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Summary 

I present new experimental results that are relevant to how vibrational 
energy is redistributed in large molecules. In these experiments the molecules are 
cooled (by supersonic beam expansion or by low temperature (1.7 K) crystal 
techniques) and the vibrational states are excited selectively by optical pulses 
of approximately 15 ps duration. When combined with high resolution spectro- 
scopic data, the results of these experiments tell us the energy and phase relax- 
ation time scales. The relevance of these and other findings to laser-selective 
chemistry is discussed. 

1. Introduction 

Photochemistry by lasers is a subject of great current interest. Of particular 
interest is the randomization of energy and phase among the large number of 
vibrational states at high energies following the selective and well-defined excita- 
tion by the laser to a specific state. Knowledge of these randomization rates and 
the rates of chemical reactions involving these large molecules tells us whether 
or not laser-selective chemistry is possible. If on the time scale of the experiment 
vibrational energy redistribution is complete among the vibrational modes, then 
we use the statistical theories, such as the Rice-Ramsperger-Kassel-Marcus 
theory (RRKM), to describe the chemical changes. If, however, the vibrational 
energy redistribution is non-statistical, then we may be able to localize energy 
selectively in certain modes. 

With the advances made in the development of ultrashort-time laser pulses 
(picosecond to subpicosecond) and ultrahigh frequency resolution (megahertz 
to kilohertz) some of the following dynamical questions pertinent to the above- 
mentioned problems can perhaps now be answered. 

(a) What is the nature of the state that we excite with light? Is it a local 
or a normal mode of the system? 

(b) How can we separate the different intramolecular channels that lead 
to randomization? 
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(c) What determines dephasing and energy relaxation in large molecules? 
In the following sections, I shall describe how some laser techniques can be 

used to probe the dynamics of intramolecular energy and phase redistributions, 
as outlined in the above questions. First, however, a brief description of dephas- 
ing in two-level and multilevel systems will be given. 

2. Optical phase and energy redistribution 

2. I. The two-levels-bath problem 
Here we shall consider the interaction of two quantum states in contact with 

a bath to a laser field. To describe the origin of optical dephasing in such a system 
we shall consider only the semiclassical approach-the molecule is treated quan- 
tum mechanically and the laser field classically. Semiclassically, we describe the 
process as follows: the laser field E interacts with an ensemble of molecules to 
produce a time-dependent polarization P(t), which in turn changes as the mole- 
cules dephase. So, our task is to find how the polarization is related to dephasing 
and what dephasing means on the molecular level. 

Consider two vibronic states: a ground state vy,(r) and an excited state 
$J&). The laser field is simply a wave (propagation direction, z) of the form 

E&t) = E cos(wt - kz) = +[E exp{i(wt - kz)} + E exp{-i(wt - kz)}] (1) 

where E is the amplitude and o is the frequency of the radiation. The state of the 
molecule (driven by the laser) at time t may be represented as 

V(V) = a(9 exp(-iw, O%(r) + b(t) expGiw& v&) 

We now can calculate the time-dependent molecular polarization: 

Rn(O = +#(r,Q IP I v(v)) 

(2) 

= ab*,u,, exp{-i(o, - to&} + a*bp d exp{-i(w, - w,,)t} (3) 

where fi is the dipole moment operator and pbp and ,uab are the transition mo- 
ment matrix elements. Taking these matrix elements to be equal (= ,u) and set- 
tingWb-Oj, = o. (the transition frequency) we obtain 

P,(t) = ,u{ab* exp(+iwot) + a*b exp-iwot)} (4) 

Hence the polarization, which is related to the radiation power, is zero if there 
is no coherent superposition or, in other words, if the molecule is certain to be 
in the state a or b. From eqn. (4), the total polarization for N molecules in the 
sample (assuming equal contributions and ignoring propagation effects) is there- 
fore I 

P(t) = + {P exp( iwot) + P* exp(- ioor)} = N~(Q~, + Q~J (5) 

where P(t) = NE’,,,(t) and P is its complex amplitude, i.e. P = P,,,, + *bag. 
We chose the notation ePb and Q ba for the cross-terms ab* exp( +ioot) and 
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a*b exp(-io,t) because they are indeed the off-diagonal elements of the ensemble 
density matrix @. Equation (5) shows that in order to create a polarization or 
optical coherence we need a non-vanishing interference term or equivalently the 
off-diagonal elements of e must be non-zero in the zero-order basis set. 

From eqn. (2) we see that the probability of finding the system in the ex- 
cited (ground) state is simply 1 b [” ( Ia I’). These probabilities decay by time 
constants, say T Ib and T1, respectively. Such phenomenological decay is the 
result of the Wigner-Weisskopf approximation, i.e. an exponential decay of the 
amplitudes a and b; a 0: exp(-d2T,) or b a exp(-r/2T,). Also, the cross-terms 
of eqn. (2) will decay possibly at a different rate from the diagonal terms. This 
decay constant is T2 or the dcphasing time and is given by [l] 

1 1 -_= 
-++(ik+&l T2 T2' 

(6) 

The T1 term in eqn. (6) comes from the diagonal elements and represents an 
average rate for the loss of population in the ab levels. Physically, the T2’ term 
represents the additional decay caused by phase changes in the cross-terms. In 
other words, the random and rapid variation in the transition frequency w,,(t) 
causes the off-diagonal elements to decay faster than the diagonal ones. It can be 
shown that the linewidth of the transition a + 6 is l/xTz if the band profile is 
lorentzian. The total dephasing rate is therefore 1/T2; it contains T2’-’ (the 
rate for phase coherence loss (pure dephasing)) and Tam1 (the rate for irre- 
versible loss of population (energy relaxation or randomization in the two levels). 
The phenomenology described here is the optical analog of the magnetic reso- 
nance T1 and T2 of Bloch’s equation, but the physics is different. 

2.2. Bath-independent dephasing in mukilevei systems 
It is desirable to use laser pulses that make the coefficients in eqn. (2) 

equal (the x/2 pulse limit). In a macroscopic system a single n/2 pulse might 
excite 1018 molecules, each of which is coupled to some extent to all others. In 
large molecules, such excitation and coupling cannot be handled in a manner 
similar to that of the two-level limit we described before. This is simply because 
the eigenstates of such a system are very difficult to ascertain. Warren and Zewail 
[2] have recently used the method of moments to obtain expressions for dephas- 
ing in multilevel systems. We considered two-level “subsystems” coupled to- 
gether by an interaction hamiltonian (e.g. the dipol4ipole interaction) to pro- 
duce the real system that we excite with light. Unlike the two-level case where 
the pure dephasing rate goes to zero at zero temperature, the multilevel system 
case shows a non-zero dephasing even at 0 K. The implications of these findings 
for isolated large molecules with overlapping resonances are very important. 

3. Experimental probing of dephasing and energy randomization 

3.1. Two-level molecules in buibs and beams 
Laser techniques are now available to separate directly optical (T, and 

T2), energy and phase relaxation time constants (for a review, see ref.1). In 
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diatomic molecules, which approximate the two-level limit very well, this has 
been demonstrated experimentally. In Fig. 1 we depict the coherent transients 
[l] obtained by using a continuous-wave (CW) laser and switch. A single-mode 
laser (width, less than 5 MHz) is used to excite coherently a homogeneous 
subgroup of molecules. The laser is then either diffracted acoustically so that it 
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Fig. 1. The different coherent transients observed in gases and beams of iodine [I]: (a) photon 
echo; (b) the incoherent resonance decay and free induction decay (FID) in an iodine beam; (c), 
(d) FID of I, gas; (e) nutation. For details see ref. 1 and references therein. 
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will no longer “see” the sample or switched into another frequency within the 
optical line. The n/2 and IE pulses are made by controlling the diffraction dura- 
tion time or the frequency-switching time. Details can be found in refs. 1 and 3. 

When a group of molecules are excited coherently the superposition of 
states discussed before will be established. As a result, a polarization is induced 
and, if for example the laser is immediately turned off, a coherent burst of light, 
sometimes called super-radiance [4], can be detected. Several transients [l, 3, 
5,6] can be observed depending on the pulse sequence. These include photon 
echo, optical nutation, incoherent resonance decay and optical free induction 
decay (OFID). Using the incoherent spontaneous emission, all these coherent 
transients have been observed (for a review see refs. 1 and 3). The important 
point is that from the transients we can obtain T,, T2 and ,u, as detailed else- 
where [l]. 

3.2. Large molecules in bulbs, beams and solids 
The optical dephasing time for the diatomic I2 has been measured directly 

in a coIlisionless beam [7]. So far direct T2 measurement for larger molecules 
has not been reported. However, many experiments have been performed to infer 
processes causing redistribution. Among these are (i) fluorescence as a function 
of excitation energy of molecules in bulbs, (ii) fluorescence and excitation spectra 
of molecules in supersonic beams, (iii) intracavity absorption of molecules in 
supersonic beams, (iv) time-resolved fluorescence of molecules in bulbs, (v) col- 
lision-induced fluorescence changes of molecules in bulbs, (vi) picosecond spec- 
troscopy of molecules in supersonic beams and (vii) line shape analysis of high 
energy vibrational transitions. 

Many groups, especially the group of Lim at Wayne State University, have 
investigated (i) and have projected the effect of excess energy on randomiza- 
tion. One of the problems with this type of experiments is the thermal congestion. 
In other words, because the experiments are done at room temperature the ther- 
mal energy is quite high and is “carried up” to the excited state, resulting in a 
“contaminated” and ill-defined excitation. In recent years the supersonic cooling 
method pioneered by Levy et al. (University of Chicago), Smalley et al. (Rice 
University) and Jortner et al. Tel Aviv University) has been used (for a recent 
review, see ref. 8) to solve this problem and to infer the dynamics from the CW 
spectra. Parmenter’s group at Indiana University have monitored carefully the 
fluorescence of p-difluorobenzene as a function of buffer gas pressure and in- 
ferred the dynamics at “zero pressure” in the bulb [ 91. Tramer et al. in France 
and Langlaar er al. in Holland time resolved the fluorescence but again for moie- 
cules in a bulb with definite thermal energy [lo]. These experiments give dif- 
ferent redistribution times: 10 ps and 0.3 ns. 

Our own effort at Caltech has been focused around (a) the time and fre- 
quency resolution of fluorescence of large molecules in supersonic beams and 
excited by 15 - 20 ps pulses, (b) line shape analysis of high energy vibrational 
overtone states in solids at 1.7 K and (c) intracavity absorption of rotationally 
and vibrationally cooled molecules. 

In what follows I shall describe briefly these techniques and discuss the new 
findings. 
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4. High energy vibrational overtone spectra of large molecules: vibrational 
dephasing and the state excited 

In recent years, there has been much interest in the nature of vibrational 
states of molecules at high energies. The important problems in this field are 
centered around the following questions. 

(a) Is the excitation in the high energy states localized or delocalized? 
(b) What is the time scale for vibrational energy redistribution? 
(c) What is the relevance of these states and their relaxation to possible 

mode-selective chemistry? 
Overtone spectroscopy, including direct absorption and emission, thermal 

lensing and photoacoustic spectroscopy, has been the primary experimental tech- 
nique used to obtain information in attempts to answer these questions. The 
spectra of X-H-stretching overtones obtained in liquids, gases and solids have 
been consistent with the local-mode model in which the vibrational excitation is 
considered to be localized in certain bonds (for a review, see ref. 11). Also, from 
spectral bandwidths (typically 100 cm-‘), relaxation times for these high energy 
(Au = 5, 6, 7, . ..) overtone states were inferred to be approximately 100 fs or 
shorter. The locality of excitation was inferred from the success of applying the 
simple diatomic formula E(v) = A LI + Bu2, where u is the vibrational quantum 
number of the CH stretches, in many polyatomic molecules. 

In Fig. 2 we present the low temperature (less than 2 K) Au = 5 CH-stretch- 
ing absorption spectrum of durene and durene-dz. The first feature we wish to 
point out is the absence of the broad band at d G = 900 cm-l (A = 7209 A) in 
the durene-d2 spectrum and the qualitative consistency of the remaining features 
of the spectrum. On this basis we assign the band at 7209 A as the aromatic 
d u = 5 CH-stretching mode. The other bands around dV = 300 - 600 cm-l 
(A = 7400 A) are methyl-based CH-stretching modes. 

In the region of the methyl CH-stretching modes, the linewidths of the 
bands vary from 20 to 50 cm-l, different from the 100 cm-’ of the aromatic. 
The methyl CH-stretching mode bandwidths are the smallest bandwidths yet 
observed in high energy overtone spectra of polyatomic molecules. The small 
widths of the methyl bands imply that these modes relax more slowly than the 
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Fig. 2. (a) Low temperature (less than 2 K) Cl-X-stretching AV = 5 overtone spectra of durene and 
durene-dz crystals. The absorbance is in arbitrary units and the horizontal scale is in unit change 
from 12 9Y0 cm-‘. (b) The polarization spectra of the same bands of durene-d,. 
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aromatic CH-stretching modes. Provided that pure dephasing is negligible, this 
can be explained as a larger population relaxation time constant for the methyl 
CH-stretching modes. The slower relaxation of the methyl modes makes sense 
qualitatively since there is a C-c bond separating the methyl CH bonds from the 
benzene ring (bath). This separation reduces the average potential or kinetic 
energy coupling of methyl CH-stretching modes to the ring modes relative to the 
aromatic analogue. 

The narrowness and the large spectral splittings of the aliphatic bands rela- 
tive to the aromatic band lead us to consider two important points: (a) there are 
two distinct types of relaxation of the different CH modes to other modes within 
the molecule and (b) the states prepared optically are different in nature for the 
aliphatic and aromatic CH modes. The vibrational relaxation problem here is 
strongly connected with the problem of vibronic or electronic relaxation as pointed 
out by Sage and Jortner [12]. 

In the intermediate coupling case, the states prepared with narrow-band 
excitation are non-stationary (i.e. have finite width) because of interactions with 
the manifold of bath modes, but the states of the “optically active” manifold 
(at a given quantum level) are separated by an amount d which is larger than 
the corresponding linewidths W; thus W/d c 1 and we are able to resolve the 
individual “eigenstates” approximately. Since for the aliphatic CH subset of 
modes W/d = 0.2 - 0.1, the modes should belong to the intermediate-coupling 
case and should exhibit distinct polarization characteristics (Fig. 2). For the 
usual aromatic CH-stretching modes (e.g. benzene), the linewidths are broad 
(of the order of 100 cm-‘) and the spacing of the states is small (W/d Z 1). 
Thus, we can excite only a superposition of symmetry-adapted states leading to 
localization of the excitation. In this sense, the aromatic CH-stretching modes 
belong to the statistical limit and correspond approximately to local modes with 
ultrashort lifetimes (femtoseconds). More details can be found in ref. 11. 

In conclusion, our observations suggest that relatively slow intramolecular 
CH-stretching relaxation (r = OS ps in contrast with the 0.075 ps of the aromatic 
mode) in sizable molecules such as durene (24 atoms) is possible at high ener- 
gies (du = 5). Also, the polarized absorption spectra lead to interpretation in 
terms of symmetry-adapted states for the aliphatic CH-stretching modes. The 
interplay between spectral splittings and linewidths determines the nature of the 
vibrational state excited. We are currently considering the polarization data of 
other possible conformers of durene to ascertain more positively the assignment 
(pure local modes verSuS interacting local modes). 

5. Intracavily absorption of molecules in supersonic beams 

Recently we reported [13] on the observation of intracavity absorption of 
the photochemically active molecule dimethyl-s- tetrazine (DMT) in a super- 
sonic beam. The rotational and vibrational temperatures were less than 0.1 K and 
16 K respectively. Under these conditions, the cooled molecules were excited 
to the different overtones of the 520 cm-’ mode during detection of the fluores- 
cence or the transmitted beam (Fig. 3). We find that the absorption and excita- 
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Fig. 3. The experimental arrangement for intracavity absorption spectroscopy in a molecular beam. 

tion spectra are different as a result of the large quantum yield for photochem- 
istry. In this low energy region the dissociation of the molecule is selective but 
the quantum yield is non-monotonic with energy. The dissociation behavior in 
the high excess energy region (more than 3000 cm-l above the origin of S1) is 
still unknown. 

6. Time-resolved spectroscopy of molecules in supersonic beams: excitation with 
picosecond pulses 

Recently, Lambert and Felker of Caltech have observed time-resolved and 
frequency-resolved spectra of anthracene in a supersonic beam using pulses of 
15 - 20 ps duration. The fluorescence, which exhibits quantum beats, was detected 
with a medium resolution spectrometer and detection system capable of 50 ps 
resolution. The laser was tuned to the different 1400 cm-’ modes which are 
optically active in absorption and emission. 

In Fig. 4 we show spectra of anthracene coofed by supersonic expansion 
with neon, helium or argon. We also show the decay characteristics at different 
energies. Several interesting observations are noteworthy. Firstly, the lower spec- 
trum D is considerably sharper than spectrum B, although both resulted from 
anthracene excited at about 31 900 cm-l. In addition, the fluorescence decay 
characteristics of the two spectra are different. These discrepancies can only be 
attributed to a difference in the nature of the molecular beams being excited. 
Secondly, there are two trends in the spectra as the excitation energy is systemat- 
ically changed. With increasing excitation energy, the emission broadens and shifts 
to the red. Thirdly, for excitation at 33 300, 31 900 and 30 550 cm-‘, the fluo- 
rescence lifetime observed is dependent on the frequency of the emission col- 
lected. To the red of 28 000 cm-’ in spectra B and C, there is a small systematic 
decrease in the lifetime as the energy of emission decreases. In addition, the weak 
emission at about 30 550 cm-’ in spectra A and B is very long compared with 
the bulk of the emission. Lastly, there is a slight trend toward shorter lifetimes as 
the excitation energy increases. Pending more detailed experimentation, we have 
made the following preliminary interpretations of the data. 
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Fig. 4. Molecular (supersonic) beam spectra of anthracene at different excitation energies. The ex- 
cess excitation energy is denoted by an arrow and the fluorescence origin is indicated by the vertical 
line. The lifetimes at the top are obtained by time resolving the fluorescence spectrum A at different 
energies. Typical beam conditions (A and B) are as follows: back pressure of neon, 75 Ibf in-*; 
nozzle diameter,HOpm; laser-nozzle distance, about 7 mm; nozzle temperature, 180 “C. 

Consider first the nature of the emitting state, which gives rise to spec- 
trum D. On excitation at 31 900 cm-l, anthracene is prepared with about 4200 
cm-l of vibrational energy in the S, electronic state. If this excitation process 
takes place in a region of a supersonic molecular beam where cooling collisions 
occur readily, then relaxation of the optically prepared state to lower energy 
vibrational states of S1 might be expected. We believe that spectrum D is emis- 
sion from excited anthracene molecules that have been collisionally cooled to the 
lowest energy vibrational state of S1. Several facts support this conclusion. 

(1) Spectrum D was collected under conditions wherein the laser excitation 
beam crossed the molecular beam at a point close to the supersonic nozzle source. 
As the distance between the two increased, the sharpness of the spectrum de- 
creased. 

(2) There is a measurable rise time (about 1 ns) to the emission at 27 650 
cm-l under the conditions at which spectrum D was taken. This is consistent 
with a time-dependent process occurring after excitation and leading to popula- 
tion of the emitting state. Note that such slow rise times are not observed for the 



278 

other bands of the spectrum. Presumably this difference is due to the fact that 
the optically prepared state does not emit strongly at 27 650 cm-‘, while it does 
so to the red of this (c$ the red shift of anthracene fluorescence with increasing 
excitation energy). 

(3) The approximate lifetime of the emission (16 - 20 ns) is consistent 
with previous measurements of the fluorescence lifetime on excitation of the S1 
origin. 

(4) Within experimental error, the strongest peak occurs at the energy of 
the S, origin. Moreover, there is no structure to the blue of this peak, indicating 
that the emitting state is the zero-point vibrational level of S1. The “filling” of 
the spectra as the excitation energy increases suggests an increase in the rate of 
dephasing, even though the lifetime or the T,-type relaxation is essentially un- 
changed. Although it seems clear that initially rapid dephasing takes place in 
anthracene at excitation energies of more than about 2800 cm’-’ above the S1 
origin, the data also suggest that once this process has taken place further re- 
distribution occurs on a time scale that is comparable with the fluorescence life- 
times of the S, states. We infer this from the fact that lifetimes for a given excita- 
tion energy depend on the frequency of the fluorescence that is collected. If there 
were rapid “communication” among all the states having a given vibrational 
energy excess, we would expect a constant lifetime as we tuned across the emis- 
sion spectrum. Excess vibrational energy is evident from the real red shift ob- 
served for high excitation energies. 

Consistent with this picture is the appearance of the weak hot band at 
about 30 550 cm-‘. Although its assignment is not unequivocal at the moment 
we have, nevertheless, several reasons to believe that the data are real. Firstly, 
the lifetimes are very reproducible. Secondly, the 30 550 cm-’ band occurs at 
2800 cm-’ above the S1 origin and is consistent with emission characterized by 
du = -2 involving the optically active 1400 cm-’ mode. Moreover, similarly long- 
lived emission also occurs at 1400 cm-l above the origin. Finally, control ex- 
periments have been performed to verify that all the observed fluorescence is due 
only to excited species in the molecular beam. 

With all these results in mind, we are led to the following picture of anthra- 
cene decay dynamics. Excitation of cool isolated anthracene at 30 550 cm-‘, 
3 1 900 cm-’ and 33 330 cm-‘, corresponding to initial populations of 2, 3 and 
4 quanta respectively in the optically active 1400 cm-l mode, is followed by very 
rapid intramolecular vibrational energy dephasing into S1 vibrational states of the 
form Ir, {n},), h w ere I is the number of quanta in the 1400 cm-’ mode and 
{n ), represents a distribution of quanta over all the other vibrational modes of 
the molecule. Assuming that this redistribution populates all possible states with 
roughly equal probability, then relaxed states of the form 1 O,(n),} will be much 
more numerous than states 1 l,{n}K>, which will be more numerous than states 
12,(n),) etc. This follows from a density of states argument. Since the emission 
spectra of these ensembles of relaxed states will reflect the population distribu- 
tions of emitting states, it is easy to see why the emission at 30 550 cm-’ in spec- 
tra A and B (which can be attributed to /2,{n},} states) is so much weaker than 
the bulk of the emission, which occurs to the red of the origin and is attributable 
to emission from 1 O,(n),) states. 
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Following the initial energy dephasing, the relaxed states undergo limited 
coupIing with one another, i.e. the decay of a given state is not entirely deter- 
mined by further vibrational energy redistribution. As a result, each state makes 
an individual contribution to the overall temporal and spectral characteristics of 
the fluorescence. For example, the emission decay at 30 550 cm-‘, on 3 1900 cm-l 
excitation, reflects in this scheme the decay properties of the ( 2,{n}K) emitting 
states. In contrast, the time-resolved fluorescence at 26 000 cm-l after similar 
excitation reflects the decay characteristics of predominantly 1 O,(n),) states. Any 
difference in the two decays is due to differences in their individual coupling to 
the various radiative and non-radiative electronic decay pathways. 
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