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Femtosecond spectroscopy is used to investigate the ultrafast photochemistry of the I, arene charge-transfer complex that occurs
upon excitation into the charge-transfer state. We find that the photo-excited complex branches into two different channels within
25 fs. The dominant channel involves breaking up of the I,:arene complex in its constituent molecules, in the other channel the
I:arene complex and an iodine atom are formed. From the polarization anisotropy and the absence of fast geminate recombina-
tion of the I: arene and atomic iodine fragments we conclude that in the transition state the I,:arene complex is severely distorted.
The molecular I, formed in a separate channel of the reaction recombines with arene to I :ar in about 10 ps.

1. Introduction

With the advent of femtosecond lasers [1], new
opportunities arose for the study of the elementary
steps in chemical reactions. The promise of this new
field named “femtochemistry” was most vividly
demonstrated by Zewail and co-workers [2]. It was
shown that the dynamics of the initially excited state
of the reactant can be expressed elegantly in terms of
the time evolution of a wave packet [3,4]. In certain
reactions this time evolution leads to products that
are formed in a coherent superposition of rotation-
ally and/or vibrationally states [5], which can be
described by wave packets as well. For instance, in
case of the photedissociation of Hgl, it was shown
that the Hgl photofragment is generated as a ro-vi-
brational wave packet [6]. For ICN it has been pre-
dicted that the CN fragment is formed as a rotational
wave packet [7], with little energy going into vibra-
tional excitation of the photoproduct. Recently it was
demonstrated that photodissociation of I3 in solu-
tion leads also to one of the fragments (I7) being
formed as a vibrational wave packet [8]. It can be
expected that the course of this reaction, and any
other that occurs in solution, is greatly influenced by
the collisional dynamics of the solvent [9]. Study of
these dynamics is therefore crucial to the under-
standing of the effect of vibrational coherence on

chemical reactions in solution. Recently femtosec-
ond four-wave mixing [10,11] and optical Kerr ef-
fect [12] experiments have been performed to study
the ultrafast solvent dynamics. While substantial
progress is being made in the understanding of the
different types of solvent motions, their effect on the
product coherence has not been explored. Under-
standing of these effects remains one of the main
challenges in this field.

In this Letter, we report on the ultrafast photo-
chemistry of a simple charge-transfer complex in so-
lution: the iodine-arene (I,:ar) complex. This sys-
tem played an important role in Mulliken’s
theoretical description of charge-transfer complexes
[13]. The reasons for our choice of this complex are
rather basic; (1) it scemed an excellent model sys-
tem to study the role of solvent motion on a reaction,
(2) the photodissociation reaction involves only
breaking of a single iodine-iodine bond [14] (vide
infra), (3) there seemed to be a fair chance that a
vibrationally coherent product would be formed in
the reaction. Moreover, the absorption spectra of
these complexes have been characterized well [15-
17] and extensive ps pump-probe studies of this re-
action were already performed [18,19]. In fact our
femtosecond pump-probe study can be considered
a follow up of these pioneering ps experiments, which
established clearly the very fast formation of the I: ar
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complex. However, due to limited time resolution in
these earlier studies the elementary step in the pho-
todissociation of the I,:ar complex could not be ob-
served. In particular the question whether or not
branching occurs in this reaction could not be set-
tled. Unravelling the photodissociation of an iodine
complex is also appealing because iodine has always
played a prime role in the study of reaction dynam-
ics in solution (for a review, see ref. [20]). Fun-
damental processes such as predissociation and curve
crossing [21], geminate recombination and the cage
effect [22], and vibrational relaxation [23] have all
been explored in this system.

We find that dissociation of iodine in the I,:ar
complex, by excitation into the charge-transfer band,
proceeds much faster than in the B state of free mo-
lecular iodine [24] and that the I:ar photoproduct
is not formed in a coherent-wavepacket state. Clear
evidence for the concurrent generation of molecular
iodine from the I;:ar complex in a separate channel
is also presented. A model for the reaction is pro-
posed that accounts for the absence of fast geminate
recombination and for the ultrafast loss of polari-
zation anisotropy. Recombination of molecular io-
dine and arene molecules is found to be complete in
about 20 ps, while this process for the I: ar and atomic
iodine fragments occurs only partly and takes place
on a much longer time scale.

2. Experimental

The experimental setup used is similar to the one
described previously [25]. Pulses of 2 pJ with a du-
ration of about 50 fs were generated in a CPM laser
amplified by a copper vapor laser, Pump and probe
beams at 310 nm were obtained by second harmonic
generation in a 300 um thick KDP crystal. The UV
light is generated with a polarization perpendicular
to the red light. In some pump-probe experiments
the polarization of the probe beam at 620 nm was
rotated over 90° by placing a 4 plate in the beam.
Probe beams in other parts of the spectrum were ob-
tained by continuum generation in a thick (about |
mm) flowing jet of ethylene glycol. Portions of this
continuum were selected by placing interference fil-
ters, with a bandpass width of about 25 nm, between
the sample jet and the detector. In this manner probe
wavelengths from 700 down to 400 nm, at 50 nm in-
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tervals, could routinely be obtained. Cross correla-
tion widths of this pump-probe setup were typically
about 140 and 120 fs for the single-colour and the
two-colour configuration, respectively.

Samples were prepared by dissolving solid, triply
sublimed, iodine (Merck) either in pure mesitylene
(1,3,5-trimethylbenzene) or toluene, or in 20/80
vol% mixtures of mesitylene/toluene and alkane (n-
hexane, cyclohexane, n-hexadecane). The concen-
tration of iodine in all cases was about 5x 103 M.
In the pure arene solvents the equilibrium
I,+arzl,:ar is such that about 85% of the iodine is
complexed in case of mesitylene and about 70% for
toluene. For the mixed solution samples (20% vol.
conc. ), about 60% of the iodine is complexed for al-
kane/mesitylene, while for alkane/toluene this frac-
tion is 45%, as established by inspection of the in-
tensity of the charge-transfer transition. All solvents
were Merck p.a. grade and used as provided by the
manufacturer.

3. Results and discussion

Fig. 1 shows the spectrum of iodine dissolved in
mesitylene. The band around 490 nm is also present
when iodine is dissolved in inert solvents, such as
cyclohexane, although in complexing solvents it is
somewhat shifted to the blue. The band with a max-
imum at 334 nm, on the other hand, is not present
in either mesitylene or iodine; it belongs specifically

absorbance

300 400 500 600 700
wavelength (nm)

Fig. 1. (—) Absorption spectrum of a solution of I in mesity-
lene. In the same figure, on an arbitrary scale, sketches of the
transient absorption spectra measured at (---) 1 ps and (- - -)
30 ps probe delays (dashed line).
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to the charge-transfer complex I,: mes. The spectrum
of iodine in toluene is very similar except that the
charge-transfer band is now found at 300 nm. The
transient absorption spectra of the photoproduct
[14,16] have also been reported but using ps pump
and probe pulses [19]. The transient spectra mea-
sured after fs excitation are more informative and
shown in fig. 1. The dashed curve presents the spec-
trum obtained at a probe delay of about 30 ps. This
spectrum is dominated by the well-known absorp-
tion of the I: mes photoproduct. The dotted curve in
fig. 1 presents the transient spectrum obtained at a
probe delay of 1 ps. By comparing the “late” and
“early” spectra it is clear that the “early” transient
absorption spectrum exhibits a marked additional
absorption on the blue side of the 1: mes spectrum.
For the 1,:tol complex similar transient spectra were
obtained but the I:tol photoproduct absorption
maximum is now found to be located at 500 nm.
To further unravel the reaction path of the I,:arene
complex the system was excited in its charge transfer
band using an 80 fs pump pulse, while the photo-
product absorption was probed with a high time res-
olution over the wavelength range from 400 to 700
nm, The measured fs and ps transients expose es-
sentially the same features for iodine dissolved in the
pure arenes or mixed arene/alkane solutions. Fig. 2
displays the short time behaviour of the dual colour
(310 nm/620 nm) pump-probe transient for the
I,: mes complex in pure mesitylene. It shows that the
absorption signal rises instantaneously with the pump
pulse. As the signal exhibits its maximum absorption
around 600 nm it has the spectral characteristics of
the iodine atom-mes (I:mes) complex, as previ-
ously reported by Hilinski and Rentzepis [19]. Fig.
2 further shows that after this instrument-limited re-
sponse the signal climbs in 400 fs to its maximum
intensity. At this level it remains stationary for a few
picoseconds and then decays slowly on a time scale
of hundreds of picoseconds. Basically the same spec-
tral dynamics was observed for the I,:tol complex.
The immediate conclusion from these experiments
is that the excited I,:ar charge-transfer complex
undergoes ultrafast dissociation into an iodine atom
and an I:ar complex. In the earlier picosecond pump—
probe experiments this elementary event could not
be observed [19]. Our time resolution poses an up-
per limit of 25 fs to the time it takes to break the io-
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0 500 1000
time delay (fs)

Fig. 2. Short-time behaviour of the pump-probe signal in I,/
mesitylene. Pump wavelength 310 nm, probe wavelength 620 nm;
the probe is polarized parallel to the pump pulse. The system re-
sponse function, obtained by integrating the sum-frequency sig-
nal in KDP measured in the same setup, is given by the heavy
line. The dashed line is a fit to the data using a time constant of
400 fs.

dine-iodine bond in the I,:ar complex. This leads us
to suggest that the fragmentation process proceeds
on a repulsive excited state potential. The subse-
quent increase in signal intensity on a sub-picose-
cond time scale is assigned to the formation of ad-
ditional I: ar complexes. These are formed by I atoms
that are launched into the solvent and subsequently
react with other arene molecules. Strong support for
this interpretation is provided by our findings that
the amplitude of the 400 fs transient is about the same
as the ultrafast one in mesitylene, while it is much
less intense in mixed arene/alkane solutions. The
Jformation of secondary I:ar complexes from its sep-
arate constituents is thus a fast process (400 fs), al-
though the I:ar bond is rather weak compared to a
regular covalent chemical bond.

The early spectral evolution of the photoproduct,
depicted by the dotted curve in fig. 1, hints at the
formation of another species in the reaction that ab-
sorbs around 490 nm. Hilinski and Rentzepis [19]
assigned this absorption to the positively charged
mesitylene radical of the I7 :mes™ charge-transfer
complex, which they suggested to be the first product
in the reaction. The transient spectrum of 15, how-
ever, was not observed. Their analysis of the spec-
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trum at early times was also severely hampered by
the fact that they were using ps excitation and probe
pulses. When our transient absorption spectra at
probe delays of | and 30 ps are compared, it 1s ev-
ident that the early “blue” spectrum shows a striking
similarity with the molecular iodine spectrum. We
therefore conclude that the “blue’ transient is due to
molecular iodine created by impulsive fragmenta-
tion of the I,:mes complex rather than to the posi-
tively charged mesitylene radical. Our experiments
also show that both photoproducts: the I,+ar and
I:ar+atomic I fragments are formed on the same
time scale, suggesting that they exit from parallel
routes.

To further probe the slow dynamics of the prod-
ucts we performed single and dual colour pump-
probe experiments on the spectral evolution of the
excited I,:mes complex for probe delays up to 100
ps. In all cases the excitation wavelength was 310 nm.
The lower trace in fig. 3 shows that at the excitation
wavelength (310 nm) a substantial recovery of the
absorption takes place with a time constant of 132
ps. On the same time scale the ““blue” transient was
also found to disappear. The major reaction channel
(about 75%) therefore involves expulsion of the io-
dine molecule from 1,:mes, but the original I,: mes

signal

0 20 40 60 80 100
time delay (ps)

Fig. 3. Pump-probe transients for I,:mes in mesitylene. In-
creased absorption is shown as a positive signal, while increased
transmission is presented as a negative one. In all cases the pump
wavelength is 310 nm. The probe wavelengths are 500 nm (up-
per trace}, 600 nm (middle trace) and 310 nm (lower trace),
respectively.
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complex is almost completely regenerated on a time
scale of 10 ps. The upper and middle traces in fig, 3
present the spectral evolution at probe wavelengths
of 500 and 600 nm, where the absorption spectrum
is dominated by the I: mes complex. The first thing
to note is that the overall decay of these transients
is much slower and furthermore that the absorption
recovery is far less pronounced than for the UV
probe. These decays are also clearly bi-exponential
with time constants of 13 and 150 ps. Furthermore
the relative amplitude of the fast decay is found to
increase with decreasing wavelengths, indicating that
the fast and slow decays are due to the decay of dif-
ferent species.

These findings corroborate the earlier suggestion
[19] that photodissociation of 1, :ar leads to the for-
mation of two different photoproducts, which ex-
hibit different dynamics. In this reaction scheme the
13 ps decay component in the transients is due to
recombination of molecular todine and mesitylene.
Since the same time constant is observed for the
20%/80% diluted solutions, it is dominantly gemi-
nate recombination that occurs. The 150 ps decay
components, most likely, results from the combined
effects of vibrational cooling, recombination of the
1:mes and atomic I fragments to the original com-
plex and, possibly, a chemical reaction of the I: mes
complex. Indeed, it is known that the I: mes complex
can react to iodo-mesitylene [26]. This analysis of
the slow spectral dynamics gains further weight from
the fact that 1,:tol shows similar dynamical behav-
iour but with the molecular-iodine producing chan-
nel being less efficient (about 70%). Also its tran-
sient spectrum exhibits a less pronounced slow decay
component, in agreement with the known higher
chemical stability of I:tol compared to I:mes [26].
The slow decay component for I, : tol may also be re-
duced, because in toluene our excitation wavelength
lies at the top of the band, whereas in mesitylene, we
excite in the blue flank. The photoproduct I:tol is
therefore expected to be formed with less excess vi-
brational energy, and vibrational cooling effects will
thus be less important than for I:mes.

Noteworthy is also the fact that in fig. 3 no indi-
cation of fast geminate recombination is noticeable
for the I:mes and free I atom products. As electron
donors are known to catalyze the recombination pro-
cess of free iodine atoms [27] a rather strong “cage
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effect” was expected. Its absence here is surprising,
especially in the light of recent work by Harris and
co-workers [28], who found that fast single-collision
geminate recombination is a ubiquitous feature in
bond-breaking reactions. The lack of a cage effect in
this bond-breaking reaction should therefore bear di-
rectly on the mechanism of the dissociation process
itself.

In the remainder of this Letter, we will mainly dis-
cuss the fate of the I:ar photoproduct. The reason is
that the other product, molecular iodine, has not been
studied in the same detail yet. An important piece of
information on the early dynamics along the reac-
tion path is provided by a measurement of the po-
larization anisotropy, which is defined as

p=(S—S8.)/(8+25,), (1

where S, and S, represent the intensity of the pump—
probe signals obtained with parallel and perpendic-
ular polarizations, respectively.

For the I;:mes in mesitylene the measured an-
isotropy is presented in fig. 4 for the 310 nm/620
nm pump-probe combination, which is dominated
by the response of the I:mes photoproduct. Note-
worthy is the initial low value (0.1) of the polari-
zation anisotropy (p). Also is shown that the polar-
ization anisotropy decays ultrafast, with time
constants of about 320 fs and 1.5 ps. The very rapid
decay is clearly too fast for diffusive rotational mo-
tion, especially in a liquid such as mesitylene, where
strong intermolecular interactions occur. Some kind

0.15

peolarization anisotropy
(=1
<
W

-0.05 . . ; ' :
-05 00 05 10 15 20 25

time (ps)

Fig. 4. Plot of the polarization anisotropy of the 620 nm probe
signal after excitation at 310 nm in the I,:mes complex. The heavy
line represents a biexponential fit with time constants 320 fs and
1.5 ps.
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of forced ultrafast rotational motion seems to be tak-
ing place.

Prior to presenting a specific model for the dis-
saciation process, let us first review briefly what is
known about the structure of the I,:ar and I: ar com-
plexes. From a study of the IR absorption spectrum
of I,:ar in a low-temperature argon matrix {17} and
theoretical calculations [29] it was inferred that I,
assumes an axial position in the I;:ar complex. A
similar study of the I:ar complex showed that also
here the iodine atom is positioned above the center
of the arene ring [17]. The dipole moment of the
ultraviolet CT transition of I, : ar as well as of the vis-
ible CT transition of I:ar will therefore be perpen-
dicular to the arene ring.

When the transition dipole moments of the reac-
tant and product absorptions make an angle 6 with
one another, it can be shown that for the polariza-
tion anisotropy the following relation holds [30]:

p=2cos20—1. (2)

Substitution of the experimentally observed value of
p=0.1 yields 8=45°. Such a value of 8 can only be
reconciled with the above data if the photoproduct
1s formed from an initially severely distorted con-
formation of the I,:ar complex. This implies that,
after excitation in the charge-transfer band, there is
very rapid dynamics along the I-I-ar bending mode.

From the above considerations the photodissocia-
tion of I,: ar can be envisioned to occur as shown in
fig. 5. On optical excitation the complex proceeds ul-
trafast to a severely distorted transition state, which,
in the next step, fragments into either molecular io-
dine and arene or into an I atom and an I:ar com-
plex. While this reaction scheme is best looked at as
an “artist’s impression™, its appeal lies in the fact that
it explains the ultrafast loss of polarization anisot-
ropy in a natural way. The first step along the re-
action path distortion of the complex and the con-
comitant breaking of the iodine-iodine bond, leads
to the low initial value (0.1) of polarization anisot-
ropy p; the next step, impulsive rotation of the I:ar
fragment by the torque created in the dissociation,
yields an additional fast component in p (320 fs de-
cay); and, finally, diffusive motion of the fragments
is responsible for the ps decay of p.

An educated guess about the energy that is initially
deposited in the rotational motion of the fragment
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Fig. 5. Artist’s impression of the model for the dissociation of the
I,:ar complex. The balls denote I atoms, the disk represents an
arene molecule. Upper drawing: the equilibrium configuration of
the I,:ar complex; middle one: the transition state in the disso-
ciation process; lower drawing: the situation immediately follow-
ing iodine-iodine or iodine-arene bond ruptures.

can be made by using a model that was developed to
describe dephasing of a rotational wavepacket in a
gas-phase molecule [7]. According to this model, the
average rotational energy (in cm~') is

(Ex)>~4.8/B1?, (3)

where B is the rotational constant of the fragment
(incm™') and z is the dephasing time (in ps) of the
rotational wavepacket, By equating 7 with the ob-
served depolarization time constant of 320 fs and by
taking B=0.02 cm~! for the rotational constant of
the I:ar fragment we calculate (Eg>=2340 cm~'.
The initial rotational temperature of the I:ar frag-
ment is thus estimated to be 3370 K; a very hot pho-
toproduct indeed. Note that application of eq. (3)
is warranted only when the rotational motion of the
photoproduct is inertial.

The presented model for the reaction accounts also
for the absence of fast geminate recombination of the
I:ar and iodine atom fragments. Due to a forced ro-
tation of the I: ar fragment, the products are not able,
before escaping from the solvent cage, to regain the
proper position for a reunion. The fact that virtually
complete recombination of molecular iodine and ar-
ene is observed suggests that expulsion of the iodine
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fragment from the I,: ar complex occurs earlier along
the reaction path.

As stated in section 1 one of the reasons why we
chose the I,:ar complex was our hope that the I:ar
fragment would be formed in a vibrational coherent
state [5,6,8]. A prime candidate for this effect
seemed the I—ar vibration. In our studies of the
photochemistry of the I,:ar system, we have found,
however, no evidence for the coherent excitation of
any vibrational mode. This can be explained very well
with our model for the dissociation process in which
most of the excess energy in the reaction is deposited
in the rotational motion of the I:ar fragment. Sub-
sequently, vibrational heating of this librating frag-
ment may occur due to collisions with molecules in
the first solvation shell. As this is a stochastic process
it will not lead to coherent excitation of a vibrational
mode. The proposed reaction scheme obviously needs
further testing, both by additional experiments and
by calculations. Spectroscopic experiments on the
I;:ar complex in a supersonic ¢xpansion especially
should be highly informative. Our model predicts that
in the gas phase the I, and I:ar fragments will be ro-
tationally hot. Previously this effect has been dem-
onstrated in case of the photodissociation reaction of
ICN where the CN fragment is generated as a rota-
tionally hot species [31].

We end by reporting on a fast transient observed
in many of the dual-colour pump-probe experi-
ments, especially on mixed solutions of I,:ar in al-
kanes. This feature can be simulated by a convolu-
tion of the pump-probe correlation with an
exponential decay of 150 fs. Its intensity depends on
the kind of arene as well as on the dilution. It is most
intense for the alkane/arene solutions, somewhat less
for the toluene solution, and not discernible for the
mesitylene solution. These observations, together
with the spectral characteristics of the transient, sug-
gest that it 1s due to uncomplexed iodine present in
the solution. This idea was confirmed by our obser-
vation of the same transient in a solution of iodine
in pure cyclohexane. This transient is therefore not
relevant to the excited state dynamics of the I,:ar
complex and was therefore not further discussed here.

4. Summary and conclusions

We have shown that the photodissociation reac-
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tion of the I,:arene charge-transfer complex pro-
ceeds via two channels. The dominant one involves
expulsion of molecular iodine, in the other channel
the 1odine-iodine bond is broken. Both bond-break-
ing reactions occur within 25 fs and are therefore as-
sumed to take place on a repulsive excited state po-
tential. After dissociation fast recombination occurs
for molecular I, and arene, but recombination is a
slow and minor event in case of the I:ar and atomic
I fragments. To explain the fast loss of polarization
anisotropy it is suggested that the transition state of
the I,:ar complex is severely bent. Future work will
be directed at determining the branching ratio for
excitation into the molecular-iodine-like states of the
I,:ar complex. Molecular beam spectroscopic stud-
ies of the I,:ar complex are also called for to further
elucidate the course of this important prototype
reaction.

Acknowledgement

We are indebted to Professor AH. Zewail
(CALTECH) for suggesting the use of eq. (3) to es-
timate the initial rotational temperature of the I:ar
photoproduct. The investigations were supported by
the Netherlands Foundations for Chemical Research
(SON) and Physical Research (FOM) with finan-
cial aid from the Netherlands Organization for the
Advancement of Science (NWO),

References

[1]R.L. Fork, C.V. Shank, R. Yen and C.A. Hirlimann, IEEE
J. Quantum Electron QE-19 (1983) 500;
C.V. Shank, Science 233 (1986) 1276;
J.D. Simon, Rev. Sci. Instrum. 60 {1989) 3597.

{21 M.J. Rosker, M. Dantus and A.H. Zewail, J. Chem. Phys.
89 (1988) 6113;
AH. Zewail and R.B. Bernstein, Chem. Eng. News
November 7 (1988) 24;
A.H. Zewail, Science 242 (1988) 1645.

[3]1E.J. Heller, J. Chem. Phys. 62 (1975) 1544; Accounts Chem.
Res. 14 (1981) 368.

[418.0. Williams and D.G. Imre, J. Phys. Chem. 92 (1988}
6648;
H. Metiu and V. Engel, J. Opt. Soc. Am. B 7 (1990) 1709.

[5]1V. Engel and H. Metiu, J. Chem. Phys. 95 (1991) 3444,
JM. Jean, G.R. Fleming and R.A. Friesner, Ber. Bunsenges.
Physik. Chem. 95 (1991) 253;

CHEMICAL PHYSICS LETTERS

27 August 1993

M. Ben-Nun and R.D. Levine, Chem. Phys. Letters 203
(1993) 450.

[6] M. Dantus, R.M. Bowman, M, Gruebele and A H. Zewalil,
J. Chem. Phys. 91 (1989) 7437.

[7]1M. Dantus, M.J. Rosker and A H. Zewail, J. Chem. Phys.
89 (1988) 6128,
M. Dantus, R-.M. Bowman, J.S. Baskin and A.H. Zewail,
Chem. Phys. Letters 159 (1989) 406;
A.H. Zewail, J. Chem. Soc. Faraday Trans. II 85 (1989)
1221.

[8]U. Banin, A. Waldman and S. Ruhman, J. Chem. Phys. 96
(1992) 2416.

[9]1. Benjamin and K.R. Wilson, J. Chem. Phys. 90 (1989)
4176;
Y.J. Yan, R.M. Whitnell, K.R. Wilson and A H. Zewalil,
Chem. Phys. Letters 193 (1992) 402,

[10] Y.X. Yan, E.B. Gamble Jr. and K.A. Nelson, J. Chem. Phys.
83 (1985) 5391,

S. Ruhman, L.R. Williams, A.G. Joly, B. Kohler and K.A.
Nelson, J. Phys. Chem. 91 (1987) 2237,

A. Waldman, U. Banin, E. Rabani and S. Ruhman, J. Phys.
Chem. 96 (1992) 10842.

[11]).Y. Bigot, M.T. Portella, R.W. Schoenlein, C.J. Bardeen,
A. Migus and C.V. Shank, Phys. Rev. Letters 66 (1991)
1138,

E.T.J. Nibbering, D.A. Wiersma and K. Duppen, Phys. Rev.
Letters 66 (1991) 2464; 68 (1992) 514,

{12]1D. McMorrow, W.T. Lotshaw and G.A. Kenney-Wallace,
IEEE J. Quantum Electron QE-24 (1988 ) 443;

D. McMorrow and W.T. Lotshaw, Chem. Phys. Letters 174
(1990) 85.

[13] R.S. Mulliken, J. Am, Chem, Soc. 72 (1950) 600; 74 (1952)
811.

[14]8.J. Rand and R.L. Strong, J. Am. Chem. Soc. 82 (1960) 5.

[15) H.A. Benesi and J.H. Hildebrand, J. Am. Chem. Soc. 71
(1949) 2703.

[16] R.L. Strong, S.J. Rand and J.A, Britt, J, Am. Chem. Soc, 82
(1960) 5053.

[17] L. Fredin and B. Nelander, J. Am. Chem. Soc. 96 (1974)
1672,

A. Engdahl and B. Nelander, J. Chem. Phys. 78 (1983 ) 6563.

[18] C.A. Langhoff, K. Gnidig and K.B. Eisenthal, Chem. Phys.
46 (1980) 117,

[19] E.F. Hillinski and P.M. Rentzepis, J. Am. Chem. Soc. 107
(1985) 5907.

[20] A.L. Harris, J.K. Brown and C.B. Harris, Ann. Rev. Phys.
Chem. 39 (1988) 341,

[21] D.E. Smith and C.B. Harris, J. Chem. Phys. 87 (1987) 2709.

{221 TJ. Chuang, G.W. Hoffman and K.B. Eisenthal, Chem.
Phys. Letters 25 (1974} 201;

K.B. Eisenthal, Accounts Chem. Res. 8 (1975) 118;
E.D. Potter, Q. Liu and A.H. Zewail, Chem. Phys. Letters
200 (1992) 605.

[23] N.A. Abul-Haj and D.F. Kelley, J. Chem. Phys. 84 (1986)
1335.

[24])N.F. Scherer, L.D. Ziegler and G.R. Fleming, J. Chem. Phys.
96 (1992) 5544.

509



Volume 211, number 6 CHEMICAL PHYSICS LETTERS 27 August 1993

[25]E. Lenderink, K. Duppen and D.A, Wiersma, Chem, Phys, [30]P.P. Feofilov, The physical basis of polarized emission,

Letters 194 (1992) 403. (Consultants Bureau, New York, 1961 ); original version (in
[26] R.L. Strong, J. Phys. Chem. 66 (1962) 2423. Russian) (State Physico-Mathematical Press, Moscow,
[27] G. Porter and J.A. Smith, Proc. Roy. Soc. Ser. A 261 (1961) 1959);

28. A.C. Albrecht, in: Progress in reaction kinetics, Vol. 5, ed.
[28]B.J. Schwartz, J.C. King, J.Z. Zhang and C.B. Harris, Chem. G. Porter (Pergamon Press, Oxford, 1970) p. 301.

Phys. Letters 203 (1993) 503. [31] 1. Nadler, D. Mahgerefteh, H. Reisler and C. Wittig, J. Chem.
(29]1. Jano, Theoret. Chim. Acta 66 (1985) 341. Phys. 82 (1985) 3885.

510



