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The solvation effects on the molecular pure radiative lifetime, its absorption line shape,
oscillator strength, and spectral red shift are studied for 9, 10-dichloranthracene embedded in
clusters of argon, krypton, and xenon. The clusters are synthesized in a supersonic free-jet
coexpansion of the organic molecule with the rare gas. Cluster size is controlled by the nozzle
backing pressure and its pure radiative lifetime is obtained by measuring both the fluorescence
lifetime and the absolute emission quantum yield. For small (jet atom) clusters the pure
radiative lifetime is increased by subsequently adding rare gas atoms. For up to two rare gas
atoms this increase correlates with the atomic polarizabilities and with the spectral red shift.
For Ar and Kr this trend of increasing radiative lifetime continues up to clusters of six rare gas
atoms. These results are in good agreement with calculations based on classical
electromagnetic theory using point polarizable dipoles for the atom and a simplified charge
distribution for the molecule. For large clusters of Ar (up to ~ 1000 atoms) both the spectral
red shift and the lifetime become cluster size independent. This is also in agreement with
classical electromagnetic theory using a model of a point (molecular) dipole embedded in a
dielectric (rare gas) sphere. Both experiment and theory indicate that the radiative lifetime in
this limit is still larger than that of the free molecule, which in itself is longer than that
expected in the bulk solvent. This implies that a further cluster size evolution of this quantity is
expected upon increasing the cluster size above the radiation wavelength. We also report on a
sudden lineshape broadening and a slight spectral blue shift that accompanies the growth of -
large molecule-argon clusters and which we interpret as originating from a possible transition

towards the surface of the molecule in order to minimize growth strain.

I. INTRODUCTION

This research addresses several questions concerning
the transition from isolated to matrix isolated molecules.
Specifically we focus on optical properties (the solvent spec-
tral shift Aw and the solvent affected pure radiative lifetime
7,) of molecules solvated in rare gas clusters and on the
cluster size evolution of these properties. In a previous pa-
per’ we found that the 7, of 9, 10-dichloranthracene (9, 10-
DCA) in small Ar clusters is larger by ~ 5% from 7, of the
free (isolated) molecule. In contrast, theory and experimen-
tal measurements (in cyclohexane) tell us that the radiative
lifetime of 9, 10-DCA in bulk solvent is about half that of the
free molecule. This shows the unique features of the cluster
environment and lead us to expect a nontrivial cluster size
evolution.

Other issues associated with this study are as follows:
(a) What are the basic physical parameters and interaction
that govern the solvent effect on 7, and on Aw? (b) Is the
relationship between 7, and oscillator strength (integrated
absorption) solvent dependent? Is it cluster size dependent?
(c) How do structural details in the finite cluster affect 7,
and Aw? (d) At what size of the finite cluster do solvation
effects saturate at their bulk solvent values? (¢) Is the classi-
cal electromagnetic theory adequate for a theoretical treat-
ment of these phenomena?
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In our previous paper we have argued that classical elec-
trodynamics is sufficient for discussing such issues as long as
we limit ourselves to linear near-resonance optical phenome-
na. We use this classical framework to discuss the other is-
sues listed above. We present more detailed experimental
and theoretical results and show that the theory, within the
simple model adopted here, can account semiquantitatively
for the experimental observations. Remaining deviations are
most probably associated with our lack of detailed knowl-
edge of the cluster structure and of the molecular charge
distribution.

The experimental work described below involves a mea-
surement of the molecular fluorescence decay time 7 and
emission quantum yield ¥ (which together yield the pure
radiative decay time 7, = 7/Y) and of the absorption line-
shape. 9, 10-dichloranthracene was studied by us extensive-
ly in the past and was chosen for this research because of its
unique photophysical properties, as detailed below.

H. PHOTOPHYSICS OF 9, 10-DICHLORANTHRACENE

We have chosen 9, 10-DCA for this research for the
very specific reason that it has an emission quantum yield of
unity from the origin of §,.>* In 9, 10-DCA the origin of the
second triplet lies above the origin of S,* and thus the rate of
intersystem crossing is very small.and it does not exhibit an
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external heavy atom effect upon complexing with xenon.
The phosphorescence quantum yield in matrices was found
to be smaller than 1072.> On the other hand, its singlet
origin is high enough in its energy so that the rate of internal
conversion is also very small.’ For these two reasons the
emission quantum yield of its singlet origin is very close to
unity.

As emission quantum yields are hard to measure with
precision better than 5%, and in our experimental setup we
cannot measure Y for large clusters due to synthesis prob-
lems, we have chosen 9, 10-DCA, for which the measure-
ment of the lifetime represents the true measurement of the
pure radiative lifetime, unperturbed by solvation. Therefore,
in this study we have measured the emission quantum yield
only for small clusters of 9, 10-DCA with one or two Ar, K,
or Xe atoms which is 1.00 + 0.05 for all these clusters.* For
larger clusters we have measured only lifetimes, and we be-
lieve they represent the true 7, . In the worst case they always
constitute a lower limit of 7,.

. EXPERIMENTAL

The basic elements of our experimental apparatus are
described elsewhere* so that only the unique elements of this
experiment will be outlined. We have used four different
nozzles for the synthesis of 9, 10-DCA clusters with Ar, Kr,
and Xe rare gases.

(a) A small 20 u diameter platinum nozzle (electron
microscope pinhole of Polaron company) could hold up to
over 100 atm without overloading our 4 in. diffusion pump
(Varian VHS 4).

(b) A pulsed slit nozzle* was used mostly for the absorp-
tion and quantum yield measurements but also for the life-
time measurements of small clusters up to 11 rare gas atoms.

(¢) A conventional 150 u stainless steel nozzle was used
in a rotary pump alone mode of operation. It was successful-
ly operated in the past for the generation of large clusters of
tetracene, pentacene and anthracene with rare gases.”®

(d) A 100 g conical nozzle gave the highest cluster size
at a given backing pressure (up to 100 atm) but with the
broadest cluster size distribution function width. It was also
used in the rotary pump alone mode of operation.” The noz-
zle backing pressures were regulated either by a needle valve,
or by a Matheson high pressure regulator. A sample of 9, 10-
DCA was heated behind the nozzle in the range 140-200 °C
and mixed there with the carrier rare gases before expansion.
An excimer pumped dye laser (Lambda Physik EMG53-
MSC + FL2002E) crossed the supersonic free-jet expan-
sion 4-5 mm downstream, and the fluorescence was focused
into a photomultiplier (Hammamatsu-R1398) with a nomi-
nal 2 ns risetime. The fluorescence was processed using a
LeCroy 9400 signal averager and fed into an IBM-PC. The
decay curves obtained were fitted to an exponential decay
using a least mean square fit which was biased to the square
root of the signal height so that the higher signal was given a
higher statistical weight. In order to minimize errors and to
obtain + 0.2 ns precision we had to minimize RF interfer-
ences caused by the laser to below 0.5 mv by appropriate
shielding and grounding. In addition, we had to operate the
photomultiplier always at the same voltage and to control
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FIG. 1. Time resolved emission of 9,10-dichloroanthracene and its com-
plexes with argon. The decays were processed 20 ns after the peak at 10 ns
intervals. The solid lines are of a computer least mean square fit. In all cases
over six such decays were averaged to give a single measurement. The de-
cays numbered 1-5 are: (1) Laser stray light. (2) 400 cm™~' vibration of
9, 10-DCA. (3) Electronic orgin of 9, 10-DCA. (4) 9, 10-DCA(Ar),. (5)
Large cluster of 9, 10-DCA (Ar), with saturated red shift.

the laser output by its variable attenuation so that we had the
same initial decay signal height. A trigger was obtained from
the RF of the laser firing. In Fig. 1 we show typical results
obtained from 9, 10-DCA and its clusters. Each decay curve
was taken as the average of about a thousand laser shots and
each measurement was the average of at least six decays as in
Fig. 1. These measurements were rechecked using several
nozzles and on several working days. For these reasons we
estimate our relative precision to be + 0.2 ns. The absolute
accuracy is probably determined by the LeCroy digitizer and
our estimated value for that is + 2 ns. The absorption spec-
tra and emission quantum yield measurements were deter-
mined as previously described,>* using our pulsed slit nozzle
and pulsed simmered short arc xenon lamp followed by a
monochromator. The details of cluster growth dynamics are
given elsewhere.””

IV. EXPERIMENTAL RESULTS
A. The spectra of small clusters

In Fig. 2 we show the argon pressure dependence of
9, 10-DCA (Ar),, clusters, for small clusters of up ton = 7.
The size assignment of these clusters is according to their
argon pressure dependence and it follows their order of red
shift so that the first peak is from the bare molecule, the
second one is from 9, 10-DCA (Ar),, the third one is from
9, 10-DCA (Ar), and so on.*'° From the added red shift per
added atom it was concluded that their structure is as fol-
lows'®: The first cluster has its argon above the center aro-
matic ring. In 9, 10-DCA (Ar), the structure is of a sand-
wich type on the center aromatic ring. In 9, 10-DCA (Ar),
two atoms are on one side and one on the other side and the
fourth argon atom is added to form a triplet on one side, one
on each ring and one atom on the other side, and only then,

J. Chem. Phys., Vol. 93, No. 1, 1 July 1990
Downloaded 10 Mar 2004 to 132.66.16.34. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



Penner et al.: Molecular radiative lifetime 149

o]
ceor
o]
ok P=900 Torr
" P=820 Torr
o+

| J UMK%GSO Torr

FLUORESCENCE INTENSITY [A.U]

oF L_\_A___P=400 Torr

| ]
3850 3880 3910
WAVELENGTH (A)

FIG. 2. The argon backing pressure effect on the generation of 9, 10-dich-
loroanthracene complexes with argon. The nozzle diameter was 20 2 and its
temperature was 160 °C.

the fifth and sixth atoms are put on the other side. The con-
clusion from that analysis'? is that the first six atoms are all
situated above the plan of the transition dipole moment and
qualitatively are expected to increase the pure radiative life-
time.' ‘
In Fig. 3 we show the spectra of small clusters of 9, 10-
DCA with argon, krypton, and xenon rare gases which are
very analogous to other spectra of such complexes.® Again
the small clusters exhibit a well defined spectral feature
which is amenable for study of both its lifetime and emission
quantum yield.

B. The pure radiative lifetime of small clusters

In Fig. 4 we plot both the spectral red shift and the
added relative pure radiative lifetime versus the rare-gas po-
larizability. In all our measuréments we found an increase of
the pure radiative lifetime upon complexing with argon,
krypton or xenon. The important observation, however, is
that this increase of 7, could well be correlated with the rare-
gas polarizability. On the other hand, it is well established
that the spectral red shift correlates well with the rare-gas
polarizability'! as is also demonstrated again for our system
in Fig. 4. This result implies that the change in 7, correlates
with the spectral red shift and suggests that both of them
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FIG. 3. Rare-gas complexes of 9, 10-DCA. The nozzle diameter was 20 u
and its temperature was 170 °C. The argon, krypton and xenon backing
pressures were 800, 600, and 300 Torr respectively.

originate from dispersive interactions as was suggested ear-
lier.! We also note that the same relationship holds for the
second added rare-gas atom where both the added spectral
red shift and the added 7, linearly increased with the atomic
polarizability.

Another important piece of information found in Fig. 4
pertains to nonradiative processesin 9, 10-DCA. As was ela-
borated elsewhere* 9, 10-DCA does not exhibit an external
heavy atom effect due to the energetic location of its 7', above
S, and the resulting lack of mediated intersystem crossing.
From our point of view, the lack of an external heavy atom
effect on both complexes, 9, 10-DCA(Xe) and 9, 10-
DCA (Xe), and the observation that in molecules, where it
exists, this effect saturates on the addition of the first atom, '?
strongly suggest that our complexes with the much lighter
argon atoms are totally immune against solvation effects on
the nonradiative intersystem crossing rates, which already
are much smaller than the radiative ratein 9, 10-DCA. Thus
for clusters with more than two rare-gas atoms, we have
measured the lifetime alone, and accepted it as 7, or at least
as a lower limit for it. We note again that the data in Fig. 4
represents the true 7, as the measured emission quantum
yields for these clusters was 1.00 4+ 0.05.*

In Fig. 5 we plot the emission lifetime of 9, 10-
DCA (Ar),, where n = 0-8, against the spectral red shift. It
is clearly observed that the lifetime increases with the num-
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FIG. 4. The added pure radiative lifetime and the spectral red shift of argon,
krypton, and xenon van der Waals complexes with 9, 10-dichloroanthra-
cene against the rare-gas atom polarizabilities.

ber of argon atoms up to #» = 6, which is in full agreement
with the qualitative theoretical prediction' based on our pro-
posed structure'® of these six argons being above and below
the aromatic rings and thus perpendicular to the transition
dipole moment.

We also observe in Fig. 5 that the linear relationship
between 7, and the spectral red shift is degraded for n > 2.
This is related to the different atom position dependence of
these two observables as discussed in Sec. V. A very similar
behavior was also observed in 9, 10-DCA(Kr), for the
krypton clusters with n = 0-6.

C. Large clusters and their pure radiative lifetime

In Fig. 6 we show the spectra of 9, 10-DCA (Ar),, and
its dependence on the argon backing pressure. As the argon
backing pressure was raised the average cluster size was cor-
respondingly increased. A rough measure of the mean clus-
ter size under our experimental conditions can be inferred
from the mass resolved spectra for 9, 10-DCA (Ar), clus-
ters obtained by Even et al.'* By the comparison of the spec-
tral shift of the band maximum (Fig. 6) with the spectral
shift for the mass selected clusters' we infer that the spectral
shift for the #n = 54 cluster Av = 535 cm ™' corresponds un-
der the experimental conditions of Fig. 6 to p~ 18 atm. The
cluster growth kinetics at moderate and high stagnation
pressure p implies that (#) ap® with 8 = 1-2. One expects
that @ = 2 at low p ({n) % 10) as appropriate for three-body
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FIG. 5. The pure radiative lifetime of several 9, 10-DCA (Ar), complexes
(n-number of argon atoms) vs their spectral red shift.

collisions, S~ 1 at higher p where cluster growth is stabilized
by evaporation, while at high p values £ increases from the
value of unity due to the contribution of intercluster colli-
sions. Utilizing the value of (n) = 54 at p = 18 atm, the
higher pressure of 100 atm and 20 u nozzle diameter we
estimate for the cluster size an upper limit of {n) = 1500
(with B =2) and a lower limit of {(n) ~300 (with #= 1),
thus concluding that the largest cluster synthesized with the
20 nozzleis (n) = 10’ with an uncertainty of + 50%. The
mean cluster size synthesized with the 100 4 conical nozzle is
estimated to be much larger than 10°.

In Fig. 7 we plot the lifetime of the clusters vs their
spectral shifts. The lowest points correspond to well charac-
terized clusters with n = 1-11, which could be spectrally
identified, however, for n >4 some spectral overlap occurs
between clusters of adjacent n values. The spectral shift data
for n > 11 correspond to the maxima of broad spectral bands,
whose linewidth originates from inhomogeneous broaden-
ing due to the superposition of different cluster sizes, from
distinct isomers of the same size, as well as to homogeneous
broadening. The single point at Av = 592 cm ™' represents a
saturation in both the lifetime and the red spectral shift,
which shows no further dependence on the cluster size. We
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FIG. 6. The pressure effect on the spectroscopy of 9, 10-DCA clusters with
argon. The nozzle diameter was 20 # and its temperature was 190 °C.

note in passing that the spectral shift constitutes a highly
nonlinear measure of the cluster size. From the data of Fig. 7
we infer that 7, increases up to n = 6 as is expected on the
basis of the structural information which indicates that these
Ar atoms are located above and below the aromatic ring.
Subsequently 7, starts to decrease for # = 8-26 with increas-
ing n, as the first solvation layer is built on the sides of the
9, 10-DCA. The minimum of 7, occurs for a red spectral
shift of 435 cm™', which according to the mass resolved
data'® corresponds to n = 26. Above this cluster size 7,
starts to increase again. On the basis of theoretical consider-
ations we assert that this increase of 7, for n>26 corre-
sponds to the buildup of the second solvation layer. Thus the
minimum of 7, vs Av marks the completion of the first solva-
tion shell. The value of n = 26 inferred from the 7, data for
the closure of the first solvation shell is close to but some-
what lower than the value of » = 35 inferred by Even et al.'?
for the saturation of the homogeneous line broadening in
mass resolved 9, 10-DCA (Ar), spectra. Further we note
that for large clusters (above ~ 10?) 7, saturates at a value
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FIG. 7. The emission lifetime of argon complexes of 9, 10-DCA vs their
spectral red shift. The spectral positions of the first eleven clusters are indi-
cated. In each case the lifetime measurement was performed using several
nozzles and at argon backing pressure where the yield of that cluster was
optimized.

of 26.1 ns. It is important to note that the pure radiative
lifetime saturates at the same cluster sizes as does the spec-
tral red-shift, as is expected on the basis of the assumption
that both these observables originate from polarizability in-
teractions, as is also implied for Fig. 4.

D. The transition from isolated to matrix isolated
molecule clusters and solvent

An important observation drawn from Fig. 7 is that for
large clusters where the spectral red-shift saturates, the pure
radiative lifetime also saturates at a value /argerby 129 than
that of the bare molecule. However the pure radiative life-
time of 9, 10-DCA was measured by Berlman'* to be 15.4 ns
in cyclohexane solution. We note that pure radiative lifetime
reduction upon bulk solvation is also found for anthracene,?
for which r, is 31 nsec in the bare molecule and 13.6 ns in
cyclohexane,'* and for tetracene whose 7, is 50 ns for the
bare molecule>' and 30.5 ns in cyclohexane.'*

In Fig. 8 we support the general notion that upon in-
creasing the nozzle backing pressures, the clusters are still
growing, even though the spectral red shift is saturated. For
this purpose we have used a 100 u conical nozzle which is
much more efficient in inducing cluster growth than the 20 u
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FIG. 8. Cluster growth after the saturation of their spectral red shift. The
energy resolved emission width Av,(0J0D0) the emission Stokes shift
Svs(A A A) the relative amount of Raleigh light scattering at 4000
A(HEE) and the emission lifetime (@®®) of 9, 10-DCA embedded in
large clusters of argon. A 150 u conical nozzle was used at 180°C. The
experimental point in cyclohexane solution was taken from Ref. 4.

conventional nozzle and we plot the measured cluster life-
times, the spectral width of the emission from the electronic
origin, the Stokes shift of the energy resolved emission'® and
the amount of Rayleigh light scattering at a nonresonant
wavelength of 4000 A. From in increase in the Rayleigh light
scattering as well as the pressure dependence of the emission
width and its Stokes shift, we assert that the notion of cluster
growth upon the increase of the argon backing pressure is
further supported. We note that using the 100 u conical noz-
zle, the spectral red shift, saturated at about 15 atm backing
pressure. In spite of this, the measured lifetime remained
practically constant at about 26 ns which is much longer
than the solution value of r,. Further variations in 7,
(towards the bulk value) are therefore expected at much
larger cluster sizes.

E. Transition in the cluster structure

One aspect that has been extensively discussed in the
literature is isomerization or structural transitions in clus-
ters.'5!” While increasing the cluster size, upon the increase
of the stagnation pressure, the spectral red shift saturates. In
Fig. 9 we observe some peculiar features of the red spectral
shift just before its saturation. In this range we observe that
upon increasing p first a red shift then a blue shift (for
p = 27-40 atm) and finally a red shift (for p = 40-95 atm)
is exhibited.

In Fig. 10 we plot the p dependence of the spectral red
shift, the excitation linewidth, the energy-resolved emission
linewidth and the Stokes shift for the 20 x nozzle. Similar
results using other nozzles were obtained for different back-
ing pressure scales. The first peak in the linewidth scale can

| P=95 atm
! .
| P=6latm
|

Pz40atm

P=34atm

FLUORESCENCE INTENSITY (AU)

P=27atm

i
3900
WAVELENGTH (A)

FIG. 9. Spectral manifestation of a structural change in 9, 10-DCA clusters
with argon. The excitation spectra are plotted at the various indicated argon
backing pressures. The dotted line is drawn to emphasize the slight blue
shift at around 40 Atm. 20 4 nozzle diameter was used at 190°C,

be calibrated by comparison of our red shift values with
those of the mass-resolved data,’® to correspond to
(n) = 22-54. The widths of the cluster mass resolved spec-
tra of Even et al.'? in this size range are lower by a numerical
factor of about 2 than our spectra, clearly reflecting the ef-
fects of inhomogeneous broadening. In this domain of rela-
tively small cluster sizes the red shift per added atom is still
relatively large as the first solvation layer is completed and
around n = 30, whereupon the effects of cluster size distri-
bution on the spectral shift are sizeable. The second peak in
the excitation linewidth, emission linewidth and Stokes shift
appears at large cluster sizes { {(n)>100) where the first sol-
vation layer is already completed and further solvation lay-
ers are built. This second peak correlates with the slight blue
spectral shift (Fig. 10). A tentative interpretation of these
observations involves the appearance of an asymmetric
growth pattern of these large clusters, which coexist with
symmetrical large clusters. Such coexistence will result in
inhomogeneous line broadening and a slight blue spectral
shift of the average excitation energy of these large clusters.
Upon completion of the second shell at about 100 argon
atoms, the argon—argon interaction starts to dominate over
the argon-molecule interactions. To minimize strain the

J. Chem. Phys., Vol. 93, No. 1, 1 July 1990
Downloaded 10 Mar 2004 to 132.66.16.34. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



Penner ot a/.: Molecular radiative lifetime 153

600t v
_-E 500} Red Shift
R
3 - 4
3 400
300 p?
_ 120F J
§ 100+ Line Width 4
e
P 801 n
60 r
120}

< 100l Emission Width
5
w 80} -
Y
< eob -
4: £~
60F : .
0 Stokes Shift
T 40- -
O,
L 20 -
«KQ
all 1 1 |
0 25 50 75 100
PRESSURE (atm)

FIG. 10. The spectral red shift, excitation line width, emission line width
and its Stokes shift of 9, 10-DCA clusters with argon against the nozzle
backing pressure. Measurements are at the electronic origin as shown in
Figs. 6 and 9. The nozzle diameter was 20 z and its temperature was 190 °C.

cluster prefers to grow in an asymmetric way that can be
viewed as a quasisurface molecule (two layers below sur-
face). At a finite cluster size interval, there can be a coexis-
tence of both the centered and quasisurface or asymmetric
structures. As the transition from the center to the surface is
expected to cause a blue shift, the coexistence of these two
(or more) forms will result in an inhomogeneous line broad-
ening in excitation and emission in accord with the experi-
mental observations.

It is important to note that regardless of this structural
transition the experimental pure radiative lifetime remained
almost constant (being unaffected by it).

V. THEORETICAL CONSIDERATIONS

In our previous paper (paper I)! we have shown that
many of the qualitative features of the effect of van der Waals
complexation with rare-gas atoms on electronic absorption
spectra and radiative lifetimes may be analyzed within a
classical electrostatic model. We have also shown how a
quantum mechanical treatment of these solvent effects re-
duces to the classical electrostatic result in the limit of first
order perturbation theory. In our present discussion we shall

distinguish between three situations with regards to the clus-
ter size:

(1) The few atom clusters. This is the case that was
theoretically treated in paper I, where each atom was taken
as a point polarizable particle. Experimentally, for DCA,
this situation corresponds to clusters smaller than about 20
Ar atoms where the frequency shift and radiative lifetime
strongly depend on the cluster size.

(2) Many atom clusters whose size is much smaller than
the wavelength of the radiation field at the molecular fre-
queny @, i.e., a €4 = 27rw/v, where v is the speed of light in
the cluster, v = ¢/n, and n being the refractive index.

(3) Large clusters, with size much larger than the wave-
length of the radiation field. This is in fact the bulk limit.

In this section we review the results for case (1) and
derive the results for the frequency shift and the radiative
lifetime expected in case (2). These two cases cover all the
experimental observations described in the previous section.
Some interesting problems associated with the transition
from case (2) to case (3) are discussed here but their de-
tailed treatment is deferred to a future publication.

Few atom clusters. In paper I we have derived expres-
sions for the modified radiative lifetime and the frequency
shift for a molecule in a van der Waals cluster with a few
rare-gas atoms. The molecule was represented by a Drude
oscillator characterized by the bare molecular frequency ay,
by a damping rate I'{ corresponding to the radiative damp-
ing rate of the free molecule and by a polarizability @ which
is related to the free radiative decay rate by

(€]
a3 LK (_C_> (1

2 w, \w,

The Drude oscillator represents the oscillating transition di-
pole u. In the classical Drude picture it induces oscillating
dipoles in the neighboring polarizable atoms. The modified
radiative decay rate 'y is related to the total (molecular
plus atomic) dipole in the system p'**

Ir= (_w_)3wt|_2rg{) , (2)
Wo 1z '2

where o is the shifted molecular frequency. The frequency

shift Aw = @ — w, is obtained in terms of the ratio between

the reaction field E, at the molecule and the molecular di-

pole u (E, is the field due to the induced dipoles on the

atoms)

A9 _ 2 Re(E,). (3

Wy 2u
Note that since this E, is linear in y, this ratio does not
depend on w.

In paper I we have used these expressions in order to
rationalize the observation that the radiative lifetime of the
clustered molecule is longer than that of the free molecule.
With the more detailed data available to us now, it is of
interest to examine the theory in more detail. In view of the
highly simplified model and of the classical approach used
for the theoretical calculation, we should not expect quanti-
tative agreement between theory and experiment. However
we should be able to identify the important parameters of the
problem and get a feeling for what this simplistic model can
do on the quantitative level.
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Equations (1)—(3) are strictly valid only for a molecule
represented by a two level system and when the optical tran-
sition is far from saturation. There are many situations when
such a description is sufficient even for large molecules, e.g.,
for a linear optical process near a molecular resonance. In
particular, the relation (1) between I'{” and « arises from
the two level (1 and 2 say) expression for the polarizability
a = 2|u,,|*(E, — E,), where u,, is the corresponding tran-
sition dipole matrix element. For a general many level sys-
tem the polarizability is given as a sum over many terms like
this. This is manifested, for example, by the different polari-
zabilities that can be associated with different electronic
states. For example, the polarizabilities in the first excited
singlet state of anthracene and of 9, 10-dimethylanthracene
are 55 and 65 A> (respectively) larger than in the ground
states of the corresponding molecules.'® Equation (1) can-
not, therefore, be used in Eq. (3) for such systems. Instead,
in the calculations reported below, we have used a general
dispersion-type expression for the frequency shift:
Aw = CZa /R § where the sum is over all the atoms, R
are the distances between the centers of the atoms and of the
molecular dipole, o, are the atomic polarizabilities and C is
a constant which is determined by requiring that the shift
calculated for the DCA. (Ar), complex (see below for geo-
metrical considerations) yields the experimentally obtained
frequency shift for this complex. Physically, C corresponds
to the difference in stabilization energy between the molecu-
lar ground and excited states upon binding the Ar.

We note in passing that the discussion above does not
imply that Eq. (1) is useless for such molecules. The polariz-
ability defined by Eq. (1) may be viewed as a ““transition
dipole polarizability” between two given states for an inci-
dent field at resonance with the corresponding transition,
where I, is the radiative width of the upper state associated
with this transition.' It is in this way that we use Eq. (1)
later [see Eq. (11)].

Another issue which should be addressed in any attempt
to discuss quantitatively the correspondence between results
obtained from this simple model calculation and the experi-
mental results, is the distribution of the molecular dipole. In
paper I we have represented the molecule by a point dipole p
or by two charges of + gseparated by a distance /and is such
that gl=p. [in general, one can model the molecule by a
general charge distribution p(r) satisfying 4 = §d *rrp(r)].
In paper I we have found that for / small relative to the atom-
molecule distance, the effect of the finite dipole size was rela-

tively small. The same conclusion is reached from the results
obtained here with geometrical parameters corresponding to
the DCA-~rare-gas complexes. On the other hand, for a mol-
ecule like DCA with the electron density distributed essen-
tially equally on the three aromatic rings, a representation of
the molecular charge distribution by a single dipole at the
molecular center is a gross oversimplification. While a com-
plete distribution can be achieved only using the correct
guantum mechanical molecular electronic structure, our
classical model may be easily extended to more general
charge distributions. In the lifetime calculations reported
below we have compared results obtained from two models:
one in which the molecule is represented by a single point
dipole at the molecular center and the other in which the
molecule is represented by six charges of equal magnitudes,
two of opposite signs at the centers of each aromatic ring.
Note that apart from its dependence on the positions of the
rare-gas atoms, the lifetime calculation does not contain an
adjustable parameter (except its very weak dependence on
the shifted frequency ). The corresponding evaluation of
the frequency shift uses the expression

a
Aw=C§A:ZR; , (4)

where the sums over 4 and i are, respectively, over the atoms
and over the ring centers (only one of the latter enters in the
first model) and where the adjustable parameter C is deter-
mined as noted above. Note that this one single C is used for
the complete set of calculations, and the same value of C was
found to fit both models.

Next we provide the input data used in the following
calculation. The atomic polarizabilities for Ar, Kr, and Xe
are 1.64, 2.48, and 4.04 (in A3 units), respectively. The mo-
lecular plane is taken to be the ZY plane with the short and
long molecular symmetry axes being along the Z and Y di-
rections, respectively. The three ring centers are at
(x,y,z) = (0.,0.,0.), (0., + 2.42,0.) (all distances are given
in A). The first rare-gas atom attaches to the molecule above
the middle ring (along the X axis). The equilibrium dis-
tances between the center of this atom and the molecular
center at the origin were taken (on the basis of semiempirical
potential energy calculations) to be 3.42, 3.50, and 3.71 A
for Ar, Kr, and Xe, respectively. For complexes with up to
eight Ar atoms the atomic positions used in our calculations
are given in the following:

1
DCA-Ar,: (3.42,0.0.)
DCA-Ar,: ( + 3.42,0.0)
DCA-Ary;: ( —3.42,0.0.), (3.42, + 1.925,0.)
DCA-Ar,: ( +3.42,0.0.), (3.42, + 3.70,0.)
DCA-Arg: (3.42,0.0.), (3.42, +3.70,0.), ( — 3.42, + 1.925,0.)
DCA'Arg: (4 3.42,0,0.), (+3.42,3.70,0.) ( + 3.42, — 3.70,0).
DCA-Ar;: (3.42,0.0.), (+3.42,3.70,0.), ( +3.42, —3.70,0.), (0.,3.8,3.8)
DCA-Arg:  (3.42,0.,0.), ( =+ 3.42,3.70,0.), ( + 3.42, —3.70,0.), (0., + 3.8,3.8) .

The positions taken for the first three Ar atoms are based on
potential energy calculations for anthracene and tetracene.”
For DCA - Ar, we have followed indications from these cal-

f

culations that three of the four Ar atoms lie on the same side
of the molecular plane. Due to uncertainties in the actual
atomic positions we have taken the simplest choice of posi-
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tioning these three atoms linearly along the Y axis. It is how-
ever quite possible that this atomic arrangement is not linear
and that the atoms are staggered either within the ZY plane
or within the XY plane. Our simpler choice which puts the
atomic positions closer to the ring centers may be the reason
why the results in Fig. 11 overestimate the increase in the
radiative lifetime for the 4-6 complexes.

Finally, the structures of the 7 and 8 atoms clusters are
guesses in which the 7th and 8th Ar atoms were taken to lie
in the molecular plane, in the space between the chlorine
atom and the ring. The choice of 3.8 A for the corresponding
distances is arbitrary but reasonable.

The two models for the molecular charge distribution in
the lifetime calculation are: (a) A point dipole 2 at (0.,0.,0.)
inthe Z direction, and (b) A pair of charges + g centered at
each of the three ring centers and separated by 1 A along the
Z direction. For model (b) we have also compared the re-
sults to those obtained by taking the charge separation in
such a pair to be 0.1 A (instead of 1 A). This had only little
effect on the calculated lifetimes. The adjustable constant C
of Eq. (4) was found to be aimost identical in the two models
and a common value of C=3.3X10"% cm® was taken.
Note that the calculated lifetime does not depend on the
choices of u or q.

Finally, the molecular parameters used in the calcula-
tion are wy, = 25 947 cm ™' for the 0-0 absorption peak, and
'Y’ =2.28x107* cm™"' for the free radiative decay width.

Using these input parameters we have calculated the
frequency and the radiative lifetime shifts for the first eight
DCA-AR, (n=1,---8) complexes (Fig. 11). This figure
shows both the results of model (a) (circles) and of model
(b) (squares) for the molecular charge distribution. Figures
12 and 13 show, respectively, the results of model (a) and
(b) for the relative lifetime and frequency shifts of the

31.0

29.0 A

27.0 1

LIFETIME (nsec)

25.0 4

23.0 250.0

125.0
RED SHIFT(cm™)

FIG. 11. Calculated radiative lifetime of several dichloroanthracene-Ar,
(n=0,---8) complexes, plotted against the calculated frequency shifts.
Circles connected by a dashed line are results of model (a) (see the text)
while squares connected by a full line are results of model (b). See the text
for the structures of the complexes.
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FIG. 12. Relative lifetime shifts (squares connected by a full line; right axis)
and relative frequency shifts (circles connected by a dashed line; left axis) of
DCA complexed with one Ar, Kr, or Xe atom, plotted against the atomic
polarizability of the rare-gas atom. Model (a) for the molecular charge dis-
tribution was used in this calculation.

DCA-Ar, DCA-Kr, and DCA-Xe complexes. Comparing
these results with the corresponding experimental results of
Figs. 4 and 5, we see that a good semiquantitative agreement
exists between the latter and between our simple model re-
sults, and that a considerable improvement in this agreement
is achieved by going from model (a) that represents the mol-
ecule as a point dipole positioned at its center to model (b)
which distributes the molecular charge over the three rings.
It should be emphasized that no attempt was made to opti-
mize the model results by changing the atomic positions or
by using more details of the molecular charge distribution.
One could get a better agreement with the experiment by

5.0

(c-01%) °0/(%m—m)

0.00 4.50

1.50 3.00 .
ATOM POLARIZABILITY (A%)

FIG. 13. Same as Fig. 12, with model (b) for the molecular charge distribu-
tion used in the calculation.
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doing so, but the merit of doing it is questionable in view of
the simplicity of the model.

Small many atom clusters. Consider now the intermedi-
ate cluster size case, where the cluster is large enough (rela-
tive to atomic size) so that it can be approximated as a small
dielectric particle, but is still small relative to the radiation
field wavelength. In this case we model the cluster as a di-
electric sphere having the high frequency dielectric constant
€ = n? (n is the refractive index) of the corresponding bulk
rare-gas solid. For Ar, Kr, and Xe these dielectric constants
are 1.63, 1.88, and 2.19, respectively.

For the larger clusters now considered we resort to the
simple representation of the molecule as a point dipole. The
modified radiative lifetime may be obtained from Eq. (2),
where 11** is the total dipole of the molecule-sphere systems
with y representing the molecular (transition) dipole. The
model is depicted in Fig. 14 in which the cluster is represent-
ed by a sphere of radius @ and dielectric constant €, and
where the molecular dipole p = (1,6,,0) is located at the
point ry = (7,,0,0) inside the sphere (i.e., 7y < a).

The lifetime of a radiating dipole in a dielectric sphere
can be calculated from generalizations of the Mie theory,*'
and general expressions are available.’>?* Simpler results ap-
propriate to small spheres (a <A where A is the radiation
wavelength in the sphere) may be derived as limiting cases of
these expressions, or, more simply, by solving the corre-
sponding classical electrostatics problem as follows: The
field inside the sphere may be written (for r#r;) as a solu-
tion to the Laplace equation [at pointr = (7,6.¢)]

(I)(r) ________p.-r— 1‘03 + 3
€jr—r,|

1
Z AlmrlYlm(e’¢); r<a, (5)

I=0m= —1

where the first term on the right is the bare dipole potential.
Outside the sphere the general solution of the Laplace equa-
tion is

/
d(r) = Z z [B,mr_l_'Y,m(0,¢); r>a. (6)

I=0m= —

FIG. 14. A model for larger clusters: A point dipole (molecule) in a dielec-
tric sphere (solvent).

The coefficients 4 and B are determined from the usual elec-
trostatic boundary conditions, e.g., the continuity of the po-
tential ¢ and of the normal component of the displacement
vector D at the sphere surface. The calculation is facilitated
by expanding the |r—r,| ~3 term in Eq. (5) in spherical func-
tions. For r> 7,

pr—r, 1{ °° 4r Iy
ot LS STy,
€lr—ry] € ,ul;o 20+1 /1 10 (6:4)

> [4zid+1) i7"

PN v mbwry

X[Y,(6,¢) — Yl,_1(0,¢)]] (7

withu, = u sin ,and u, = u cos 6,. For the potential out-
side the sphere we find B,,, = O for |[m| > 1. Keeping only the
dipolar / = 1 term we get

T

tot , 4
#

3per

P(r) = = 3 r—o, 8
(r) )P " ) (8)
where 7 is a unit vector in the r direction. Hence
tot 3
= 9
H (e+2) "

is the total dipole of the molecule—cluster system. Interest-
ingly, this result is independent both of the sphere radius (in
this limit where @ is much smaller than the radiation wave-
length) and of the location of the molecule in the sphere.
Note that this feature is in accord with out conjecture (Sec.
IV E) that the migration of the molecule to the cluster sur-
face does not change its radiative lifetime. If we disregard the
very small correction (w/w,)> we get from Eq. (2)

Tr/TY = [3/(e +2)]? (10)

which for Ar yields about a 40% longer radiative lifetime,
independent of the cluster size in this limit. The experimen-
tal results show saturation of the cluster effect on the fluores-
cence lifetime at about a 12% increase. The difference may
be due, at least in part, to the fact that the effective dielectric
constant of the cluster is smaller than its bulk value. The
prediction for the corresponding saturation values for Kr
and Xe are ~65% and 95%, respectively.

It is interesting to consider also the oscillator strength,
namely the integrated absorption line shape of the clustered
molecule. One may ask whether it is related to the modified
radiative decay rate in the same way as the oscillator
strength and the radiative lifetime of the free molecule. This
in fact should be so, because the clustered molecule does
behave as any other absorbing species, so to show it from our
model calculation provides an important consistency check.
To demonstrate this consider the Drude-like equation for
the molecular transition dipole:

E,. (1

i

. . 2 2
R+ Tep+ o' e
Here E,, is the incident field in the p direction, I'; and w are
the actual radiative decay rate and frequency, and « is the
transition dipole polarizability given by Eq. (1). The factor
3/(e + 2) relates the incident field to the field inside the
dielectric sphere. Multiplying Eq. (11) by 3/(e + 2) and
using Eq. (9) we get
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2
“tot + FR "Lto‘ + wzp,w‘ = wza( ) Eﬂ . (12)

€e+2
The absorption cross section associated with Eq. (12) is giv-
en by**

1] 2mc }? 3\
o-4[2fre( )
o) 4[w R €+2

r R / 2
(Q— )+ (TR/2)*
(13)
This differs from the usual expression for the absorption
cross section only by the appearance of the factor containing
the sphere dielectric constant (note that for € = 1 this factor
disappears). Using Eq. (10) we see that the absorption cross
section takes the usual form with Iy replacing 'Y, so the
former will now replace the latter in the oscillator strength

fdn a(Q) =—l—[ﬂ]2rk (14)
41 o
which concludes our proof.

Next consider the frequency shift for this case. Eq. (3)
may again be used where E, is the reaction field at the mole-
cule due to the polarization of the sphere by the molecular
dipole p. Solving the electrostatic problem defined by Eqgs.
(5)-(7) we get the A coefficients of Eq. (5). Hence the reac-
tion potential 24,, 7Y, (6,¢) inside the sphere. From this
we get the reaction field in the direction of the molecular
dipole in the form

1
w1 1%2(14+ 1)cos? @ +—I(I+ 1)?sin® @
E,= — & 3 2 (4 1) sin

€ /=0
R e
A+ d4I4+1
Using this in Eq. (3) yields the frequency shift relative to an
homogeneous environment with dielectric function €. In par-

ticular, for a molecule located in the middle of the spherical
cluster (7, = 0) only the / = 1 term contributes, and we get

(15)

2u e—1
E, = — ) 16
R e’ e+ 2 (16)
This with Eq. (3) yields

A a e—1 (17)

o €@ e+2
Neglecting the polarizability of the ground state DCA and
taking @=60 A?® for the excited DCA, and using € = 1.63
(Ar) we find within this continuum dielectric model that
increasing the cluster size from a = 20 A to « causes an
additional frequency shift of less than 10™* w=25cm™',
namely 95% of the observed shift develops before the cluster
reaches this size, which is in accordance with the experimen-
tal observation. The trend to saturation of the frequency
shift will be even faster if the molecule tends to sit just be-
neath the cluster surface because then additional cluster
atoms will add themselves at the further (from the mole-
cule) end of the cluster.

Finally, consider the bulk limit. Both theory and experi-
ment agree that the lifetime of a molecule embedded in a
dielectric solvent is shorter than that of the free molecule.?®
While no experimental data are available for DCA in a rare
gas matrix, the fluorescence lifetime in cyclohexane

(€ = 2.04) is =15 ns, about half that of the free molecule.
This implies that when the cluster size increases beyond the
radiation field wavelength, the radiative lifetime should de-
crease substantially. At the same time the relation between
the oscillator strength (integrated absorption) and the ra-
diative lifetime should change from its vacuum form which
is independent of the solvent dielectric function (as we saw
above this form holds also for small clusters which to the
source and the detector appear as molecules) to its solvent
form which depends on it. The length range in which this
transition occurs should be related either to the radiation
wavelength A or to a length defined by the speed of light v (in
the cluster) and the fluorescence lifetime 7. v~ however is of
the order of 10 cm which seems too large to be relevant in
this context. It would be interesting to study this size evolu-
tion effect both experimentally and theoretically.

V1. CONCLUSIONS

In this paper we have presented experimental and theo-
retical results that elucidate the effect of a small cluster envi-
ronment on the optical properties of an embedded molecule.
The molecular absorption line shape and the radiative emis-
sion lifetime are affected in a pronounced way which strong-
ly depends on the cluster size and geometry for the few atom
clusters, and become quite insensitive for intermediate size
spherical clusters whose size is much smaller than the radia-
tive wavelength. At such sizes the absorption red shift is
practically fully developed, however the radiative lifetime is
larger than that of the free molecule (and, remarkably, inde-
pendent of the molecular location within the cluster) while
the corresponding lifetime in the bulk solvent is expected to
be shorter. Thus, a further transition in the lifetime behavior
is expected when the cluster size exceeds the radiation wave-
length.
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