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A molecule absorbs photons by interaction with a light field.
The absorbed energy can then be dissipated by either thereemission of lieht or hv comnetine
nonradiative processes.
.
Some of the rzaxation processes (e.g., internal con&ion and
energy transfer) do not change the chemical nature of the
molecular system, while others (e.g., electron transfer and
bond cleavage) can induce permanent chemical transformations. An understanding of the various pathways by which
molecules dissipate their energy is of foremost importance in
the study of molecular photophysics, photochemistry, and
~hotobiolom.Many of these relaxation processes occur on a
subnanosecond time scale. I t is thus necessary to monitor the
time evolution of the system in this time domain.
In the past several years, we and others have applied the
techniques of picosecond laser spectroscopy to study various
molecular energy relaxation phenomena in liquids, obtaining
new insights into the nature of these processes and the properties of the liouid state (1
. .). In our laboratorv these studies
include: (a! orientational relaxation of molrcules in liquids
(2.38.
, . . .thl
. . molecular enrrrv transfer ( 4 ) . (c) inter- and intramolecular charge transfer interactions (5-lo), (d) photoionization and electron solvation (11 ), (e) intramolecular proton
transfer reactions (12,13), (0 photodissociation (14,15), and
(g) cage effects in liquids (16). In this paper we will discuss
excited state charge transfer interactions and cage effects in
liquids to exemplify the power of picosecond laser spectroscopy in the study of rapid molecular phenomena.
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thus enables it to pass through the second polarizer. A typical
rejected pulse train with a single pulse extracted from it is
shown in Figure 2a.
In the passive mode-lorkinglravity dump configuration
(Fig. It,), the Pockels rell and polarizerare situated inside the
cavitv. The mode-locked oulse oscillates inside the laser cavitv
as in the earlier configuration until the Pockels cell is triggered
hv"the oulse
. leakine throueh
" the output mirror. This rotates
the polarization of the oscillating pulse and effectively
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Experimental Techniques
We use a picosecond laser pulse to excite the molecules of
interest and monitor the subsequent time evolution of the
system by the emission, absorption, and Raman scattering
characteristic of the transient species. These techniques are
discussed in the following sections.
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Figure 1. a, A passively made-lacked laser oscillator and single pulse selemr.
b. A passively mode-locked and cavity dumped laser oscillator. M = mirrors
(fmmmirror has 80% reflectivity, rear mirror has 100% reflectivity), A = a*
ertures; SA = saturable absorber; P = polarizers: PC = Pockels cells. PD=
photodiode. W = dye cell window.

I. Picosecond Time-Resolved Emission and Absorption
Spectroscopy
Generation and Tuning of a Picosecond Laser Pulse

A Nd3+-glass laser is set up for the emission and absorption
studies. I'wo ditierent cavity cmtiguratiuns have been used
to generate rhe picusecond pulses as shown in Figure l a and
Ih. In the "nurmal" nnssive mude-lurkinr! confirmration (C'ia.
l a ) a train of picosecond pulses separated by the round trip
time of the cavitv (-8 ns) is generated from the output mirror
of the laser cav&: A singlepulse is then extracted from the
pulse selector, which consists of a Pockels cell and two crossed
polarizers. The first polarizer is oriented such that its polarization axis is parallel to that of the laser beam, while the
second polarizer with a perpendicular polarization axis rejects
the ~ u l s e in
s the train onto a pin photodiode. As the intensity
of iuccessive pulses grows,-one pulse finally reaches the
threshold to trigger the Pockels cell driver, and a high voltage
pulse is then applied to the Pockels cell. This rotates the polarization of the next pulse to reach the Pockels cell by 90" and
~~~
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Figure 2, a. A picosecond laser pulse train emilted from a passively &lacked
oscillator and rejected by the second polarizer. The missing 10th pulse was
selected by the pulse selector. b, A truncated pulse train from a cavity dumped
oscillator. me 12th pulse, which is not in the picture, was dumped out of the
oscillator.

switches i t out through the crossed polarizer and thus stops
the mode-locking. In Figure 2h a rejected pulse train from a
cavity-dumped oscillator is shown. Both cavity configurations
generate pulses of about 4-8 ps duration a t 1054 nm. The
cavity-dumped oscillator offers higher power and more reliable Pockels cell operation hut care has to he taken to insure
that no spurious reilertions from various optical elements get
into the t r a m path. A single pulse from the laser cavity usuallv
has an e n e r g o f a few &ths of a millijoule (mJ). I t is then
amplified to a maximum of -30 m J by passing successively
through three Nd3+-class amnlifiers.
Since the fundamental frequency of the laser pulse is fixed
a t 1054 nm, various nonlinear optical techniques are used to
tune the laser frequency. These techniques are now briefly
described helow. Approoriate references are eiven for readers
interested in the details.
(1) Harmonicgenerotion (17) is an efficient methad to convert low
frequency light to higher frequencies. By using an appropriate nonLinear crystal such as KDzPOl (KD*P),the 1054-nm beam can be
frequencydoubled to 530 nm, and the 530 nm pulse may he doubled
again to 264 nm by an NH4HzPOa (ADP) crystal. By mixing the
1054-nmand 530-om beams in a KD*P crystal, a 351-nm pulse can
also be generated.
(2) The high frequency photons can be broken down into lower
frequency photons by parametricgeneration processes (18,19).The
264-nm beam is used to generate visible light tunable from 450 nm
to 650 nm by passing it through two AD'P crystals (18).Lithium
niobate crystals can be used to generate tunaMe IR pulses (1.2-4 pm)
by pumping with the fundamental 1054-nmpulse (19).
(3) Stimualted Raman emission is another technique often used
to tune the h e r frequency (20).By foeusing a laser pulse at frequency
w. into a Raman active medium having its highest Raman cross section at WR, a Stokes shifted beam of frequency %, where w. = w, - WR,
is then generated. To tune the laser to different freauencies.different
materiils have to be used.
(41 'I'he most versarile way to tune the frequency is to uses picaterond d ) lawr
~ We will discuss thedetailsufsucha laser in section
11.

Equipped with a high-power, tunable, picosecond pulse, we
can now excite the molecule at various wavelengths and probe
its time evolution by emission and absorption spectroscopy.
Some of the techniques currently used in our laboratory will
he discussed in the following.
Picosecond Emission Spectroscopy with Streak Camera
T o monitor the emission from a molecule following the picosecond pulse excitation, a most convenient and direct
technique is streak camera detection. A streak camera is
simply a photon detector with ultrahigh time resolution. I t
mainly consists of a photocathode, a high voltage ramp, and
a phosphor screen. By collecting and focusing the emission
from the samole cell onto the nhotocathode. nhotoelectrons
are produced These
are the; focused and
accelerated through the hieh voltaee ramp region. Electrons
passing through tge high voltage region atdifferent times are
deflected to different parts of the phosphor screen, forming
a streak image. This streak image is further amplified by an
image intensifier and digitized by an optical multichannel
analyzer for subsequent data analysis. In other words, the
signal having a n intensity versus time profile is transformed
by the streak camera into an intensity versus distance display.
With this technique, time resolution of -2 ps can he achieved.
An example of a fluorescence signal measured by the streak
camera is shown in Figure 14. The pulse preceding the fluorescence signal is used both as a signal averaging marker and
a pulsewidth monitor.

this purpose. The most convenient method is to use the fluorescence emission from an excited molecule pumped by part
of the laser beam. I t suffers the drawback that in order to
probe different wavelength regions, different molecules and
different laser pump frequencies (thus different experimental
set-ups) mav have to he used. A better method is to use a
flashiamp with an output spectrum continuous from the UV
t the viiible. In thisca5e the orobe wavelenethcan beselected
simply with monochromato;or narrow h&d filters. Since no
commercial lamp is available with a fast risetime which can
he readily synchronized with the laser, we have built such a
lamp based on the principles of laser-triggered spark gap. The
lamp consists of two electrodes in a chamber which is usually
pressurized to about 140 psi of nitrogen gas. Before use, a high
voltage is applied across the electrodes and is adjusted to just
helow the self-breakdown threshold. Part of the 1054-nm laser
beam is then split from the main beam and focused into the
space between the electrodes through the entrance window.
This creates a olasma which emitsa lieht oulse havine about
a 10-ns risetime and a 150-11s full widih & half-maxikxn.
Fimre 3a shows the set-up for the transient a h s o r ~ t i o n
studies. The probe pulse a n d t h e excitation pulse overiap in
the sample cell while the pre-pulse passes through a different
portion bf the sample cell:~ft;?rthecell, both probe pulse and
pre-pulse are imaged onto the camera and any residual excitation light is thcked. The probe pulse from the lamp gives
a constant hackgn~und,I,, on rhe streak camera. Upon the
arrival of the excitation pulse, which creates the absorbing
transient species, the probe intensity I, is attenuated by a n
amount Z.(t). The time-denendent attenuation I ".
J t ). reflects
the timeevolution of the transient rpericsand is related to the
molerular oouulation throueh Beer's law. We have used this
technique to-study the electron solvation phenomenon in
reference (11).
Picosecond Absorption Spectroscopy with a Pump-andProbe Technique
Although the streak camera provides the most direct way

to monitor transient absorption, its prohibitive cost shifts
interest to other less expensive but indirect techniques. One
of the most commonly used methods is pump-and-probe de-.
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Picosecond Absorption Spectroscopy with Streak Camera
This streak camera can also he used in time-resolved transient ahsorption studies. T o do this, a probe light source
svnchronized with the excitation laser nulse is needed. In our
laboratory we have used two dif~erent'techni~ues
to achieve

Figure 3. Schematicsof picosecondtransientabsorptionset-ups using a, sbeak
c a m a detection; b, pump-and-probe technique, and c, iasar-induced tiup
rercence. S = sample; SC = streak camera; OMA =optical multichannelanalyzer; PD = photodiod%; AID = analog to digital converter.

Volume 59

Number 6 June 1982

483

tection. As shown in Fiaure 3b, the pump pulse creates a
transient species and a weak probe pulse fofiows the pump
pulse and monitors the time evolution of the transient. By
changing the relative time separation between the pump and
probe pulses with an optical delay line, the attenuation of the
nrobe nulse intensitv as a function of the time seoaration directly gives the time-dependent absorption profile. An example of the data obtained by this technique is shown in
Figure 7.
Picosecond Absorption Spectroscopy by Laser-Induced
Fluorescence
If the transient fluoresces after the absorption of light, its
ahsorntion-time nrofile can be indirectlv measured bv means
of laser-inducedfluorescence. The experimental &up is
similar to the .
numn-and-orobe
techniaue and is shown in
.
Figure 3c. Rather than monitoring the intensity attenuation
of the ~ r o h eoulse. the fluorescence signal induced by the
probe pulse, dhichis directly proportio~alto the popuiation
of the absorbing transient species, is collected. Scanning the
relative delay between the pump and probe pulses therefore
gives the time-dependent absorption profile. An example of
this technique can be found in reference (15).
Picosecond Time-ResolvedRaman Spectroscopy
Monitoring the molecular relaxation phenomena by electronic absorption and fluorescence spectroscopy suffers from
the limitation that the molecule must have electronic transitions in the UV-visible reeion. In addition. electronic absorption and fluorescencespectra in liquids are usually broad
and do not orovide information on the molecular structure.
These limitations can he removed, in principle, by studying
Haman sDectra. In the followinawe will discuss the laser system and'technique we use to obtain time-resolved
spectra.
11.
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Argon Ion Synchronously Pumped Dual Dye Lasers
To study time-resolved Raman spectroscopy, we use argon
ion synchronously pumped dual dye lasers. The experimental
set-uo is shown in Fieure 4. An areon ion laser is activelv
mode-locked by an acoustic-optic moke locker. Pulses of -10b
os a t 514.2 nm are eenerated a t a reoetition rate of 82 Mhz.
They are split and &ed to pump two Rhodamine-6G dye lasers. The dve lasen' outputs are svnchronized with the argon
ion laser a G 2 MHz. An average
width of -5 ps, tunable
from 570 nm to 630 nm for Rhodamine-GG, is usually obtained. Different dyes can be used to extend the tuning range.
For a more detailed discussion of synchronously pumped dye
lasers. readers are referred to reference (21).
~ h technique
b
used to measure the width of these dye laser
pulses generated a t a rate of 82 Mhz is cw autocorrelation, as
shown in Figure 4 (51). The dye laser beam is first split into
two independent beams. One of the beams passes through a
variable optical delay consisting of a retroreflecting prism
riding on the cone of an audio soeaker driven hv a 10 Hz sine
wavey~hetwo beams are then recombined and focused into
a thin KDP crystal. When both pulses overlap in time a t the
focus spot, a second harmonic UV pulse is generated. The
intensity of the UV pulse depends on the extent of overlap.
No UV light can be produced if the two pulses do not overlap
in time. By measuring the UV intensity as a function of the
relative seoaration of the two dve laser oulses. information on
the pulse width can be extracted. In &ure 5a we show such
an autocorrelation function from one dve laser. Pulse width
of -5 psis typicd. The cross correlation function between two
dve lasers is shown in Fieure 5b. Generallv the cross correlatibn width is broader due to the time jitter between the two
dye lasers.
Picosecond Raman Gain Spectroscopy
To obtain picosecond time-resolved Raman spectra, we use
a stimulated Raman nain techniaue (22.23). In this method.
two time coincident p&mecond p&es wi'th frequenciesw, and
o, are focused into the medium under study. When the difference frequency (w, - w,) equals the frequency w~ of a
Raman active mode. gain is observed a t the stokes freauencv
. w.. The loss in the beam a t w, can also be monitored and is
usually called inverse Raman spectroscopy. Assuming one of
the beams is predominant in magnitude (i.e. I, >> I.) and the
overall gain is small, then the gain (AI,) or loss (AI,) can be
written as (23)
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Figure 4. An argon ion synchronouslypumped dual dye lasers and the CW a*
tocorrelata far pulse width measurement. PMT = photomultiplier: KDP =
KHlP04 crystal.
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where 1is the oathleneth of the eain medium and G is the gain
constant, which contains molecular information and the vibrational spectrum. When the difference frequency w. - w,
equals a Raman active vibrational frequency,w ~then
, the gain
AIsis a t a maximum. BYscanning one of the laser frequencies,
say w,, the gain at o. a s a function of (o. - w,) would therefore
yield the Raman spectrum.
To obtain the time-resolved Raman spectrum three pulses
have to be used, one to create the transient species and the
other pair to probe the Raman gain. The pair of probe pulses
are first tuned to resonance with one of the Raman active
modes (wa) of the transient snecies: the relative time delav
between the excitation pulse and 'the probe pair is then
scanned a t fixed wn. The gain a t w. as afunction of the delav
thus gives the time&olu~on of the vibrational population at
o ~The
. experimental set-up is shown in Figure 6. Phase
sensitive detection is used to enhance the sensitivity. The
excitation and the w, beam are chopped a t 11 MHz by an
electro-optical modulator. The gain of the w, beam is then
detected by a photodiode and signal averaged through a
lock-in amplifier driven a t 11MHz.Detection sensitivity of
one part in 10s has been achieved with this technique (24).

Applications of Picosecond Laser Spectroscopy

We will now consider the applications of these techniques
to two problems studied in our laboratory: excited state charge
transfer interactions and the cage effects in liquids. For discussions of other topics, interested readers are referred to
references (25-27).
Excited State Charge-Transfer interactions
Photo-induced charge separation is one of the most important primary processes in photochemistry and photohiology. An excited molecule can dissipate its energy through
charge transfer (CT) interaction with other ground state
molecules, leading to the formation of an exciplex or an ionpair. I t can also redistribute the charges intramolecularly to
form a large molecular dipole. We have studied the CT interaction in two prototype systems: (1)anthracene and dialkylaniline, and (2) p-cyanodimethylaniline. In the former
system, either an exciplex or an ion-pair can he formed upon
photoexcitation, while in the latter system a true intramolecular charge transfer occurs to form a large molecular dipole.
Dynamics of Exciplex Formation between Anthracene and
Dialkylaniline

-

A photoexcited molecule can relax its energy through the
CT interaction with the surrounding ground state molecules.
This can he experimentally observed by the quenching of
excited state fluorescence and either the appearance of anew,
red-shifted exciplex emission or the formation of ion radicals
depending on the environment. Since the first discovery of
perylene-dimethylaniline exciplex by Leonhardt and Weller
(28), numerous studies have been made on the subject (29).
Three key questions concerning the nature of the excited CT
interactions are particularly interesting, namely the reaction
distance required for interaction, the effect of geometrical
factors, and the role of the solvent. Different experiments were
designed to answer these questions and these will he discussed
separately.
Interaction Distance and Reaction Rate. A nhotoexcited
anthracene molecule (A*) interacts witha ground state diethylaniline molecule (D) to form a n exciplex,

Figwe 5 a. Arnamelm m race berween p~ ses horn me same 6ye laser. Pulse
widm is about 4 ps b. Cross conelat on belween pulses from lwoddterent dye
iasers. Pulse width is about 4 p s
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Figure 6. Experimemal set-up for time-resolved Ramen gain measurement. L
= focusing lens: s = sample; FD = photodiode; AID = analog to digital con-

verter.

Information concerning the interaction distance and the reaction rate can he revealed by the formation dynamics of the
exciplex. For an intermolecular exciplex, the formation rate
is controlled by the relative translational diffusion motion of
the electron donor and acceptor molecules. The rate for a
diffusion-controlled reaction has been given as (30)
exp(r2)erfc (x)

where
x = (1

+ k14rRD')

(4)

In these equations, R i i the uverage radius of the interaction
sphrre, D'ia the sum of the translational diffusion constants
02 the two molecules, c is the concentration of DEA, and k is
the elementary rate constant such that
where c, is the concentration of DEA a t an intermolecular
distance equal to R. The transient terms in eqn. (4) and the
general time dependence of the chemical reaction can he
viewed in the following way. At t = 0, the molecules A* and
D a r e randomly distributed, but as time proceeds those distributions in which A* is near to a D are preferentially depleted since they have a higher probability for reaction than
those distributions in which A' and D are far apart. This
produces a spatially non-uniform distribution of molecules,
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leading t o a flux of molecules from the more concentrated to
the less concentrated regions of the liquid. Since the distribution of molecules is changing with time, the rate "constant"
for the reaction is also chaneine
with time. In conventional
"
kinetic treatments the reaction rate is usually assumed to be
time independent, which is adequate for describing the long
time behavior hnt not acceptable on the short time scale.
T o extract values of R and k based on the diffusion theory
(eqn. (31, we excited the anthracene molecule a t 347 nm and
monitored the exciplex formation by its characteristic absorption a t 694 nm(6). An example of the time-dependent
exciplex absorption is shown in Figure 7. Our experimental
results are in good agreement with the theoretical curve calculated from eqn. (4) using R = 8 A and k = 101ll/molesec,
respectively. The full transient behavior of this diffusioncontrolled reaction is thus established and the key parameters,
R and k , in the excited charge transfer process are extracted.
Geometric Reouirements. An imoortant issue concernina
the excited CT interaction is the rolebf the relative orientation
between the donor and acceptor molecules. We approach this
problem by connecting the anthracene and dimethylaniline
(DMA) molecules with three methylene groups (I) to restrict
their relative orientations while still maintaining their close
nroximitv. maximum separation between them being less than

Upon excitation, this model molecule should form an intramolecular exciplex as rapidly as the free anthracene and DMA
system, as described earlier, if there are no significant orientational requirements for CT interaction. On the other hand,
if the time course for exciplex formation is different for the
two cases. then molecular motions to achieve a favorable aeometry d u s t be involved and can be directly followed-hy
monitoring the formation of the intramolecular exciplex.
The absorption and fluorescence spectra of the model
molecule is the same as that of the free molecules, indicating
that there is no significant ground state interaction between
the two moieties. A 351-nm ps laser pulse was used to excite
the anthracene moiety in the model compound (8).The decay
of the anthracene fluorescence and the rise of the exciplex
fluorescence were then monitored by a streak camera. In
Fieures 8 and 9 we show the decays of anthracene fluorescence
monitored a t 410 nm and the rises of exciplex fluorescence
monitored a t 520 nm in four nonpolar solvents (isopentane,
hexane, decane, and tetradecane). The fluorescence curve for
exciplex formation consists of a very rapid initial rise (within
the laser nulse width)..,which is due to the tail of the over la^.
ping anthracene emission, followed by a much slower rise. By
suhtractine the contribution of the anthracene emission, a true
exciplex foAation curve can he obtained. Several conclusions
can be drawn from these data.
all the sdvents rtudird, the formation of the intramulerular
exriplex is slow ton the nanusecmd time scale)and strungly dependent an the solvent viscosity. As the viscosity increases, the
formation rate decreases. If there were no geometric requirements
far exciplex formation, then we know from the earlier resultson
the intermolecular exciplex that a rise time of -10 ps should be
obtained. The much slower formation rate and the strong deoendence on solvent vismitv which we find in the intramolecular

TIME ,.Wd

Figure 7 . The formation curve of exciplex absorption monitored at 694 nm in
hexane solution

Figwe 8 The ~ I J M B S C ~ I I C ~ decay curves of amhracene moiety n isopentane
(Cs), hexane Ice),
decans ICqol,and terradecane I C d The pomts are exper
mental, the solid curves are lheoretical.

-

(1) In

time dependence of this motion thus provides direct information
ahaut the end-to-end relaxation dynamics of this short chain
molecule.
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Figure 9. The fluorescence rise curves of intramolecular exciplex in various
nonpolar solvents.

(2)
. . All the deeav and formation curves can he fit with emonentiah.
The anthracene decay timra and the exciplex formation times are
found t o be thesame u i t h i n experimental uncertainty in all the

solvmtsstudied.This indicates that there is nu long-lived nonfluorescent intermediate state present before the formation of
the fluorescent exciplex.

The Effect of Solvent Polarity. The CT interactions,
though determined by the intrinsic properties of the donor
and acceptor pair, are greatly modified by environmental effects. Due to the charge separation associated with the C T
interaction the solvent oolaritv can d. a .
v an i m ~ o r t a nrole.
t
T o examine the interplay between geometric and solvent dielectric effects. we haw studied r \ - t C H-h.- n in the stronclv
..
polar (e = 37) solvent acetonitrile (9).
The anthracene moiety was excited at 351 nm and the weak
exciplex emission monitored in the 500-600 nm region. In
marked contrast to the results in nonpolar solvents, where the
exciplex is formed in a few nanoseconds and lives for more
than one hundred nanoseconds, we have found in acetonitrile
that it is formed in a time shorter than we can resolve (<2 ps)
and decays in 580 f 30 ps, as shown in Figure 10. Although the
exciplex is formed "instantaneously," we find that the excited
anthracene moiety, which is monitored a t 411 nm, has a lifetime of 7 f 1ps, Figure 11.Since the CT rise is faster than the
anthracene decay we conclude that these observed emissions
correspond to independent processes.
The very fast CT rise suggests that only those molecules in
a favorable ground state conformation at the time of excitation
lead to the exciplex. For those molecules in unfavorable extended conformations a new nonradiative decay channel is
resnonsihle for the observed 7 ns lifetime of the excited anthracene moiety. We believe thi$ new ultrafast decay channel
is direct e- transfer to form a nonfluorescent ion-pair which
is strongly stabilized by the polar solvent. The internal rotational motions necessarv for the formation of the exci~lexare
too slow to compete in this case. This is confirmed b j the direct ohservation of ion-pair formation (510 ps) observed by
its characteristic absorption a t 530 nm, as shown in Figure 12.
The fraction of the molecules with favorable ground state
conformations can be estimated to be smaller than a few
percent from the relative fluorescence intensity measured on
the streak camera. The following scheme summarizes our results in acetonitrile

Figure 10. The fluorescence decay curve of intramolecular exciplex in acete
nitrile.
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Figure 11. The fluorescence decay curve of anthracene moiety in acetonitrile.
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Dynamics of Intramolecular C T Interactions in P-(Di-

methy1amino)benzonitrile
In this section we shall focus on the intramolecular charee
redistril~utionprocess which causes the well-known nnomnlous dual fluorescences uf P-(dimethvlamino)benzonitrile
(DMABN).

In nonpolar solvents, excitation into the Sz state of the
DMABN molecule results in a single fluorescence band centered around 340 nm. However, in polar solvents a new,
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Figure 12. The timedependent absorption curve of ion-pair in acetonitrile.

Stokes-shifted fluorescence appears, which is associated with
a very large dipole moment of -16 Debye (43). A number of
mechanisms have been proposed to explain the origin of this
new emission band (3145). These include the solvent-induced
level reversal of the two lowest lying excited singlet states, Sz
and S1, hy Lippert et al. (31), the excimer formation by
McGlynn et al. (32-341, the excited state proton transfer by
Kosower et al. (35,36), the complex formation with solvent
by Chandross et al. (37), and the twisted internal charge
transfer by Grabowski et al. (3843). The results accumulated
over the past several years indicate that both bond twisting
(between the amino group and the benzene ring) and solvation
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play important roles in causing the charge redistribution
(43-45). We, therefore, have a situation where the C T interaction is controlled by the molecular conformations around
a single bond. As the molecule rotates around the hond, i t
emits light at different frequencies, each corresponding to
different conformations. Bv monitorine the time-evolution
uf the emission we can directly observe the dynamics of single
hond r(,trltion in the liauid state.This is illustrated ma~hicallv
in Figure 13.
We excite the DMABN molecule to its SVstate with a single
264-nm picosecond laser pulse (10). he "normal" s h i r t
wavelength fluorescence and the CT fluorescence were then
monitored a t 350 nm and 480 nm, respectively. The short
wavelength fluorescencedecay can be clearly resolved into two
exponential components. The fast component decays with a
lifetime of 19 f 3 ps, which is equal to the rise time of the CT
fluorescence. The slow component has a lifetime of 2.3 f 0.2
ns, which is the same as the decay of the CT emission. These
results are shown in Figures 14 and 15.
These results provide definitive evidence that equilibrium
is rapidly established between the states responsible for the
short wavelength emission and the CT emission. This equilibrium can he descrihed by

Figure 13. Potential energy diagram tor the twisting motion along the C-N
bond.

where S* represents the state responsible for the short
wavelength emission, k, and kc^ represent all the other
radiative and nonradiative decay rates for S* and CT*, respectively. In Figures 12 and 13 the solid curves are the theoretical calculations based on eqn. (8). We obtained k l = 20
ps, k l l k p 230, and k . kc^ = 2.3 ns (10).The forward reaction rate, 20 ps, is interpreted as the time required for the
molecule and solvent to relax conformationally to the twisted
charge transfer geometry.

+

Photodissociation of Iodine and Cage Effects in Liquids
On photoexcitation of I p in the liquid state the excited
molecule undergoes a direct dissociation or a collision-induced predissociation, leading to a pair of i d m e atoms. This
is followed by a recomhination of the original iodine atoms
(termed eeminate recombination) or a t a much later time
by ?he recombination of iudine atoms originating from the
dissociations o i different iodine molecules. Unlike the gas
phase, in which the probability of original partner i e combination is close t o zero, the recomhination of original
fragments in the liquid phase is greatly enhanced by interactions with the solvent molecules which interfere with the
escape of the fragments (see Fig. 16).This enhanced recombination was first referred to by Frank and Rabinowitch as
the "cage" effect (46).
Since the chemistry following a dissociation event in liquids
is stronelv d e ~ e n d e non
t the cage effect. its im~ortancehas
attracteh bnteisive studies (Ifi,47-.~oJ.The first experimental
attemut to monitor directlv the time chnracteristics of ultrafast cage effects in liquids was carried out on I p a t room
temperature (16).A picosecond laser pulse a t 530 nm was used
to excite 1 2 to the hound state 3II.+,
(a small fraction of the
I p molecules were excited to the
state and directly dissociated). The excited Iz then undergoes collisionally induced
predissociation leading to a pair of ground state p3,p iodine
atoms. The iodine atoms can geminately recombine or can
escape and subsequently react with iodine atoms produced
elsewhere in the liquid. The population of I p molecules is
monitored with a weak 530-nm picosecond light pulse from
times ~ r i o to
r the strong excitation Duke UD through 800 DS
after <he excitation pulse. The strong excit&ion puise deio~ u l a t e as zood fraction of the ground state I p molecules and
thus causes an increase in the t&smission ofthe probe pulse.
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0.95 picoles/ CHANNEL
Figure 14. The fluorescence d e w of S, state monitored at 350 nm and the
famation ot CT slate monnored at 480 nm in propand soi~ion.Time scale is
0.95 pslehannel.

Figwe 15. The fluorescence decay of Sf state monitorea at 350 nm and the
formation of CT state monitored at 480 nm in propanot solution. Time scale is
19 pslchannel.

As the iodine atoms recombine, the population of absorbers
(iodine molecules) increases and therefore the transmission
bf the probe pulse decreases. In this way we can follow the
recomhination dynamics of the iodine atoms by monitoring
the time-dependent population of I p molecules.

We have studied the photodissociation of 12 in two solvents,
hexadecane and carbon tetrachloride. he-result in hexa:
decane is shown in Fimre 17. The transmission of the probe
light first rises to a maximum and then drops rapidly to a
stable value at about 300 ps after excitation. This occurs for
CCL also. The residual dit'ferenre in nbsorntion hetween t h ~
long'time values (800ps) and the initial atisorption i t <I)) is
due to those iodine atoms which have e s c a ~ e dtheir original
partners. The iodine atoms which have escnped will recoml~ine
at much later times ( > I 0 nsec) with iodine utoms from other
dissociation events, ie., the nongeminate recombination. We
thus have observed the dvnamics of the geminate recomhination (the cage effect) and the escape offragments leading
to nongeminate recombination proceses. The eeminate recombination rimes are about 70 ps in hexadeca~ieand 140 ps
in cartnm tetrachloride. The escape probabilities o i iodine
atoms are ahout 25%in carhon tetrachloride and 5%in hexadecane.

GEMINATE

RLCONBIN&T#LTION

Figure 16. Photcdissaciation of iodine molecule in,
phase.

agas p h a s e , and, b, liquid
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