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ABSTRACT

This thesis is a primarily experimental study of the
spectroscopy and dynamics of highly vibrationally excited molecules in
the ground and excited electronic states. Linear spectroscopic studies
have been performed on CH-stretching overtones of medium and large sized
molecules in the gas and solid phases. Also new time-resolved methods
based on nonlinear multiphoton ionization spectroscopy have been applied
on the picosecond time-scale to the study of ultrafast intramolecular
vibrational-energy redistribution (IVR) in isolated molecules.

The first observation of high—energy CH stretching overtones of
molecules in low-temperature solids is reported. Spectra of the Vg =
5 transitions of many aromatic molecules at " 2K reveal homogeneously
broadened bahds which are assighéd to ihequivalent local nbdes by |
studies of some isotopically substituted molecules. Typical linewidths
give population lifetimes of ~ 50 fs for aromatic compared to 100-200
fs for methyl CHs in f:hese large molecules. The polarization ratios of
durene CH overtones are in good agreement with those predicted with the
localized bond-mode transition moments.

Overtone spectra of some gas-phase deuterated methanes and
tetramethyl compounds have been studied. Spectra of CHD3 have shown
severe vibrational mixing at Vcg = 6 and 7 with an apparent tuning of
the Fermi-resonance between |V cg> and discrete stretch-bend combination
states, e.g., |(v -1)cH, 2bend>. Nonetheless, the lifetime of the CHD3
overtones must be long (> 5 ps) as evidenced by the narrow resolution

limited linewidths. The splitting of the 16.0>4 states of CH2D?2 is
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inferred to be < 10 anrl and shows that the coupling of the CH
oscillators is relatively weak in agreement with theoretical prediction.
In general, the results on the CH overtones indicate a significant role
of CH stretch-normal mode coupling in the spectra and dynamics.

Picosecond pump and probe multiphoton ionization is developed
for the study of IVR in isolated molecules. Experimental evidence for
IVR is presented. Nonexponential decay of vibronic states of S;
trans-stilbene is analyzed in terms of a population rate equation and
tim—deperﬁent Franck-Condon factor description of IVR. The
thermally-averaged IVR time constant is about 2 ps. Also, the excess
vibrational energy dependence of the Sj trans-stilbene isomerization
rate is détermined for total vibrational energy of 2000 to 4500 cnrl and
good agreement is found with calculated thermally averaged rates based
on independent results on jet-cooled molecules.



INTRODOCTION

This thesis reports on our work on the nature and energy
redistribution of highly vibrationally excited polyatomic molecules.

The motivation for such studies is inspired by several topics of current
interest in chemical physics. Particularly noteworthy topics are 1) the
theory and phenomenology of molecular states at energies comparable to
dissociation or reaction barriers., 2) radiationless relaxation of
molecules under collisionless conditions, 3) multiphoton excitation of
polyatomic molecules, 4) the search for mode-selective laser-induced
chemistry and 5) a problem of applied physics interest which is the
dispersion and loss of optical guided modes in optical fibers. 1In this
thesis, we shall focus on thé-'mofe fundamental issues (1 and 2) which
have a strong bearing on the more applied problems.

The nature of molecular states at energies comparable to
dissociation energies are not well understood. Much theoretical effort
has been devoted to classical, semiclassical and quantum mechanical
calculations on model systems and more recently attempts have been made
on "realistic" systems.l Most of these studies are oriented towards
understanding the onset of "chaotic"™ motion as well as the remnants of
ordered motion which are present in the presages of Achaos. In
addition to the development of. refined and highly powerful model systems
and mathematical techniques there is always much interest in especially
simple models which serve as conceptually and computationally convenient

tools. The local mode model2 of molecular vibrations is one such simple
model.



The local mode model2 is a model which takes as a starting point
the description of vibrations as localized displacements of particular
internal coordinates (valence coordinates) of the molecule. In
particular, stretching vibrations involving hydrogen attached to a
relatively heavy atom (eg., C, N, O, etc.) are well suited to such a
deséription. The simplest form of this model uses an adiabatic
separation of the high-frequency stretching vibrations from the
remaining vibrations. The Hamiltonian for the high-frequency modes is
written as a sum of single mode operators. The single model operators
are, of course, sums of kinetic and potential energy operators which are
diagonal in the stretch internal coordinate. The potential is taken to
be an anharmonic form such as a Morse potential3a or a truncated power
series expansion.3b

The Morse potential is convenient since the corresponding
Schrodinger equation is analytically soluble.4 The wavefunctions
generated in this approach form an extremely convenient basis. These
basis states are thought to be especially good since they give a
reasonable description‘ of dissociation in terms of single bond breakage
rather than the energetically unfavorable process envisioned in
proceeding to dissociation via an anharmonic normal mode where all
oscillators in an N-fold degenerate system will rupture. Also, this
model readily rationalizes the very simple "one-dimensional®™ transition
energy expression (AE = Av+ BV2)5 found to successfully fit
spectroscopic data for many polyatomic molecules.6 In addition, the
local mode model reinforces the long-known phenomenological idea of
group vibrations? where a subsystem of oscillators (e.g., a methyl group



or a carbonyl group) in a molecule behave essentially independently of
the remainder of the system.

There has been much work on the theoretical basis of the local
mode model. Wallace,2C for example, has examined the derivation of the
local mode Hamiltonian starting from a very general form. The
approximations involved are 1) a neglect of the variation of the
G-matrix with respect to the internal coordinate and 2) a neglect of all
off-diagonal terms in the kinetic and potential energy when written in
the intemal coordinate representation. The off-diagonal terms in the
kinetic energy can be shown to be ~ 1/12 of the diagonal term for a CHp
fragment due to the scaling of the off-diagonal term by the reciprocal
mass of the adjoining atom. The n\agnitudes of the off-diagonal
potential terms are not readily estimated so that in the absence of
experimental information their neglect is an outright assuﬁption. Given
the rather extensive level of approximation it is clear that we should
view this model as a starting basis for theoretical considerations
rather than as a rigorous description for an understanding of the exact
eigenstates of the system. The use of a symmmetry-adapted basis of
local mode functions in theoretical applications is necessary due to the
commutation relations of the symmetry point group operators and the
Hamiltonian and is convenient since it greatly simplifies the rather
large coupling matrices which must be dealt with at higher vibrational
quanta. The spirit of this work will be to stick with the simplest form
of the model as far as possible and to introduce the coupling of the
oscillators when experimental evidence so requires.



Theoretical models which develop the treatment of coupling of
the oscillators have been advanced by several groups.8 Of particular
interest is the work by Childs et al. and Mortensen et al. In the work
of Childs et al. the authors use variational calculations based on
symmetrized local mode basis functions. The useful feature of their
treatment is the simplification of the coupling Hamiltonian to a form
which expresses the coupling strength as a single parameter. The full
range of behavior of the system of oscillators is then realized by
performing a complete diagonalization of the interbond coupling for
varying amounts of diagonal anharmonicity. Then, when the eigenvalues
are plotted as a function of the ratio of coupling to diagonal
anharmonic constants, a complete correlation fram limiting local mode to
limiting normal mode cases can be achieved. This correlation can be a
useful tool for assessing the degree of localization. Of particular
interest in this regard is the splitting of the spectroscopically
dominating lowest energy local mode level (of the form [v,0,0...>) as
the ratio of coupling to diagonal anharmonicity is increased. It may be
the case that this splitting takes place only very close to the normal
mode limit in which case the lack of a splitting in the observed
spectrum does not allow a conclusion on the extent of localization. On
the other hand if a splitting of significant size can be observed then
in most realistic cases the extent of delocalization will be high. It
is clearly of interest to attempt to dbserve these splittings
experimentally with the proper level of caution exerted in the literal
interpretation of a relatively small splitting.



The other main point of focus in this thesis is detemmination of
the timescale for intramolecular vibrational redistribution. Stated
very simply, IVR is the total energy conserving process which results
after excitation of a nonstationary vibronic state in a molecular
system. The initially excited state is often characterized in terms of
some dominant zero—-order state where a given number of quanta are in a
particular mode. The IVR process then serves to redistribute the
vibrational quanta until all states within a certain width (given by the
uncertainty principle) become equally probable. The timescale of this
process is extremely important for laser-induced chemistry with respect
to the proper description of the energy distribution of the excited
molecules. Contrasting theories which have been compared recently9 are
the RREM theorylO where it is assumed thatlO the enétgy redistribution
is complete (thermalized) 6:1 the timescale of the chemical reaction and
the Slater theoryl0O where energy is not assumed to be statistically
distributed and mode occupations and state-to-state rate constants must
be specified. Clearly, from the viewpoint of desired selective
laser-induced chemistry much could be gained if IVR is found to be slow
relative to reaction times in molecules which undergo photochemical
reactions, and if these molecules can be strongly excited selectively.

The empirical efforts of this work will be divided into spectral
and time-resolved studies. In the spectral studies CH stretching
overtone spectra of polyatomic molecules in crystals at very low
Lemperature (™ 2K) will be investigated. These studies will focus on
bandwidths, lineshapes, and broadening mechanisms with effort devoted to
energy levels and spectral splittings, also. The use of low-temperature
crystal media will permit elimination of effects due to thermal



congestion and exploitation of the crystal anisotropy to obtain
information on the nature of the transition dipole moments. In
conjunction with these low-temperature studies roam temperature studies
of crystals and gases will be performed to cbtain some thermally-
averaged properties or spectra of samewhat smaller molecules under
"isolated" conditions.

Finally, a laser multiphoton ionization method will be described
in a study directed towards making time domain measurements of IVR.
This method involves the picosecond pulsed excitation of molecules in a
low-pressure vapor to a vibrational state in some electronic state (S;
in the cases studied here). The time evolution of the system is
monitored by applying a probing pulse which is capable of elevating the
molecules from the given electronic state to the ionization continuum.
Ion current is detected as a function of the time delay vbetween the pump
and probe pulses and thus the dynamics of the intermediate level are
mapped out. The method is capable of monitoring IVR because of the
change in Franck-Condon factors as the vibrational probability
distribution evolves from the initial to the "equilibrated" form. The
process is modelled in terms of population rate equations and effective
Franck-Condon factors for the initial and final distribution.

This extremely sensitive and versatile method is applied to the
study of the low pressure vapors of trans-stilbene and aniline.
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CHAPTER I

Observation of high-energy vibrational overtones of
molecules in solids: Local modes and intramolecular
relaxations

J. W. Perry and A. H. Zewail®

Arthur Amos Noyes Laboratory of Chemical Physics, ® California Institute of Technology, Pasadena,
California 91125
(Received 15 September 1978)

In the last few years, the spectra of vibrational over-
tones! (at ~15-20,000 cm™) in large molecules have re-
ceived considerable attention. The focus is on three
problems dealing with the origin of relaxation at such
high energies, the association of spectral band positions
with the local modes {LM) in molecules, and the rele-
vance of these spectra to possible selectivity in laser-
induced chemistry.

Albrecht and co-workers®*™* using the technique of
thermal lensing has identified overtones in liguid ben-
zene and in several other aromatic liquids. Typically,
the fifth overtone is around 6000 A and the width ’
(FWHM) is ~ 300 cm™. A similar transition has been
found in gaseous benzene by Bray and Berry® but with a
width of 80 cm™ ascribed to broadening by intramolec-
ular relaxation.®

We report here on the observation of CH-stretch-
ing overtones (v =2- 6) in solid naphthalene. The ex-
periments offer the following: (2) the molecules can be
frozen to low temperatures (1.3 K) so that the contribu-
tion of rotational states to the width of the resonance
may be eliminated; (b) at 1.3 K the excitation is from
v =0 and hence spectral congestion can be avoided; (c)
unlike gases and liquids polarization spectroscopy in
solids assigns the bands; and finally (d) the inhomo-
geneous broadening may be realized by comparing the
width of the overtone to that of nearby crystal electronic
states.

Naphthalene (Aldrich Gold label) was extensively zone
refined,” and crystals (2-70 mm) were grown in a
Bridgman furnace. The crystals were cooled carefully
from room temperature to 1.3 K. The optical spec-
trometer used in these experiments is a home-built
double beam apparatus!® whose photomultiplier output

J. Chem. Phys. 70(1), 1 Jan. 1979
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was phase sensitive detected and digitally processed in
order to obtain accurate line shape functions.

Figure 1 shows the overtone spectrum at 300°K
together with the least squares fit for the anharmonic
relationship: AE(v)v=A +Bv, where A=X,+B. X, is
the fundamental frequency and B is the anharmonicity.
Using this relationship, we obtain A =3086+6 cm™ and

=-55.8+ 1.4 cm™ for crystalline naphthalene, thus
establishing good agreement with the liquid phase work.

The linewidth of the 0~ 5 transition at 300 K is 220
em™!, much narrower than the liquid line, but still
broader than that of the CH overtone in benzene gas. At
1.3 K, nowever, the line shows a new feature; a splitting
into two peaks whose apparent relative intensity is tem-
perature dependent. The question now: Is the resonance
homogeneously or inhomogeneously broadened (IB)?

To answer this question we must first eliminate two
effects; the inhomogeneous crystal broadening and inter-
molecular vibrational splittings (IB). To disentangle the
coniribution of the former, we have located the triplet
state in the same crystal (see Fig. 2). The 0,0 which
exhibits a Davydov splitting of 10 cm™, is in excellent
agreement with previous photoexcitation experiments.?
The first vibrational band shows a smaller (~5 cm™)
splitting. If this picture applies to the overtone pro-
gression we can then neglect the IB due to crystal “ir-
regularities” and vibrational resonance interactions.
The splitting shown in Fig. 2, we therefore ascribe as
due to different CH oscillators (say the two inequivalent
sets of naphthalene).!! The broadening (997 and
14725 em™ from the computer fit results, Fig. 2) must
have the contribution of both dephasing and energy
relaxation processes. At room temperature the broad-
ening increases and masks the splitting. To confirm
that this temperature dependence is real and that the
splitting is not due to different “local” crystallites in
the long crystal used, we have taken room temperature
spectra, 1.3 K spectra and then room temperature
spectra again. No differences between the first and the
last scan were detectable. The splittings will undoubt-
edly contribute to the linewidth in the liquid and in the
gas also. One must therefore be cautious about spec-
tral changes in bandwidth as a function of » simply be-
cause the splitting might become smaller for higher v’s
due to the difference in anharmonicity between modes.

The line shape (Fig. 2) at 1.3 K can be fit near per-
fectly to Lorentzians and not to Gaussians. The width
of the Lorentzians compares very well with the
benzene data.’® However, in the gas and liquid, there
might be some low frequency molecular or reservoir
vibrations that are populated at room temperature and
will contribute to the width. In benzene, there are no
very low frequency molecular modes, but the reservoir
modes (e.g., librations) might heavily influence the
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FIG. 1. Vibrational overtones of crystalline naphthalene.
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liquid band contour, making it broader. #*1* In the solid
at 1.3 K the ground state crystal modes will not con-
tribute to the width, while those built on overtones will.
Thus the line will be narrower than the liquid as is evi-
dent in Fig. 2. We have made preliminary analysis on
the effect of crystal modes on these line shapes and find
that although the line will narrow at 1.3 K relative to
300 K, the asymmetry of the line is a measure of the
homogeneous width (7)™, where T, is the total de-
phasing time. If T, is “long” (= 10 ps) the line is
asymmetric, while if T; is short (= 0.3 ps), the line®®
is essentially symmetric. With this in mind we infer that
Te=0.1 ps and that the overtone transition in the solid
(no rotation!) is a limiting intrinsic one, resembling the
equivalent CH modes of benzene in the gas phase. What
we do not know at the moment is the contribution of T,
to Ty, Theoretically’ this contribution has been esti-
mated classically to be negligible on the psec time
scale and on the order of 10°!! s by Robinson.® The
contribution of T, to T, is now experimentally under in-
vestigation.

8)Alfred P. Sloan Fellow. :

¥Contribution No. 5886. This work is supported by a grant
from the National Science Foundation.

!B. R. Henry, Acc. Chem. Res. 10, 207 (1977).

’R. Swofford, M. Burberry, J. Morrell, and A. Albrecht, J.
Chem. Phys. 66, 5245 (1977). )

. *R. Swofford, M. E. Long, and A. C. Albrecht, J. Chem.

Phys. 66, 179 (1976).

‘A. C. Albrecht, in Advances in Laser Chemistry, edited by
A. H. Zewail, Springer Series in Chemical Physics 3
(Springer-Verlag, Berlin, 1978), p. 235.

*K. V. Reddy, R. G. Bray, and M. J. Berry, in Advances in
Laser Chemistry, edited by A. H. Zewail, Springer Series
in Chemical Physics 3 (Springer-Verlag, Berlin, 1978), p.
48. .

*D. Heller and S. Mukamel (to be published); see also
M. Elert, P. Stannard, and W. Gelbart, J. Chem. Phys.
87, 5395 (1977).

'Extensive zone refining of naphthalene®? will not remove
certain impurities. However, since we are not dealing with
emission and because the major remaining impurity®? has
no strong absorption in the region of interest, these low~con-
centration impurities do not interfere with the spectra
especially at high energies,

*D. M. Hanson and G. W. Robinson, J. Chem. Phys. 43, 4174
(1965).

’G. Castro and G. W. Robinson, J. Chem. Phys. 50, 1159
(1969).

. 13, W. Perry and A. H. Zewail (to be published).
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!2Recent work by A. Albrecht indicates that anharmonic libra-
tional modes can cause a large asymmetric broadening in the
line shape of the liquid.

Note that it is basically the same reason which makes the gas
phase line shape appear homogeneous when rotational levels
have 8 very wide width,

“p. Nagy and W. Hase, Chem. Phys. Lett. 54, 73 (1978).

5G. W. Robinson (private communication),
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CHAPTER II

HIGH-ENERGY VIBRATIONAL OVERTONES OF POLYATOMIC MOLECULES IN SOLIDS:
INEQUIVALENT LOCAL C-H MODES AND SUBPICOSECOND DEPHASING

OF NAPHTHALENE AT 1.3K

LW.PERRY and A.H. ZEWAIL *

Arthur Amos Noyes Laboratory of Chemical Physics *, California Institute of Technology,

Pasadena, California 91125, USA

Received 27 March 1979; in final form 7 May 1979

We report on the assignment of inequivalent C—H local modes in naphthalene by observation of overtones of symmetri-
cally deuterated naphthalene (ad4) at low temperatures (1.3—2 K), Careful lineshape analysis gives information on the de-
phasing of these high-energy states as inferred from homogeneous linewidths, We observe new trends in the linewidths that
suggest the relative importance of local-normal and local—local made coupling,

1. Introduction

In our first communication [1] we reported on the
observation of C—H stretching overtones of cooled -
naphthalene. We observed the overtones (Aucy =2->6)
at room temperature, thereby obtaining the average
diagonal anharmonicity (B = —56 cm~1) and “mech-
anical” frequency (4 = 3086 cm™!) of the CH stretch-
ing modes. Observing the Avcy = 5 transition at low
temperature (1.3 K) showed a splitting of the reso-
nance. The lineshape was fit well by the sum of two
lorentzians and was not fit by gaussians. The best val-
ues for the width (fwhm) were 100 and 150 cm—1, Ex-
periments, which showed the inhomogeneous broaden-
ing to be small relative to the observed linewidths,
were presented to support the contention that the
overtone resonances (Avcy = 5) are homogeneously
broadened at low temperatures. From the symmetric
lorentzian lineshapes we concluded the total dephasing
time, T, is =0.1 ps.

In this paper we report on: (1) the origin of the
splitting of the CH stretching overtone observed at low
temperature; (2) the local mode parameters derived
from overtone spectra of crystals of naphthalene-g,

* Alfred P. Sloan Fellow.
* Contribution No, 5989,

-ady, and -dg at room temperature, and (3) the dy-
namics of the high energy CH local mode states as in-
ferred from lineshape analysis of the overtones observ-
ed at low temperature. We conclude with discussion of
the observed trends in terms of local modes and cou-
pling of local modes to other modes (local, normal,

and lattice) which produce broadening of the overtones.

2. Experimental

Naphthalene-1,4,5,8-d4 and naphthalene-dg were
obtained from Merck, Sharp and Dohme of Canada,
Ltd. The materials were extensively zone refined be-
fore use. Crystals were grown by standard Bridgman
techniques. Mass spectral analysis and NMR studies
provided the isotopic composition for the N-ad, sam-
ple. Spectra were obtained using a double beam spec-
trometer which will be described in a future publica-
tion. All spectral analyses of the line shapes were done-
using a nonlinear regression computer program.

3. Assignment of inequivalent local modes

On observing the CH stretching overtone (Avcy =
5) of the naphthalene-hg crystal at low temperature
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(1.3 K), we reported previously that the bandshape
showed clearly 2 lorentzian components. Our initial
hypothesis was that the splitting was due to the resolu-
tion of the avertones of the two inequivalent sets of
CH oscillators in naphthalene, The two sets are label-
ed @ and 8. The approach we used to confirm this as.
signment was to observe the overtone spectrum of
the symmetrically deuterated naphthalene, hence-
forth referred to as N-ad4. The N-od, should, of
course, show one of the component bands (at Av =5)
greatly diminished in intensity at low temperature, if
the assignment is correct.

The spectra of N-ady and N-ig in the region of the
Av =5 transition at 2 and 1.3 K, respectively, are
shown in fig. 1 (there was no observable temperature
dependence of the lineshapes at liquid He tempera-
tures). Indeed, the spectrum of the N-ad, corroborates
our hypothesis and provides a basis for positive as-
signment of the CH a and f local oscillators. Thus,
since the peak at higher energy has been greatly re-
duced in intensity we assign this resonance as the a-
CH stretching absorption. The lower energy peak is,
therefore, the §-CH stretching absorption.

The relative intensities of the peaks in N-ad,
should scale, with respect to N-hg, by the percentage

2

n O

<— TRANSMISSION

13800 14000 14200
E/ne (em™) -

14400

Fig. 1. The low-temperature, 0 - § overtone spectra of naph-
thalene-hg (1.3 K) and naphthalene-1,4,5,8-d4 (2 K). The
solid lines are the best computer fits, and the crosses are the
digitized experimental data. Transmission is relative to back-
ground, and in arbitrary units,
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deuteration of the @ and 8 positions. Since the deu-
teration was not complete at the a position we were
able to observe the residual a-CH stretching absorp-
tion, as is evident in the spectrum, We calculate ¥ a
ratio of areas of the high energy peak to the low ener-
gy peak to be ~3.5 for N-hg. The ratio of the areas
for N-ad4 was found to be 0.8. The predicted ratio
based on the percent deuteration and the assignment
of the two groups of oscillators is 0.7 £ 0.2, The agree-
ment with the predicted value is seen to be reasonable,
which further supports the assignment and the locality
of the different CH modes.

The spectrum of N-dg in the region of the CH Av=
§ transition at room and low temperature was also ob-
served in the solid phase. We found no measurable ab-
sorption that could be distinguished from the struc-
tureless background, again consistent with our assign-
ment,

4, Local mode parameters of CH and CD oscillators
in solid naphthalene

The spectra of vibrational overtones of molecules
provide direct information on the vibrational potential
function [2], along the coordinate of the mode being
probed. Diagonal anharmonicity expresses itself as a
convergence of the vibrational levels which leads to
dissociation of the bond. Contributions from the high-
er terms in the potential (cubic, quartic) are observed,
but the coefficients of the potential expansion are not
uniquely determined [3]. Terms in the potential high-
er than quartic (contributions of terms «v3) simply
do not show up in CH stretching vibrations of organic
molecules up to at least Av =8 [3].

In the usual local mode analysis [4] of the overtone
spectra of X—H oscillators, the energies of the “pure”
local mode overtones are it to the anharmonic rela-
tionship

AE; = A, + Bp? ¢))

for oscillator L A4 is the local mode frequency and B

is the anharmonicity. This equation is linearized,

AE;/v; is plotted against v;, yielding the local mode

parameters as the slope and intercept of the straight

line.

* Calculated from the integrated areas of the best fit lorentzian
components. (Details will be published elsewhere.)
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In the case of naphthalene there are two sets of in-
equivalent oscillators, therefore the energy spectrum
of the “pure” local mode vibrational states is given in
terms ofAu,Aﬁ and B,,, B, where a and J refer to
the two sets of CH stretch. In principle one could de-
termine the local mode parameters for the individual
inequivalent oscillators, However, in the solid at room
temperature the high energy overtone spectra do not
show resolution of the two sets of oscillators. This is
due to interactions of phonons with the local modes
which cause broadening of the resonances and results
in complete overlap of the peaks as will be the case in
liquids. We have not yet attempted to obtain lower
overtone spectra at low tempertures, therefore we will
have to deal with average local mode parameters in
this section of the paper.

The positions of the CH and CD stretching over-
tones in the molecules studied are given in table 1.
The positions of the § CH stretching overtones in N-
od4 are much the same as the average position of the
CH stretches in N-hg. Similarly the positions of the
a-CD stretching overtones of N-ad4 are the same as
the average position of the CD stretches in N-dg. Even
though these spectra are of low resolution the results
emphasize the similarity of the a and § CH or CD
stretches in naphthalene. This makes the resolution of
the o and § CH stretch at Av= 5 at low temperature
an interesting finding in that it demonstrates the im-
portance of observing the high energy overtones at
low temperature to resolve positions and widths of
slightly different oscillators!

Table 1
CH and CD stretching overtone spectra ,¢) of naphthalene
crystals

Molecule CH stretch

Av=4

Av=2 Av=3 Av=5 Av=6

N-ig 168200) 11420 8730 7130 - 6070

N-ody 16820 11440 8740 7130 -
CD stretch

Neadq 22360 15110  114404) - -

Ndg 22360 15120 11490 9320 -

CHEMICAL PHYSICS LETTERS

3) Peak positions (\mayx) in A. D) Nominal uncertainty £10 A.
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The average local mode parameters of the mole-
cules studied, which were derived from the overtone
spectra, are presented in table 2. It is seen that the lo-
cal mode parameters for the CH stretching overtones
are insensitive to partial deuterium substitution. This
is in agreement with other studies on CH oscillators
[4,5]. One expects the “remote” isotope effect (i.e.,
effect of deuterium substitution in one part of a mol-
ecule on the energy of vibration of an adjacent frag-
ment) to be small in the case of CH stretching modes
on the basis of the large inertial difference of the
atoms in the local oscillator as well as the fact that
the aromatic ring is fairly rigid with respect to the CH
stretch [8]. These ideas are indicative of the concept
[4] that the oscillators are independent and corre-
spond primarily to hydrogen (deuterium) atom based
motion. The parameters for CD stretch are also very
similar for N-ad, and Ndg.

The shift of the fundamental local mode frequency
in going from CH to CD is in accord with the change
in reduced mass of the oscillator. One predicts using
Acp = (ucu/ucp)V? Acy ~ 2270 em1 for the CD
stretch on the basis of the reduced mass change.
Using the relation [3] Bcp = (ucy/kep)Bey, one
predicts 29.6 cm~1 for the CD anharmonicity. The
much smaller diagonal anharmonicity for CD indicates,
as is well-known, that the CD stretch is a much more
harmonic vibration. This is also in accord with the
faster drop in oscillator strength with vibrational quan-
tum for CD stretching overtones.

It is noted here that the effect of phase on the vi-
brational potential function [9—11] of molecules is

Table 2

Average local mode parameters of N-#g, N-ad4 and N-dg

Molecule Ad) B2) Correlation

coefficient

CH stretch

Nohg 3088+ 6 -56.50.7 0.9998

Nead 4 3086+ 3 -56.6 + 0.8 0.9998
CD stretch

Neady 2296 b) -30 b) )

Nds 2296 + 2 -30.1+ 0.6 0.9996

a) Parameters from AE/u =A + By, in cm ™,
b) Estimated by fitting two points only.
<) Not able to calculate (sce b).
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consistent with our solid state work. We note that the
anharmonicity of both the CH stretch and CD stretch
are slightly less in the solid than in the liquid. (For
comparison: benzene liquid phase values are 59 cm—1
for CH and 32 cm~! for CD [3,12].) This observation
of less anharmonicity of CH stretching vibrations in
the solid state is consistent with the observations of
Greenlay and Henry [9] and with the theory of
Dellinger and Kasha [10,11]. The effect is that the
solvent produces a viscosity dependent barrier to dis-
sociation which reshapes the vibrational potential
yielding a more harmonic vibration. In the case of a
molecular crystal the van der Waals forces on neigh-
boring molecules provide the repulsive term at short
separation.

§. Intensities of local modes

In our early work [1] we have measured the aver-
age peak intensity of the different overtones as a func-
tion of v. We found that the absorbance versus v gives
essentially an exponential decrease in intensity as v
increases. These data were recently fit to a Morse oscil-
lator and excellent agreement between theory [13]
and experiment [1] was found. This agreement is dif-
ferent from the results on benzene [16]. However,
there are several problems involved in measuring these
intensities, First, as pointed out in ref, [1], the ab-
sorbance is relative to the background which is not
yet identified (scattered light versus molecular absorp-
tion). Second, in liquids the lines are severely inhomo-
geneously broadened and this broadening may change
as a function of v. Third, although the inhomogeneous
broadening in solids is less than in the liquid, the a
and f bands are unresolved (at room temperature) and
the measured intensity is an average one. Fourth, the
dependence of the actual homogeneous broadening on
v is still unknown in the low-energy region. Finally,
from some preliminary data we have observed changes
in intensity when polarized light is used. These studies,
which will be complete soon, indicate that different
bands might exhibit different intensities depending on
the net polarization. As a result of all the above men-
tioned effects, to us an agreement between the results
on naphthalene, benzene, and others to within 20% or
so for the slope of log / versus v is reasonable at this
point and one cannot improve this uncertainty factor
without further experimentation.
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6. Dynamics of CH oscillators from linewidths:
dephasing processes

Local mode concepts [1,17-23] have recently been

~ applied to the description of relaxation of CH oscillators

[1,6].In benzene [7], the coupling of the local modes
was assumed to be stronger than the local-normal cou- .
pling. The assumption results in description of the re-
laxation in terms of states of the form |v,0,0...) coupled
to states |v—1, 1,0...) which are damped by interactions
with the dense manifold of normal modes. These theo-
retical descriptions have been prompted by recent ex-
periments [6] ¥ which report on the widths of the
CH overtone resonances in benzene gas as a function
of vibrational quantum number and deuteration. The
overtone specira were obtained for gas phase benzene
by intracavity dye laser spectroscopy utilizing photo-
acoustic detection. The results of their studies indicate
that there is a narrowing of the overtone resonances
with increasing v for all molecules studied, except ben-
zene-hds, and that there is relatively no effect on
the widths of the CH overtones in the partially deu-
terium substituted benzenes.

We report here on the narrowing of CH overtones
(&v = 5) of N-ad, with respect to N-hg in the solid at
low temperature. Our main purpose in observing the
overtone resonances in the low temperature crystal
was to obtain direct information on the broadening
of the overtones. As mentioned previously [1], we
contend that the CH overtone Av = 5 is homogeneous-
ly broadened at low temperature. This conclusion was
reached through lineshape analysis of the N-4g reso-
nances. We obtained, for N-hg, the widths of the a
and § CH overtones at Av =5, The widths were 98 +
7em~! (T, =0.11ps)and 1455 ecm~1 (T, =
0.073 ps) for the §-and @ CH modes, respectively. If
we assume that the differences in widths are due to
energy relaxation and not pure dephasing, the widths
may give us some information on the coupling of
modes. We do not expect the pure dephasing to be
very rapid for CH modes as the bath (inter- and intra-
molecular modes) is very cold at 2 K. Also, it is not
obvious why the pure dephasing of the a and 8 modes
should be different at such low temperature, The 50
cm~! difference in width is not easily interpreted in
terms of a density of states argument alone since the
splitting of the resonances is only =100 cm—1! and the

# See also ref. [19].
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density of states does not vary appreciably over the
high energy region of the Av =5 CH overtone. If one
assumes that the local—local interactions are similar
for the inequivalent oscillators, the difference is inter-
pretable in terms of stronger local—normal coupling
for the a-CH oscillators, This view is advantageous in
that it rationalizes the benzene-like width of the -CH
resonance and the broader width for the a-CH oscil-
lators which are coupled to ring vibrations that have
no counterpart in the benzene ring modes [14,15].

The lineshape analysis of the N-ad, CH resonances
was carried out and it was found that widths of the
overtone (Av = 5) had narrowed with repsect to the
N-hg. The observed widths were 75 + 5 cm~! (0.14
ps) and 115 £ 10 cm—! (0.092 ps) for the g and resid-
ual a-CH stretching overtones, The narrowing of the
resonances is surprising in light of the Bray—Berry ex-
periments which suggest no such narrowing. It should
be mentioned, however, that there was a narrowing of
the CHAv=5 overtone in benzene-h; ds compared to ben-
zene-hg (85 versus 100 cm—1) but there was not a con-
sistent trend in the intermediate deuterium substituted
molecules. It is possible that the observed narrowing
in our case is due to the fact that inequivalent CH os-
cillators have been deuterium substituted and in the
benzene case, the CH oscillators are equivalent. This
would indicate that there is stronger coupling to non-
equivalent local modes than to equivalent modes. How-
ever, we feel that in the present study the observed nar-
rowing is mostly due to the removal of CH local mode
states which are coupled to a larger extent with the
prepared overtone than are the CD local mode states.
Thus, even though the density of states at the Av=$§
energy is higher for the deuterated molecule, the ef-
fective density of states (coupling matrix element
times the real density of states) of strongly coupled
levels is lower and the relaxation is slower. The naph-
thalene data would then suggest that the direct local—
normal coupling (for specific normal modes) is very
important and that the CH oscillators are coupled more
strongly to other CH oscillators than to CD oscillators.
The trends in the linewidths indicate that a plausible
coupling scheme for describing relaxation in aromatic
CH stretching (in the low-temperature phase) is as fol-
lows:

(1) The radiation field excites states which are a
combination of “pure” local mode overtone states,
“mixed” local mode combination states and “mixed”
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local-normal mode combination states; the excited
overtone becomes increasingly “localized” as the
quantum number increases.

(2) These states, prepared according to (1), inter-
act with the dense manifold of lower energy modes
which are not radiatively coupled to the ground state.
In the solid these modes are both lower energy nor-
mal modes and lattice modes. This scheme results in
homogeneous broadening in accord with the radiation-
less relaxation of overtones which are in an inter-
mediate-dense level structure {24—26]. (Note that
our thinking of the preparation and the coupling
scheme is different from the picture depicted in fig. 2
of ref. [7].) If the dense manifold interacting with the
discrete state has a finite transition moment, then a
lorentzian, a continuum and interference between
them is expected [27]. As pointed out by Jortner
[28], these interference effects might wash out if the
coupling is random.

7. Conclusions

We have presented evidence which assigns the CH
stretching overtones of cold naphthalene as due to a
and 8 modes #, The room temperature overtone spec-
tra (Av = 2 - 5) of solid N-hg, N-ad, and N-dg are
consistent with the local mode description of the CH
or CD stretching modes. The overtone spectra at low
temperature give us information on the broadening
mechanisms and indicate that the widths of the over-
tones are sensitive to subtle molecular parameter varia-
tion. The variation of the homogeneous linewidths
between a-CH and -CH oscillators in naphthalene
suggest that intramolecular interactions cause more
rapid relaxation for the a-CH modes. The partial sub-
stitution of CD for CH oscillators in naphthalene
gives rise to smaller homogeneoug linewidths for the
remaining CH stretching modes, thus slower relaxa-
tion, The trends of the linewidths indicate that signi-
ficant local-local mode coupling and local—normal
mode coupling contribute to the ultrafast (subpico-
second) relaxation. At the moment we cannot rule

#1n a private communication with B, Henry, we were inform-
ed that inequivalent CH oscillators have been found in cyclo-
alkanes and cycloalkenes in the liguid phase, It will be very
interesting to resolve their relaxation properties by using
the low-temperature (1-2 K) approach discussed here,
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out the effect of energy exchange between equivalent
and inequivalent oscillators on the overall resonance
width. This point is under current investigation.

We plan to further untangle the contributions of
inequivalent local modes on the homogeneous broad-
ening of the overtones by observing overtone spectra
of benzene at low temperature. Also, the deuterium
substitution effect on CH linewidths will be tested by
studying overtone spectra of partially deuterated ben-
zenes,
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Appendix to Chapter 2

High-Enerqy CH-Overtone Spectra of Benzene at 1.8K
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It is now well established that the transition energies of
CH-stretching overtones in large molecules can be fit to the
Birge-Sponer relationship.l The description of the bandwidths of these
transitions, however, has not been as clearly ascertained. Previous
experimental work has determined the homogeneous broadening (from
Lorentzian lineshape fits) of the CH-stretch overtones of benzene2 and
naphthalene3 in the gas phase and low-temperature (2K) crystals.,
respectively. In a subsequent study4 of durene (tetramethylbenzene) at
low-temperature (v 2K) a rather large difference in the bandwidths of
methyl bands (v 25 arl) compared to the aromatic band (v 100 arl) at
Av g = 5 was found. The contributions of energy and phase relaxation
to the homogeneous broadening have been discussed recently.4 At room
_temperai:ure, both types of bands are rather broad (v 200 cml) and
approach the linewidths usually observed for liquids which have
significant congestion due to sequence progressions (eg. librational
modes) .5

Benzene overtone spectroscopy has been the subject of many
theoretical and experimental studies of the gas and liquid phases.
However, due to some experimental difficulties the overtone spectra of
benzene at very low temperature crystals have not previously been
reported. In this Communication we report on such a measurement for Av
= 5 at 1.8K. We resolve the observed spectrum into three bands and
obtain the individual local mode linewidths. The widths (~ 70-130
em0-1) are comparable to the widths of gas-phase benzene reported by
Bray and Berry, and compare well with the width of other aromatic
CH-transitions studied by us at low-temperature. This low-temperature
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measurement on benzene shows the intrinsic nature of the width of the
CH-overtones and the absence of a thermal congestion contribution, a

point which has been of some concern recently.6 Finally, we provide

results on related molecules at low-temperatures for comparison.

The spectroscopic methods have been described previously.3.4
The benzene crystals were grown by very slowly lowering the sample into
a dewar with a decreasing temperature gradient achieved with solid Q07
at bottom. The single crystals, which showed good optical quality, were
cut in a cold glove bag and transferred to an optical dewar precooled to
~ 100K. The dewar was evacuated to a lower pressure to allow slower
cooling. The crystals were then immersed in liquid He which was cooled
to below the ~-transition by pumping. The sensitivity of the
direct-absorption double-beam spectrometer which used phase sensitive -
detection, allowed an optical density of ~ 0.003 to be recooled at 1:1
signal to noise with a resolution of 0.3 awrl., Finally, the lineshapes
were analyzed using a nonlinear least-squares fitting routine.

Figure 1 shows the benzene Avcyg = 5 overtone spectrum at 1.8K
along with the fitted sum of Lorentzians and components. The benzene
lindwidths are presented in Table I along with results for the other
molecules studied.

Several ht;portant conclusions can be drawn from these results.
The benzene spectrum displays an overall width of 225 + 10 arl at
100K and resolves into three bands at 1.8K. The benzene crystal is
known to have a site symmetry of C;i7 and inhomogeneous broadening of
less than a few ar1l.8 1In the rigorous site symmetry the six CH local
modes of benzene split into 3 pairs. It is therefore expected that
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three bands would be observed as is actually found experimentally.9

The linewidths of the low-temperature benzene bands are quite
similar to the gas phase linewidths (v 100 cmrl). We conclude from
this result that the aromatic CH stretch (Av = 5) overtones have an
intrinsic width of a minimm of 70 awl, Furthermore, in contrast to
the durene methyl overtones with a width as low as 25 am1l, the aromatic
CH width of benzene is much broader and ccmpares with that of the durene
aromatic CH. Tetrachlorobenzene has only two CH's related by the
inversion symmetry and since the site symmetry is again Cj only one band
is predicted. For Av = 5 we observe (Figure 2) one main band and a
smaller one (Ape] v 0.2) with widths of ~ 80 cm~l and 45 ar-l,
respectively, which are in Fermi-Resonance.

‘With this analysis in mind we reexamined the analysis of the
naphthalene Av cg = 5 spectra. In our previous work we fit the
naphthalene-hg spectrum with two Lorentzians and the partially
deuterated naphthalene-o-d4 again showed two Lorentzians with the higher
energy band substantially reduced in intensity. The higher energy
N-0-d4 band was taken to be due to residual c~hydrogens. However,
quantitative NMR analysis shows the residual o-H content of the N-a-dg
to be < 5% so that it could not be the source of the observed higher
energy band. Considering the rigorous site symmetry of naphthalene (Cj)
we expect further splitting of the g-CH's just as discussed for
benzene.9  Analysis of the N-hg spectrum using three Lorentzians was
performed (Figure 3) and the fit was quite good.10 The width parameters
of the higher and lower energy bands did not change appreciably from
those reported previously. The primary change was the relative
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intensity which is now consistent with the isotopic composition.
Finally, it is interesting to note the narrowing of the benzene
CH-overtone in going fram the liquid phase to the vapor or low
temperature solid. In the former phase the width is 223 crr1ls1l yhile
in the latter two it is " 100 2 and 70-130 crl, respectively.

The important question is what causes the intrinsic broadening
of the gas and cold molecules? Armed with the durene data we have
attributed the broadening to population relaxation. We showed
previously4 that the ratio of methyl to aromatic linewidths did not
quantitatively scale with an estimate of the local-bath total density of
states., However, qualitatively, the total density of states for the
aromatic ring was much higher than for the methyl group so it is
reasonable that the aromatic CH's relax faster. We expect the effective
coupling of aromatic CH overtone to the bath to be greater than for the
methyl CH's. This idea seems to be borne out by recent quantitative
theoretical calculationsl2 where the cdupling of the CH stretch to
bending modes is modelled via the G-matrix coupling. The coupling in
this model is due to the stretch coordinate dependence of the effective
mass for bending motions (or possibly other modes) involving significant
displacements of the CH bond.

In conclusion, we have obtained the very low temperature (1.8K)
overtone spectra of the prototypical aromatic molecule; benzene, the
only molecule for which the overtones have now been studied in all
phases. The aromatic CH bands remain relatively broad (~ 100 cmrl)
even at 1.8K in contrast to aliphatic methyl bands (of durene) which

become narrower by up to a factor of 4. This shows that thermal
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congestion is not the origin of widths of the aromatic CH overtones and
that it is certainly possible to cbtain information on the dynamics of

CH-overtones in benzene (or comparable molecules) fram the spectra. A

full account of this work will be published later.

This work was supported by a grant fram the Mational Science
Foundation.
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Table I
Low-Temperature (5 2K) Bandwidth and Position

of CH~Overtones (Av = 5) of Large Aromatic Molecules

1 1

Molecule Band Viem O) FWHM (cm ) Arel
Benzene o 14123 (4) 133 (10) 0.7
8 14053 (5) 65 (10) 0.3
Y 14007 (4) 70 ( 6) 1.0
l,2,4,5—tetra—a a b 14226 (4) 77 ( 8) 1.0
chlorobenzene ol 14289 (4) 45 ( 5) 0.2
naphthalene—hsa a 14055 (2) 133 (10) 3.0
B 13952 (4) 90 (10) 1.0
-1,4,5‘,8-&4"‘ gt 14036 (8) 113 (10) 1.0
B 13952 (3) 66 ( 7) 0.°
durene aromatic-— ) 13872 (4) 103 ( 6) ———

methyl®- a 13620 (4) 43 ( 5) Tl

b 13532 (4) 25 ( 4) vl

c 13344 (4) 50 ( 5) 2

qparameters given for two peak fit to spectrum.
bCombination band in Fermi-Resonance.

cAssignments have been presented in ref. 4.
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Figure 1: Direct CH-stretching overtone absorption spectrum ( Ay = 5) of
crystalline benzene at 1.8K. The crystal pathlength was about 4 cm.

The points are the experimental data and the solid lines are the best
fit sum of Lorentzians and the components. The spectral resolution for

this scan was "~ 5 arl, The abscissa is in ar1/100 measured from
13656 ar1l.
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Figure 2: CH-stretching overtone spectrum (Av = 5) of 1,2,4,5-
tetrachlorobenzene at 2.1K. The crystal pathlength was ~ 4 an and the
spectral resolution was ~ 5 arl. The points are the experimental data
and the solid lines are the best fit Lorentzians. The abscissa is in
arl/100 measured from 13800 cw1l.
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Figure 3: CH-stretching overtone spectrum (Av = 5) of naphthalene-hg at
2.0K showing a fit to a sum of three Lorentzians as discussed in the
text. The spectral resolution is < 5 cml, The abscissa is in ar-1/100

measured from 13500 a1,
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CHAPTER ITI

Observation of Large Splittings, Narrow Resonances, and Polarization
Extinction In the High-Energy Overtone Spectra of Large Molecules.
Experimental Tests of Locality of Excitation in Bonds

Joseph W. Perry and Ahmed H. Zewall*!

Arthur Amos Noyes Laboratory of Chemical Physics,$ California Institute of Technology, Pasadena, Caiifornia 91125
(Received: October 24, 1980; In Final Form: February 6, 1981)

In this paper we report on several new spectral features in the high-energy overtone region of the large molecule
durene in a crystal at ~2 K, in particular, large splittings, narrow resonances, and polarization extinction. The
results are used to test the locality of vibrational excitation at high energies (the fifth harmonic of the CH stretch).

Introduction

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; and finally (c)
what is the relevance of these states and their relaxation
to possible mode-selective chemistry? Overtone spec-
troscopy, including direct absorption!- and emission,*
thermal lensing®® and photoacoustic spectroscopy,®’ has
been the primary experimental technique used to obtain
information in attempts to answer these questions. The
spectra of X-H stretching overtones obtained in li-
quids,>*57 gases,? and solids!* have been consistent with
the local-mode model in which the vibrational excitation
i8 considered to be localized in certain bonds. Also, from
spectral bandwidths (typically 100 cm™?), relaxation times
for these high-energy (Av = 5, 6, 7, ...) overtone states were
inferred to be ~100 fs or shorter.

In this paper we report on the observation of narrow
resonances, large spectral splittings, and polarization ex-
tinction in the Av = 5 spectral region of the large molecule
durene in a crystal at low temperature (~2 K). Because
experiments were done with the samples at low tempera-
ture, intrinsic line widths as small as 2025 cm™ and clear
spectral splittings of 200 and 86 cm™! were observed for
the aliphatic CH-stretching overtones. We assign bands
due to aliphatic and aromatic CH-stretching modes with
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selective isotopic substitution. Finally, we report on the
essentially complete polarization extinction for the ali-
phatic bands. The narrow spectral line widths of the
methyl peaks provide evidence for slower relaxation of the
aliphatic relative to the aromatic CH-stretching modes.
The polarization results are used to compare various
models of the overtone states on the basis of the directions
of the transition dipole moments. Based on our observa-
tions and comparison, questions are raised regarding the
general applicability of the local-mode model.

Experimental Section

Durene (Aldrich Chemical Co.) and durene-d, (Merck
Sharp and Dohme) were zone refined extensively. Long
crystals (4-6 cm) were grown by using standard Bridgman
techniques. The orientation of the crystals used to obtain
polarized spectra was determined with X-ray crystallo-
graphic techniques. Crystals of durene are monoclinic,?
space group P, /a, thus possessing a twofold axis (b axis)
and a mirror plane perpendicular to it. The direction of
the b axis was determined with the Laue method by lo-
cating first the mirror plane and then the twofold axis.
The length of the b axis (b, = 5.77 A) was confirmed by
oscillation photographs. The orientation of the @ and ¢
axes were determined with the use of zero-layer Weissen-
berg photographs, taken with the b axis as the rotation
axis. The orientation of all three axes was determined
relative to the crystal morphology, thus enabling us to
orient the crystallographic directions appropriately in our
spectrometer. _
 Absorption spectra were obtained with a locally built
conventional double-beam optical spectrometer. The light
output of a 1000-W quartz-halogen lamp was band pass
filtered for the appropriate spectral range. The filtered
light was split with a mirror into a reference and a sample
beam. Each beam was chopped independently at a dif-
ferent frequency. Both beams were recombined after the
sample and were focused onto the slit of the spectrometer
(3/ +m Spex or !/,-m Jarrell Ash). The signals from the
two beams were processed with a two-phase lock-in am-
plifier (Brookdeal/9505) referenced at the two chopping
frequencies. The sample and reference signals were di-
vided by a logarithmic ratiometer and the log ratio was
recorded. Polarized spectra were obtained in the usual
manner by inserting a polaroid-film polarizer before the
sample and a calcite depolarizer after the sample.

Samples were cooled slowly to ~100 K (overnight) with
the use of a Janis 10-DT optical-research dewar. The outer
jacket was filled with liquid nitrogen and the inner jacket
was pressurized with helium gas. Subsequently, the
crystals were immersed in liquid helium and the temper-
ature was reduced to less than 4.2 K by pumping. The
temperature was measured with a calibrated diode ther-
mometer or inferred from the measured vapor pressure.
It should be noted that the samples retained good optical
quality after thermal cycling. X-ray diffraction patterns
obtained at room temperature after thermal cycling in-
dicated no substantial increase in the mosaic spread.
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Figure 1. Low-temperature (<2 K) CH-stretching Av = § overtone
spectra of durene (lower) and durene-d, (upper) crystals. The speciral
bandwidth was <5 cm™'. The absorbance scale is in arbitrary units
and the horizontal scale is in wavenumber change from 12990 cm™',

Results and Discussion

Assignments and the Dynamics. The local-mode model
has been successfully applied in the interpretation of the
available spectroscopic data on X~H stretching overtones
of polyatomic molecules. Relatively simple spectral line
shapes and invariance of the scaled line shape with respect
to partial isotopic substitution have constituted the
strongest evidence for locality of excitation.

In the low-temperature durene crystal spectra we ob-
serve several narrow bands with distinct polarization. We
attempt to explain these bands within the local-mode
model and also within other models which involve various
degrees of delocalization in order to determine which
model best accounts for the data.

In Figure 1 we present the low-temperature Av = 5
CH-stretching absorption spectrum of durene and dur-
ene-d, (henceforth dy). The first feature we wish to point
out is the absence of the broad band at Ay = 900 cm™ (A
= 7209 A) in the d, spectrum and the qualitative con-
sistency of the remaining features of the spectrum.’ On
this basis we assign the band at 7209 A as the aromatic
Av = 5 CH-stretching mode. The other bands around A5
= 300-600 cm™ (A = 7400 A) are methyl-based CH-
stretching modes. Although some of the weak bands may
be due to vibrational side bands, we rule out that possi-
bility for the main bands because two bands are polarized
perpendicular to the other and the required Franck-
Condon envelope would be unusual.

In the region of the methyl CH-stretching modes, the
line widths of the bands vary from ~20 to ~50 cm™ in
contrast to the ~100-cm™ width of the aromatic CH-
stretching band. The methyl CH-stretching mode band-
widths 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 slower than the 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 carbon—carbon bond separating the methyl
CH-bonds from the benzene ring. This separation reduces
the average potential or kinetic energy coupling of methyl
CH-stretching modes to the ring modes relative to the
aromatic analogue.
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a)

Figure 2. Conformers of durene: (a) “cogwheel” and (b) “bisected”
arrangement of methyl groups.

" The Nature of the States Excited. The narrowness and
the large spectral splittings of the aliphatic bands relative
to the aromatic band leads us to consider two important
points: (a) there are two distinct types of relaxation of the
different CH’s to other modes within the molecule, and
(b) that the states prepared optically may be different in
nature for the aliphatic and aromatic CH’s. The vibra-
tional relaxation problem here is strongly connected with
the problem of vibronic or electronic relaxation.!?

In the intermediate coupling case, the states prepared
with narrow-band excitation are nonstationary (i.e., have
finite width) because of interactions with the manifold of
bath modes, but the states of the “optically-active” ma-
nifold (at a given quantum level) are separated by an
amount (A) which is larger than the corresponding line
widths (W), thus W/A < 1 and one is able to approxi-
mately resolve the individual “eigenstates™. Since for the
aliphatic CH subset of modes W/A ~ 0.2-0.1, the modes
should belong to the intermediate-coupling case. However,
the origin of the splitting must be fully elucidated before
classifying the nature of these modes, a point that we shall
come to later. In the usual aromatic CH-stretching modes
case (e.g., benzene), the line widths are broad (~100 cm™)
and the spacing of the states is small (W/A > 1). Thus,
one 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.

The durene molecule may exist in various rotomeric
conformational states of the methyl groups. Previous work
on hexamethylbenzene has described the average mini-
mum energy conformation as a “cogwheel” arrangement
of methyl groups involving two hydrogens up and one
down from the benzene ring plane with the adjacent
methyl groups in the opposite orientation.!® That this is
the minimum energy conformation makes sense from steric
interaction considerations. The other reasonable confor-
mation would have an arrangement such that one methyl
hydrogen would be up from the plane, one would be down,
and the other would lie in the plane. The adjacent methyl
groups would be in a “bisected” geometry. For durene,
both conformers would possess Cy, symmetry (see Figure
2). However, for the “bisected” conformer the in-plane
CH bond would be eclipsed with the ring resulting in in-

b)
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creased steric repulsion. We will extend the conclusion
drawn on hexamethylbenzene to durene and assume that
the durene molecule is locked in a “cogwheel” conforma-
tion. This assumption is further supported since we slowly
cooled the crystals to low temperature and the barrier to
rotation of the methyl group is relatively high in energy,
thus the molecules should be “locked” in the lowest energy
conformation.

The spacing of the three main methyl CH-stretching
peaks involves splittings of 200 and 86 cm™.. These
splittings contain several contributions. If one uses a
local-mode model to discuss the states, the observed
spectrum would be the result of the diagonal perturbation
of the threefold degenerate methyl group by the benzene
ring and by the ortho methyl-methyl interactions, thus,
in first order, one expects to observe three bands. Alter-
natively, if one uses a delocalized symmetry adapted basis
set for individual methyl groups (Cy, effective point group)
to discuss the states, the observed spectrum would be
described as the electric dipole-allowed absorption by the
a, and e modes. In this basis, one introduces the previously
mentioned perturbations which influence further the a,
and e mode spacing and also split the e modes; again, in
first order, the result expected is three bands. Other
symmetry-adapted models for the stretching modes would
be based either on the symmetry corresponding to inter-
acting adjacent methyl groups (Cs) or on the full symmetry
of the molecule (Cy,). In either case, there are six electric
dipole-allowed modes. It it obvious that the number of
bands alone cannot be used to distinguish between the
possible models since somé of these six modes might be
relatively weak. S . o :

Similar to the molecular field splittings we discussed
before, crystal field splittings might also contribute.
However, in view of other data, the large observed (200 and
86 cm™) splittings are not completely dominated by the
crystal and molecular field splittings. Gas-phase studies
of CH;NC Av = 5 overtones!® reveal a splitting of 100 cm™
and in the gas-phase overtone spectrum of toluene!! a
similar splitting of ~150 cm™ is observed. In the absence
of Fermi resonances,' the splitting observed for CH,NC
(Cy, molecule) is not interpretable without a symmetry-
adapted basis for the CH modes and, in our opinion, this
implies delocalization. These results suggest that the
molecular field splitting due to the benzene ring is ~50
cm™. For durene the observed total splitting of 286 cm™
therefore contains an ~140-cm™ contribution from other
sources such as the crystal field and methyl-methyl in-
teractions.

In principle, the polarization properties of the bands
provide support for the determination of the best model.
In a local-mode model (LM) the transition moment is along
the appropriate CH bond, whereas this is not necessarily
true in the symmetry-adapted models. Our polarized ab-
sorption spectra of d; are shown in Figure 3. The spectra
were taken at normal incidence to the bc* plane of the
crystal, with polarized light along b or ¢*. There is es-
sentially complete extinction of the various bands in the
“orthogonal polarization™. We note that, in the polarized
spectra of durene-h,, the aromatic band was polarized
along the same direction determined to be c* for d,, con-
sistent with the known crystal structure 815
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Figure 3, Polarized overtone spectra of durene-d,. The lowest trace
Is a baseline scan. The trace above is the unpolarized spectrum at
normal incidence to bc* and the upper traces are the polarized spectra
as indicated. The absorbance is in arbitrary units.

TABLE I: Experimental and Calculated Polarization
Extinction Ratios

calculations
A% A exptl® LM IM¢ DMd
7497 (methyl) 0.95 0.87(1) 0.46 (a,) 0.98 (aorb)
7392 0.9 0.83(2) 0.98 (b)
7342 1.0 0.05(3) 0.98 (b)
7209 (arom) 1.0 0.98 0.98

@ Values are 3 A. Methyl wavelengths are the same
" for durene-d, and -h,. ® Values are :10%. Methyl
values are the average of results for durene-d, and -h,.
€ Only result for the C,, z-polarized transition is g:ven
9 Results are the same for C, and C,, models. InCj,
the representations are ungerade

We have calculated the extinction, (1 — A, /Ay), for
various models of the vibrational transition moments,
where the parallel direction referred to is the direction of
the maximum absorbance for a particular band. The
calculations were based on the known crystal structure of
durene (direction cosines were taken from ref 8), the di-
rection of polarization of the light, standard geometrical
coordinates for the durene molecule in the “cogwheel”
conformation, and the model for the transition dipole
moments. We have assumed the validity of the oriented
gas model and we use the same direction cosine matrix for
the two molecules in the unit cell. The orientation of the
durene molecules in the crystal is such that the short
molecular axis (y) is almost along ¢* (£ yc* ~ 7°) and the
molecular planes make approximately a 45° angle with the
be* plane. For the local-mode model (LM), the transi-
tion-dipole moments were taken as along the individual
CH bonds. Also, the calculated extinction was averaged
over all equivalent bonds. The results of the calculations
are presented in Table I. For the independent methyl
symmetry-adapted model (IM), the transition moments
were taken such that the C,, z component was along the
“threefold” axis of the methyl group and the x and y
components were in a plane normal to the axis. The
models based on the delocal mode models (DM) of Cy, or
C, symmetry were indistinguishable on the basis of the
polarization, since in both cases z is along the long mo-
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lecular axis and y and x could be taken equivalently as
along the short axis and normel to the plane or vice versa,
respectively.

The results of the calculation are presented in Table L
The local-mode model calculation predicts near complete
extinction (0.87 and 0.83) for two bands but predicts no
extinction (0.05) for the other band. The independent
methyl mode model is ruled out since the predicted ex-
tinction for the z component is 0.46. The results for the
Cy, or C;, models predict complete extinction (~0.98) for
all bands, thus in agreement with experiment. The
" agreement suggests some degree of delocalization within
the aliphatic CH subset to form symmetry-adapted states.

Burberry and Albrecht!” have calculated the splittings
of the symmetry-adapted a, and e modes of the individual
methyl groups of tetramethylsilane up to v = 6, by using
quadratic potential and kinetic energy coupling terms in
the LM basis. They find that, at high v, the splitting
becomes negligible, which implies localization. It should
be noted that the agreement of the calculation with the
observed liquid phase spectra is reasonable, however, there
are features in the Av = 5 spectrum which suggest a
splitting on the order of 50 cm™. In view of the fact that
the liquid-phase spectra were taken at room temperature,
it is possible that line broadening!® is masking these
splittings. With these considerations in mind, we believe
that further theoretical and experimental work is needed
to sort out the exact nature of the coupling of local modes,
and the actual extent of delocalization. Currently, we are
examining the nature of methyl-methyl interactions with
studies of the overtone spectra of other compounds-such
as p-xylene.

Conclusions

Our observations suggest that relatively slow intramo-
lecular CH-stretching relaxation (r = 0.5 ps in contrast
with the 0.075 ps of the aromatic mode) in sizeable mol-
ecules such as durene (24 atoms) is possible at high en-
ergies (Av = 5). Also, the polarized absorption spectra lead
to interpretation in terms of symmetry-adapted states for
the aliphatic CH-stretching modes. We have discussed
how the interplay between spectral splittings and line
widths may determine the nature of the vibrational state
excited. However, the actual extent of delocalization is
a matter still under investigation.



41

Acknowledgment. We thank Dr. S. Samson for his great
help in guiding one of us (J.W.P.) with the X-ray crys-
tallography. We also thank Professor M. El-Sayed
(Sherman Fairchild Distinguished Scholar at Caltech),
Professor W. Gelbart, and the two referees for their interest
in and discussion of this problem. Finally, the contribution
of Professor A. Albrecht to this work was important and
is gratefully acknowledged. This material is based upon
work supported in part by the National Science Founda-
tion under Grant No. CHE79-05683.

t Alfred P. Sloan Fellow and Camille and Henry Dreyfus Foun-
dation Teacher-Scholar
! Contribution No. 6331.

(1) J. W. Perry and A. H. Zewail, J. Chem. Phys., 70, 582 (1979);
Chem. Phys. Lett., 68, 31 (1979).

(2) B. R. Henry, Acc. Chem. Reas., 10, 207 (1977).

(3) H. L. Fang and R. L. Swofford, J. Chem, Phys., 13, 2607 (1980).

(4) D. D. Smith and A. H. Zewail, J. Chem. Phys., 71, 540 (1979).
" 9(5() R. ?wofford, M. E. Long, and A. C. Albrecht, J. Chem. Phys., 68,

1976).

(6) R. Bray and M. Berry, J. Chem. Phys., 71, 4909 (1979).

( 9(;19))& K. N. Patel, A. C. Tam, and R. J. Karl, J. Chem. Phys., 71, 1470
1 .

(8) J. M. Robertson, Proc. R. Soc. London, 141, 594 (1933); A. N.
Winchell, *“The Optical Properties of Organic Compounds™, Academic
Press, New York, 1954, p 76; J. Michaluk, Ph.D. Thesis, University of
Pennsylvania, 1972,

(9) The apparent broadening of the band at 7500 A is the only re-
maining feature in the spectrum of d, which is somewhat different from
hy. This should not affect the main points of our discussion. More on
this point will be published later.

(10) K. V. Reddy and M. Berry, Chem. Phys. Lett., 52, 111 (1977).

S.\lll) D. Heller and M. Berry, private communication of unpublished

(12) M. Sage and J. Jortner, Chem. Phys. Lett., 62, 451 (1979); D. F.
Heller, ibid., 61, 583 (1979); E. J. Heller, J. Chem. Phys., 72, 1337 (1980);
E. Heller, E. Stechel, and M. Davis, ibid., 71, 475 (1979).

(13) B. Henry and W. Greenlay, J. Chem. Phys., 72, 5516 (1980); W.
C. Hamilton, J. W. Edmonds, and A. Tippe, Discuss. Faraday Soc., 48,
192 (1969).

(14) By using frequencies given by Herzberg, we find one binary com-
bination level, with one quantum of C-H stretch and five quanta of C-N
stretch, which is in quasi-resonance with the CH Ay = § overtone. This
suggests that the coupling of modes (e.g., the CH stretch~CN stretch) by
Fermi resonance is possible but unlikely.

Finaily, spectroecopic data are strongly in favor of a linear C-N-C array
in the structure of CH;NC (ref 16).

(15) The direction of ¢* for the d; crystal was determined by X-ray
crystallographic techniques as mentioned previously. Spectroscopically
it was found that the doublet of the d, spectrum was polarized along ¢*.
Subsequent studies of h, crystals showed the aromatic band to be well
polarized along the same direction as the doublet.

(16) G. Herzberg, “Infrared and Raman Spectra”, Van Nostrand,
Princeton, 1945.

a 9g719‘7)) M. 8. Burberry and A. C. Albrecht, J. Chem. Phys., 71, 4631
a 9£7198)) G. M. Korenowski and A. C. Albrecht, Chem. Phys., 38, 239



42

CHAPTER 1V

Local Modes: Their Relaxation, Polarization, and Stereoselective Excitation
by Lasers '

Joseph W. Perry and Ahmed H. Zewall*

Artixr Amos Noyes Laboratory of Chemical Physics,t California Institute of Technology, Pasadena, Calornia 91125
(Received: June 28, 1982; In Final Form: September 9, 1982)

In this paper, we present new results concerning the nature and relaxation of methyl and aromatic CH stretching
overtones of low-temperature crystalline durene (1,2,4,5-tetramethylbenzene). The experimental polarization
ratios of the bands (Avcy = 5) are used to compare three limiting models (local modes, independent methyl
modes, and fully delocalized modes) in light of new information on the conformation of durene obtained by
low-temperature X-ray diffraction. Armed with these results, we provide a picture for the origin of the splittings
observed for the Avcy = 5 spectra at 1.7 K and discuss the nature of the vibrational energy distribution of the
single-photon excited states of the methyl and aromatic subsets; the aromatics are equivalent local modes by
symmetry (line width > observed splitting) whereas the methyls are inequivalent local modes which are split
(line width < splitting) by the molecular and crystal fields. The dynamics of the high-energy states (Avgy =
5) are inferred from the line widths. The methyl bands, which are much narrower than the aromatic band
at low temperature, are broadened as the temperature is increased by a process which results in partial coalescence
at room temperature. Consequently, specific inequivalent bond modes on nonrigid groups (e.g., methyl) can
be selectively excited by optical pumping at low temperatures. In addition, crystal field splittings of the CH
modes, particularly at lJow temperature, can be large enough to allow selective excitation of bond modes which
would be equivalent in the isolated molecule. Thus we propose the use of low-temperature matrices or crystals
as a molecular environment for (polarized) photoselection experiments on high-energy overtones.

I. Introduction

The understanding of the spectra and dynamics of
high-energy vibrational states of molecules is of great im-
portance to possible selective laser chemistry.! Systems
where energy can be “localized” in a specific mode (or a
small number of vibrational modes) for times on the order
of reaction or collision times are being sought for such
experiments. Consequently, molecules exhibiting local
mode characteristics (e.g., CH oscillators) are especially
enticing as candidates for bond-selective laser chemistry.

Evidence for bond localization of vibrational excitation
(local modes) has involved the modeling of spectroscopic
energies and intensities? and chemical and isotopic sub-
stitution in high-symmetry molecules.®> In our work on
the CH overtones of molecules at very low temperature
(~2 K), we were motivated to test the local mode model
by using polarization spectroscopy,* and to examine the
homogeneous broadening of these transitions in the ab-
sence of thermal congestion.® Specifically, the following
was shown for durene (1,2,4,5-tetramethylbenzene): (a)
resolution of the aromatic and aliphatic CH stretching
bands of the Av = 5 transitions, (b) large splittings (=200
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cm™?) of the aliphatic bands, (c) narrow spectral bands for
the aliphatic band (bandwidth as low as 25 em™?) in con-
trast with the aromatic band (width ~ 100 cm™), and
finally (d) polarization extinction along b and c* axes for
the different aliphatic bands in the [100] plane of the
crystal.

The equilibrium conformation of durene, unknown at
that time, was taken in analogy to the low-temperature
hexamethylbenzene conformation.® Using the polarization
ratios, splittings, and bandwidths, we discussed several
. models for the vibrational energy distribution in the ali-
phatic subset, but the modeling depended crucially on the
choice of the conformation. To establish the best de-
scription of the states (local or extended) and their re-
lazation, we initiated new experiments on this system.

In this paper, we report on (a) the low-temperature (16
K) conformation of the durene molecule in the crystal
determined by X-ray diffraction methods, (b) experimental
and calculated (with the new conformation) polarization
ratios for the Av = 3-5 overtones in the {100] and [001]
planes, (¢) the Birge-Sponer plots for the aromatic and
aliphatic bands, and (d) the relaxation of and effect of
temperature on the durene overtones. Determination of
the conformation has allowed us to rule out the model of
independent delocalized methyl modes. Our results are
consistent with bond localization of vibrational energy in
the aliphatic and aromatic subsets. Because of this
localization, molecular site selective or stereoselective
(polarized) excitation of CH stretching overtones by lasers
is possible, particularly in matrices or solids at low tem-
perature. Finally, we compared our low-temperature re-
sults with those of some gas-phase molecules to assess the
role of intramolecular interactions.

II. Experimental Section

The materials and experimental methods for overtone
spectroscopy of durene in the Av = 5 region have been
described in a previous paper.* The spectra for Av = 24
were obtained with a Cary-17 spectrophotometer. Details
of the X-ray diffraction study at low temperature (16 K)
will be given elsewhere.’

II1. Molecular Structure and Vibrational Energy
Distribution

A. Low Temperature Conformation. The durene
crystal at 16 K is monoclinic (P,,,) with two molecules in
the unit cell. The unit cell parameters at this temperature
were found tobe a = 11.51 A, b =5.60 A, and ¢ = 6.87 A,
with 8 = 113.2°. The important aspect of the molecular
structure (see Figures 1 and 2) for this work is the con-
formation which is in agreement with the room tempera-
ture structure of durene®? and hexamethylbenzene® but
is in contrast with the Jow-temperature structure of hex-
amethylbenzene,® which undergoes a conformational
transition at low temperature (~120 K).

The conformational state of the methyl groups here was
somewhat surprising to us in that in this form there exist
some fairly close eclipsed contacts (~2.4 A) for the out-
of-plane hydrogens on adjacent methyl groups. The site
symmetry of the molecule in the crystal is C;. Therefore,
there are six sets of inequivalent methyl hydrogens; two
sets of the hydrogens are in-plane and four sets are out-



Figure 1. Low-temperature (18 K) molecular structure of durene de-
termined by X-ray diffraction. The structure has been plotted by use
of isotropic thermal factors.

in-plane

77

out-of -plone

Figure 2. Coordinate systems used for vibrational models and local
CH type modes.

of-plane. The molecules are arranged in the crystal such
that the aromatic CH bond vector makes ~7° angle with
the c¢* axis of the crystal, and the molecular plane makes
~45° angles with the [100] crystal plane.

The torsional potentials of the methyl groups in durene
have been much studied, for example, by inelastic neutron
scattering,'%!! modeling of neutron diffraction data,* NMR
spectroscopy,!? and atom-atom potential calculations.!3
The barrier to methyl rotation has been found to be ~2
kcal/mol (~700 cm™) for durene. Even at room tem-
perature only a small fraction of the molecules have suf-
ficient energy to cross the rotational barrier. In equilib-
rium at very low temperature the molecules would exist
predominantly in the lowest ground torsional quantum
level. Since the adjacent wells of the torsional potential
are not equivalent, degeneracy. is removed and therefore
tunneling between the wells is relatively less probable. One
may then view the methyl groups at low temperature as
being “trapped” in a particular potential well and carrying
out thermal torsional oscillations in that well. We have
used the determined low-temperature equilibrium position
of the methyl groups in our calculation of the polarization
of the methyl modes.

B. Models for the High-Energy Vibrational States. We
have previously discussed in detail the interpretation of
the durene CH overtones in terms of various models.*
Here, a brief description of the models is given. In Figure
3, a correlation table is given for the modes of various
models under the influence of molecular and crystal fields.

In the local mode model the high-energy bands are de-
scribed as due to the various inequivalent bond mode
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TABLE I: Cubon-Hydm%en Bond Vector Coordinates®
and Local Mode Intensities

type of
hydrogen a A b A c*, A I, Iy I.*

H,¢ opd 1.046 -0.099 -0.062 1.10 0.01 0.00

H, op’ -0.229 0.856 -0.140 0.05 0.73 0.02
H, ip94 -0.156 -0.269 0.924 002 0.07 0.85
H,arom -0.072 -0.034 0.926 0.00 0.00 0.86
H,op” -0.924 0.115 -0.316 0.85 0.01 0.10
H, op’" 0.290 -0.925 -0.238 0.08 0.85 0.06
H, ip’ 0.052 0.057 0.901 0.00 0.00 0.81

@ Coordinates given in the orthogonalized crystallograph-
ic system. ? Intensities are taken as proportional to the
squares of the bond vector projection onto the indicated
crystal axis (as discussed in section IIIC}. ¢ Hydrogens
numbered as in Figure 1 (after ref 9). 2 op refers to out-
of-plane and ip refers to in-plane. Primes distinguish
various sets.

a) 2 in-plane (1 ) modes
4 in- plane < :
mo:es 2 in-piane (2) modes
12 locol modes

8 out-of-plane
8 out-of -piane’ modes

modes K .
molecular plane site splitting
+ methyl splitting

b}
4q o4 20,
& ) C 20,
S
d4e < 4°,, < %&
4 independent 4" LT %

methyl groups R 2a,
molecular plane site symmetry

+ methyl symmetry (o
Cs :

c)

molecular  site
symmetry symmetry

Dan Ci
Figure 3. Correlation diagram showing the spiitting of vibrational modes
of various modeis under the influence of the molecular field and the
crystal fieid. The relative positions of the levels are arbitrary, only the
quaiitative spiitting is significant.

overtones (and combinations). As mentioned above, there
are six sets of inequivalent methyl CH bonds: two in-plane
sets and four out-of-plane sets (Figures 1 and 2). (The
coordinates of the CH bond vectors in the crystal are given
in Table I.) The directions of the vibrational transition
moments are along the CH bonds in this model.

In the model of independent methyl modes, one must
treat the bands as due to four independent methyl groups
(Cy, effective symmetry for each group). The eigenstates
which we deal with in this case are the symmetry-adapted
states (a; and e) of the pure local mode overtones (i.e.,
1,00), 00,0}, and {00us) for a given methyl). These states
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TABLE II: Independent Methyl Mode Transition
Moment Direction Cosines® and Intensities

methyl group 2

methyl group 1

L, M, N, L, M, N,
a 0.485 0803 0.37 0.613 0.688 -0.89
b 0.617 -0.596 0.50 0.640 -0.726 0.32
c* 0622 0O -0.78 -0.459 0.33
I Iy I.*
L, 0.235 0.381 0.387
M, 0.645 0.355 0
N, 0.137 0.250 0.608
L, 0.376 0.384 0.211
M, 0.473 0.527 0
N, 0.79 0.102 0.109
@ Direction cosines and numbering after ref 33, see Figure
Figure 2.
TABLE III: Direction Cosines for Delocalized Mode
Moments (Molecular Symmetry Axes®) and Intensities
X Y Zz
a 0.746 -0.118 0.655
b -0.661 -0.021 0.750
c* 0.067 0.993 0.097
Iy Iy I
X 0.557 0.437 0.004
Y 0.014 0.000 0.986
z 0.429 0.562 0.009

@ Axes defined in Figure 2. ? Note that while only one
compound (Y) has significant intensity along ¢*, there are
two independent Y-polarized modes given by symmetry.
Therefore the observation of two ¢*-polarized bands at
Av = 5 (Figure 4) does not rule out the fully delocalized
mode model for the methyl CH stretching states.

are then subject to the molecular field symmetry and the
C; site symmetry. The e modes of each methyl are
therefore split into symmetric and antisymmetric com-
ponents with respect to the molecular plane. The site field
splits the methyl degeneracy into two sets of two equiva-
lent methyls. There could be up to six bands in this model
For a given methyl, the polarizations are directed along
the C-C axis, out of the molecular plane and in the plane
(Figure 2). The direction cosines of this axis system and
the crystal axes are given in Table II.

As for the delocal mode model we can treat the system
as having vibrational amplitude delocalized in all CH
bonds (full molecular symmetry, D,,) or on adjacent me-
thyls (C,, symmetry). In the Dy, case, there are two by (Y),
two by,(X), and one b,,(Z) mode(s) whereas for the C,, case
there are two a,(Z), one b,(X), and two b,(Y) mode(s) that
are electric dipole allowed. All these modes correlate with
a, modes in the C; site symmetry. The transition moments
are directed in the molecular axis system along the short
(Y), long (2), and out-of-plane (X) axes. The direction
cosines of this coordinate system with respect to the crystal
axes are summarized in Table III.

C. The Polarization Ratios. The polarization ratios of
the various transitions are found for the different models
by calculating the projections of the transition dipoles (as
discussed above) on the crystallographic axes of the or-
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iented crystal. The absorption by the ith band in the ath
direction of polarization is

1 !
Iy = ZliyiP = X cos? b,
=) A=t

where I, is the intensity, the sum is over all | moments
contributing to the band, i, is the transition moment
vector, ¢, is the radiation electric field polarization vector,
and 0,, is the angle between i, and é,. Because of the
crystal birefringence, the radiation polarization was always
directed along a crystallographic principal axis. With the
direction cosines and coordinates in Tables I-III, the
calculation of the relative absorption in the a, b, and c*
directions of the crystal was performed for the various
models. The validity of the oriented gas model has been
assumed and the refractive indices of the crystal have been
taken as equal since n, = 1.584 and n, = 1.619.14 The
calculated relative intensities are given in the corre-
sponding table of direction cosines.

The local mode polarizations are quite remarkable for
the experimentally determined conformation used in this
calculation. The various sets, inequivalent by the site
symmetry, are all polarized very well in the a, b, ¢* system.
This is in contrast with the calculated methyl CH local
mode polarizations for other durene conformers.*

The independent methyl modes model polarization
calculation shows that the symmetric (L) component is not
polarized along any crystallographic axis. Also, the in-
plane (N) component is not well polarized in the crys-
tallographic system. The out-of-plane (M) component is
polarized along b in [100] but not well polarized in [001].

The delocal mode model, which has transition dipoles
aligned in the molecular symmetry axis system, shows that
the X transition (out-of-plane axis) is b polarized in [100],
the Y transition (short axis) is ¢* polarized in [100] or
[010], and the Z transition is b polarized in [100]. Note
that the Y transition is extinguished in [001].

D. Polarization Extinction and Vibrational Energy
Distribution in the Aliphatic Subset. In Figure 4 are
presented the polarized absorption spectra and the cal-
culated polarized spectra for the Av = 5 CH-stretching
region of the [100] plane of durene-d,. In our previous
study* we assigned the bands due to methyl and aromatic
CH-stretching modes, by comparison of spectra of dur-
ene-d, and durene-h,, (see Figure 5b). The d, spectra
show three main methyl CH bands. The higher energy
bands (doublet) are ¢* polarized and the lower energy band
is b polarized in the {100] plane (see Table IV). Since all
the bands are well polarized in this plane it is possible to
rule out the independent methyl modes model as only one
type of mode is well polarized in this model. Both the local
mode and delocal mode models predict complete polari-
zation for all the bands along the crystal axes. Thus we
are not able to rule out either of these models on the basis
of the polarizations. However, note that (1) there are only
three main methyl bands in the Avcy = 5 region, (2) six
bands are expected for full molecular symmetry-adapted
modes even in the absence of the crystal field, and (3) two
bands are expected for the methyl local modes in the ab-
sence of the crystal field. We therefore favor interpretation
in terms of local modes since the crystal field splitting of
the local modes explains the presence of more bands in the
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Figure 4. Polarized overtone spectra (Av, = 5) of [100] plane of
durene-d, at low temperature (1.9 K). The lower traces are the
baseline and unpolarized spectrum and the upper traces are the po-
larized spectra as indicated. The absorbance is in arbitrary units. The
“stick” spectra above are the caiculated polarized spectra for the local
mode model. The crystal pathiength was ~4 cm.

TABLE IV: Experimental and Calculated Polarization
Extinction Ratios of the Av = 5 Bands in the [100] Plane

MA Egpd® Epyd Emn® Epm?

Me 7497 0.95(b) 0.97 (op) -0.42(L) 0.98(X, Z)
7392 0.9(c*) 0.96(ip) 1.0(M) 1.0(Y)
7342 1.0(c*) 0.99(ip’) 0.33(N) 1.0(Y)

arom 7209 1.0(c*) 1.0

¢ Experimental (T = 1.9 K) extinction defined as E =
1- A;/Ay. Direction of Ay indicated in parentheses.
b L.ocal mode model extinction. The out-of-plane value is
the average over the various sets of out-of-plane hydrogens.
¢ Independent methyl mode model extinction. Values are
the average of the type 1 and 2 methyls (Figure 2 and
Table II). In this model the symmetrical component (L)
is expected to be the longest wavelength band. 9 Delocal-
ized mode model extinction. Since two bands are polar-
ized along ¢*(Y) experimentally then X and Y modes must
be assumed to be accidentally degenerate to obtain a con-
sistent assignment,

spectrum but an explanation of the absence of several
bands in the delocal (symmetry adapted) model is not
obvious.

In terms of the local mode model, our polarization and
X-ray data allow a simple assignment of the bands in terms
of conformation. The doublet being c* polarized in [100]
must correlate with the in-plane methyl CH modes as these
are the only ones that polarize as such in [100]. The other
band must correlate with the out-of-plane CH modes of
which there are four sets. Two of the sets are extinguished
in [100] so that the statistical weight of these modes is
equal to that of the doublet, consistent with the roughly
equal total intensity of the doublet to the other band.
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The doublet splitting (86 cm™!) can be attributed to
crystal field splitting since the in-plane hydrogens are not
split by the molecular field. The crystal field splitting of
the out-of-plane modes must be relatively smaller as two
sets remain unresolved (< 50 cm™) even at very low tem-
peratures. There are signs of structure on the b-polarized
band (Figure 4) consistent with the small splitting hy-
pothesis. The splitting of the b-polarized band from the
center of the doublet (~240 cm™) contains contributions
from the molecular plane field and the crystal field. If we
assume the crystal field splitting of the in-plane and
out-of-plane modes is the same as the doublet splitting,
then the molecular field splitting is estimated to be ~150
cm™!, somewhat larger than estimated previously,* but in
very good agreement with the observed splitting of the
gas-lphlgse toluene methyl CH (Av = 5) bands (~150
cm™).

E. Comparison with the Overtone Splittings of Liquid
and Gas Phase Molecules. There has been much interest
recently in the use of overtone spectroscopy to probe
molecular conformation. Resolution of bands due to
conformationally inequivalent CH bonds has also been
accomplished in studies of toluene,!® hexamethylbenzene,¢
o-xylene,!” o0- and a-methylstyrene,!’ a-methyl-
naphthalene,!” alkanes,!8!? alkenes,'*® cycloalkanes, 22
cycloalkenes,”?? acetone,”®® and acetaldehyde.?® Of
particular relevance to our work on durene is the study of
the xylene isomers in liquids.” The double peak structure
of the Av = 4 and 5 methyl bands of o-xylene was asso-
ciated with the in-plane (higher energy peak) and out-
of-plane hydrogens of the methyls in an eclipsed confor-
mation. Our interpretation of the durene methyl bands
is in agreement with the conclusions on o-xylene which
were inferred from relative intensities and bond length
data. Unlike in liquids, the polarization and X-ray data
of this work provide an unequivocal confirmation of the
l;n:::ecula.r conformation and assignment of the overtone

ds.

The splittings of high-symmetry methyl CH stretching
overtone bands may contain other contributions such as
Fermi resonance. Splitting of high energy overtones in the
halomethanes,?% in haloethanes,® and in CHD,, CH,D,,
CH,D, CH,, tetramethylsilane, and neopentane® have been
observed recently. Many of these splittings were inter-
preted in terms of Fermi resonance between the “pure”
overtone and combination bands involving one less CH
stretch quantum and two CH bending quanta (shown
schematically in Figure 5c). Similarly, splittings for
CH;NC and CH3CNZ can be interpreted in terms of Fermi
resonance of the same type. The CH stretch quantum
region which may become affected by this type of coupling
depends on the CH stretch anharmonicity, frequency, and
on the bending mode overtone (or combination) frequen-
cy.® Qualitatively, Fermi resonance may become signif-
icant for the vth CH quantum level when the bending
overtone (or combination) energy equals approximately the
energy defect between jucy) and Jucy = 1) (Figure 5¢). The
existence of these Fermi resonances are most easily iden-
tified by a study of a progression of CH stretching over-
tones in conjunction with a Birge-Sponer plot of the
transition energies. The resonances manifest themselves,
as usual, as shifts of the bands from the Birge-Sponer line
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and qualitatively different spectral profiles (relative in-
tensities) for the affected levels. As discussed later, the
high-energy overtones of durene do not show Fermi reso-
nance type deviations from the Birge-Sponer line, con-
sistent with our assignment presented above. We should
emphasize that in the establishment of the nature of the
vibrational energy distribution from observed splittings
one must separate the contributions of local-normal cou-
pling (Fermi resonances) and splitting due to bond in-
equivalence.

An interesting question now arises: What is the effect
of the density of states on the spectra in the high-energy
overtone region? We have calculated the total vibrational
density of states for several molecules using the Whit-
ten-Rabinowitch approzimation.® The total density of
states for CHD; at ~13000 cm™ is ~12 states/cm™!
whereas for benzene it is ~9 X 10% states/cm™. In Figure
5a is shown the Av = 5 CH stretching region for CHD,.
The CHD; spectrum is comprised of two vibrational bands
in this region: {5,) and |4,2,),” where v, is the CH stretch
and vy is the e symmetry CH bending mode. Considering
the large increase in the density of states for durene one
might expect a very complex spectrum compared to CHD,,
It is clear that the durene methyl region is comprised of
more bands than in CHD; due to the inequivalent CH
stretches. However, it is also clear that the presence of
the combination bands in the durene spectrum is not
dominant, that is, the effect of the greatly increased total
density of states for the methyl groups attached to the
benzene ring in durene has not had a strong effect on the
number of bands in the spectrum. This is consistent with
the selective single-quantum exchange local-normal cou-
pling model discussed above where the pure overtone in-
teracts strongly only with a small subset of discreet com-
bination levels. A calculation of the restricted quantum
exchange density of states® may provide useful insight into
the prediction of the onset complex combination activity
in the high overtone spectra. The effect of the density of
states on the line widths will be discussed later in this
work.

F. Lower-Energy States. The unpolarized absorption
spectra of the lower-energy overtones (Av = 2-4) in the
[100] and [001] planes of the durene-d, crystal are shown
in Figure 6. The durene CH stretch fundamental®* and
first overtone™ spectra have been reported before, and our
spectra (Av = 2) are in good agreement with ref 33, except
for a systematic shift (~35 ¢cm™) of their spectra (our
spectra are of somewhat higher resolution). A main feature
of these spectra is that the ¢*-polarized bands are extin-
guished in the [001] plane. These include the Avey = 3
band at 1184 nm and several of the Av = 2 region bands.
Note that much of the splitting of the Avcy = 2 region
bands is absent in the Avcy = 3 region (Figure 6). The
Ay = 3 region of the [001] plane spectrum is dominated
by two main bands at 1184 and 1197 nm. Polarized ab-
sorption studies of these crystal planes show the 1184-nm
band is in fact ¢* polarized in [100] and that the 1197-nm
band is b polarized in [100] (Figure 7). The 1197-nm band
is not polarized at all in the ab plane [001] of the crystal,
consistent with the fact that two different sets of out-of-
plane local modes contribute along a and b giving equal
contributions and thus no polarization.
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Figure 6. Unpolarized overtone spectrum (Avg, = 2, 3) of [100] plane
(upper) and [001] plane (lower) of durene-d, at room temperature (18
°C). The crystal pathiength was 0.83 mm for upper spectrum and 0.37
mm for lower spectrum. The insert is the Av = 4 absorption region
(1000-~-850 nm) of the [ 100] plane obtained with a 5.6-mm crystal
and the vertical scale is X2.5." The spectral bandwidth was less than
or equal to that marked on the spectrum {(~ 1 nm). The baseiine leveis
are arbitrary.
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Figure 7. Polarized overtone spectrum (Av, = 2, 3) of [100] plane

of durene-d, at room ternperature (18 °C). The crystal pathlength was

0.83 mm. The baseline leveis are arbitrary.
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TABLE V: Spectral Positions of Durene Methyl CH
Stretching Bands®

region
(av) A, nm v, em™? assignment
1€ 2865(1)®>  combination
2885 combination
2920 Me, av=1
2937 Me, Aav=1
2969 Me, av=1
2¢ 1773 5640 (2) combination
1761 5679 Avey=2
1747.5 5722.5 Aveg =2
1743 5737 not reported
1732 5774 Aveg =2
1706 5862 Avcyg = 2
1694.5 5901 Aveg =2
3 1235 8097 (3) combination
1207 8285 combination
1197 8354 Av= 3, op (a,b)
1183.5 8449.5 Av=3,ip (c*)
1170 8547 combination
1154 8665.5 combination
4 915.3 10930 (5) Av = 4, op (ab)
904.3 11060 Av=4,ip (c*)
5 750.5 13324 (10) Av= 5, op (ab)
740.2 13510 av=§,ip (¢*)

% Room temperature data. ? Nominal standard errors
given. ¢ Reference 32. 9 Assigned in terms of C,, modes
for methyls in ref 33.
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Figure 8. Unpolarized overtone spectra (Avg, = 2, 3, 4) of the [100]
(ower) and [001] (upper) planes of durene at room temperature.
Different pathlengths were used for the upper and lower crystals.

In Figure 8 the unpolarized spectra of the Avcy = 8 and
4 regions for the [100] and the [001] plane of durene are
shown. The Avcy = 4 spectrum is comprised of an aro-
matic and two methyl bands, and once again the higher
energy methyl band (904.3 nm) is extinguished in [001]
along with the aromatic similar to the Avcy = 3 region.
Figure 8 shows clearly that, although there is sizeable
combination activity in the region of 1400 nm, the com-
bination activity is weak in the near vicinity of the methyl
Avcy = 3 band (1197 nm). The spectral positions of the
dux;ene methyl CH stretching bands.are summarized in
Table V.
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Figure 8. Birge-Sponer piots for the durene aromatic and methyi
bands. The lower points for v = 4 and § in the aromatic piot are room
temperature data, the upper points are low-temperature (~ 2 K) data.
The methyl data are at room temperaturs. In the methyl the lower
two points at v = 132 and the lowest point at v = 2 have been
assigned as combination bands. The highest energy points for v =
1 and 2 are ¢* polarized and the lower point is b polarized ({100]
plane). The high-frequency methyl line corresponds to the ¢ *-polarized
bands ([100] plane) and the lower line to the (a b )-polarized bands
for v = 3-5,

TABLE VI: Parameters® of Linear Least-Squares
Fits to Birge-Sponer Plots

D3

A,ecm? B em™! R? keal/mol

aromatic 3062(3) -57(1) -0.9996 122

in-plane 2987 (14) -57(3) -0.998 116
methyl¢

out-of-plane 2968 (15) -60(4) -0.998 109
methyl¢

@ Parameters of equation AE/u=A + Bv. ? Linear
correlation coefficient. ¢ Fit of Av = 3-5 only. ¢ Morse
oscillator dissociation energy.

In Figure 9 the Birge-Sponer plots for the main methyl
bands and the aromatic bands are shown. The Av = 3-5
methyl bands fit reasonably well to straight lines, one for
the higher energy bands (c* polarized in bc*) and one for
the lower energy bands (b polarized in bc*). However, the
similarly polarized bands in the Av = 1 and 2 regions are
displaced from the line. This may be due to the nature
of the modes being different at low energy, that is, delo-
calized within each methyl, as other work® has suggested,
or due to Fermi resonance. More work is needed to clarify
this problem at lower energies. For now, it suffices to
consider that for higher overtone levels (Av = 3-5) there
is resolution of the c*- and b-polarized (in the bc* plane)
transitions and we assign these as the in-plane and out-
of-plane methyl local modes, respectively.

As for the Birge-Sponer plot for the aromatic band, the
straight line fit is good for all harmonics from Av = 1 to
Av = 5. However, the room temperature values for the
energies of the Av = 4 and 5 levels are displaced from the
line toward the methyl bands. The shift of the band is
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temperature and quantum level dependent, a point that
we will return to later, so we have used the low-tempera-
ture points for the straight line fit. The parameters of the
fits to the Birge-Sponer plots are given in Table VI.

The diagonal anharmonicities in Table VI are seen to
be roughly independent of the mode type while the fre-
quencies of the aromatic and various methyl bands are
different, which implies a characteristic force constant for
each type of local mode. Since the lengths of the CH bonds
are related to the force constants,* we can predict the
order of the bond lengths a8 7y, < 7y < ryp. It is inter-
esting to note that the average bond lengths for these sets
determined from the low-temperature X-ray data are
consistent with this trend: 7,0, = 0.93 (0.03) A, £, = 0.94
A, and F,, = 0.98 A. It is well-known that the X-ray me-
thod yields CH bond lengths which are shorter than the
actual values. The relative lengths, however, of the in-
plane and out-of-plane CH bonds are corroborated by room
temperature neutron diffraction results® which give Fp=
1.065 and 7., = 1.096. Also given in Table VI are the
dissociation energies of the CH bonds calculated by use
of the expression for a Morse oscillator

D = ~(4 - B)?/4B

The values obtained here are in good agreement with those
determined for o-xylene.!” The out-of-plane CH’s, being
slightly more anharmonic and having a lower frequency,
are found to be the weaker methyl CH bonds.

IV. Bandwidths, Intramolecular Relaxation, and
the Effect of Temperature

As discussed previously,* the very low-temperature line
width of the aromatic CH band (~100 cm™) at Av = 5 was
larger than the widths of the methyl bands (25~-50 cm™).
This suggests that, in the absence of pure dephasing® at
very low temperature, the population relaxation for the
methyl bands is slower than the aromatic. With the as-
signment given above, the in-plane methyl bandwidths are
~25 cm™ whereas the apparent bandwidth of the out-
of-plane band is ~50 cm™.. Since the out-of-plane band
may have some site splitting contribution, as discussed
above, we can say that the homogeneously broadened line
width is <50 cm™ for this band.

The difference in the line widths of the aromatic and
methyl bands is rationalized in terms of a greater density
of strongly coupled states for the aromatic CH which is
attached directly to the aromatic ring (“bath”), whereas
the effective density of states for the methyl groups is
much lower. However, as we indicated in section ITIE, the
relative total density of states is on the order of ~10° for
the benzene ring bath compared to the CHD, bath (taken
as indicative of the methyl bath). If the coupling of the
methyl CH stretches to the bath was comparable to the
aromatic then the low-temperature methyl band shape
would be far less structured. Taken to the limit of sta-
tistical coupling, the broadening would likely wash out the
observed splitting (Figure 5¢, schematic), in contrast with
observation. Thus the use of the CHD); total density seems
a reasonable crude estimation. The bandwidth of the
aromatic is not scaling relative te the methyl according to
this estimation of the relative total density of states. It
is clear that the total density of vibrational states is not
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Figure 10. CH stretching overione spectra (Av = §) of durene-d, at
low temperaturs (2 K) (lower) and room temperature (293 K) (upper).
The absorbance scale is in arbitrary units. Note that the horizontal axis
has been reversed compared to Figure 4.

involved directly in the relaxation, but that the relaxation
and the spectral splittings are determined by some re-
stricted or effective form of the density of states.

Figure 10 shows the effect of temperature for the methyl
Av = 5 overtone transitions. There is in general a broad-
ening of the bands and a shift which eventually leads to
coalescence. Several models can be discussed in connection
with these results, for example, thermally induced popu-
lation relaxation, exchange dephasing,® or torsional motion
induced dephasing.?”

In a very recent detailed study® of the fundamental CH
stretching region of various deuteriotoluene isomers, the
temperature dependence of the line shape of a single CH
oscillator was investigated. Two modeis were analyzed:
one in which stochastic jumps of the CH between con-
formational minima dephases the vibration and another
in which the torsional fluctuations of the oscillator within
a given potential well causes dephasing. In both cases, the
CH stretching frequency was taken as a function of the
angle of the oscillator with respect to the plane and both
cases provided efficient relaxation channels. Here, we have
not performed a detailed enough study to warrant explicit
modeling; however, these considerations provide a possible
explanation of the breadth of overtone transitions of some
gas-phase methyl-containing compounds where the widths
(typically 270 cm™) are larger than the durene low-tem-
perature methyl bandwidths. Clearly torsional oscillations
of the methyl groups in these molecules can cause de-
phasing as discussed above. Thus, the population relax-
ation times of these gas-phase molecules may be signifi-
cantly longer than inferred from the line widths.

V. Conclusions and Implications for Bond
Selective Laser Chemistry

(A) By using the experimentally determined low-tem-
perature conformation of the durene molecule, we have
been able to confidently test models for the vibrational
energy distribution in the high CH overtones by using
direct absorption of oriented crystals in polarized light.
Our polarization data are consistent with the local mode
transition moments and with molecular principal axes
transition moments. Based on the polarizations and on
the number of bands, we believe that the simplest and
most useful model is the local mode model. This model
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successfully accounts for all observations and is consistent
with the weak coupling® situation for the low-energy Av
= 1, 2 region.’* Within this model, the in and out-of-
plane methyl modes have been distinguished. Also, a
crystal field splitting (smaller than the molecular field) of
the in-plane modes is suggested by our analysis. The use
of polarization spectroscopy to assign different inequivalent
bond modes may be applied to other systems where ste-
reoselectivity of excitation is desired.

(B) The overtone splittings of the durene methyl groups
have been compared to the splittings of methyl groups in
gas-phase molecules such as toluene and CHD,. In general,
the effects of Fermi resonance on the splittings, especially
between {ucy) and [vcy — 1,2peq), must be considered. We
emphasize that if the Fermi resonance is truly between
[vcn) and jucy = 1, Npenq) manifolds, then even if the mixing
is strong the energy in the mixed states is mainly within
the CH stretching modes, for Ucy > Npeqg. Thus, this form
of mixing does not present a serious problem for selective
excitation.

(C) Splitting due to inequivalence of CH bonds (due to
crystal or molecular fields) is the other main contribution
to the observed spectral splittings. These splittings can
be separated from Fermi resonance by a study of a pro-
gression of overtones. The Birge-Sponer plot for CH
stretching progressions usually shows significant deviations
from the best straight lines for overtones perturbed by
Fermi resonance. These deviations are not observed for
higher methyl overtones (Av = 3~5) of durene, suggesting
that Fermi resonance is not important in this case.

(D) Deviations from the Birge-Sponer line have been
observed for the aromatic high overtones, but these shifts
are temperature dependent. The dependence is viewed
as evidence against Fermi resonance for the aromatic. The
temperature-dependent shift and broadening of the durene
bands suggests that some dephasing or exchange process
is involved.

(E) The analysis of the Birge-Sponer plots gives fre-
quencies and anharmonicities for the in- and out-of-plane
methyl bands and for the aromatic band. The frequencies
suggest a trend of the bond lengths: ryom < Fippune <
Pausof-plane- 1 he computed bond dissociation energies follow
the reverse trend.

(F) The narrow bandwidths of the methyl modes sug-
gests that the relaxation times of these modes may be long
(20.5 ps) compared to previous estimates of CH stretching
overtone relaxation times (<0.1 ps). These times are
perhaps on the order of those needed to enhance reactions
for example of neighboring molecules in matrices, where
the collision frequencies are high.

(G) The well-resolved bands due to various inequivalent
hydrogens (assigned experimentally with polarized light)
implies that band-selective and stereoselective excitation
is possible and that laser-induced reaction with such se-
lectivity is feasible, especially at low temperature.

(H) Finally, the comparison of the durene results with
those of gas-phase CHD, shows that the effect of the in-
creased density of states of durene is not as expected from
the total density, i.e., the coupling involves a restricted
density of some form.



58

Acknowledgment. This work was supported by a grant
from the National Science Foundation, No. CHES8112833.
We thank Professor G. Rossman of the Department of
Geology at the California Institute of Technology for the
use of the Cary-17 spectrophotometer. We also thank
Professor B. Henry for useful comments and suggestions.

(1) Zewail, A. H. Phys. Today 1980, 33, 25.

{2) For example: (a) Henry, B. Acc. Chem. Res. 1977, 10, 207. (b)
Wallace, R. Chem. Phys. 1975, 11, 189. (c) Burberry, M.; Albrecht, A.
J. Chem. Phys. 1979, 70, 147. 1979, 71, 4631. (d) Elert, M. C.; Stannard,
P. R.; Geibart, W. M. Ibid. 1977, 67, 5395. (e) Sage, M.; Jortner, J. Chem.
Phys. Lett. 1979, 62, 451. 1981, 79,9. (f Lawton, R. T; Child, M. S. Mol.
f:.ly:. é:ao, 40, T13. (g) Meller, H. 8.; Mortensen, O. S. Chem. Phys. Lett.

9, 66, 539.

(3) (a) Swofford, R. L.; Burberry, M. S.; Morrell, J. A.; Albrecht, A.
C. J. Chem. Phys. 1977, 66, 5245. (b) Bray, R.; Berry, M. J. Ibid. 1979,
71, 4909. (c) Perry, J. W.; Zewail, A. H. Chem. Phys. Lett. 1979, 65, 31.

(4) Perry, J. W.; Zewnil, A. H. J. Phys. Chem. 1981, 85, 933,

(5) Perry, J. W.; Zewail, A. H. J. Chem. Phys. 1979, 70, 582,

(6) Hamilton, W. C.; Edmonds, J. W.; Tippe, A.; Rush, J. J. Discuss.
Faraday Soc. 1969, 48, 192.

(7) Santaserio, B.; Samson, S., to be published.

(8) Stam, C. H. Acta Crystallogr. Sect. B 1972, 28, 2630.

(9) Prince, E.; Schroeder, L. W,; Rush, J, J. Acta Crystallogr, Sect. B
1973, 29, 184.

(10} Rush, J. J. J. Chem. Phys. 1967, 47, 3936.

(11) Livingston, R.; Grant, D. M.; ire, R. J.; Strong, K. A;
Brugger, R. M. J. Chem. Phys. 1973, 58, 1438,

(12) Allen, P. S.; Cowking, A. J. Chem. Phys. 1968, 49, 789,

(13) Mirskaya, R. V.; Ivanova, L. V, Sov. Phys. Cryat. 1973, 18, 101.

(14) Winchell, A. N. “The Optical Properties of Organic Compounds™;
Academic Press: New York, 1954; p 76.

o8 l(15) Reddy, K. V.; Berry, M. J.; Heller, D. F. J. Chem. Phys. 1982, 75,
4.

(16) Henry, B. R.; Greenlay, W. R. A. J. Chem. Phys. 1980, 72, 5516.

"(17) Nakagaki, R.; Hanazaki, L. Chem. Phys. Lett. 1981, 83, 512

(18) Henry, B. R.; Ali Mohammadi, M. Chem. Phys. 1981, 55, 385.

(19) Wong, J. S.; Moore, C. B. J. Chem. Phys. 1982, 77, 603.

(20) Fang, H. L.; Swofford, R. L. Appl. Opt. 1982, 21 , 55,

(21) Henry, B. R.; Hong, L F.; MacPhail, R. A; Strauss, H. L. J. Am.
Chem. Soc. 1980, 102, 515.

(22) Wong, J. S;; MacPhail, R. A_; Moore, C. B.; Strauss, H. L. J. Phys.
Chem. 1982, 86, 1478.

(23) Nakagaki, R.; Hanazaki, L J. Phys. Chem. 1982, 86, 1501.

(24) Fang, H.; Swofford, R. J. Chem. Phys. 1980, 72, 6382. 1980, 73,
2607

(25) Sonnich Mortensen, O.; Henry, B. R.; Ali Mohammadi, M. J.
Chem. Phys. 1981, 75, 4800.

(26) Perry, J. W.; Moll, D.; Kuppermann, A.; Zewail, A. H. J. Chem.
Phya., to be submitted for publication.

(27) Reddy, K. V.; Berry, M. J. Faraday Discuss. Chem. Soc. 1979, 67,

188,
8?28) Robinson, P. J.; Holbrook, K. A. *Unimolecular Reactions™; Wi-
ley-Interscience: New York, 1972,

. 1(29) Stone, J.; Thisle, E.; Goodman, M. F. Chem. Phys. Lett. 1980, 71,

(30) (a) Le Caivé, N.; Carrigou-LaGrange, C,; Forel, M. T.; Tomczak,
Z; Tramer, A. J. Chem. Phys. 1966, 63, 1445. (b) Tramer, A.; Tomczak,
Z. Spectrochim. Acta, Part A 1968, 24, 2051. -

(31) Forel, M. T. Spectrochim. Acta, Part A 1968, 24, 311.

(32) Fruwert, J.; Galli, J. Z. Phys. Chem. 1974, 255, 1069.

(33) Rohleder, J. W.; Luty, T. Acta Phys. Pol. 1967, 31, 653.

(34) McKean, D. Chem. Soc. Reuv. 1978, 7, 399.

(35) Zewail, A. H. Acc. Chem. Res. 1980, 13, 360.
306(936) Marks, S.; Comnelius, P. A.; Harria, C. B. J. Chem. Phys. 1980, 73,

(37) Cavagnat, D.; Lascombe, J. J. Chem. Phys, 1981, 76, 4336.
(38) Prasad, P. N.; Kopelman, R. J. Chem. Phys. 1973, 58, 5031.
(39) The local mode coupling, at the quadratic level, has been calcu-
lated by Burberry and Albrecht? to be very smail for methyl CH local
moduathighenergy(szmmdourcumtinterpreuﬁoniacomiltem
with this theoretical finding.
* Alfred P. Sloan Fellow and Camille and Henry Dreyfus Foun-
dation Teacher-Scholar.
! Contribution No. 6665.



59

CHAPTER V

High-Enerqy Overtone Photoacoustic Spectroscopy of Some
Methyl-Containing Molecules: Vibrational Analysis*

ABSTRACT

Pulsed photoacoustic spectroscopy of gas phase CHD3 (AVeg = 5,6
and 7), CHpDp, CH3D, CHy and neopentane (AVcg = 6) and tetramethylsilane
(combination of the form |(5,1)cg >) is reported. We present an
analysis of the Fermi-resonances of CHD3 which indicates strong inter-
actions of the CH stretch with degenerate bending modes. Preliminary
calculations implicate interactions between the CH stretching overtones
or low order combinations and canbinations of CH stretch and high
numbers of bending quanta in '\35 (degenerate CH binding mode) as
responsible for the anomalous rotational constants reported in a
companion paper [D. Moll, J.W. Perry, A. Kuppermann and A.H. Zewail, J.
Chem, Phys., submitted for publication.] An upper limit of 10 cm~l is
obtained for splitting of the 16,0>; local mode states for CHyDy, giving
support to a description based on the local mode picture. For CH3D and
CH4 the spectra are apparently congested by overlapping overtone and
cambination bands and perhaps other mechanisms not identified in this
work., Very slow population relaxation of CHD3 (for AVeg = 5 and 6) ié
implied by the lower limit (5 ps) of the lifetime cbtained from the

This chapter is based on a manuscript which has been submitted for
publication

[J.W. Perry, D.J. Moll, A.H. Zewail and A. Kuppermann, J, Chem. Phys.,
submitted) .
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relatively narrow bandwidths of some CHD3 transitions, in contrast with
the larger bandwidths obtained for some larger molecules. The spectra
obtained for necopentane and tetramethylsilane are reasonably well fit by
sums of Lorentzian bandshapes and hcmogeneous broadening (50-100 cm™l)
is arqued to be dominant. However, since a thermal population of
low-frequency methyl torsions exists, dephasing processes may be very
significant and thus the lifetimes may be longer than inferred from the
bandwidths. Generally, our results emphasize the importance of the
proper inclusion of interactions of CH stretching with CH bending
motions in the theoretical prediction of high overtone spectra and

dynamics.
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I. INTRODUCTION

The high energy vibrational states of polyatomic molecules have
attracted much interest in recent years. Much of this interest stems
from the relevance of these states and their dynamics to selective
laser—-induced vibrational photochemistry. Other phenomena whose
understanding will certainly benefit from studies of high energy
vibrational states include radiationless relaxation and multiphoton
excitation and dissociation. In regard to selective laser-induced
chemistry, the ability to localize a large fraction of the dissociation
energy in specific modes or bonds for periods of time about equal to
reaction or collision times is the main qualitative prerequisite for
possible selectivity.

The local mode modell (and the local mode picture) has been used
widely in the description of high-energy X-H (X=C,N,0) vibrational
states.2 Refinements of the theory which include the effects of
coupling of the X-H sgretches in two or more oscillator systems?"6 have
consistently shown that high energy states are most easily described
within the local mode picture. The reason for this situation is that
for X-H bonds the interbond coupling is less than the diagonal bond
anharmonicity. The splitting of the symmetrized states has been shown
to decrease with increasing vyy, resulting in increased localization at
higher energy. Also, the intensity of the lowest energy state in each
vyg manifold typically increases, relative to other states in the
manifold, with increasing vyy.

Recently, new information on the'nature of high-energy

Ci-stretching overtones has been obtained.” The polarizations of the CH
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stretch overtones of durene (1,2,4,5-tetramethylbenzene) crystals have
been measured and analyzed. Using the molecular conformation of durene
determined by X-ray diffraction methods, the calculated polarizations
and the spectral assignments were compared for several models of the
vibrational states. The results were found to be consistent with the
local mode model for the durene CH stretching overtones.

From the studies of the bandshapes of overtone transitions,
information on the relaxation of the high energy states of polyatomic
molecules has been cbtained. For aromatic CH stretching overtones the
bandwidths are typically > 50 an~l for high wg,’2 implying ultrafast
population relaxation times of < 0.1 ps, for molecules in the gas phase
or low temperature solid. ‘

Perry and Zewail’ have shown that for the methyl CH stretching
overtones (Avcg = 5) of durene the bands become quite narrow, ~20 cm™l
at low temperature ("~ 2K). This suggests that the relaxation of methyl
CH stretches is slower than for aromatic CH stretches (linewidth ~ 100
an~l) and the greater widths were rationalized in terms of a larger
effective density of states for the aromatic CHs.

In a companion paperl0 (henceforth paper I) we presented a
rotational analysis of the high—-energy (Av = 5,6 and 7) CH stretching
overtones of‘gas phase CHD3, obtained by pulsed photoacoustic
spectroscopy. In this paper, we present a vibrational analysis of the
CHD3 spectra as well as spectra and vibrational analyses of the
following gaseous molecules in the Aveg = 6 region: CHyD2. CH3D, CHgp
and neopentane (2,2-dimethylpropane). Also, a combination band of
tetramethylsilane vapor of the form |(5,1) > has been observed and
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assigned. Our results permit a detailed examination of the coupling of
the CH stretching motions to normal modes, particularly CH bending
modes.

II. EXPERIMENTAL

The pulsed photoacoustic spectrometer has been described in
paper I.10 The laser dyes used to span the various spectral regions
investigated in this work were Oxazine-725, Rhodamine 640 and Coumarin
540A. The dye laser output pulses typically had the following
characteristics: 1-30 mJ pulse energy, ™5 ns pulsewidth and 0.6 cn™l
bandwidth. The wavelength ranges of the spectra were calibrated with
emission lines from a Fe-Ne arc lamp by using a 0.5 m spectrometer.

| Due daution was given to pbssible hbnlinear effect.:sv by measuring
the laser intensity dependence of the microphone signal amplitude for
several molecules which wés found to be linear in all cases over the
range of our experiment. Also, the band shapes presented here were only
weakly dependent on pressure and essentially independent (within the
resolution of the system) over the pressure range of the experiment (v
100 to ~ 1385 torr).

The NPT and TMS spectra were digitized using a Houston
instruments HIPAD digitizer which was interfaced to a PDP 11/03 based
TERAK microcomputer. Spectra were fitted to sums of Lorentzian model
functions by using a nonlinear least squares regression analysis.

The materials used in this study were: CHD3 and CH3D, Stohler
Isotope Chemicals, 99% atom D; CHoDy, Merck Chemical, 99% atom D; CHy,

J. T. Baker, ultrapure; tetramethylsilane, Aldrich, 99.9+%; neopentane,
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Pfaltz and Bauer. These materials were used without further
purification, except for TMS which was vacuum distilled. Samples were
introduced into the cell after the cell was evacuated to a pressure of <

1 x 106 torr by using a vacuum manifold.

III. RESULTS AND DISCUSSION
A. a3
1. High-Fnergy Overtone Spectra

We were motivated to study the overtone spectroscopy of the
deuteromethane series in part, as an attempt to identify various
vibrational interactions which are significant for relatively small
molecules at high vibrational energy. This series of molecules was
chosen for the features of small size, high symmetry and no si:rbng
polarizations and for the fact that a relatively large amount of
information on the low-enerqgy spectroscopy and force field
exists.lla,12-21

We begin with a consideration of the high (8 stretching
overtones of CHD3. This molecule is taken as a model system for
separating interactions in the high energy overtone region. We will be
able to examine CH stretch-normal mode coupling in the absence of
interactions between degenerate CH stretching states.

The question of whether the CH stretching overtones of (D3 are
better described from a local or normal mode model is ;-10t addressed in
this work.22 71t can be argued that the difference between the two

models is not great for CHD3. The question amounts to whether the CD

stretch displacements can be neglected in comparison to the CH stretch.
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Based on the relative number (3:1) and relative masses (2:1) of D to H,
it can be shown that the relative amplitude (CD/CH) would be quite small
for CHD3 even in the normal mode states. For the purposes of this work
no further consideration of this question is necessary. We now turn to
the experimental results.

In Fig. 1, the CHD3 stretching overtone spectra, which have been
normalized for the laser intensity, are presented. The spectra are
typically averages of only 3 or 4 scans each, and the signal to noise
ratios are v 100, 50, and 30 for the Av = 5,6, and 7 regions,
respectively. The drop in S/N reflects somewhat the decrease in
absorption strength (see paper I) with increasing CH stretching quantum
number. Note the resolved rotational structure (described in paper I)
which corresponds, primarily, to the AJ = 0, + 1 progressions for each
vibrational band. Note also the presence of two main ro-vibrational
band systems in the Avcg = 5 and 6 regions and three bands in the Mg =
7 region.

With the observation of several bands near the CH stretching
overtones, it is apparent that there is a mixing or Fermi-resonance
phenomenon involved which is distributing oscillator strength into the
nearby states from the "pure" CH stretching overtone. For CHD3 there
can be only one "pure" CH stretching state at a given quantum level.
This state is the corresponding overtone of the well-known
fundamentall2,13 at 2992 cm~l which is of A} symmetry in the C3y
molecular point group. Thus, all overtones of this mode are of Ay
symmetry also. Since the potential energy coupling terms must be

totally symmetric,llb,23 the states involved in the Fermi-resonance must
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likewise be of A} symmetry. From the point of view of assignment the
problem is reduced.to finding proper symmetry combination states or
overtones in near resonance with the "pure® CH stretching overtone. It
is reasonable to restrict the consideration to combination states which
can be expected to couple with the overtone through low-order potential
coupling terms.

We will denote the vibrational eigenstates of CHD3 in an
occupation number representation as |VYy Vg, V3 V4.V5, Vg > where the
quantum numbers are indexed in accord with Ref. 21. The CH stretch is
labelled V4. Only excited modes will be indicated, for example: the
vth quantum CH stretch level will be shown as |v3>.

We expect to find the appropriate conbination levels for -
coupling to |V1> in states of the form |v; - 1, \)i,v‘j> or vy - 1,vj>
with vi and vy being relatively small integers. The mixing of these
states with [v;> would require coupling terms of order 1 +vj + vj or 1
+ v; such as V('l-wiwj) 3 'viq'vj or V(-lwi)m .1 where is

i 1ij q19i 9j 1i q19i q
the displacement coordinate in the harmonic oscillator basis. The total
energy in the non—CH stretching modes of the combination band must make
up approximately one quantum of CH stretch energy at the given V; level.
The expression for the vibrational energy of a system of oscillators
which includes doubly degenerate modes is given by the equationllc

E=]V, v +4d/2) | Xy ) +d/2) 00, +a,/2)
1 1,3
i>3
= (1)

+ E g,.2.%;
i, 7 J

i>j
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Where v;j are harmonic frequencies, d; are degeneracies, Xjj are
anharmonic constants and the gijj are vibrational angular momentum
constants. The transition energy of an arbitrary "pure" overtone can be

written (ignoring 2-type splitting as)

J ox,. d)v, +x v.2. (2)
ij 371 ii’i

j#L

AE, = (V, + x., 4, +
1l 1 1l 1

N

For the CHD3 CH stretch this can be rewritten as

2
= 3
I-:l Al\)l + Bl\)l . (3)

Where 33 is the effective frequency and Bj is the diagonal anharmonic
constant. The eriergy mismatch, one CH quantum, to be ‘made up by the
non—CH stretch modes in the combination level must be approximately A; +
By (2v; - 1).

In Table I we list literature data for the wavenumbers of the
band origins for the CHD3 fundamentals and some overtones. In Table II
the observed band origins for CHD3 states observed in this study are
presented. To help sort out the assignments we have used the
Birge-Sponer plot (Fig. 2) for the CHD3Vj overtones. The plot shows
clearly that the higher energy band in the Avy = 5 region falls very
close to the extrapolated position of the best straight line fit (see
Table III for the parameters) to the lower harmonics. This is
consistent with our expectation that, in a weak coupling scheme, the
highest intensity band should be the "pure" overtone. Here, the first

order energies are not close enough for the levels to mix strongly. We
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assign this band as the "pure" overtone |5;>. As for the other band, we
have considered possible combination states and we find two A; states
which are close to the required energy and couple to 51> through
low-order terms. These states are [4;,25> and |43,15,16> at 13,831 and
13,594 cm~l, respectively, in zero-order (including diagonal
anharmonicity) , as calculated by using values in Table I. Modes V5 and
Vg are both of e symmetry, however, the levels |25> and [1s,1> split
into &) and E sublevels of which the Aj level may, with or without
cambination with the A; CH stretch overtones, interact with A; CH
stretching levels. The spectra show (see‘ Figure 1) that there is a
third level at lower energy than the other levels involved in the Fermi
resonance near AVy = 7. We take the combination band near 4V = 5 to be
l41;25> which is the ﬁigher énérgy of the two coinbinétibn bands Note
that this assignment suggests a large negative first-order shift of the
combination band energy from the zero—order position (vide infra).

For the Av] = 6 overtone region, two facts guide us in the
assigmment. First, we note again that the higher energy band lies
closer to the extrapolation of the best fit line of the Birge-Sponer
plot. Second, the shading of the Q branches is different for the two
bands; the higher energy band is shaded to lower energy in the Avy = 5
and 6 regions. This is taken as evidence that the higher energy bands
correlate with the "pure" CB. stretch and the lower energy bands’
correlate with combination states. However, the mixing is stronger at
Avy = 6, so the assignments here indicate only the parentage of the
band. The higher energy band is therefore of |61> origin and the lower
energy band is of [57,25> origin for the 4V = 6 region.
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In the Av] = 7 region the situation is somewhat different. The
band closest to the Birge—-Sponer line is the center band. Also, the Q
branch at higher energy is shaded to high energy, in analogy with the
|43,25> and |57,25> bands. These observations suggest that the band at
higher energy in this region is actually of [63,25> origin. The center
band would be of |71> origin and the lower energy band could be of
161,15,16> origin., The assignment of the third band is tentative since
other states of correct symmetry and small quantum number differences
may exist near the required energy in the 4vy = 7 region. Some
possibilities are |631,23> and 163,26>. This aSsignment, if correct,
suggests that the band with the highest peak intensity in thelAvey = 7
region is in fact a combination band with one less CH stretch quantum
excited than in the "pure" overtone from which, presumably, oscillator
strength is borrowed. We will return to a consideration of this point
later, in the section on the analysis of the Fermi resonance.

The tuning and "crossover" of levels occur because of the larger
anharmonic shift experienced by the "pure™ overtone due to the larger CH
stretch quantum number. As Vg increases by one, the anharmonic shift
of the "pure" overtone |ucg> increases by one, the anharmonic shift of
the 5pure" overtone |\cg> relative to a combination band of the form
lveg = 1, {vi}> increases by 2 Byg (for a fixed {vi}). Therefore, for
a sitvation where at low wg the combination band is at lower energy
than the overtone, there may be a crossing at higher vcg of the
combination and overtone states. Of course, this analysis neglects the
possible off-diagonal anharmonic coupling of the modes, an effect which

may introduce positive or negative relative shifts of the levels. The
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tuning of the Fermi resonance between CH stretching states and
combinations involving CH bending modes has been observed in the
overtone spectroscopy of the halomethanes,br24 halcethanes,25 and of
some lower alkanes.26 Before discussing the discrepancy between the
zero—-order and observed combination band positions we must consider the
shifts due to the state mixing by Fermi resonance.
2. Pnalvsis of the Fermi R

We now attempt an analysis of the Fermi resonance of the "pure"
CH stretching overtones with the CH stretch-bend combination. The
approximation of treating only the purely vibrational interaction
between the levels is made; that is, we ignore Coriolis coupling to
nearby E states. It is expected that the Fermi interaction of the
totally symmetric overtone and cambination states will be dominant. We
begin with the Ay = 5 region.

Solution of the secular equation for the [51> and [4;,25> levels

gives for the. perturbed energiesllb

2 2.1/2
(4w12 + 67)

o

]

s}

i+
N |

(4)

where the subscripts are defined as 1 = 51> and 2 = [41,25> E,, is the
avérage energy of the zero-order levels, Wiy is the off-diagonal energy
matrix element and § = (Eg - Eg) is the difference in the zero-order
enérgiés. We measure spectroscopically the E; values and the
intensities of the bands. The ratio of the intensities gives directly
the mixing coefficients for the two interacting states in the case of
negligible zero-order combination band intensity. Unfortunately, the

vibration-rotation bands that we have observed are overlapped thus
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limiting the accuracy of the determined intensities. Another approach
to detemmining the zero-order energies, interaction matrix elements and
mixing coefficients can be taken.

The zero—order "pure" overtone energies can be obtained from the
extrapolation of the Birge-Sponer line (see Table IV). This is possible
provided that terms in the potential energy of higher order than quartic
do not have an appreciable contribution in the range of the
extrapolation. Linear fits of the Birge—Sponer plots have been
reported for many molecules? and up to very high vibrational quantum
numbers (AVcg = 9).8 We will therefore assume the extrapolation to be
valid for CHD3, at least up to Ay = 7. From the difference in the

observed energy of the "pure overtone and the extrapolated value one
| obtalns the Ferm1 resonance shift. Since the shifts due to the |
resonance interaction are of equal magnitude for the two-level problem,
we can use the shift (7.3 cm™l) of the observed 15> energy fram the
zero—order calculated energy to correct the observed |4;,25> energy. We
are thereby able to obtain the zero—order energy for the combination
band (see Table V). The off-diagonal matrix element Wy, which can be
obtained from Eq. (3), can now be calculated and is found to be 30 cm~l,

The wavefunctions for the mixed states?’ are

-
[

- alSl> + cb!4l,25>

(5)

&
il

-cb[sl> + al41,25>

where 0 is the sign of Wyp and a2 + b2 = 1. The expressions for the
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coefficients are
(L + 8 172
a =\ 72T
1/2
[T - &
»-(7)

2
where T = (4W 43 )%. By using Eqs. (4) and (5) it can be shown that

(6)

(7)

Thus the mixing coefficient can be obtained from a measurement of the
level shift and the observed splitting.

The intensities of the transitions |0> = ¥* and |0> =V~ are
given by

¥ =<y ufo>]?

(8)
17 <<y |u 12>l2
4

where U, is the component of the transition moment along the principal

symmetry axis of the molecule. Expansion of the matrix elements gives

+ 2.2 2 2
I = a Ml + b M, o+ 20aleM2
(9)
- 2.2 2 2
= + -
I b Ml a M2 2OaleM2

where Mj and My are the zero-order transition matrix elements of the
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"pure" overtone » 151>, and the combination, [43,25>, respectively. The
transition moment operator is usually taken to be a single particle
operator which means that the combination band would have nonzero—-order
intensity, i.e., Mp would equal zero. If this is the case, then the
ratio of the intensities is given by

L]
(8]

I =~]-:——=——— (10)

+
v

Duncan, et al.2’ have discussed some interesting effects which can occur
if My # 0. The interference term can lead to an asymmetry in the |
intensity borrowing such that I* # I at the precise point of resonance.
Since a and b are taken to be positive the sense of the asymmetry is
deterinined by the sign of the interference term.

For now we take My = 0. This allows us to use the simple
expressions above for the mixing coefficients to calculate the relative
intensities from the Fermi-resonance shift and the cbserved splitting of
the bands. By using the appropriate values from Tables IV and V one
obtains b2 = 0.055 and therefore a2 = 0.945. The relative intensity was
calculated, Iﬁc = 6 + 3%, and is samewhat lower than the observed
‘;2?_ = 18 + 8%, but agrees reasonably to the extent that the

mixing is calculated to be fairly weak for this region. There are

value, I

several factors which have been neglected and which may influence the
calculated intensity, such as neglect of other levels which may be in
weak resonance with the "pure" overtone, vibration-rotation interaction,
or non-zero transition moment (M) of the combination band which could

result, for example, from mixing with the [4;> level or electrical
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anharmonicity.

Using the same method as above for the Av; = 6 region, we obtain
IWy2] =35 cm~1, a2 = 0.66 and b2 = 0.34. The cbserved relative
intensity is in good agreement with the calculated value, Iggf =55 +
103 and I%21C = 52 + 108. Here the 161> - |51,25> mixing apparently

rel
dominates the relative intensity. Clearly there is strong mixing of the
pure overtone and the combination band in this region. This leads, of
course, to delocalization of the energy in the various modes involved
(V1 and V5 in the present case). However, since the combination state
~ involves a large number of CH stretching quanta relative to bending
quanta (5:2) and since the relative energy of a CH stretch to CH bend
quantum is about two, much of the energy (v 80%) of the state is in the
'CH stretching coordinate. So, in spite of the sizeable state mixing,
much of the vibrational energy remains in the CH stretching mode in the
perturbed levels.

In the Avy = 7 region (Figure 1c) the Fermi rescnance is more
complicated due to the presence of at least one more sizeable band than
in the Avy = 5 or 6 regions. The situation is complicated further due
to severe overlapping of the band systems which results in a highly
congested spectrum. It is not possible to estimate the relative band
intensities with ceri:ainty without recourse to fitti;'xg the spectrum with
a model. We will not pursue the analysis as such; rather we wish to
qualitatively explain the spectrum in terms of the assiénment given
above.

The standard treatment of the three-level resonance problem

involves solution of a 3 x 3 secular determinant for the perturbed
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energies and for the mixed state wavefunctions. In the present case,
implementation of this procedure is prevented due to a lack of knowledge
of the various parameters.

We now define the abbreviations for zero-order states and
interaction matrix elements in this region. The subscripts below will
refer to zero order states as follows: 1 = [71>, 2 = [61,25> and 3 =
|61,15,16>. For example, Eg denotes the unperturbed energy of the 71>
state and Wj3 is the interaction matrix element between |73;> and
|61,15,16>. The only parameters which may be accurately calculated are
Eg and {Wi2i. This leaves the problem undetermined since we have four
unknowns Eg, Eg, Wi3 and Wé3 and only three equations relating them. We
resort to another level of approximation in order to explain the
spectrum.

The assignment given earlie; associates a combination band with
the highest peak intensity feature (high energy Q band) in the v; =7
region. Although the relative integrated intensities may differ
substantially from the relative Q band peak heights we take them to be
proportional for the sake of illustration. Thus, the observed relative
intensities are approximately 0.15: 0.35: 0.50 for I3: Ij: I,
respectively, where the subscripts refer to the perturbed levels of
indicated parentage. One explanation for this intensity distribution
would be as follows: the |71> and [637,25> states are in very close
resonance in zero—order and mix strongly giving roughly equal
intensities in the perturbed states. The |63,15,1¢> state, being closer
to the |71> than the 161,25> perturbed levels, now interacts with the

perturbed overtone |7;> and oscillator strength is distributed fram the
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perturbed |71> level into [63,15,1¢>, the mixing being less than the
71> = 161,25> mixing. This model explains qualitatively why the sum of
the peak heights of |7;> and 163,15,1> levels is about that of the
161,25> level. Even if there is a non—zero interaction between the
|61,25> levels the conclusion of the above argument will hold

qualitatively as long as

(11)

One can now perform a simple numerical analysis of the three level
resonance. First, the [631,15,1¢> level is ignored; we take Wi3 = Wp3 =
‘0, and the r’esulting 2 x 2 Fermi resonénce 1s axialyzed as befdre. We
take the E(])_ value to be that from the extrapolation of the Birge-Sponer
plot. From this approximation we obtain |Wy5| ~ 30 cm~l. The |
combination state has crossed over to higher energy, in zero order, so

now ¢+ goes over into |61,25> as W2 —> 0. We write the mixed state

wavefunctions as

<
I

alsl,z >+ Gb[7l>

5
(12)

v

-cblsl,25> + é[7l>

As before, we calculate the coefficients and get a2 = 0.53 and b2 =
0.47, indicating an almost equal mixture. If we allow for interaction
with level 3, then assumptions about the values of the parameters are

necessary to perform a numerical analysis. By a consideration of
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various approximations we find that Wy3 A Wy if Wo3 is ignored. We
also find that the amplitude of level 3 is smaller than the other bands
and that the 163,15,16> - |71> mixing is weaker than the 163,25> - |71>
mixing. Further calculations, possibly involving exact diagonalization
and least—-squares fitting of the spectrum, are required to obtain more
precise information.

The values of Eggrr, defined as Egpg + FRS, (Fermi resonance
shift) for the |V;,25> state have been obtained and are given in Table
V. According to first-order perturbation theory, one expects for a
combination band | v » 5> a shift from the zero-order energy of the form

= V_V_x (13)

where x15 is an off-diagonal anharmonic constant. In Table V we list
the observed shifts which were determined from the differences in the
Fermi resonance corrected energy and the energy calculated from the
parameters of Tables I and III. Using the shift of |4;,25> to determine
the constant x15 we obtain -19.5 + 3 cm~l. This value is then scaled
according to Eq. 14 for |5;7,25> and 161,25>, and the results are listed
in Table V under AEc(:i)lc‘ The errors are within "15% and we take this
as reasonable, since the approach was the simplest possible one. Note
that the x15 value (~19.5 + 3 cm~l) determined here is in good agreement
with the anharmonic constant of Gray and Robiette: xj5 = -17.8 an~1.21
One of the most important results of this section is the

observation of a strong Fermi resonance at quite high energy in this

very simple, single CH oscillator molecule, CHD3. The interaction of
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the CH stretching overtones with normal CH bending modes is sufficiently
large as to strongly affect the spectra. The diagonal CH stretching
anharmonicity is sufficiently large for us to find situations of tuning
of near resonance and strong mixing for the high overtones.

The very strong mixing at Mg = 6 and the congested overlapping
bands in the Avcg = 7 region have been rationalized using a fairly large
coupling of the CH stretch primarily to the CH bending and CD3
asymmetric bending modes. This strong coupling and overlapping has
important dynamical implications. It is clear that bending vibrations
will be very important in the relaxation of the (H stretch and must be
included in a proper theoretical study of the dynamics of CHD3.

I Paper I10 we presented ﬁhe rotational B' cénstants derived
from a combination sum analysis of the rotational structure of bands in
the Aveg = 5,6 and 7 regions of CHD3. The constants derived for the
151>, 161>, 141,25>. 151,25> and |61,25> levels were all found to be
larger than expected in the simplest model for the Avcy dependence of
these constants, involving non-interacting states.

A model for the constants involving a simple two-level Fermi
resonance was discussed and it was concluded that this model also could
not explain the observed rotational constants. This is in contrast with
the relative success of the two-level Fermi resonance model used in this
work to analyze the spectra for Avcg = 5 and 6. Here we have used the
Fermi-resonance shifts to determine the mixing coefficients and relative
intensities of the Fermi dyads, with reasonable agreement between

observation and analysis resulting. For the Avcg = 7 region, three
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bands are apparent in the spectrum and the observed spectrum is
rationalized in terms of a three—level Fermi resonance.

The inability of the simple Fermi resonance model to explain the
rotational constants was rationalized by an argument that there are
three or more interacting levels which are important for each region and
these states mix to an extent which affects rotational constants, but
that the "weak coupling™ states do not individually acquire significant
enough intensity to be observed directly. It is clear that this mixing
requires involvement of states with higher B' values than B" values,
since the observed perturbations are to higher B'. Thus, combinations
involving high excitation of vg (CH bending) become likely candidates
for this type of coupling since it is known that the.of value is
negative, i.e., that B' increases with increasing vs.

We have calculated a vibrational state map for CHD; using the
anharmonic constants derived by Gray and Robiette.2l The anharmonic
constants were determined from a fit to previously known spectroscopic
data of many isotopic methanes of a force field including quadratic and
cubic potential terms and a diagonal quartic term for the CH stretching
coordinate. The vibrational states were generated by using an exact
state counting algorithm which includes a symmetry restriction.28 only
those states with a totally symmetric direct product representation were
mapped. {~type doubling was ignored. For states with overtones of e
modes excited this apprbxjmation will still be reasonable since these
states must couple to [v> or |v; ’25>A1 which are both, by necessity,
= 0 states. For a Fermi-resonance we have the selection rule that & =

0 so we are interested in the lowest energy (% = 0) A; component of a
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particular manifold of £ states originating from a given vibrational
state.

The energies of the unperturbed states generated agree
reasonably well with the unperturbed energies of the states observed in
this work, the errors being £ 50 cm~l. Also, the close resonance and
tuning of the zero-order energies of the [V1> and |V;,25> states are
observed in the calculated energies as well as the "cross—over"of the
161,25> state to higher energy than the [71> state. We believe
therefore, that the anharmonic constants are reasonable and will
adequately serve our purposes here.

The presence of states with highly excited CH bending (vs)
character in the vicinity of the spectroscopically observed states is
apparerit from our calculation. In particular, states of ’the form |[(v -
2)cge 45> (two less CH quanta) appear at ~ 300 can~l or less from the
"pure overtone™ in the Vg = 5 region and these states move into very
close resonance with |Vcg> at veg = 7. Many other states are generated
in the proximity of the spectroscopic states, but we feel that to be
reasonably important the states must be able to couple with the "pure”
overtone or "strong coupling” combinations [|(v - 1)cy, 25>] via low
order coupling terms and this, of course, implies low numbers of quanta
to be exchanged. We note, however, that "branched" interactions, e.g.,
[vem)> <> [(v-1cmr 25> ¢ (v = 2)cgr 45> <> (v = 3)cu, 66> <>
«esr can lead to mixing of states with very high rotational constants
through terms which are of cubic order.

It is also possible that combination states of E symmetry mix

with the "pure" overtone or combination (M - 1lcg, 25>) via



81

vibrational-rotational interactions. In each manifold of states arising
from combinations with overtones of e-modes, there will be states of E
symmetry which will possibly be able to couple with |vcg> or lveg -
1,25>,

We have given a plausible qualitative explanation of the
perturbed rotational constants observed for high overtones of CHD3.
However, the need for new quantitative theoretical calculations is

strongly indicated by our experimental results and preliminary

calculations.

Combination bands of the form |vcg: 2peng) have been observed in
the (H stretching overtone spectra of CHCl3 and CHBr3 24 some lower
alkanes, 26 haloethanes,25 and dibalomethanes.6 'As shown by Fang and
Swofford24 the intensity of the combination band may be very large as a
result of the Fermi resonance with a nearby "puré" CH stretching
overtone. They have analyzed the first order shift of the combination
band and obtained large negative anharmonic interaction constants: =x¢
(CH str, bend) = -31 + 3 cm~l (CHC13); -24 + 5 (CHBr3). Interestingly,
the same interaction constant obtained in this work for CD3H (x35 =
-19.5 + 3 cm™1l) is somewhat smaller but very comparable to the
trihalomethane anharmonic constants. Similar values have been- obtained
for other molecules in the studies mentioned above.

" Mprtensen et al.6 have performed a theoretical analysis of the
anharmonic coupling of the CH stretch and bending motions based on an
effective G-matrix for the bending motion which accounts for the change

in the effective mass for the bending motion when the CH stretch is



82

excited. However, this analysis predicted a decrease in bending
frequency with the number of CH stretch quanta which was larger than
that observed. This indicates, as they point out, that potential energy
coupling is probably important also. Fram our analysis of the Femmi
resonance in CDH3 we find fairly large interaction matrix elements for
the CH stretch-bend interaction and this interaction results largely
from anharmaonic potential energy coupling. This résult emphasizes the
importance of both kinetic and potential energy coupling terms in the
theoretical description of the CH stretch-bend interaction in the high

energy region.

B. Other Deuterated l!ethanes

We have also obtamed the A\) = 6 CH stretching overtone spectra
(see Figure 3) for other gaseous deuteromethanes: CHyDy, CH3D, and CH4.
The spectrum of CHy (Figure 3c) in this region has been obtained
previously.29r30 Our spectrum is in excellent agreement with the
previous low resolution work, providing an independent check of our
methodology.

The CHyD molecule is a very interesting one because of the
different possible types of coupling. There exists a possibility for
purely CH stretching resonance and near-resonance interactions between
the identical CH bond modes in addition to interactions between the CH
stretch and other lower frequency modes, as in the case of CHD3. CHoDp
can serve as a test of the applicability of the local mode model in the
high energy region. The spectrum presented in Figure 3a is quite
simple; there exist basically two vibrational bands. The main band is



83

broadened relative to CHD3 and the rotational structure is washed out
into simple P, Q, and R bands. This congestion is expected since the
molecule is an asymmetric top with near degeneracy in the moment of
inertia: the rotational structure is camplex, resulting in severe
overlapping of the individual vibrational-rotational levels. The other
vibrational band is weaker and without well-defined rotational
structure. As for the assignment, these are two general possibilities:
either the states are, in local mode language, the symmetric and
antisymmetric combinations of the [6,0> states, where the two occupation
numbers refer to the two local CH stretches, or one state is a "pure"
local mode overtone, that is a superposition of the 16,0>4 states, and
the other state is same local-normal combination band. Without a
complete study of the lower vib'rétibnal overtones it is not possible to
give a definite conclusion of this assignment. Some information is |
available from other studies which makes one possibility much more
reasonable. First of all, the problem of the overtone spectroscopy and
theory for two identical coupled X-H oscillators which-share a camon X
atom has been addressed for other systems, for example for Hp0%r5,31-33
and the dihalomethanes.6s24 1In the theoretical treatments, the local
mode picture has been successfully used to describe the vibrational
states of the two stretching oscillator wst.em ranging fram low (Av =
1,2) to higher energy (Av > 3). This picture uses, as a basis, the
prdperly symmetrized combinations of local bond'stretching functions.
The splitting of these symmetric and antisymmetric pure stretching
states results primarily from direct coupling of the oscillators for Av
= 1 and through mixing with higher energy vibrational configurations
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(symmetrized local-local combinations) for Av > 2, Since for higher
energy states there is very weak direct first order coupling and since
the splitting of symmetrized local-local combinations from the
symmetrized overtone increase with increasing v, (due to the large bond
anharmonicity), it is found that the net splitting of the local mode
doublets decreases with increasing v under particular conditions
(magnitude of interbond coupling < bond anharmonicity) thus resulting in
increased localization of the vibrational energy with increasing v.

The splitting of the fundamentals, [1,0>; gives twice the
~ interaction energy (Xj2) of the CH oscillators, as is found by
diagonalizing the appropriate 2 x 2 energy matrix. The CH stretching
fundamentals of CHDy have been studied previously.34 The energy of the
11,05, states were found to be 2975.5 cu~l (11,054) and 3012 el
(11,0>.) . The splitting is 36.5 cn~l and therefore the interbond
coupling energy is x32 = 18.2 anl. To estimate the bond anharmonicity
we use the average energy of the [1,0>4 states (2993.7 cul) and the
observed value of the higher intensity transition in the AVcyg = 6 region
(16238 cm™1) along with the simple Birge—-Sponer relationship: AE = Ay +
Bv2. We £ind that A ~ 3052 aw~l and that B, the bond anharmonicity is ~
-58 acu~1l, Thus, for CHyD; we see that [X121<IB| and we would expect the
splitting of b ,0>; states to decrease with increasing v. The states
observed in the V = 6 region are split by 114 cm~l, which is much larger
than the 36.5 cm~l fundamental splitting. On this basis it is much more
reasonable to assign the higher energy band as due to unresolved
absorption to |6,0>4 and the weaker lower energy band to a combination
band of the form |5,{Vi}>, where {Vj} refers to a set of quanta in
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non—CH stretching modes. We can now put an upper limit on the splitting
of the 16,0>; and |6,0>. states of <10 cm™l.

Since symmetric (Aj;) and antisymemtric (Bj) overtone states are
allowed in electric dipole absorption for CHyDy, then combination states
of Aj or By symmetry can mix via Fermi resonance with the corresponding
overtone of the same symmetry. Several possible combination states
exist which have correct symmetry, apporoximately correct energy and can
mix with |6cg> via low order terms and include |5cg,29> and |5cy,13 +
14>. Accurate calculations of the energies are required to make a
definite assignment.

The spectra of gaseous CH3D and CH4 are shown in Figures 3b and
3c are apparently much more congested than the spectra of CHzD2 and CHD3
at the same quantum level. For CH3D, a feature at longer wavelength
than the main band peak can be seen. It is possible that th:.s feature
is a combination band similar to the longer wavelength band in the CHDs
spectrum, but suffers greater overlap with the main band. The small
band at shorter wavelength is probably the R branch of the main
vibrational band.

The CH3D overtone spectrum will be comprised primarily of A; and
E symmetry-adapted combinations of the local model basis states |v,0,0>,
|[0v,0>, and |0,0,v> where the occupation numbers refer to the three CH
stretches. However, since the CH3D Avcg = 6 spectrum is rather
congested, in contrast to the CHyDo spectrum, it is not possible to
resolve these states at room temperature or to put a meaningful upper
limit on their splitting. Therefore, we resort to the local model label

for assignment purposes. The main band is identified as |6cy> and some
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possible combination states are |5cy,23>, |5cg,13,16> and 15¢cy,15,16>,
again using the mode numbering of ref. 21.

The CHy = 6 spectrum (Figure 3c) is the most congested
spectrum obtained in this study of same isotopic methanes. The low
resolution spectrum obtained here does not allow identification of the
number of band systems that are present. At higher resolution it is
found that the band is made up of resolvable features,29:30 but no
identification of the various bands was given. From our studies of
various deuteromethanes at Aveg = 6, we conclude that the spectrum is
not only rotationally congested but is vibrationally congested as well,
probably involving two and possibly more band systems, the pure
stretching overtone 16(3> and combinations built of |Scg>, for example
|5Scar24>. However, the ccmpiete mechanism which results in the observed
congested spectrum is still an unresolved issue.

C. Aveg = 6 Overtone Spectra Neopentane

The AVcg = 6 overtone spectrum of gaseous NPT is shown in
Figure 4. The presence of several bands is clearly indicated in the
spectrum. In order to determine the parameters (positions, heights and
GWHM) of the various bands and to obtain information on the shapes of
these bands, we have analyzed the spectra by using a non-linear
least—~squares regression. The spectra were fit to sums of Lorentzian
functions and a flat baseline. The best f£it values of the parameters
were used to generate the components and computed function which are
plotted with the experimental spectrum in Figure 4.

The best fit bandshape parameters are listed in Table VI along
with a summary of some parameters of the AVey = 6 spectra of the other
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molecules studied in this work. Reasonably good fits to the spectra
were obtained using Lorentzian model functions, as is apparent from the
agreement of the computed spectrum with experimental one in Figure 4.
The parameters of the smaller peaks in the spectra are quite uncertain
in some cases. The main interest in this work, however, is in the
daminant peaks and these are resolved with reasonable precision fram the
bandshape analysis. The neopentane spectrum has been resolved by
least-squares fitting into one main band at 15756 arl and three other
bands, each with less than 20% of the intensity of the main band.

As for the origin of the smaller bands in the NPI' spectrum. the
possibility of inequivalence splitting due to conformationally different
Cis can be ruled out. The high molecular symmetry (T§) is preserved
even if one considers the structure of the methyl groups, for the lowest
energy conformer. In other words, the methyl groups have identical
enviromments, each with the three-fold axes about the C-C bonds
preserved in the equilibrium geometry. Therefore, all hydrogens must be
equivalent.

If one considers long range (i.e., intermethyl) CH coupling
negligible, then the spectrum of NPT can be analyzed in terms of four
equivalent, independent methyl groups, as has been done previously for
TMS.3 The description of the spectra then follows as explained above
for CHD3. The overtone transitions are dominated by Aj and E
combinations of the three local mode basis functions (|v,0,0>, [0,v,0>
and [0.0,v>). However, the results obtained in this work for CHaD2
provide strong empirical evidence that the splitting of the symmetry
adapted states 16,0>4 is less than 10 cm~l. Since the splitting of the
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bands in the NPT spectrum are > 50 cm~1, it is very unlikely that the
various bands represent the A} and E symmetry adapted states. Any
splitting of these states is probably obscured due to the fairly large
bandwidths (> 50 cm~l) displayed by the main bands. Local-local
cambination bands, which involve quanta distributed in two or more CH
stretches (e.g. [5,1,0>) can be ruled out as possibilities because they
would fall outside the range of the scans presented (the shiftv of
15,1,0> from [6,0,0> would be 600 cm~l, Therefore, it is argued that
the overtone band is due to unresolved transitions to 16,0,0>A1 and
16,0,0>g and that the other bands are due to combinations of 15,0,0>a ,E
and lower energy normal modes which are in Fermi-resonance with the
"pure" overtones as described above for some of the deuteramethanes.

' The assigrment of the "pure" overtone in the NPT spectrum is
straightforward if we associate this transition with the strongest band.
The band at 15756 cm™l is assigned as |6cg>. The cbserved band position
agrees quite well with that predicted (15750 am~l) fram the results of a
previous study3> of the lower overtones (AVcg = 3-5) of gas phase NPT.

The assignments of the combinations are not as simple because of
the large number of possibilities due to the relatively high number of
vibrational degrees of freedom. Restricting the consideration to
canbinations which would require low numbers of quanta to be exchanged
in mixing with |6cg> allows some possible states to be identified. We
" have chosen combinatién states which are built on |5cg> and have Ay
direct product representations for the normal mode camponents. These
states would have no syrrmetry restrictions for coupling with [6cg>.
Using the frequencies given by Snyder and Schachtsneider,36 we £ind some
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likely candidates for the assignments. These are indicated in Table VI.
The normal modes are numbered in analogy with ref. 37: V3 (a3, 1368
an~l) is a symmetric CHj bend, V14 (tz, 1361 an™l) is a symmetric CH3
bend, V35 (tz, 923 am™l) is a mixture of C-C stretch and CH3 rock and
U16 (t2, 1253 am™l) is a mixture of C-C stretch, CH3 rock and symmetric
CH bend.36 These assignments are tentative and it should be noted that
sizeable first-order anharmonic shifts of the combination bands are
implied for each. the assignment suggested here is different from the
assignment of the combinations given previously for the lower
overtones.35 In the previous work bands shifted from the pure overtone
to higher and lower energy by " 120 cm~1l were assigned to a torsional
combination (IVeg,1.) €—I[0cg,0>) and a torsional hot band (IVew,0.2

,<——|oc3,1';>)', respectively. It is unlikely that bands shifted by 120
cn~l from the "pure" overtone would be torsional sidebands since the
torsional frequencies of NPT have been determined to be significantly
higher from IR spectroscopy38 (A;, 221 cm™l and Ty, 281 an~l), and
inelastic neutron scattering39 (A, 211 aul and Ty, 276 cm™l) and these
results are in reasonable agreement. As these torsions are the lowest
frequency normal modes of NPT one must then consider combinations built
on lower CH stretching quanta for a reasonable assigrment of the -
combinationals. However, it is conceivable that in our NPT spectrum the
band at 15985 au~l is a torsional combination (229 cm~l shift from -
6c>) o

We have already mentioned that Lorentzian bandshape functions

give a reasonable fit to the observed NPT Avcy = 6 spectrum. This can
be taken as some evidence of hamogeneous broadening of the bands in the
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spectrum, as has been argued extensively in the literature. Further
evidence for hamogeneous broadening comes from the observation of the
splitting (~ 25 am~l) of the OP and RS branches of the fundamental CH
stretching bands.40 This splitting is clearly much smaller than the
observed widths (™ 100 cm™l) of the main bands, suggesting that the
inhomogeneous broadening due to rotational structure is negligible.

The bandwidths of the lower overtones (Avcy = 3-5) of NPT vapor
have been measured by Henry and Mchammadi.35 These authors found values
of the widths to be: 52 am~l, Aveg = 3; 62 an~l, Aveg = 4 and 64 am™l;
Avcg = 5. Their results would seem to indicate a possible saturation of
the bandwidth for higher values of Avcg.4l The results of our work
suggest that this is not the case for the range which has been .

. investigated (Av = 3-6). It is quite possible that the trend is nearly
monotonically increasing linewidth with Avcg over the range studied thus
far.

The gas phase neopentane overtone bandwidths even at Aveg = 3,
are typically broader than the Avcg = 5 overtone bandwidths for the
methyl CHs of 1,2,4,5-tetramethylbenzene (durene) observed recently’ at
low temperature but are comparable to the durene methyl bandwidths at
room temperature. In that work the effect of temperature on the durene
methyl overtone bandwidths was qualitatively interpreted in light of
recent related work on methyl group fundamentals.42-44 The dependence
was ascribed to torsional-dephasing due to the CH stretch frequency
dependence on a thermal distribution of or population fluctuations in
torsional modes of the methyl group. This other work provides an
indication that the room temperature NPT overtone bandwidths may be
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strongly influenced by dephasing processes rather than population
relaxation. If that is the case then the observed bandwidth is
determined by the total rate of dephasing4> (1/T;) which. for a two
level system where the lower level is the ground state, is given by
(1/T2) = (1/T'2) + (1/2T7), where T2' is the pure dephasing time and T;
is the population relaxation time of the excited level. Consequently
the population relaxation time might be quite long relative to the one
inferred from the bandwidth.

The question of overtone relaxation of molecules with hindered
to free internal rotation of CH containing groups is clearly quite an
interesting problem and deserves further experimental and theoretical
investigation. |

From measurements of the bandwidths of some rovibrational levels
of CHD3, a lower limit on the relaxation times of the highly exéited
states Avcg = 5,6 of this molecule can be extracted. For these levels a
lower limit on the Ty relaxation time of 5 ps was obtained.l0 of
course, this estimate neglects pure dephasing, but this can be
rationalized since the self-broadening coefficient for some methane CH
stretching overtones have been determined29,30,46-49 to be 0.086
cnl/atm. Thus, at the pressures of our experiment collisional
processes give a much smaller width than the resolution limited ones
actually measured. Furthermore, for CHD3 there are no internal
rotations or very low frequency modes which might introduce
fluctuations42-44 in the CH stretch frequency. The inferred population
relaxation time lower limit (5 ps) is long in comparison with those

obtained from many previous studies of polyatamic molecules. Since the
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value is only a lower limit the actual relaxation time could be much
longer, perhaps approaching the collision-induced or even the radiative
decay time, in which case the spectral linewidths would be Doppler
limited. This conclusion is consistent with the discussion in Sec. 5.1
in Paper I. In contrast to what would be inferred from bandwidths of
other molecules such as NPT, the (HD3 bandwidths indicate that the
excited states persist for a timescale that may be useful for
influencing unimolecular or bimolecular reactions involving X-H bond

breakage.

D. Combination Band in the Avcg = 6 Spectral Region of T™S

Early in our exper:.mental work we observed absorption bands of
T™MS vapor. I.ater, we assigned the bands as originating from local
mode-local mode cambination bands, but we performed no further studies
on this molecule. Since no experimental work on the high energy
overtone spectroscopy of gas phase TMS has been previously reported, we
describe here our cbservations. In Figure 5 the absorption spectrum of
TMS vapor over the range of 16150-16580 cml is presented. This
spectrum has been analyzed as above for NPT by using a least—-squares
analysis with Lorentzian model bandshape functions. The results of this
analysis are included in Table VI. .‘I'ne spectrum is seen to be coamprised
of two main bands of almost equal i.nte_nsity and sgveral minor bands. By
comparison of the band position with pr‘evious liquid phase work3 and
with work on gas to liquid shifts of NPT overtones,35 we conclude that
the main bands have largely local-mode local-mode combination band

|(5,1) cg> character. Five CH stretching quanta are in one oscillator
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and another oscillator on the same methyl group is simultaneously
excited with one quantum. Burberry and Albrecht3 have calculated the
splitting of the symmetrized |(5,1)cy> states (Aj, E) to be ~ 2 aml,
and it is therefore unlikely that the observed splitting has that
origin. We tentatively assign the lower energy main band as [(5,1)cg>
and the higher energy one as a local-normal combination built on either
|Scg> or l6cy>.

IV. Conclusions

We now summarize the conclusions reached in this work.

1) The high energy overtone spectra (Avcg = 5,6 and 7) of CHD3
are strongly affected by Fermi-Resonance of the "pure"™ overtone |vcg>
with combinations [Vcg - 1,25> and [Vcg - 1,15,1>. The spectra are
reasonably well analyzed using degenerate perturbétioh theory. This
analysis yields values for same of the interaction matrix elements and
first order energies of the combination bands. There are large
first-order shifts of the combination bands which also result from
interactions of the CH stretch and bending vibrations. The shift is
roughly in agreement with the scaling with vcg given by first order
perturbation theory. Very congested spectra are obtained for thev cg =
7 region which indicate that in this regioq there is extensive
vibrational mixing.

2) The fair success of the simple analysis of the CHD3 overtone
spectra in terms of Fermi resonances is in contrast with the failure of
such an approach to describe the derived rotational constants (Paper I).
This discrepancy is rationalized in terms of interactions with other
weakly coupled combinations of high rotational B' constant. Preliminary
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calculations support the possibility that such combinations involve high
excitation of the vg bending vibration and two or more quanta less in
the CH stretch.

3) A lower limit of 5 ps for the population relaxation time has
been obtained from the CHD3 bandwidths. This indicates that the
population relaxation is very slow for this small polyatdnic molecule
and that pumping of overtones of such small molecules may be useful, for
example in enhancing bimolecular reactions such as hydrogen abstraction
via collisions with scavengers.

4) The spectrum of CHyD2 in the region around Vog = 6 indicates
two bands which are assigned in analogy with the bands of CHD3. There
is no splitting observed of the |6cy>+ states. This observation allows
an upper limit (determined by the width of the Q branch) of the '
splitting of V10 cm~l to be established. This result is in agreement
with the results of other work (vide supra) which indicate similar small
splittings of the symmetrized local mode states for several two CH
oscillator molecules.

5) Caomparison of the Vg = 6 spectra of CiiD3, CHDp, CH3D and
CH4 indicate increasing spectral congestion with increasing numbers of
hydrogens. Rotational and vibrational congestion have been implicated,
however, further work is required to identify the actual mechanism of
congestion.

6) TheVvcg = 6 spectrum of NPT is analyzed by least-squares
fitting to Lorentzian bandshapes and yields a width of 107 + 3 am~l for
the |6cy> state. The bands are argued to be homogeneously broadened,
however dephasing processes induced by torsional motions of the methyl
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groups may be making a substantial contribution so the width does not
necessarily give the lifetime. Smaller bands in the spectrum are
tentatively assigned as combinations of the form |5cg, {Vi}> with {vj}
referring to various normal modes such as CH3 bending or possibly modes
involving C-C stretching.

This study of high overtone spectra of small and medium sized
methyl containing molecules in the gas phase has yielded some
interesting results. Further theoretical and experimental work should
benefit from this base of information.
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TABLE I - Fundamental and overtone states for CHD3

101

State Symmetry AEa Ref.
11> A 2,992.2 12,13
(12> A 2,142.6 18
113> A ~ 1,003 19
114> E 2,250.9 17
I15> E 1,292.4992 20
16> E ~ 1,036 19
121> n 5,865.02 14
131> Ay 8,623.31 15
141> A 11,266.9 15
'2553 E 2,592,62 16
125> .9 2,564.6 16

a) Band origins given in vacuum wavenumbers.



102

TABLE II - States observed for CHD3 in this work

AviRegion Aga AssignmentP
5 13,801.1 (1.0) 151>
13,668.1 (1.0) 141, 25>
6 16,230.1 (1.0) 161>
16,156.4 (1.0) 151, 25>
7 18,532.0 (1.0) 167, 25>
18,473.0 (2.0)¢ 71>
18,352.4 (1.0)C 161, 15, 1g>

a) Q branch origins in vacuum wavenumbers, see paper I.

b) See text for discussion, only parentage is indicated by assign=-
ment. ‘ ' :

c) Q branch peak position given instead of Q branch origin.
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TABLE III - Least squares parameters@ of linear fits to the Birge-

Sponer plot for CHD3CH stretching harmonics

Fit 1:b Aj = 3050.1 + 0.9

cR = - 0.99997
dsy.x = 0.7
Fit 2:e A) = 3048.2 + 0.2

B} = -57.9+0.,1

R = - 1.00000
Sy.x= 0.1
Fit 3:f A) = 3049.9 + 2.2
B) = - 58,2 + 0.5
R =- 0.9998
Sy.x = 2.6

a) All parameters except the correlation coefficient in am1l,
b) Fit of 4 points, E|11> through E|41>.

c) Linear correlation coefficient.

d) Standard error in a calculéted EN.

e) Fit of 3 points, E|2;> through E|4;>.

£) Fit of 7 points, E|1;> through E[77>.
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TABLE IV - Observed and calculated energies for CHD3 CH stretch

overtones.

11> 2,992.24 2,990.34 1.9
121> 5,865.02 5,864.90 0.12
131> 8,623.31 8,623.09 -0.37
(41> 11,266.9 11,266.68 0.22
151> 13,801.2 13,793.90 7.3¢
61> 16,230.1 16,205.34 24.8¢
I71> 18,473.0 18,501.00 -28.0¢€

a) Unlts are in vacuum wavenumbers.
b) Calcualted using parameters from fit 2 of Table III.

¢c) These values are taken as Fermi resonance shifts.
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TABLE V - Energies of CHD3 |vj, 25> CH stretch-bend combinations

(1)

(1)

State LEopg LEcorr? AEcq) P LEops© LEcalc
] 41,25) 13,668 13,676 13,821 =156 -155
l41,25> 16,156 16,181 16,359 -177 =195
161,25> 18,532 18,501 18,770 =269 =234

a) Fermi resonance corrected wavenumbers.

b) Calculated using parameters from fit 2 of Table II and

Table I.

¢c) Value defined as AEcorr - AEcalc.

d) Estimated from a numerical analysis of the

analysis.

values from

3-level Fermi resonance
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Figure 1. Pulsed photoacoustic CH-stretching overtone spectra of CHD3.
All spectra in this work are of samples at a temperature of 250C and
have been normalized for laser power. The vertical scales are in
arbitrary units and vary from spectrum to spectrum. The vertical lines
in the spectra mark the first-order positions of the levels and the
arrows indicate the Fermi resonance shifts.
a) Spectrum of Ayy = 5 region. The sample pressure was 370 torr.
The spectrum is an average of two scans.
b) Spectrum of Ay = 6 region. The sample pressure was 370 torr.
The spectrum is an average of three scans. =
c) Spectrum of Avcg = 7 region. The sample pressure ws 1385 torr.
The spectrum is an average of four scans. On this spectrum only the

first-order position of the "pure" overtone |71> is indicated.
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Figure 2. Birge-Sponer plot (AE/V vs. v) for CHD3 CH stretching
fundamental and overtones. The symbols are defined as follows: @, our
data, "pure® overtone or fundamental; ¢+ previous data; (@ , our data,
combination bands.
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Figure 3. Pulsed photoacoustic CH stretching overtone spectra of a)

CHaDy, b) CH3D and c¢) CHy vapors in the Avey = 6 region.

a) The sample pressure was 330 torr. The spectrum is an average
of four scans.

b) The sample pressure was 370 torr. The spectrum is an average
of five scans.

c) The sample pressure was 300 torr. The spectrum is an average

of five scans. All sample terhperatures were 250C,
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Figure 4. Pulséd photoacoustic CH stretching overtone spectrum of
neopentane vapor in the Aveg = 6 region. The sample pressure was 760
torr and the temperature was 250C. The spectrum is an average of three
scans. The points are the experimental data and the smooth curve is a

sum of the Lorentzian components and baseline.
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Figure 5. Pulsed photoacoustic spectrum of tetramethylsilane vapor in
the region of the |5,1> CH stretching combination band. The sample
pressure was 100 torr and the temperature was 250C, The spectrum is an
average of three scans. The points are the experimental data and the

smooth curve is a sum of the Lorentzian components and baseline.
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Chapter VI
»second Pump-Probe Multiphoton Ionization of
lated Molecules: A New Method for the Study
of Ultrafast Intramolecular Processes

ABSTRACT

Picosecond time-resolved multiphoton ionization spectroscopy of
isolated trans-stilbene and aniline is reported. Nonexponential decay
of trans-stilbene is observed and evidence for collisionless vibrational
energy redistribution is presented. The results are modelled using a
population rate equation analysis of the time-delayed multiphoton
ionization process. The rate of IVR is found to be about 0.5 *
1012s-lat 296K. Also, the excess energy dependence of ‘the isomerization
rate is determined for total vibratiénal energy of 2000 to 4500 curl;
comparisons with calculated thermally averaged rates and rates of

jet-cooled molecules are made.

This chapter is based on a recent paper by J.W. Perry. N.F. Scherer and
A.H. Zewail (Chem. Phys. Lett., in press, Dec. 1983).
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I. INTRODUCTION

This chapter reports new results from an experiment designed to
directly measure the rate of intramolecular vibrational-energy
redistribution (IVR) and/or coherence decay in isolated molecules with
varying amounts of excess vibrational energy. Time-resclved
fluorescence experiments with picosecond excitation of jet-ccoled
anthracene molecules have been reportedl.2 for low to moderate excess
energies (typically 0-2000 cml) and fram these studies it was shown
that at low excess (< 2000 arl) IVR is restricted to certain modes on
the timescale of hundreds of picoseconds. At higher energy, however,
IVR is expected to be faster and no direct time domain.measurements of
this fast IVR have been reported for isolated large molecules. For
these reasons we develop the method of picosecond pump-probe multiphoton
ionization as a direct‘probe of IVR. Furthermore, with intense |
picosecond pulses we can explore the importance of coherence effects in
the multiphoton processes and learn about the various relevant
timescales. The time resolution of our apparatus is about 2 ps and the
peak power of the pulse can be up to about 104 gigawatts/cm2.

The idea of the experiment can be described as follows. A
picosecond pulse excites molecules into vibrational levels of S1.
Because of IVR (rate constant k), some molecules will redistribute the -
vibrational energy into a new distribution of states thus yielding a set
of vibrationally-equilibrated levels (see Figure 1). A probe pulse
ionizes the molecules from Siv'> and |S1{ % }> by resonant (or
nonresonant) multiphoton absorption. Because [Sjv'> and the

redistributed levels are ionized by the probe, the ion current signal
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(i) may display a biexponential behavior in the delay time between the
purp and probe pulses. Details of the transient behavior will depend on
ratios of ionization cross-sections of [Sjv'> and |S1{2}> and on the
relative depletion rates. Hence, k and k, can be measured directly.
The time resolution of our amplified picosecond pulses allows us to
observe the IVR even if k-1 is about 0.5 ps.

The experiments presented here are for isolated trans-stilbene
and aniline., Stilbene was chosen since several photophysical studies of
the isolated molecule have been performed. First, the pioneering work
of Greene et al.3 has shown that the Sy lifetime can be measured under
collision free conditions (low pressure vapor). Second, the spectra and
isomerization rates of the jet-cooled molecules have been cbtained by
Syage et al.4 using picoseqond excitation and fluoréscence detection.
Finally, more recently, the yield yield has also been obtained by Amirav
and Jortner5 and by Zwier et al.6 from measurements of excitation and
absorption spectra of jets. The experiments of Syage et al.4 have
suggested that the IVR is faster than the measured isomerization rates
above the barrier for isomerization (1200 crl). This was based on the
excess energy dependence of the rates and the spectra. The
biexponential picosecond transients reported here confim the earlier
suggestions of fast IVR and show the effect of excess vibrational energy
in the isolated stilbene on isomerization rates in a range not studied

previously.
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II. EXPERIMENTAL
a) Laser System

The laser system consisted of an amplified synchronously-pumped
mode-locked dye laser, shown in Figure 2. An actively mode-locked Ar
ion laser (Spectra Physics Model 171) operating on the 5145 R line
produced a train of ~ 120 ps pulses at a repetition rate of ~ 82 MHz.
These pulses were used to synchronously pump a R6G dye laser which was
equipped with a wedge filter tuning element. The bandwidth of the dye
laser was ~ 8 & and the pulse width was typically ~ 3 ps as determined
by second harmonic generation (SHG) autocorrelation measurements
(described below) .

The dye laser pulses were amplified by using a three-stage
flowing dye cell amplifier (Quanta Ray PDA 1) which employed spatial
filters between the amplifying cells, thus allowing wavelength
tunability of the aniplified pulses. The amplifier dye cells were pumped
at 20 Hz using the second harmonic of a Q-switch Nd:YAG laser (Quanta
Ray DCR-2) equipped with a pulse shortening modification. The firing of
the Nd:YAG Q-Switch was synchronized to the laser pulses via the Art
laser mode locker RF driver signal. A variable delay was provided in
the synchronization electronics allowing adjustment of the Q—éditch
trigger pulse to ensure coincidence of Nd:YAG and dye laser pulses at
the amplifier dye cells. Solutions of Kiton red, R-640 or DCM dyés were
used in the amplifier. This allowed tuning from 575 nm to 627 nm, with
good output pulse energy (0.25 mJ to > 0.5 mJ).

The amplified pulses were also characterized using the SHG
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method. A comparison of typical autocorrelation functions of the dye
laser and amplified system pulses is shown in Figure 3. The best fit
theoretical curves are obtained using a model function for the
autocorrelation which includes a pulse envelope and a coherence width
contribution shown as

KI(E+T)I(t)>

<I2 (t)>

G(t) = = G (D) 1+ Gy(T)]

where G(t) is the observed autocorrelation function, I is the intensity;
Gp(‘t) is the pulse envelope autocorrelation and GN(t) is the
autocorrelation of the noise process. The modelling of the pulses from
the mode-locked dye laser has been described previously.? Also the dye
laser cavity length dependence of the pulse widths? and the pulse
fluctuations8 have been investigatéd. E‘ro:ﬁ a streak camera study8 of
the mode—locked dye laser pulses evidence has been obtained which
suggests that the individual pulse envelopes vary quite significantly
fram pulse to pulse at the cavity length corresponding to the smallest
autocorrelation width. This instability was found to decrease with a
slightly lengthed cavity (~ 10 up). At the cavity length corresponding
to the shortest pulses we have observed enhanced noise modulation of the
dye laser intensity. The modulation is decreased with a slight (several
micion) cavity length increase. Thus, for reason of increased stability
we normally chose to generate the dye laser with the cavity length set
somewhat lengthened from the shortest pulse position. For the data
shown in Figure 3 the cavity length detuning was about ~ 5 u. At this

setting the parameters in Table I were obtained from the least-squares
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fits using Lorentzian functions for the pulse envelope and noice process

shapes.
Table I
Autocorrelation Analysis of Dye Laser and Amplified
System Pulses.
e tcb Re
dye laser 3.0 £ 0.1 0.52 + 0.03 0.70 + 0.05
amp. sys.d 3.1 +0.15 0,52 + 0.07 0.64 + 0.07

a) pulse envelope width
b) coherence width (width of Gy)
c) amplitude of noise contribution to autocorrelation function

(discussed in Ref. 7).
d) measured at a gain of ~ 105.
We measured the dependénce of the amplified system autocorrelation
function on the gain in the amplifier. These results are shown in
Figure 4. From these results it is clear that there is only a slight
broadening of the pulse widths with higher gain. Also there is
evidently no great change in the pulse shape at higher gain.

b) Picosecond MPI Method

A schematic of part of the experimental apparatus is shown in

Figure 5. The amplified visible laser beam was collimated and split
into two equal intensity beams. One beam was passed through a fixed arm
of a Michelson interferometer and was frequency doubled using a KDP
crystal. The other beam was passed through a variable delay arm of the

interferometer. The UV and visible beams were recombined collinearly

using a dichroic mirror and were focused into the photoionization cell
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(quartz cell with Brewster angle windows and Ni wire electrodes) using a
50 cm lens. To perform the UV pump~UV probe experiments the visible
beams, after passing through the interferometer, were made parallel but
not collinear and were separately frequency doubled then focused to a
common spot as above. The signal was optimized by carefully adjusting
the appropriate mirror to maximize the overlap of the beams in the
sample. Typically, the background ionization signal due to the visible
beam alone was negligible (< 0.1%) whereas the UV-induced background was
more significant (10-30%).

The electrodes were biased at 100 V. Ion current was detected
using a charge sensitive preamplifier (Ortec Model 109 PC), whose output
pulse was integrated using a boxcar averager (Princeton Applied Research
. Model 162 with dual 164 integrators and digital storage). 'The boxcar
was ﬁriggered with a pulse from a pﬁotodiodé which was excited by the
laser pulse. The integrated ionization signal was normalized for
variation in the UV power. The normalized signal was digitized using a
voltagerto-frequency converter. A multichannel analyzer, whose channel
advance was synchronized to the translator delay time scan, was used to
acquire and average the signal as the delay time between the UV and
visible pulses was varied. Data were transferred to a PDP 11/23
microcomputer with which data analysis was performed.

c) Samples and Temperature Requlation

Trans-stilbene (Aldrich 99%+) was purified by recrystallization.
Several milligrams of the material was introduced into the cell which
was then evacuated to a pressure of ~ 106 torr. Aniline (Aldrich.

99%+) was used as obtained. The liquid was introduced into cell and
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then several freeze-pump-thaw cycles were performed.

The vapor pressure of the sample was controlled by either
immersing the side arm in an appropriate coolant (ice baths or liquid
nitrogen) or placing the entire cell in a "home" - built oven which was
heated with a stream of hot nitrogen gas. The nitrogen was heated by
flowing the gas over a hot nichrome wire coil. The heater coil was
located outside the oven ~ 1 foot from the cell to minimize electrical
interference. Regulation of the cell temperature was to + 0.20C and the
main body of the cell was " 100C warmer than the side arm.

d) Pulse Diagnostic Measurements

The pulses from the synchronously-pumped dye laser and the
dye-laser amplifier were monitored routinely using SHG autocorrelation
methods. The high repetition rate of the dye laser (82 MHz) allows one - '
to make measurements at a rate which can provide "real-time" visual
inspection of the autocorrelation function on an oscilliscope. These
measurements were made with a rapid scanning (10 Hz) autocorrelator.
This type of measurement was used to perform cavity-length tuning of the
dye laser. In order to make quantitative measurements of the
autocorrelation functions a different method was employed which allowed
convenient electronic data acquisition and processing. The two methods
are described below.

A schematic of the rapid scanning autocorrelator is shown in
Figure 6a. A portion of the dye laser output is split into two beams.
The beams are directed through a Michelson interferometer similar to
that described above. The two beams are made noncollinear and parallel

and are focussed to a common spot in a nonlinear crystal (LiIO3), The
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phase-matched second harmonic was detected along the bisector of the
visible beams using a photomultiplier.

The variable delay arm of the interferometer is comprised of a
corner cube which was mounted on a B & K instruments Model 4810
"minishaker" (vibration exciter). When driven with an appropriate ac
waveform the shaker will prodﬁce a vibratory motion of the corner cube.
This motion causes a variation of the optical path in the variable arm
of the interferometer and thus a variation in the delay time between the
two pulses.

The shaker was driven with a sine wave from a variable phase
oscillator (General Radio Model 1305-A) which was amplified by an audo
amplifier. A fixed phase output from the oscillator was used to drive
the horizontél axis of an oscilloscope.» The phase of the shaker driver
signal was adjusted to campensate for the phase difference of the
vibratory motion and the oscilloscope reference signal thus providing a
smooth display on the oscilloscope.

The other method used to make autocorrelation measurements is
similar to that described above except that the delay time is varied
using a slowly scanning translator and the processing of the
photamultiplier signal was different. In this case one of the beams is
chopped with a mechanical blade chopper and the photomultiplier signal
is phase sensitively detected using a lock~in amplifier. The lock-in
output signal is digitized with a voltage to frequency converter and
then accumulated as a function of the delay time using a multichannel
analyzer. The cﬁannel address of the MCA is advanced as the translator

is stepped by the controller.
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For measurements of the amplified dye laser pulses the slow
scanning system was used with a different method of signal processing.
A schematic of this arrangement is shown in Figure 6b. The pulsed
signal from the PMT was amplified and then integrated using a boxcar
averager which was triggered by a photodiode pulse. The output of the
boxcar was processed and the translator and MCA were scanned as above.

Typical dye laser autocorrelations are shown in Figure 3.

III. RESULTS

Figure 7 displays the trans—-stilbene vapor MPI transient for
excitation at 2976A and probing at 5952A for "long"™ and "short" time
ranges. In these measurements, the UV pulse excites molecules to a
nonequilibrium distribution of vibrational levels in S;. When subjected
to an intensé visible puise», these molecules are photoionized. Since
the ionizaty:ion‘poterntial of trans-stilbene is 7.7 év9,r two visible
photons are required. The ionization efficiency is quite high due to a
resonant intermediate (Sg) which is strongly electric dipole-coupled to
5110, Alternatively, in another type of experiment the intermediate is
by-passed by using a UV probing pulse.

The decay of the MPI signal is Figure 7 is clearly
nonexponential. Approximating the decay as biexponential and using a
Gaussian pulse convolution, we have cbtained the two time constants
using nonlinear least-squares regression analysis. For the transient in
Pigure 7, 1 =2 psand 72 = 120 + 10 ps, and the fast component
accounts for aboﬁt 70% of the total signal amplitude.

Several results which are pertinent to the origin and

systematics of the MPI decays are listed below.
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A) The MPI signal is extremely sensitive to the overlap of the
UV and visible beams.

B) The MPI signal was reduced to < 5% of the 296K value by
immersing the sample bulb in liquid nitrogen. As expected, the signal
increased as the temperature was increased to about 360K. The longer
lifetime of the decay was decreased slightly (15%) at the higher
temperature relative to room temperature for excitation close to the
electronic origin.

C) The background signal, which is due almost entirely to the
UV alone, is typically between 10% and 30% of the peak signal.

| D) The integrated ion signal varies linearly with the UV pulse
energy over the range of 0.1 to 2 wJ/pulse (see Figure 8a). However the
delay time response was independentpf the UV pulse energy. We used
this low UV power Arange to insure the linearity of the nunbér of |
molecules excited to Sj,

E) The integrated ion signal did not vary linearly with the
visible pulse energy but was close to linear above about 100 uJ/pulse
and up to 200 uJ/pulse, with a higher than linear dependence below about
100 uJ/pulse, (see Figure 8). This indicates saturation behavior at
higher power. The fraction of the amplitude which decayed by the fast
component varied close to linearly with the visible pulse energy above
about 100 uJ/pulse for excitation at 2975 & (see Fiéure 8c). The longer
lifetime component of the decay varied relatively little, decreasing by
20% with increasing visible pulse energy over the range studied.

F) Nonexponential decay with similar characteristics as

described above (where pump and probe polarizations are parallel) are
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observed when both the UV and visible beams were depolarized. This
shows that the observed response is not due to anisotropy effects.

G) In the experiment where UV pulses were used to pump and
probe a symmetric response about zero delay time with fast and slow
decay camponents was observed. This experiment shows that the observed
nonexponential decay is not due to the presence of the Sg intermediate
in the UWvisible pump—-probe experiment.

H) In a separate experiment, measurements were performed on
aniline vapor with the sample bulb held at 273K. An MPI signal due to
UV and visible excitation was easily obtained. When exciting the S;
origin, the 6al, or the 121 levelsll of Sj with the UV and probing with
the visible, the MPI signal rose with instrument response (2 ps) and
remained flat over several hundred picoseconds (see Figure 9). This
obsemétion eliminates the possibility of a éoherent enhancement of the
ion signal near zero time delay. It is also consistent with the
expectation that IVR in aniline is relatively slow, as will be discussed
later.

Finally, we have measured the dependence of the trans-stilbene
MPI decays on the excitation energy. These results are summarized in
Figure 10. The nonexponential decay was observed at all excitation
energies studied. The short decay time constant was found not to vary
within our resolution over the range studied. In contrast, the longer
decay constant varied from 400 + 50 ps at Ay = 3100 R to 66 + 6 ps at
A uv = 2876 8. These results will also be discussed later.
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IV. DISCUSSION
A. Intramolecular Vibrational-Enerqy Redistribution (IVR)

IVR in polyatamic molecules under collisionless conditions has
been the subject of extensive theoretical and experimental investigation
(for example: references 12-23) investigation. The bulk of the
experimental information available on IVR within the first excited
singlet state of polyatamic molecules is based on spectral information,
for example the resolved fluorescence spectra of molecules subsequent to
vibronic excitation. Direct time domain measurements of IVR have only
recently been reported for isolated large moleculeslr2, 1In this
section, we will biiefly review the concepts and phenomenology involved
in collisionless IVR of large molecules, following quite closely the
description by Freed and Nitzanl5, |

The starting point is the partitioning of the full molecular
Hamiltonian as follows:

M =H, +w

where Hy is the zero-order molecular Hamiltonian and W is the
interaction energy due to the coupling of various zero—order states.

The .total Hamiltonian is:
H= BEM + BR + R

where HR is the radiation field Hamiltonian and EMR is due to the
interaction of the molecules and the light field. We denote the
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eigenfunctions of the zero-order vibrational part of the molecular
Hamiltonian in an occupation number representation in a basis set of
normal modes, although other bases are possible and may be convenient.
It is useful here, from a spectroscopist's point of view, to separate
the vibrational modes into two groups: one optically active group
(modes denoted by a) and an inactive group (modes denoted by b for
both). The optically active modes correspond to these which are
observed as progressions on the electronic absorption spectra and for
molecules with some degree of symmetry they are primarily the totally
symmetric modes. The zero order vibronic levels are written as products
of electronic and vibrational wavefunctions, for example |Sg, {Va;},
{%;1> and Is1, {Vaj}, {Wb;}> where Sp and S] are the ground and first
excited singlet electronic wavefunctions.
| The coupling term W is viewed as being responsible for

non-radiative transitions between different a modes and different b
modes as well as between a and b modes within an electronic state.
Physically this.coupling term is due to vibrational anbarmonicity and
also to vibration—rotation interaction. The effect of
vibration-rotation coupling on the vibrational redistribution has been
shown theoretically to be significant.23

We turn attention now to the Sj state. It is important to
consider the nature of the true (or exact) molecular eigenstates. These

states are superpositions of the zero—order leveis:

¥(s,,n) = ) T A

VarVy VarYy
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Excitation of a molecule by a narrowband laser of appropriate frequency
will cause a transition from 1S9,0,0> to a ¥(Sy,n) state (if these
states are spaced in energy by an amount larger than the bandwidth).
Specifically, this state would be of the form

v.' >

¥(s;m) =c¢ ,Olsl,va,o> + ) c SRR A

n;v n-vlvl
a vy "a'’'p
a'’b

which has a contribution of a particular optically active zero—order
state. In the weak coupling limit (|WI< energy spacing of V¥ (Sj,n))
each ¥(Sy,n) correlates with a single optically active state. If the
excitation bandwidth (say from a short pu.lse laser) spans all the

¥ (S3,n) with a component of |S3,V;,0> and if the bandwidth is narrow
enough to-avoid other |S;,v5,0> states then the probability of a
I81,Va,0> is unity. This is due to the completeness of the eigenstates.
This non-stationary state evolves in time. In the statistical limit,
the probability of the initial state decays exponentially with a rate
constant k given by

where p is the density of states and <W> is the average coupling matrix
element. This process is the intramolecular vibrational redistribution
process. The relaxation proceeds in a way which conserves the total
vibrational energy of the molecules in the S; electronic state. It
should be emphasized that the evolution is strongly dependent on the way

in which the system is excited and that the description given above
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corresponds to one limiting case.

Since our experimental measurements were carried out with room
temperature vapors, we must consider the effects of the initial thermal
distribution of population.l9 The equilibrium probability distribution
of molecules in the ground electronic state is described by

N(E)@ = o (E)exp(-E/kT)dE/Q

which gives the number of molecules N(E) with energies between E and
E+dE, p(E) is the density of states and Q is the vibrational partition
function (Q = o.,I"mp(E)exp(—E/k’l‘) dE). One consequence of this thermal
distribution of population (say at ~ 300 K) is that, for a large
molecule like stilbene, the probability of molecules being in the ground
vibrational state is extremely low. This is due to the fact that the
density of states is a rapidly growing function whose value is very low
for low energy. The probability reaches a maximum at quite high energy
(~ 2000 anl), Another consequence of the thermal distribution is that
the absorption spectra are severely congested. This is due to the
superposition of the many progressions originating from the populated
vibrational levels in the ground electronic. In the case of
trans-stilbene vapor the room temperature absorption spectrum 5] ¢« 5
is in fact essentially continuous with little well defined structure.3
The details of the population distribution of the molecules in the
electronically excited state depends on the exact excitation energy.
However, it is expected that for the situation of stilbene at room

temperature that much of the thermal energy of ground state will be
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transferred to the excited state and that the envelope of the excited
state population distribution will be quite similar to that of the
ground state. The primary difference being that amplitudes of the
optically active levels will be somewhat enhanced relative to other
levels due to favorable Franck—Condon factors. The probability
distributions are shown in Figure 1l1; we have approximated the initial
excited state distribution by equating it with the form of the ground
state distribution.

The excited state populaf:ion distribution has an important
influence on the dynamics. The increased width of the distribution due
to the thermal energy of the ground state leads to relaxation on a
shorter time scale than would be found in the absence of this
congestion. Qualitatively, .this introduces a rate of I /h into the.
decay where T is the width of the distribution. For stilbene at room
temperature the width of the distribution is about 2000 arl and 7
therefore the relaxation time (rapid initial dephasing) would be ~ 2.5
fs. This relaxation is very fast (essentially instantaneous) on the
timescale of our experiment so this decay is not observed. On the
longer timescale of our experiment it is still possible to observe the
effects due to the decay of the various zero-order states as discussed
above. The observed relaxation is averaged over the initial
distribution of excited states. Thus in effect we measure the thermally

averaged IVR rate which is given by:

<k>p = & Pj (T)kj.
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In the continuum limit this expression becomes

<k>p = f EPj_(}".,,'l') ki(E)dE
o
where Pj(E,T) is the normalized initial probability distribution and kj
is the statistical limit IVR rate for the ith zero-order state. The
system evolves to a quasi-equilibrated vibrational distribution in the
5] state due to this relaxation. If indeed the system were to reach a
completely thermalized distribution then the final probability
distribution, for excitation 4000 carl above the Sy (0,0) energy, would
appear as the dashed curve in Figure 11. The extent to which the final
distribution differs fram the initial one depends on the excess
- vibrational energy of excitation: Ey = Eéxé - Eg,0.
B. Equation Analysis Population Rate

In previous time-resolved MPI experiments with. nanosecond pulses
a kinetic scheme for the populations was invoked.24,25 This treatment
neglects off-diagonal terms for the density matrix equations and has
been shown26 to be a suitable description of MPI processes under certain
experimental conditions. Ackerhalt and Eberly26 showed for a ladder
excitation scheme where the final state is an ionization or a
dissociation continuum that a rate equation description becomes valia
for describing excited state populations providing that the radiative
pumping raté (o I) increases for each step up the ladder.

On the picosecond timescale this might not be an adequate
description simply because at very high laser intensities population

pulsations (Rabi cycling) can occur in this very short time domain.
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Furthermore, the coherence properties (dephasing times) of the
intermediates may influence the MPI transients even if the Rabi
frequency is relatively small. For trans-stilbene the cross sections
for the S} « Sp and Sq4 < 5310 transitions are 091 = 4 x 10717 w2 and
014 ~ 2 x 10715 am2 at the corresponding wavelength maxima. Also the
visible (probe) intensity was always much higher (> 25 times) than the
UV intensity, thus the pumping rate for Sy <« S) was higher than for S
< S50. However, the cross section for the Sj,e < S4 step is not known.
We therefore tentatively assume the validity of the rate equation
analysis in order to describe the important effects which depend on
light intensities and populations. Considering the scheme depicted in
Figure 1, we shall consider two simple cases; one where there is no IVR
(single manifold case), and in the other, IVR takes place between an
initially excited optically active set of vibrational states and a
vibrationally equilibrated distribution of states in S1 (two manifold
case) .

(1) Single Manifold Case

Here, we consider the single photon excitation of

molecules to |S;,v'>, where v' refers to a set of initially excited
modes, by a UV pump pulse. The system is then probed at a time‘%) by a
visible or UV pulse which excites the molecules to the ionization
continuum. The ion current is detected as a function of t_ o (The
kinetics are developed more fully in the Appendix). The UV pulse
produces Nj(o) = Oq3I1Ng and this population evolves freely after the
UV pulse according to Nj(t) = OgI;Nge Kst. At time tg, a UV pulse

probes the Ny (t) population, giving an ion current that decays
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exponentially by kg. For visible pulse probing, the population of the
intermediate (in this case, the Sy electronic state) is given by:

91472 N )
(04112 +k4) 1'70

N4 (to) =

assuming a steady state for Ny is achieved during the pulse. The ion
current is then simply: i = cst.exp(-kgstg), again showing the single
exponential behavior.25b,

We considered the possible sources of complications of the decay
in the single manifold case. Inclusion of stimulated emission processes
into the kinetic analysis was considered. In the |Sjv'> < |Gv">
transition only a small fraction (< 20%) of the ground state molecules
are eXcited per pulse under the cbnditions of our experiment, therefore
stimulated emission was justifiably neglected. Stimulated enission for
ISpv'> < |S4> is probably more significant since o0714I2 t >> 1.
However, inclusion of this process in the simple kinetic scheme
described above merely scales down the steady-state (S4) population and
does not introduce a biexponential delay time dependence of the ion
current. Finally, we consider the role of coherence of the intermediate
level |Sjv'> on the decay. Noting that the pulse area of the UV pulse
is rather small (< 0.2 7) ,'we neglect population pulsations between
IGv"> and [S1v'>., More on this will be discussed later.

(2) Two-manifold Case

As a simplified scheme which allows discussion of the
effects of IVR on the pump-probe MPI experiment by using a kinetic

analysis, we introduce the two-manifold scheme shown in Figure 1. The
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MPI process is visualized as follows. As above, the UV pulse excites
molecules to |S;,v'>. In the free evolution of this state, vibrational
energy is redistributed to the equilibrated distribution [Sj{2}>. It is
from these states that molecules are able to undergo configurational
change which leads to isomerization, indicated by the rate k 0" Now the
probe pulse (UV or visible) will excite molecules at time delay tg from
both manifolds to the ionization continuum. The relative contribution
to the ion signal of the initial and redistributed manifold depends, in
general, on the rate of IVR (k) and the relative effective cross-section
for ionization out of [Syv'> and |S1{¢}>. We show this using a kinetic

analysis. The population of [Sjv'> evolves freely after the UV pulse as

N = clollNoe'klt where k] = k + kg. This population feeds the [S1{¢}>
: . 0., I.Nk
states and the population of these states is given by N 0= —(Ll(k—l_—]-z——)
/ - » 1%

[e'kzt - e'klt] « The probe pulse at time ty samples Nj(tg) and N (tg)
and produces ion current of the form:

, kit -k, t
1= (a - Rle lO+Be 70

where o and B are intensity dependent coefficients for visible

probing. For UV probing, the ratio, R, of the fast to the slow

) k. -~k .
components is simply [(cli/czi)(-ii—&) - 11 . For visible probing the

situation is different. We have used the steady state approximation for
the Sy resonant intermediate for both manifolds and have included the

stimulated emission rates from both intermediates. Within this level of
approximation, it is seen that we obtain the same form of the ion signal

but with a different ratio R that is power dependent.
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IVR (k) is expected to be much faster than the isamerization
(k ¢g)e So, in this limit, the ratio is

(Ogrs * 9a0) To ¥ %40 %14 w3
’
(logg +014) Tp + k) 0pae 94y

R =

where primes refer to the {£} manifold. In the case where the
relaxation rate k4 is competitive with or larger than the stimulated
rate, the ratio could show some intensity dependence. For visible
probing experiments, we have observed an essentially linear dependence
of the ratio on Iy which would suggest that (041 +014)I2 < k4. Also
note that vif the stimulated and spontaneous rates and cross—sections for
the levels in both manifolds are equal, then the ratio R goes to zero.
'The results of the above kinetic analysis are consistent with
the experimental observations made thus far for visible or UV probing.
" The effects of IVR have been modelled in this context. The physical
basis of such a model is that the initially excited distribution of
states has a different effective cross section for probing than the
equilibrated distribution of vibrational levels. This is possible if
the effective vibrational overlaps with the intermediate and/or final
states changes as a result of IVR. It should be emphasized that in this
very simple model, the continuous process of IVR has been approximated
by an initial and an equilibrated distribution with an effective rate
for equilibration. This is reasonéble only for the case of statistical
limit relaxation. At roam temperature, the absorption spectrum of
t-stilbene is essentially structureless,3 indicating that a large number

of states can be excited at all excess energies. In a free-jet
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expansion, the dispersed fluorescence is very broad (hot vapor type)
when the excess energy exceeds the barrier energy for isomerization.
Furthermore, the lifetimes become independent of the mode excited at
about the same energy. Therefore, for this excitation of the cold beam
IVR is thought to be fast, especially above the barrier threshold (~
1200 crl) .4 Our results here, obtained by using UV pumping and UV or
visible probing, indicate that the IVR lifetﬁe at bulb temperature is

* 2 ps. The average thermal energy of the molecule at 2960K is about
2000 cnr-l, This average energy is certainly larger than the barrier
height and therefore we expect the IVR to be fast. The fast rates in
the energy range studied here were cbserved at different excess energies
and this is due either to a limited time resolution or to a saturation
of the IVR rate m this range. This last point will be examined further
in future Astudy. |

For aniline in a bulb, the dispersed fluorescencell is discrete
for excitation into the 6al (Ex = 492) and 121 (Ex = 953) levels of Sj.
Consequently, we expect IVR to be relatively slow. As mentioned before,
the aniline picosecond MPI transient (not shown) did not shown the
biexponential behavior; the signal remained flat over several hundred
picoseconds, consistent with the expected lack of IVR on this time
scale. We are currently examining higher energy regiocns where IVR may
become faster.

The coherence of the level excited or the laser field may
influence the ionization probability. Since we are in the small pulse
area limit for the pump pulse, vide supra, coherent population pulsation
can be ignored. The dephasing of the level could lead to a decrease in
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the ion signal. This would arise out of the spreading of the initially
excited wavepacket. We note that at the very low pressure (< 10~4 torr)
of samples in our experiment, collisional effects can safely be ignored
on the picosecond time scale. Therefore, the principal process which
could lead to dephasing on this timescale is the intramolecular
redistribution process which has been modelled above. Dephasing due to
inhomogeneous preparation of levels is expected to be on the time scale
of shorter than 0.5 ps and would not be seen in these experiments. As
for the coherence of the laser pulse, we have established that the
coherence time of the pulse is ~ 0.5 ps (from auotcorrelation
measurement) which is markedlyvshorter than the pulse width and the
apparent width of the early part of the decay (fast component). The
absence of this fast component in aniline taken under similar conditions
supports this conclusion.
C. Excess Fnergy Dependence of Isomerization

From the kinetic analysis of the MPI delay time decays presented
above we find that for trans-stilbene the long decay component gives the
rate of isomerization from vibrationally equilibrated molecules in S1,
similar to the measurement of triplet state lifetimes by nanosecond
time-resolved MPI.25b-d 1p Figure 4 are shown representative decays at
the 'highest and lowest excitation energies used in this study. Also
shown is a summary of the decay rates obtained fraom various works along
with a plot of calculated thermally-averaged decay rates versus excess
energy.

In order to compare the results from experiments performed under
widely differing conditions, we use the upper abscissa which is the
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total vibrational energy of the excited molecules: Eggra] = Ex + <EydT,
where Ey is the excess vibrational energy (Ex = Eexc - Eg,0) and <Eydp
is the average vibrational energy at temperature T. The average
energies for the temperature of the various experiments were calculated
using the frequencies of Warshel.27

The good qualitative agreement of the results shown in Figure 4
from quite different and independent experiments is noted. It is
interesting that the rates determined for the free-jet (isolated
molecules at very low temperature) are in very good agreement with the
results fram this study at the same total energy. This agreement gives
support to the idea that at the higher excitation energies (> 1200 aml)
of jet-cooled molecules collisionless IVR serves to produce essentially
vibrat_ionally equi]_.-ibtated moleculés prior to isamerization. The. direct
observation in this study of fast IVR of molecules with a total
vibrational energy of > 2000 cml is consistent with the above
conclusion.

We performed a calculation of the thermally averaged decay rates
for comparison with the results obtained at room temperature or higher
temperature. The thermally averaged rates are given by28

o -E/k, T
f k(E+Ex)D(E)e kde.

O

k(T,Ex) =

0|

where Q is the vibrational partition function, k(E + Ey) is the low
temperature (jet) isomerization rate evaluated at the total vibrational
energy and po(E) is the vibrational density of states. To evaluate the

o(E) we have used the frequencies27 as above, arranged into seven
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groups. The values of p(E) were determined by using a direct counting
method for E < 10,000 cnl and by using the Whitten-Rabinovitch
approximation for higher energies. The values of k(Ex) were obtained
from the free-jet results of Syage et al.4 and the functional form was
taken to be k(Ex) = A exp(-B/Ex) where A and B are constants. k(Ey) is
the total rate minus the radiative rate.4 We make the assumption that
this equation can be extrapolated to the energies needed to perform the
averaging and calculate the rates in Figure 4. The data of this work
and of Greene et al.3 can be compared to the calculated curve and they
should be referenced to the lower abscissa. We find the agreement of
the calculated and experimental rates to be reasonable since only
independent information was used with no adjustment to fit the data.
The small deviations (< 258) of the calculated rates compared to our
experiméntal data may be due to a breakdown of the validity of the
.extrapolation of the k(Ey) function which was used. Alternatively, it
is possible that the density-of-states function was not sufficiently
accurate.

If the calculated curve were scaled to agree with our data,the
points of Greene et al.3 would deviate from the calculated curve by
about equal and opposite amounts. Therefore, it is possible that the.
very close agreement of the highest energy value3 with the calculated
value is fortuitous. In any case, the main purpose of the calculation
has been served in that it confirms the-idea that the longer decay
camponent observed is the isamerization rate. It should be mentioned
that these isamerization rates for trans-stilbene at all excess energies

studied are smaller than that of cis-stilbene in a bulb also obtained by
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Uvvisible MP1.15,16 fThis is rationalized as due to a low or absent

barrier for the cis—-stilbene isomerization.

V. CONCLUSIONS

The principal conclusions of this work are:

1. Picosecond time-resolved MPI as a technique for probing IVR
in isolated molecules has been demonstrated. In this work the method is
applied to stilbene and aniline. Nonexponential decay behavior yields
the collisionless IVR and isomerization (for stilbene) rates; the time
constant for the former is "2 ps. In aniline, only a long lifetime of
the prepared state was observed.

2. The isomerization time was found to vary from 400 ps to 66
ps with total excess vibrational energy over the range of 2000 to about
4500 cn~l, These measurements extend the experimentally determined
rates into a range not investigated previously in the time damain. The
data of this work are in reasonable agreement with the results of
experiments performed under different conditions (jets and bulbs). The
calculated thermally-averaged rates are in fairly good agreement with

our measurements.
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APPENDIX TO CHAPTER VI

Kinetic Models for Excited State Dynamics

In this section kinetic models are developed which
are relevant to the excited state dynamics of stilbene in the pico-
second pump-probe MPI experiments. First, expressions are derived
for the delay time dependence of the excited state populations and
the ion current for UV-UV and UV-VIS experiments in the case where
only a single type of vibrational state (or distribution) is involved.
Then, the populations and ion current are determined, again for UV
and VIS probing, for the case where the vibrational redistribution
process populates other states and thus a new distribution is formed.

A schematic which depicts the first kinetic model to be
considered is shown in Figure 125. This is the case of sequential
two-photon ionization by UV pulses. The>differential equations for

the populations are:
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(o} = -

at O (BINg + (05, T(8) +¥y,IN,)

&N

rrale csOllz(t)N0 - (cliI(t) + GOlI(t) + YIN

dN,

@ T Cutm

where I(t) is the pulse intensity time envelope, Y

9

the initial condition is NO(O) = NO

i N, (0) = N, (0)

1

YOl + Yl and

0. I(t) is

taken as a square pulse with amplitude I which starts at t = 0 and

has duration At. In the steady state approximation for the inter-

mediate one obtains

N, = 0011 N
1l (o‘li + cOl)I + Y 0
and
N, = NO exp[-Tt]
0 0 29
oI +Y
0l 0l
where ' = 0..1I |1 - :}.
01 [ (001+ cli)I + Y

The ion current is given by

. 2.0
dn; 991931 Ny Tt
dt 11771 (Gli + GOl)I + v
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From this expression it can be seen that for

(o,., + Gol)I << ¥ the ion current is proportional to I2 (low power

1i
limit) and for (Gli + Gol)I >> v the ion current is proportional to
I (high power limit) which shows a saturation like effect at high
intensity.

Consider now excitation of the system by two identical
UV pulses with a variable time delay(to) between them. As T -+ o
the system relaxes completely in between the pulses so the ion
current which results is due to the sum of the contributions from
both pulses and this is just twice the contribution from one pulse.
When the pulses are overlapped in time the intensity is doubled.
In the low intensity limit the ion signal is then increased by a
factor of four énd therefore there is anvincrease over thet0:= =]
value by a factor of 2. VThis change in the ion signal decays
wuh&eﬁddﬁ%d&wrn%tomub=®MMeuQﬁsmam%&
thus the intermediate state lifetime may be obtained. Of course,

since the pulses are identical the ion signal is symmetric about zero

delay time: the signal is given by

i= c.e—YltOI

We now analyze a slightly different case where different
frequencies, one specific to each transition, are used in the time-
resolved pump-probe ionization. 1In this case we will ignore the

and S_;

stimulated and spontaneous downward relaxation connecting SO 1

we allow only for a loss of population out of Sl' The rate equations

become
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aN

FE = " %1 L BIN,
any

—L - 5. I (t-t)N
ac 1i 2 0’

where Il(t) is the pump pulse and Iz(t-to) is the probe pulse at
time tO' The system is subject to the same initial condition as
before, except evaluated at t = -®, This system of differential
and

égquations can be solved directly. The populations of SO 1

are given as
0 ' t
. ) gy . t '
No(t) N, exp| 901 J Il(t ?dﬁv]

-0

t + +
Ny (&) = exP['j P(t')at’'] j Q(t')eXP[J P(t")dt"lat"
where P(t) = clilz(t-toy + Y

t
and Q(t) = GOlNOIl(t)exp[—Gol J Il(t')dt'].

These equations contains effects due to depletion of populations

and the pulse shapes. The total ion current as a function of the

delay time is

Ni = oli jwlz(t-to)Nl(t)dt.

-C0
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To see the limiting form we used the §-function pulse approximation

and obtained

Ny = 0p3T5N; ()
-0 I, =yt
- (=) 0171 0
Nl(to) = O'OlIlNO e e

We see that indeed the ion signal decays as a single exponential
with increasing delay time, to, by the rate of population loss
from the intermediate.
The rate equations for the UV pump and VIS probe are
now analyzed. The appropriateschematic is shown in Figure 12b.
The level structure.now includes a second intermediate
state. Howéver,Athe transitions S, 4.51 and s, “ s, occur only

during the VIS probing pulse and we show below that the delay

time (between UV) and VIS pulses) dependénce of the ion signal shows a
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decay determined by the rate of population loss from S The differ-~

1°
ential equations for this case are analogous to those given above

(sequential transitions with loss) and are not written out here.

The solutions show the same form as above and those for Sl and S
are:
t t t
Nl(t) = eXP[-J P(t*)dt'] JQ(t')eXP[J P(t")dt"ldt’
0

@ @0
where P(t) = 01412(t-t0) + Yl

t
and Q(t) = O’OlIl(t)NO exp[—GOlJ Il(t')dt']

[+
and

t t t
N4(t) = exp |- JR(t')dt']Jﬁ(t') expl JR(t")dt“]dt'

where R(t) = 04i12(t-t0) + Y4

and S{t) =0

»14;2(tfto)Nl(t)f

Again using the §-function pulse approximation we obtain:

I -
o..NI e-cOl 1 e Ylt
0101

Nl(t)

-0 I =y .t =y (t-t))
~ o171 “"1%0 TYa't %
N4(t) = 001014N01112e e e

The solution for the ion current is also of the same form as above
except it now involves N4(t) instead of Nl(t).

Integrating the ion current equation gives:
2 %011 1%

Ny = 091914%: Y1112 ©

4
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which shows the expected form of exponential decay in delay-time
by the rate of loss of population from Sl. As discussed earlier, the
effects of IVR will be dependent on the time-evolution of the Franck-
Condon overlap integrals as a result of the evolution of Sl vibrational
population. The cross-sections in the equation above for the ion
current are proportional to the corresponding Franck-Condon factors
and therefore the time dependence due to the IVR could be incorporated
here. However, we will model the effects in a very simple way by
using a kinetic scheme which treats IVR process in terms of an initial
distribution of states and a final distribution (equilibrated) with
an effective time independent rate constant for transfer and with dif-
ferent cross-section for each distribution.

We now consider the rate equations for the UV pump-UV probe
(time4dela§ed resohént two-photon ionization) experiment. This scheme
is as shown in Figure 1 except the probes are one-photon ionizations
Tﬁe equations will be solved in the low population depletion approxi-

mation. The differential equations are:

le

-l O'OlIl(t)NO = klNl

dNp

T - KN T RNy

dNi

el GliIz(t-tO)Nl = czi(Iz(t-to)Nz
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subject to the initial conditions NO(-w) = NO’ Nl(-w), Nz(-w),

Ni(-m) = 0. These equations may be solved by standard methods and

the solutions are

t -k, (t-t')
Nl(t) = GOlNO J Il(t e dt
-00
t -kl(t—t") t ~k2(t“-t!)
Nz(t) = k*colNOJ e I Ii(t le dt'dt
w0 -0
and
po0

N (e)= Oy | T (t= £0) N (B)dt
-00

pOQ

+ 0'2.

i Iz(tdto)Nl(t)dt.

L
<o

By using the §-function pulse approximation, the expression for the
ion current becomes

-k 0,.k0..N -k t. -k.t
N, (t)) = 0 .0, NI Ie 1t°+_.@3:__%_9_[% 270 10]

li 01012 kl - kl

which can be rewritten as:

Ni(to)= (@ - Be

0.,0,.N I Ik
i

01%2:Mo 1T
%01°13Mo"1 T2 24 B = T T i

where o =

Defining the ratio R as (a-B)/B gives
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Note that for k., > k, and ©

1 L

signal shows a biexponential delay-time dependence. In the present

S ) . s .
1i 021, R is positive and thus the ion

case k1 is dominated by the rate of IVR and is expected to be larger
than the rate of isomerization kz. Also, the effective ionization
cross-section of the initial statés (Gli) is expected to be larger than
that of the final states (Gﬁi) because of the higher weighting of the
optically active states in the initial distribution.

To extend the analysis to the UV pump VIS probe experiment

(see Figure 1 ) we proceed at a similar level of approximation as

above. The rate equations for this case are

at 00111_(")“0 -k +o

14Iz(t-to))Nl

~=—=kN, - (k +0

it Ny iT2 (E=tg)INy

4!

= 01412(t-t0)N1 - (k4 + 04112(1:-1:0))1\14

-é-€‘= O'4|12(t—tO)N9'- (k4, + G4'iIZ(t-tO))N4'

= Oy I (e-tg Ny + 0,5 I, (E-t )N,

2.8

4 4

where the initial conditions are as before’ki.e. equal to zero for
all intermediates and ion states), N4 refers to the population of

S4 and the primes refer to the vibrationally relaxed states. Because

of the high pumping rate of the S4 « Sl transitions we invoke the
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steady state approximation for the N4 and N4, populations. This

gives:
N (6 = Ty 4%, (E-E))N)
4 (04i12(t-t0)+k4)
and
‘e - Opqr T, (E=ty) .
4 (0,05 T, (E=E )+, ) 74

If we are in the low depletion limit for Nl and Nz then the solutions

for N; and Nz are the same as given above. Substituting these expres-

sions into the ones for N4 and N4,, the expression for the ion current

becomes
(e 0.0 Iz(t-'-")' 0,0, T2kt )
1'% 94i%14%2(F 7t ML Tl )
de (Og3Tole=tglk ) L0 (G, Tle=tihy,) L

In the square pulse approximation for Iz(t—to) this expression reduces
to a form which can easily be integrated and with the §-function

pulse approximation for Il(t) we get

2 ,

6410140011211No O+At: klt
Nl(t) = G .I +k) e dt.
4i72 4
2 ‘o
: k - -
. 04,1024,00112I1N0 O+At(e th . klt)dt
(04,112+k4.) (kl'kl)

%o
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Assuming no relaxation during the pulse we get

-1 20
Ni(tO) = (o - B)e + Be
c,.g .0 I 2A tN
41714701 2 0
where a = O I+ )
4172
and g 0'4,i0'24,0'01I112AtNok

(c I +k )(kl-k

TR 2

The ratio R becomes:

. Ogo3Tr k00 /Ky 4 14
0435I, + Ky Tarq 24/

We see once again the possiblity for observing biexponential decay

and in this. case the ratio may show some intensity dependence depending

on the system parameters.
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In ref. 15, the t-stilbene response was reported to be flat over

10 ps. This is consistent with our relatively low power results.
However, as we emphasized in section 4A, the ratio (R) for UV
pumping-visible probing is dependent on the visible intensity.

Note that in our UV pumping-UV probing experiments we again observe
the biexponential behavior which mimics the relatively high power
UV punping-visible probing behavior.
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Figure 1: Schematic showing the level structure, optical transitions and
decay rates relevant to the UVVIS picosecond pump-probe MPI experiment.
Stimulated emission processes, discussed in text, have not been

indicated on this figure.
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Figure 2: Schematic diagram of the amplified picosecond pulse laser
system., Abbreviations used are: RF, radiofrequency; DC, dye cell; SF,
spatial filter pinhole; CL, cylindrical lens; BD, beam dump for 1.064
m radiation. Typical pulse parameters at various stages in the system
are indicated.
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Figure 3: Autocorrelation traces of picosecond pulses from: A,
mode-locked dye laser and B, amplified system. The intensity is the
second-harmonic intensity. The points are the experimental data and_the
smooth curves are the best fit calculated functions. The calculated
curves were cbtained using Lorentzian model functions for the pulse
envelope and noise process autocorrelation functions. The fits are
fairly good, but not perfect because the actual pulse shape undergoes a
change from Lorentzian to Gaussian in the range of the cavity length
detuning used here (v +5um). The laser amplifier gain was~ 2 x 105

for B.
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Figure 4: Dependence of laser pulse width and coherence time on net
amplified power (proportional to amplifier gain). Pulse parameters
obtained by analysis of autocorrelation functions of laser pulses. Note
the essentially constant pulse width (broadened only slightly at higher
gain, 18 mi¥ ~ 106 gain) and coherence time.
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Figure 5: Schematic diagram showing the experimental arrangement for
the picosecond MPI experiment for UV pump-visible probe. For UV pump~UV
probe, a slightly different arrangement was used (see text).
Abbreviations used are: BS, beam splitter; F, filter; KDP, potassium
dihydrogen phosphate crystal; ST, scanning translator; DM, dichroic
mirror; PM, photomultiplier; PD, photodiode; L, lens; PIC,
photoionization cell; CSPA, charge sensitive preamplifier; BVS, bias
voltage supply; PA, preamplifier; BA, boxcar averager; VFC,
Qoltage—to—frequency converter; MCA, multichannel analyzer; SMC,
sfepping motor controller; TP, Tektronix plotter (TK-4662).
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Figure 6A: Schematic diagram of "real-time" autocorrelator.
Abbreviations used are: BS, beam splitter; RP, right angle prism; CC,
corner cube; S, shaker; L, lens; FDC, frequency doubling crystal (LiIO3
or KDP); ID, iris diaphragm; F, filter; PMT, photomultiplier tube; HV,
high voltage power supply; OS, oscilloscope; OSC, variable phase
oscillator; AMP, audio ampllifier.

B: Schematic diagram of "slow"-scanning autocorrelator.
Abbreviations used are: PD, photodiode; ST, scanning translator; others .

as in Figure 6a or Figure 5.
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Figure 7: Representative decays showing the "long™ and "short" time
behavior of the trans—-stilbene MPI delay time decay. The temperature
was 2%K; pressure was about 5 * 10-3 torr. The wavelengths were A pump
= 2976 & and A prope = 5952 . The solid lines are the best fit
convolutions of a biexponential decay with Gaussian pulses of about 4 ps

FWHM. Also shown is the weighted deviation of the long time scan.
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Figure 8A: Log-log plot of the integrated ion current vs the UV pulse
energy (constant pulse width) for UV-VIS pump-probe experiment of
trans-stilbene vapor (29%K). Agy = 2975 8, Ayrg = 5950 8. Note the
essentially linear behavior with a slope « 1.

B: Log-log plot of the integrated ion current vs the VIS the
pulse energy for the UVVIS pump-probe experiment. Same wavelengths
used as above. Note the slope of the line indicated is ~ 1.

C: Log-log plot of the fraction of the total amplitude which
decays by the fast decay rate vs the VIS pulse energy. The slope of the
line indicate_d is ~ 1, however the actual behavior seems to be a form
of saturation. Same wavelengths used as above.
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Pigure 9: Representative picosecond pump-probe MPI decay of aniline
vapor (side arm temperature 273K) for UV pumping and visible probing.
The same result was obtained for excitation of the Og, Ga% or 12%
transitions. The transient shown is a single scan. The solid line is
the best fit single exponential funciton with a lifetime of 2 ns. The
known lifetime of the fluorescence is ~ 6.7 ns,11 however the limited
range and signal to noise of this scan do not allow an accurate
determination of the lifetime; also it would not be possible for us to
extend the range of the scan enough to make such a measurement due to -
the limit of the interferometer scan (~ 2 ns). Note thé. absence of a

very fast decay component as described in the text.
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'Figure 10A: Representative picosecond MPI delay-time decays of

trans-stilbene vapor (T = 296K; P = 5 * 105 torr). The upper plot
shows the decay for Apump = 3075.5 8 and Aprope = 6195 &7 Ex = 200
arl, The lower plot is for ’pump = 2876 & and Aprope = 5752 87 Ex =
2500 a1, Note the different timescales for the two plots. The solid
lines are the best fit single exponential for the upper plot and the
best fit convolution of a Gaussian pulse and a biexponential decay for
the lower plot. Also shown are the weighted deviations.

B: Excess'energy dependence of trans-stilbene Sj decay }r'a't;es.’
Results from several experimental studies (points) and the calculated
thermally averaged rates are plotted. The lower abscissa is the excess
energy for room temperature (296K). The free-jet data should not be
referred to this axis. The upper abscissa is the total energy and may
be used as a conmon axis for all the experimental data, as discussed in

the text.
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Figure 11: Calculated thermal probability distributions for
trans-stilbene at 296K (solid lines). The excitation of the ground
state distribution to an electronically excited state +4000 arl of
excess vibrational energy is shown. The probability scale is 10x actual
value. The energy scale is in arl for energy above the ground state

(E) or the excited state (Ex), The dashed curve is the distribution for
complete thermalization of the total vibrational energy of the excited

electronic state.



183

— "3 -— 3

0000 0005 0 0000 000S

g W
J/ N _

%3
3

)] i

) 6

-— (3)d




184

Figure 12A: Schematic diagram of the levels and transitions relevant to
the kinetic analysis of the UWUV resonant two-photon time-resolved MPI
(single manifold case). Solid lines are stimulated processes and the
curvey lines are spontaneous decay processes.

B:l Schematic diagram relevant to the kinetic analysis of a
simplified model of the UWVIS resonant three-photon time-resolved MPI

(single manifold case).
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APPENDIX I

Reprinted from The Journal of Physical Chemistry, 1983, 87, 1480.
Copyright © 1983 by the American Chemical Society and reprinted by permission of the copyright owner.

Laser Spectroelectrochemistry of a Ruthenium(I1I) Tris(bipyridyl) Derivative
Adsorbed on Graphite Electrodes

Joseph W. Perry, A. James McQuililan,” Fred C. Anson,* and Ahmed H. Zewall*?

Arthur Amaos Noyes Laboratory of Cherical Physics, + Cailfornia Institute of Technology, Pasadena, Calfornis 91125
(Received: February 4, 1983)

The luminescence spectra of laser-excited films of [Ru(bpy),pbpy]Cl; (bpy = 2,2’-bipyridine; pbpy = 4,4-
bis(2-(diphenylamino)ethyl)-2,2"-bipyridine) adsorbed on pyrolytic graphite electrode surfaces are reported.
The graphite electrode surface is shown to be effective in quenching the excited state and the resulting decay
of the luminescence is analyzed. The intensity of the luminescence from the molecules in the film can be
modulated by controlling the potential of the underlying electrode. It is shown that the emitting molecules
- are in electronic contact with the electrode. . :

Introduction

There has been considerable recent interest in molecular
luminescence as a probe of charge propagation mechanisms
in films and coatings on electrode surfaces.!”? For exam- .
ple, fluorescence has been observed from amorphous zinc
tetraphenylporphyrin films adsorbed on basal plane gra-
phite electrodes and the intensity of the emission re-
sponded to changes in the electrode potential.* Electro-
chemical control of the luminescent lifetime of Ru(bpy),?**
confined within a polyelectrolyte film on a graphite elec-
trode also has been demonstrated® and a possible mecha-
nism for the quenching of such luminescence has been
discussed.” Very recently, the dynamics of luminescence
of Ru(bpy);** adsorbed on various powdered semicon-
ductor surfaces were reported.! This study showed that
the luminescence decay for adsorbed molecules was en-
hanced on the semiconductor surfaces and that the decay
could be decompoeed into two components. The emission
spectrum obtained early in the decay was blue shifted
relative to that observed late in the decay. These results
were interpreted in terms of two types of emitting sites.
corresponding to Ru(bpy);®* molecules which were
“tightly” or “loosely” bound to the surface. The tightly
bound molecules were argued to be involved in an elec-
tron-transfer interaction with the semiconductor to explain
the short lifetime and blue-shifted luminescence. However,
the dependence of the luminescence on the film thickness
was not reported owing to difficulties in uniformly varying
the coverage on the powdered samples.
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In this report, time and spectrally resolved emission
studies of homogeneous films of the complex [Ru(bpy),-
(pbpy)ICl, (bpy = 2,2"-bipyridine; pbpy = 4,4’-bis(2-(di-
phenylamino)ethyl-2,2’-bipyridine) adsorbed on pyrolytic
graphite electrodes are described. The emission lifetime
of the adsorbed complex was shown to increase with the
thickness of the film suggesting that the excited state is
quenched by the underlying graphite surface, consistent
with the results obtained on powdered semiconductor
surfaces.® The emission intensity could be reversibly de-
creased and increased by cycling the electrode potential,
showing that the luminescing molecules are in electronic
contact with the electrode.

Experimental Section

Materials. Rutheniumbis(bipyridyl) 4,4’-bis(2-(di-
phenylamino)ethyi-2,2’-bipyridine dichloride was gener-
ously donated by D. A. Buttry who prepared it by a slight
modification of a published method.? Pyrolytic graphite
electrodes (Union Carbide Co., Chicago) having the edges
of the graphite planes exposed to the solution were cut and
mounted as described previously.!'® The circular disk
electrode surface (0.34 cm?) was polished initially with fine
silicon carbide paper followed by an aqueous slurry of
0.3-um alumina. The electrode was then immersed in 0.1
M aqueous HCI solution for 10 min, washed with distilled
water, and allowed to dry in air for 1 h. Circular Optosil
(fused-quartz) plates with the same surface area as the
graphite electrodes were used to prepare films for ab-

" sorption spectral measurements. Films of the complex
were deposited by transferring a few microliters of a 1 mM
solution of the complex in methanol to the graphite disk
or silica plate which was held in a horizontal position in
an evaporation chamber containing methanol-saturated
air. The resulting films were of fairly uniform thickness
in the center of the disks but the thickness increased by
a factor of ca. 3-5 toward the outside edge of the disk. This
type of film thickness variation is commonly observed for
evaporatively deposited films®!! and probably arises from
a more rapid evaporation from the edge of the solution
droplet. The relative thickness of the center and edge of
the film was measured by a Sloan Dektak profilometer and
confirmed qualitatively by the relative intensities of the
emission obtained when the edge or center of the coated
disks was irradiated. The deposited films were reasonably
stable so long as the ruthenium was present as Ru(II).
Repetitive cycyling of the coated electrode over a potential
range where the ruthenium is successively oxidized and
re-reduced led to gradual loss of the coating from the
surface as evidenced by the decreased intensity of the
luminescence and smaller area under the cyclic voltam-
mograms. The loss is believed to result from the greater
solubility of the Ru(III) complex.

The areas under cyclic voltammograms typically corre-
sponded to about 10% of the total quantity of complex
initially deposited in the films. The missing 90% repre-
sents the sum of complex that is lost from the surface by
dissolution and the portion of the complex on the surface
without adequate ionic contact to the supporting electro-
lyte solution for complete electroactivity to be obtained
on the experimental time scale.
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Figure 1. Schematic dlagram of the electrochemical celt showing the
geometry for laser excitation, and collection of emission from the
fim-coated electrode surface: PiE, platinum auxillary electrode; W,
glass window; GrE, graphite electrode; GF, glass frit; SCE, saturated
caiomel electrode.

Electrochemical Apparatus. A sketch of the electro-
chemical cell employed is shown in Figure 1. A flat Pyrex
glass window is provided for illumination of, and moni-
toring the emission from, the electrode surface. The
surface of the graphite electrode was about 2 mm from the
cell window. The auxiliary electrode was a platinum wire
contained in the same cell compartment. The saturated
calomel reference electrode (SCE) was separated from the
test solution by a porous glass frit (quoted potentials are

" vs. this electrode). The potential of the graphite electrode
was controlled by means of a PAR Model 174 polaro-
graphic analyzer (E G & G Instruments, Princeton, NJ).
The luminescence intensity and cyclic voltammetric re-
sponse were recorded simultaneously by means of a two-
pen X-Y,Y, recorder (Hewlett Packard 7046A). The cell
and electrode placements in these preliminary experiments
were not optimized to produce uniformity of current flow.
As a result, the intensity of the luminescence was much
more sensitive to the electrode potential when the exciting
laser beam was directed near the edge of the graphite
electrode closest to the platinum auxillary electrode.
Although we did not explore the observations in greater
detail it seems clear that the high intensities and spatial
resolution available from laser sources could easily be ex-
ploited to probe variations in the uniformity of the current
distribution at electrode surface where luminescent reac-
tants are present.

A tunable dye laser system served as a source for film
photoexcitation. The system consisted of a Molectron
UV-24 nitrogen laser which pumped a DL-II dye laser.
The dye laser, employing coumarin-481 (pulse width ~
8 ns) delivered about 0.5 mJ at the sample after band-pass
filtering and partial reflection to excite a photdiode. All
experiments were performed with a laser pulse repetition
rate of 10 Hz. The photodiode signal was used to trigger
a boxcar integrator (Princeton Applied Research Model
164 with Model 162 integator and digital storage) which
averaged the photomultiplier (EMI 9659QB) signal. The
emission of the laser-excited films was collected, taking
care to avoid the specular reflection of the laser beam. The
emission was dispersed with a 0.75-m Spex spectrometer
(Model 1402). The response time of the system was de-
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Figure 2. Spectrally (left) and temporally (right) resolved emission of
Rulbpy).(pbpy)Cl, in various media: (A) 10° M in 0.2 M aqueous LiICIO,;
(B) fim adsorbed on graphite electrode immersed in electrolyte; (C) dry
fim adsorbed on graphite electrode, measwred in ar. The spectra have
not been corrected for the response of the system.

r 77

termined by the fall time of the photomultiplier tube: ca.
20 ns. Time decays were obtained by scanning the boxcar
integrator gate (width = 5 ns) over the range of the tran-
sient PMT signal. For all optical measurements the ex-
citation wavelength was 519 nm and for the transient
decays the emission was detected at 650 nm. Emission
spectra were obtained by holding the boxcar gate near the
maximum of the transient and scanning the spectrometer
wavelength. All experiments were performed at room
temperature.

Results and Discussion

Spectroelectrochemistry of Films of Ru(bpy),(pbpy)Cly
Adsorbed on Graphite Electrodes. The emission spectra
of films deposited on graphite were recorded in both the
dry state and when immersed in aqueous supporting
electrolyte solutions. These spectra were compared with
that of the same complex dissolved in solution in Figure
2. The wavelength of the emission maximum appears at
625 nm in the dry film, 635 nm for the film in contact with
the aqueous electrolyte (0.2 M LiClO,), and 650 nm for the
complex in bulk solution. We infer from this trend that
the complex in the deposited film is partially solvated by
the electrolyte solution. Further evidence for this comes
from the decays of the emission that are also shown in
Figure 2. In the homogeneous solution the decay is ex-
ponential with a lifetime of 315 % 20 ns. The dry film
exhibits nonexponential decay and the behavior of the
partially solvated film is intermediate between that of the
other two as expected from the relative shifts in the
emission maxima.
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Figure 3. A simultaneous recording of (A) a cyclic voltammogram and
(B) the emission intensity for a film of Ru(bpy),{pbpy)Cl, adsorbed on
a graphite electrode: total quantity of material in film, 1.1 X 10~® mol
cm™?; scan rate, 20 mV s°'; electrolyte, 0.2 M aqueous LICIO,. The
current scale for the cyclic voitammogram is indicated by the arrow
maker.

In Figure 3 are shown a cyclic voltammogram and the
corresponding potential-dependent emission intensity re-
corded simultaneously for the laser-excited, film-coated
electrode. The peak current for the oxidation of Rul to
Ru'T appears at +1.2 V and the broad reduction wave has
a peak at +1.1 V. The emission intensity begins to de-
crease just as the conversion of Ruf to Ru®™ commences.
This decrease results from both the oxidative loss of
ground-state Ru!’ complex and the quenching of *Ru-
(bpy),(pbpy)?* by the electrogenerated ground-state Rull
complex. The emission intensity decreases most rapidly
at potentials in the vicinity of the oxidation wave. The
emission intensity continues to decrease slowly following
the reversal of the direction of potential scan until re-
ductive current begins to flow. The intensity then begins
to recover although more slowly than it decreased during
the oxidative half of the cycle. At the end of the potential
scan the intensity had not returned to its original value.
However, almost all of the original intensity was regained
as the electrode was held at the initial potential for several
minutes. This trend of rapid loss of luminescence followed
by slower recovery has been observed recently in a study
of Ru(bpy);** incorporated in polyelectrolyte coatings
where the behavior was attributed to structural changes
in the medium in which the luminescent molecule was
incorporated.® In the present case the delay in the recovery
of the luminescence upon re-reduction of the film may arise
from the continuous diffusion of the electrogenerated
Ru(bpy),** into the irradiated portion of the film from
surrounding nonirradiated portions.

Time-Resolved Emission from *Ru(bpy),(pbpy)** in
Dry Films on Quartz and Graphite. One of our objectives
in this study was to examine the role of the underlying
surface in quenching the luminescence from films of Ru-
(bpy),(pbpy)**. To determine if the luminescent lifetime
of the complex was decreased on a graphite surface, we
found it convenient to prepare a suitable reference film
in which the intrinsic decay of the excited states could be
measured. Films of the complex deposited on quartz plates-
served in control experiments in which the underlying
surface was assumed to be inert. In Figure 4 the lu-
minescence decay of such a film is shown. The decay does
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not follow an exponential curve but it can be approximated
crudely as the sum of two exponentials.!? Doing so leads
to short-time and long-time “lifetimes”™ of 130 £ 20 and
280 = 70 ns, respectively. These lifetimes are independent
of film thickness in the range of 0.6 X 10-% to 2.9 x 10~
mol/cm? The nonexponential decay of the luminescence
could be the result of a triplet-triplet annihilation (TTA)
process such as has been reported recently for Ru(bpy);**
in micelles,!3 cation-exchange resins,'* and solutions of
polyelectrolytes!® at high concentrations of the complex
and intense irradiation. By observing the variation in
emission decay with the intensity of laser irradiation of
films of Ru(bpy),(pbpy)?* on quartz as well as single
crystals of Ru(bpy);**, we infer that TTA probably makes
a significant contribution to the decay until the laser in-
tensity is decreased to less than 1% of the its nominal
value (0.5 mJ). However, such low irradiation intensities
produced emissions too weak for reliable measurements
with films of Ru(bpy),(pbpy)?* deposited on graphite
substrates because of the low quantum yield exhibited by
this complex.!® For this reason we utilized laser intensities
at levels where TTA was probably a significant quenching
pathway that competed with the quenching by the graphite
that we were attempting to monitor. Typical decay curves
for dry coatings of Ru(bpy).(pbpy)?* deposited on graphite
and quartz surfaces are compared in Figure 4. The yield
of emitting complex on graphite is clearly smaller than that

i A I A

0 100 200 300 400 500
Time (ns)

Figure 4. Typical decay curves for Ru(bpy),(pbpy)Cl, films adsorbed
on (A} EPG electrode and (B) quartz plate, showing the enhanced decay
on ﬂ':"gaphita surface. Total quantity of material in film is 1.7 X 10~
mol/cm®,
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on quartz. In addition, the plots of In (intensity) vs. time
show the rate of decay of the excited complex to be greater
on graphite than quartz. Approximate values of the
“short-" and “long-time” constants of the decays on gra-
phite (approximated as two exponentials) are listed in
Table I for three film thicknesses. The time constants for
decay decrease with the film thicknesses as expected if
participation of the underlying graphite surface in the
quenching became more and more important with thinner
and thinner films. Both triplet excitation transfer and
electron transfer mechanism could contribute to such
surface quenching. The presently available data are in-
adequate in both quantity and quality (low signal-to-noise
ratio) to permit a distinction between these two pathways.
We are hopeful that time-correlated photon-counting ex-
periments currently in progress may provide the additional
information necessary to allow a clear identification of the
evident surface quenching process that we have observed.

TABLE I: Luminescence Decay Time Constants for Films
of [Ru(bpy ),(pbpy)]Cl, Adsorbed on Graphite

- 10°r@
mol/cm? r.% ns
2.9 120 + 20 short
290 2 50 long
1.7 70 ¢ 10 short
. 150 + 50 long
0.6 40+ 20

¢ Total quantity of complex deposited on the graphite.
The film thickness varied somewhat between the center and
edge (see Experimental Section). ? Approximate time con-
stants obtained from the slopes of logarithmic plots of the
initial (short) and later (long) portions of the decay. The
film was irradiated at 519 nm and the emission observed at
650 nm. The lifetimes reported here have not been cor-
rected for the finite response time of the system.
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APPENDIX II

‘Thermal Lensing Spectroscopy
with Picosecond Pulse Trains
and a New Dual Beam
Configuration

J. W. PERRY, E. A. RYABOV® and A. H. ZEWAIL®

Arthur Amos Noyes Laboratory of Chemical Physics,® California Institute of
Technology, Pasadena, California 91125 USA

(Received May 17, 1982)

It is now well-known that thermal lensing (TL)"2 induced by CW or pulsed
lasers can be used for spectroscopic study of weak transitions,? for trace
analysis,* for investigation of chemical kinetics* and for nonlinear spec-
troscopy.>® TL spectrometers employing single and dual (pump, probe)

beam methods have been reported.? The time dependence of the thermal
lensing signal is determined by the rate of thermalization of the deposited
energy, the velocity of sound in the material, and the rate of thermal
conduction. The rate of thermalization (with time constant ), may depend
on the lifetime of the excited state (population depletion), while the time
constant for dissipation of the thermal lens is given' by 1, = w?pC,/4k,
where w is the laser beam diameter, p is the density of the material, and
Cp and k are the specific heat and thermal conductivity, respectively. The
thermalization time constant (1) is typically short (microsecond time-
scale).”® In contrast, t. is usually long, on the order of milliseconds.?

*Visiting Research Associate. Permanent address: Institute of Spectroscopy, USSR Acad-
emy of Sciences, 142092 Moscow Region, Troitzk, USSR.

bAlfred P. Sloan Foundation Fellow and Camille & Henry Dreyfus Foundation Teacher-
Scholar.

“Contribution No. 6648
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COMMUNICATIONS

In this communication, we wish to report on the use of synchronously
mode-locked picosecond lasers in a pump-probe configuration for TL spec-
troscopy. The peak power for these picosecond lasers is very high and, of
course, the fundamental of the dye laser (red beam) can be efficiently
(~10%) doubled in frequency (U.V. beam) by second harmonic generation
in nonlinear crystals. We use this generated U.V. beam as a probe to
monitor the very weak absorption of the red beam. An arrangement* of
the beams involving different waist positions for the pump and probe is
used. This arrangement results in an enhancement of sensitivity (at least
a factor of three to seven). Also, a different dependence of the signal on
the cell position compared to the single beam method is obtained. Finally,
we have obtained the Av = 5 CH-stretching overtone absorption spectrum
of liquid toluene with this method (see Figure 1). Suggestions are made
regarding new applications of this picosecond pulse thermal lensing tech-

nique.
(a) I'

~ Uw

CH stretching
overtones

Red

O -~ N 0 Hh o

(b)
o —
Bl

Digphraogm Cell Lens
"FIGURE 1  Schematic of energy levels (upper) and experimental geometry (lower).
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COMMUNICATIONS

A mode-locked argon ion laser (Spectra Physics 171) (frequency ~82
MHz), which produces a 0.9 W pulse train at 5145 A with pulse widths
of ~100 ps, was used to pump a dye laser. The dye laser gain medium’®
was 1:1 mixture of DCM and LD700 (1.2 M) dissolved in 25% benzyl
alcohol, 25% glycerol and 50% dimethyl sulfoxide. This dye laser operates
over the range of 705-770 nm and produces ~100 mW at the peak, with
an 8% output coupler. The dye laser had a pulse width of <10 ps. A 1.5
mm thick LilO; crystal, cut for phase matching at 720 nm, was used to
frequency double the dye laser output. The beams were focused, in a
colinear geometry, into the cell with toluene using a 7Smm focal length
lens. The fundamental power at the sample was ~50 mW and U.V. power
was ~30-50 times lower. Heating of the sample due to absorption of the
U.V. beam was negligible.

Using a telescope to adjust the U.V. beam, separated from the red by
a dichroic mirror, allowed variation of the relative position of the beam
waists. The quartz cell (1 or 10 mm) filled with toluene was translated
along the beam axis. The intensity of the red or U.V. beam, transmitted
through a 1 mm diameter (¢) diaphragm (placed ~120 mm from the red
beam waist position) was measured in the experiments on the cell position
dependence of the signal (Figure 1).

Figure 2a shows the observed dependence!® of the red beam intensity
on cell position for the single beam experiment with a 1 mm cell. The
shape of this curve is in good agreement with that predicted by theory.!
The maximum signal (§ = I, — I/l,) achieved in this experiment was
9.4%. In the double beam experiment, with mismatched focusing, the
intensity of the UV beam had a different dependence on the cell position.
In these experiments, the UV beam waist position occurs before the red
beam waist position. Thus, the cell position dependence of the transmitted
intensity shows no change in sign, Figure 2b. We find only a decrease in
the UV intensity as the cell approaches the red beam waist position, as
expected. The maximum signal for the dual beam experiment was 30% at
the red beam waist position, showing a much larger value than for the
single beam experiment. In fact, a “black-hole™ appeared visible to the
naked eye on the UV beam!

For the long cell (/ = 10 mm) the position dependence of the red beam
intensity is more complicated than for the thin (1 mm) cell, Figure 3a. In
this case / > z where z = ww/A (z ~ | mm), the confocal length parameter.
Thus, the thermal lens cannot be considered as thin. This is probably why
there exists a “plateau” between the maximum and minimum. For the dual
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FIGURE 2 Observed cell position dependence of transmitted probe beam intensity for the
1 mm thick cell with toluene liquid, Aexc. = 715 nm. a) upper curve is with red beam only
and b) lower curve is for the dual beam method (red and UV beams) and the UV intensity
is plotted.

beam experiment with the thick cell the intensity follows roughly the same
dependence on cell position as for the thin cell, except for being broader,
close to the cell length. Again, the maximum signal for the thick cell for
the dual beam case is more than six times the signal in the single beam
case. With these results, we have demonstrated experimentally that an
increased signal (larger defocusing effect) results when a dual beam method
with mismatched focusing* from a short focal length lens is used, relative
to the single beam case, for the thermal lensing. !

Using the new dual beam configuration we have obtained the Av = §
CH-stretching overtone spectrum of liquid toluene, Figure 4. This spectrum
agrees reasonably well with the spectrum measured with a conventional
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spectrophotometer and using a 10 cm path length. Thus, the picosecond
pulse thermal lensing spectrometer gives reasonable linear absorption spec-
tra, as is confirmed again by the absence of absorption by benzene-ds in
this spectral region. In contrast with benzene-d,, the “black hole” was seen
in benzene-hg (Av = 5), and toluene (Av = 6).
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FIGURE 4 CH stretching overtone spectrum (Aucy = 5) of liquid toluene at room tem-
perature (23°C). (-—) spectrum obtained with 10 cm cell path length and Cary-17 Spectro-
photometer. (—, with error bars) spectrum obtained with dual-beam picosecond thermal
lensing spectrometer. The absorption scale is defined as 100% minus the transmission. It
should be mentioned that the peak around 13400 cm™ exhibits clear structure in the gas
phase'?; however, broadening of the bands in the liquid results in near coalescence, thus
giving the unusual bandshape. Also, the conditions under which the TL spectrum was obtained
were far from optimum. However, the spectrum suffices for the purpose of showing that we
are dealing with linear overtone absorption. The spectra agree with that obtained previously.'?
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New applications of this method can be anticipated, such as the mea-
surement of nonlinear absorption (e.g., two-photon absorption) in liquids
and gases. These measurements should be successful because of the pos-
sibility of high peak power from picosecond pulses. Using these lasers
with the appropriate repetition rate and delays between the pump and probe
pulses, a means for monitoring the risetime of nonthermal transient lensing®
(e.g., plasma formation) should be obtained.
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