.

(2) Photoselection of a vibrationally excited state
of a vdW complex, where VP is slow or the VP channel
is closed, will again lead to resonance fluorescence
from the vibrationally excited molecule,

(3) Photoselection of a vibrationally excited state v
of the vdW complex, where VP [Eq. -(IX.1)] is efficient,
will result in fluorescence from a lower-lying v/ state
of the vdW molecule.

To obtain information concerning resonance fluores-
cence from TAr, vdW molecules [class (1)] we have
measured the energy-resolved emission resulting from
excitation of the electronic origin of individual mole-
cules. The excitation energies were chosen according
to the assignment in Table III. Figure 19 presents
the energy-resolved emission from the vibrationless
level of the bare tetracene molecule, as well as from
the vibrationless level of several TAr, molecules, The
emission spectrum of the bare molecule®® is charac-
teristic of small configurational changes between S,
and S; states, being dominated by the 0-0 transition.
The emission spectra {Fig. 19) for the TAr, molecules
bear a close resemblance to that of the bare molecule,
being characterized by a very similar intensity dis-
tribution. However, the dominating 0-0 feature in the
emission of TAr, shifts to lower energies with increas-
ing #. This result is just what one expects for reson-
ance fluorescence from TAr,. As is evident from Table
VI, the shift AE, of the 0-0 peak of the emission from
the vibrationless level of TAr, from the 0-0 peak of the
emission of the bare molecule is in good agreement with
the spectral shift 6v between the electronic origins of
TAr, and T in the fluorescence excitation spectra.
From this study of class (1) energy-resolved fluores-
cence, two additional conclusions emerge. First, the

observation of resonance fluorescence from these lower-

energy electronically excited states of TAr, provides

2509

TABLE VII. Spectral shift of the energy of the Av=0 emission
of TAr, molecules from the 0—0 emission of bare T.

Vibrational
excitation " Coordination Aprc® AE,® 614
in 8, number n* (.i) (cm™) (cm™)
0 4471.6 0£10 0
. 1 4478.2 50415 352
Electronic 2 4488.0 7215 88+ 2
origin 5 4508.0  215£25  184%2
0 4409.9 010 0
1 4419.8  40%15 3542
4 2 4425.0  T0%15 8842
314 cm 3 4433.3  98%15  108+2
4 4441.1 122420 1552
4445.0 146220 1842
4453.8  172+20

#Coordination numbers from analysis of Sec. III (Table III).
PExcitation wavelength for energy-resolved emission.

°Shift towards lower energies of the peak of the Ay =0 band of
TR,, from the peak of 0—0 emission of T.

9Red spectral shift of vibrationless TAr, band (from Table II).

additional (though maybe somewhat redundant) support
to their assignment as vibrationless states of the com-
plexes. Second, the close family resemblance between
the energy-resolved emission spectra (Fig. 19) of T

and TAr,, as far as relative intensities are concerned,
indicates that the intramolecular Franck-Condon factors
are not modified by the binding of rare-gas atom(s) to a
large aromatic molecule. One can thusassertthatintra-
molecular configurational equilibrium changes between
the S, and S, states for the optically active modes of this
large molecule are practically unchanged by vdW bond-
ing, as is expected.

More interesting are the energy-resolved emission
spectra resulting from photoselective excitation of
TAr, molecules at an excess vibrational energy of ~314
em™!, The fluorescence excitation spectra of these
molecules were reported in Sec. VII, while Figs. 20 and
21 display the energy-resolved emission spectra, to-
gether with those for the bare molecule. Excitation of
the bare molecule to the S, state at an excess vibra-
tional energy of 314 cm-! results in a fluorescence peak
of moderate intensity towards lower energies by the
intense Ap =0 emission. The shift of the Ay =0 emis-
sion from the S; (314 cm™?) relative to the 0-0 emis-
sion peak for the $;(0) is 10 em™}. This negligibly small
shift is compatible with the very small change in the
vibrational frequency of the 314 cm™ between the S,
and S, states.® Photoselective excitation of TAr, at
excess vibrational energy, which corresponds to the
314 em™! vibration, resuits in an interesting energy-
resolved emission (Fig. 20), which exhibits the follow-
ing features:

(a) A weak emission band corresponding to resonance
fluorescence is exhibited followed by an intense Ay =0
emission band.

(b) The relative intensity of the resonance fluores-
cence band of TAr, relative to the intensity of Ay =0
is lower than the corresponding relative emission in-
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FIG. 20. Energy-resolved emission spectra from the elec-
tronic origin and the 314 cm™ vibrational excitation of bare T
and from the ~ 314 cm™ vibrationally excited state of TAr;.
The position of the laser excitation is marked by an arrow.
The resonance fluorescence is genuine as determined by
energy- and time-resolved studies.

tensities in the bare molecule.

(c) The Ap =0 emission peak of TAr, is shifted by
AE,=40x15 cm™! towards lower energies from the 0-0
emission peak of the bare molecule,

(d) The Av =0 emission peak of TAr, seems to be
broadened relative to the 0-0 emission from the vibra-
tionless state of TAr,.

Observation (c) implies that the VP process

TAr,(v=314 cm™!) = T(v=0) + Ar (Ix.2)

did not take place on the time scale of the decay 7=22

+2 nsec (see Fig. 16) of this 314 cm™! excitation of TAr,,
since the occurrence of VP would have resulted in AE,
=0. However, on the basis of the invariance of the in-
tramolecular Franck-Condon factors with respect to

vdW binding of Ar atoms, we would have expected that
the spectral distribution of the resonance fluorescence
from the TAr, (v=314 cm"!) will be characterized by an
intensity distribution which is practically identical with
that for emission from the T (v=314 cm™!) bare molecule,

Amirav, Even, and Jortner: Large van der Waals complexes

This expectation is in contrast with observation (b).

A way out of this difficulty is to propose that nonreac-
tive intramolecular vibrational energy flow has occurred
in the TAr, (v=314 cm™l) molecule, the intramolecular
314 cm™! vibrational excitation has been degraded to one
of the lower lying 288, 265, or 245 cm™! intramolecular
vibrations, which were identified, ?® or to another low-
frequency vibration, while the excess vibrational energy
has been transferred to a bond vibrational motion of the
T -Ar vdW bond. Such a mechanism will require near-
resonant interaction between the intramolecular energy
differences and the frequencies of the vdW bond. A
similar conclusion concerning the inefficiency of the VP
of the TAr, complex on the time scale of its decay (7
=24+ 2 nsec, see Fig. 16)

TAr,(v=314 cm™!)~ TAr, (v =0) +Ar (IX.3)

is obtained from the examination of the experimental
value of AE, (Table VII). The VP of TAr, (v=314 cm™?),
according to Eq. (IX.3) and resulting in TAr, (v=0), is
expected to result in AE,, which is equal to 5v (n=1).
The experimental result (Table VII) is AE, =6v (n =2),
indicating that process (IX.3) does not occur.

We thus conclude that vibrational excitation of TAr,
and TAr, at the excess vibrational energy of 314 cm™!

p GO0 +ar B
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¢) heye =44250A la
»
=
pd
>
> ] L - 1 1
x Woo: 4450 4500
x
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FIG. 21. Energy-resolved emission from several ~ 314 em™!
vibrationally excited states of some TAr, molecules. The up-
per insert provides the fluorescence excitation spectrum of T
and TAr,, where the five excitation wavelengths are marked by
arrows. Spectrum (a), which corresponds to the energy-re-
solved emission from the electronic origin of T, and spectrum
(b), which corresponds to energy-resolved emission from the
314 cm™! vibrational excitation of T, are displayed for the sake
of comparison. Spectrum (c¢) corresponds to energy-resolved
emission from the 314 em™! vibrational excitation of TAr,,
while spectra (d) and (e) give the energy-resolved emission
from the 314 cm™ vibrational excitation of TAr, complexes
with high coordination numbers. The position of the laser ex-
citations are marked by arrows.
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FIG. 22. Fluorescence excitation spectra of tetracene in the range 4150—4460 A, expanded in Kr at p =160 and 550 Torr. The
spectrum at p =550 Torr reveals electronic—vibrational excitation of Kr, molecules, whose lifetimes were measured. The num-
bers in square brackets [ ] represent the decay lifetimes (innsec). Notethe dramatic lengthening of the decay lifetime at wave-

lengths below 4260 A.

does not result in VP of an Ar atom. The inefficiency
of VP may be blamed on one of the following effects:
(i) energetic: the binding energy of the Ar atom in the
TAr, molecules exceeds the vibrational energy of 314
cm™!; (ii) dynamic: the VP channel is open, but the
VP rate is slow on the (nsec) time scale. We prefer
possibility (i), as the model calculations by Ondrechen
et al. *® for the binding of TAr, complexes indicate that
the binding of Ar to tetracene is 550 cm™!, so that the
VP channels (IX.2) and (IX. 3) are closed.

B. Vibrational predissociation of TKr

We have studied the VP of tetracene-krypton com-
plexes by taking advantage of the heavy atom effect
(Sec. VIII. B) which considerably shortens the experi-
mental radiative lifetimes of TKr, molecules., The
decay lifetimes of the electronic origin and of the 314
cm! excitation in the S, state of the bare T molecule
are 19+ 2 and 33 +3 nsec, respectively, and vary quite
slowly with excess vibrational energy up to 1000 cm™!,
while the decay lifetimes of the electronic origin and the
314 cm™! excitation of TKr,complexes (see Figs. 17 and
18) were found to be in the range 6.0-8,0 nsec. Ac-
cordingly, a time-resolved measurement of the decay
lifetime, following excitation of a vibrational excitation
of a TKr, complex, will immediately reveal whether
VP has occurred on the time scale of the radiative de-
cay. A lifetime in the range 5.0-8.0 nsec originates
from a dressed TKr, complex, while a lifetime in the
range 20-30 nsec originates from a liberated T mole-
cule, produced by VP of the TKr complex. Figure 17
reveals the lifetimes of the 314 cm™ vibrationally ex-

cited state of the TKr, complexes which are all in the
range 6.0-8.0 nsec, as is appropriate for emission
from the dressed molecules. In particular, it is im-
portant to note that the time-~resolved emission from
the TKr, band at 4424.0 A results in a short 6.0 nsec
lifetime, so that the VP of this molecule with excess
vibrational energy of 314 cm™ does not occur. This
result is expected, as the absence of VP from the 314
cm™! excitation of TAr, (Sec. IX A) suggests that the
314 cm™ excitation of TKr,, which is characterized by
a stronger vdW binding energy, is also stable with re-
spect to reactive VP,

We have conducted a semiquantitative search for
the onset of VP in vibrationally excited krypton com-
plexes, while climbing up the vibrational ladder. Figure
22 shows the fluoresence excitation spectrum of tetra-
cene expanded in p =180 Torr Kr for excess vibrational
energies 300-2000 cm-! above the electronic origin,
which is practically uncontaminated by TKr, molecules,
together with a spectrum of tetracene expanded in 550
Torr Kr, which shows substantial complexing. A
cursory comparison of the two spectra in Fig. 22 im-
mediately reveals the spectral features due to vdw
complexes. We have conducted studies of time-re-
solved emission from spectral features due to tetra-
cene-krypton complexes. Up to excess vibrational en-
ergies of 1200 cm™! the decay lifetimes of the Kr com-
plexes are in the range 5.0-8.0 nsec, originating from
“dressed” complexes. Excitation at excess vibrational
energies exceeding 1250 cm™ results in a dramatic
lengthening of the decay lifetimes, which are now 20
+ 2 nsec in the excess energy range 1250-2200 cm™?,
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clearly demonstrating that the excitation of the (as yet
unidentified) TKr, complexes in this higher energy
range results in effective VP on the time scale of ~6
nsec. From these experimental data, we can set an
upper limit for the dissociation energy of the T-Kr vdW
bond in the S, electronically excited state D, (T-Kr)
<1250 cm'. This estimate of the upper limit for the
dissociation energy of the T-~Kr vdW bond is consistent
with some recent model calculations.*® Ondrechen et
al.*® have calculated the binding energy of the TKr,
molecule in the ground S, state to be Dy (T -Kr) =660
cm™!, Setting D, (T-Kr) =D, (T~Kr) +6v (n=1), the
theoretical estimate together with the spectral shift in
Table III result in the estimate D, (T~Kr) =730 cm™},

in accordance with the experimental upper limit for

the excited-state dissociation energy.
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