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Vibrational cooling after ultrafast photoisomerization of azobenzene
measured by femtosecond infrared spectroscopy

P. Hamm, S. M. Ohline,® and W. Zinth
Institut fir Medizinische Optik, Ludwig Maximilians Universitklunchen, Barbarastr. 16,
80797 Munchen, Germany

(Received 22 July 1996; accepted 1 October 1996

The vibrational cooling of azobenzene after photoisomerization is investigated by time resolved IR
spectroscopy with femtosecond time resolution. Transient difference spectra were obtained in a
frequency range where phenyl ring modes and the centralNMNstretching mode absorbs. The
experimental data are discussed in terms of a simple theoretical model which was derived in order
to account for the off-diagonal anharmonicity between the investigated high-frequency modes and
the bath of the remaining low-frequency modes in a polyatomic molecule. It is shown that these
off-diagonal anharmonic constants dominate the observed transient absorbance changes while the
anharmonicity of the high-frequency modes themse{desyonal anharmonicijycauses only minor
effects. Based on the transient IR spectra, the energy flow in the azobenzene molecule can be
described as follows: After an initial ultrafast intramolecular energy redistribution process, the
decay of the related intramolecular temperature occurs via intermolecular energy transfer to the
solvent on a time scale of ca. 20 ps. 97 American Institute of Physics.

[S0021-96087)00502-3

I. INTRODUCTION one can roughly estimate the energy distribution and/or the
time dependent intramolecular temperature of the system.
The energy relaxation following a photochemical reac-\yith the help of this kind of experiments it was proposed
tion of a molecule in solution is an interesting and not fully {4t VR is not necessarily ultrafaite., in the range of 10
understood problerffor some review articles see Refs. 35 p9, even in the case of rather big molecules like stillberre
In an oversimplified picture, the process may be separat INUVIN.” However, the interesting questions concerning
into_two §teps_:(i)_ Intramolecular vibrational _re_(_jistribution the initial energy distribution and the detailed pathway to a
(IVR) which dissipates the energy from an initial, nonther-, oo\ gistribution is difficult to address with this kind of

mal energy distribution to a fully thermalized state where a”experiments since the vibronic structure of the electronic

vibrational modes are excited according to a thermal Boltz- L . :
transition is usually not spectrally resolved in solution.

mann factor and an initial temperature of the molecule can . . . .
P So far, only very few experiments with sufficiently high

be defined(ii) Intermolecular energy transfer from the mol- e ) . L
ecule to the solvent. The kinetics of both processes strongl me resolqtlon in conn ection with real_ mode selectl\_/lty have
depend on the mode density of both the molecule and th een published. Basically two experimental techniques are

solvent and in particular on the spectral overlap between mgeonceivablex(i) Time resolved(transient Raman spectros-

lecular and bath modes, and on the polarity of the syStem COPY (see, for example, Refs. 1,851and(ii) time resolved

Especially in medium sized molecules, the time scales offrared spectroscopisee, for example, Refs. 15-20ran-
both processes are not clear. The assumption that intramélem antl-S.tokes Raman spectroscopy is selective for vibra-
lecular vibrational redistribution is much faster than intermo-fionally excited modes and therefore is favorable for measur-
lecular energy transfer, i.e., the assumption that both prong IVR. However, due to the small Raman cross section,
cesses are well separated, needs further experimentBRMan spectroscopy often fails for fluorescing molecules. In
verification. addition, subpicosecond time resolution simultaneously im-
Most experiments published so far investigated large dy®lies the loss of frequency resolution since frequency and
molecules and used the slope of the low energy edge of afiime resolution are achieved during the same interaction be-
electronic transition as an intrinsic molecular thermometetween the short light pulse and the molecule.
(see, for example, Ref.)3In this way, it was possible to With the recent technical progress in ultrafast IR spec-
measure the energy flow from the molecule to the solventiroscopy with time resolution in the range of several hundred
Another, more sophisticated estimate of the energy distribufemtosecondgsee, for example, Refs. 19-28ransient IR
tion can be given by modeling the temperature dependergxperiments with subpicosecond time resolution have now
absorption spectrum of th&,—S;-transitiorf'” where the become feasible. Due to the high repetition rate of modern
Franck—Condon factors of the active modes are obtainedi:sapphire systems, a sufficiently high signal-to-noise level
from their resonance Raman intensities. Using this methodtan be obtained allowing to apply transient fs-IR experi-
ments to a broad variety of different molecules. In addition,

dpresent address: Department of Chemistry, Wellesley College, WellesleﬁInCe frEquenCy resolution can be .|nco.rporated after the mea-
MA 02181. surement procesdgrequency selection in a spectrometer be-
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520 Hamm, Ohline, and Zinth: Vibrational cooling after photoisomerization

hind the samplg high frequency and high time resolution II. EXPERIMENT
can be obtained simultaneously when carefully considering, Background: Spectroscopic properties of
the coherent interaction between the ultrashort probing pulsgzobenzene

and the samplé®?’ The limiting factor now is the dephasing _ _
. . . : . First, the spectral properties of azobenzene shall be
time T, of the investigated vibrational mode. In other words, . . : !

. ) : briefly summarized(for a review article, see for example
the sample itself finds the best compromise between fre:

. . Ref. 33.
quency and time resolution. Electronic spectra. The two lowest electronic transi-

While extensivg theoretigal work treated 'YR ProCesS OMkinns of trans-azobenzene are the—7* transition centered
one single electronic potential surfafer a review see, for i 300 nm and then—=* transition centered at 440 nm.
example, Ref. 28 there are only few theoretical investiga- \while the m—=* transition is stronge=21 000 M % cm %)
tions that consider vibrational relaxation processes initiateghe n—=* transition is formally symmetry forbiddefe=405
by an ultrafast internal conversion procé$s’' Multi-  M~1cm ). The corresponding transitions ci-azobenzene
dimensional quantum mechanical simulations of a nonadiaare found at 260 nnir—m*, e=10000 M *cm™) and at
batic cis-trans photoisomerisation process indicate that the440 nm(n—=*, e=1250 M tcm™).
energy redistribution of high-frequency modes coupled Photoreaction. Cisazobenzene isomerizes into the
strongly to the electronic transition occurs on a time scale ofrans-configuration with a quantum yield o&40% when
several hundred femtosecortiand therefore is too fast to exciting the m—=* transition and with a quantum yield of
be addressed with the present IR technology. Semiclassicat55%, when exciting the—=* transition, respectively. The
simulations have shown, however, that the subsequent préiuantum vyield depends slightly on the polarity of the
cess of redistribution of these initially nonthermally excited Solvent™>** One open question is whether the isomerisation
vibrational modes into weakly coupled intra- and intermo-Pathway is through rotation or inversiaﬁ?ﬁ'gf Extended
lecular modes occurs on a picosecond time Statmd ~femtosecond VIS-pump-near-UV-probe experimepismp:

should be observable experimentally. Consequently, tranA-'?’5 nm, probe 350-435 nm, cross correlation time 230 fs

sient femtosecond vibrational spectroscopy might give deha\/e bee'} performgd which will be descnped in detail
o . ; elsewheré’ The basic results of these experiments are as
tailed information on modes coupled strongly to the internal ) . .
conversion process. These technigque miaht suoplement tfollows. Around delay zero, a strong induced excited state
P ' d 9 PP r};{?Jsorption occurs which decays with a time constant on the

information obtained from stationary resonance Raman e_x(')rder<200 fs. Afterward, absorption changes are observed

periments which determine the dominant modes at the begins, 5 (ime scale of 10 ps which may be related to a vibrational
ning of the reaction, i.e., during the electronic dephasingqqjing process of the initially hdor vibrationally excited
time (10-30 fs. cis- andtransazobenzene. Thus, the transition from the elec-
It is the aim of the present paper to study the ability ofronically excited state to the ground state is completed after
mode selective subpicosecond IR spectroscopy to measugeveral hundred femtoseconds yielding a mixture of vibra-
the initial vibrational energy distribution, the subsequent in-tionally excitedcis- and thetrans-azobenzene in the elec-
tramolecular energy redistribution process, and the final intronic ground state. Since we treat here only delay times after
termolecular cooling process after photoisomerisatioci®f the electronic decay, the stationary vibrational absorption
azobenzene. This molecule was chosen for several reasorspectra of both species can be used as a starting point for the
(i) An electronically excited cis-azobenzene molecule discussion of the IR spectra of the vibrationally excited mol-
reaches the electronic ground state after a very short timecules.
(<200 fs, see beloyy transferring most of the electronic en- ~ Vibrational spectra. Stationary mid-IR-absorption
ergy into the vibrational degrees of freedofit) The wave-  SPectra oftrans- and cis-azobenzene are shown in Figall
length position of the lowest electronic transition s  and(b) (dissolved in DMSCdg, the contribution of the sol-
azobenzene fits well to the second harmonic of a Ti:sapphire/€nt is small in the investigated spectral range and has been
system. (i) Cis and transazobenzene have spectrally subtracted The time resolved experiments presented in this
separated electronic transitions. Therefore, the molecule m per were performed between 1400 and 1550 cwhere

be reversibly switched from one configuration into the other e strongest IR transitions of azobenzene are found. Five

AR IR-active vibrational transitions are observed in this spectral
by exciting it with light of the proper wavelength. Because of : ; : ;
: _ range in which a trustworthy assignment can be gitfeiiin
this properties, azobenzene was proposed as an ultrafast

) i m(ﬁérazobenzene, the=MNN-stretch mode is observed at 1512
lecular switch or as an image storage devisee, for ex-

‘ ) cm ! (yy_n) While the corresponding transition imans
ample, Ref. 32 In order to simulate the experimental data, a5z0henzene is IR forbidden due to its inversion symmetry. In

simple theoretical model is derived in the second part of thgy Raman spectrum, the =NN-stretch mode oftrans
paper which is applied to describe the shape of a vibrationadzohenzene shows up at 1440 ¢min addition, two in-
transition in a vibrationally excited molecule under distinctplane phenyl ring modes are observed at 1454 ctw q.)
model assumptions. A direct comparison of the experimentadnd 1484 cm® (v,4,) in the trans-configuration and at 1446
data and the model will demonstrate the capability of theem* (v,4,) and 1480 cm? (v,g,) in the cis-configuration,
model description. respectively. These modes are assigned to the antisymmetric
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Hamm, Ohline, and Zinth: Vibrational cooling after photoisomerization 521

W T —— one single data point. A signal to noise level sufficient to

trans- {O a detect absorbance changes as smalhds=5x10 ° was
azobenzene 3 N= .

30| = g achieved.

20 L TransazobenzengSigma was dissolved in deuterated

DMSO (99 atom % deuteriujnat a concentration of 50 mM.

-1484

mM. The solvent is transparent in the investigated spectral
range between 1400 and 1550 ¢mThe sample was held in
a Cak cuvette(path length:=~50 um) which was rotated in
order to exchange the sample between two successive laser
shots. In addition, the cuvette holder was translated perpen-
L —— dicular to the beam axis. In total, a ring wita20 mm in
1450 1500 diameter and=3 mm broad was sampled by the excitation
Wavenumber [cm™] pulses. In the fs experiment, tleess—trans isomerization of
FIG. 1. Absolute mid-IR-absorption spectrum (@ trans-azobenzene and a.'ZObenZ?ne was investigated by exciting ther™ transi-
of (b) cis-azobenzene in DMS@g. The small contribution of the solvent in tlon_ of cis-azobenzene. In order to regenerate _the sample
this spectral range is subtracted. For a assignment of the absorption lineduring the measurement, the sample was illuminated by a
see text. filtered broadband cw-light source which selectively excited
the 7—#* transition oftrans-azobenzene and thus shifted the
cis-transphotostationary equilibrium strongly to theis-
linear combination of a fundamental ring mode of both ben-configuration. This was done by a filtered PXg) lamp
zene ring§,° namely thev, mode(1482 cm L, Wilson num- (Or_lel, Stanfo_rd, with glag, f|_|ters UG11, WG305, Schott,
bering used throughout the paperhich is twofold degener- Mainz, combined transmission range: 300 nm-380) nm
ate in benzene and which splits into two transitions due tdransmitted through a fused silica fiber bundigameter: 3
the perturbed symmetry in azobenzene. Thg-mode shifts MM Wwhich was used to illuminate the same ring of the
significantly from 1446 cm' to 1454 cm* when switching sample as the excitation ligkitotal power of the cw I_|ght. at
from thecis- to thetrans-configuration allowing one to esti- the sample:~100 mW. The photostationary equilibrium
mate the proportions of theis- to trans-configuration in a &S essentially unchapged when the femtosecpnd excitation
mixture. pulses at 408 nm illuminated the samplehich switched the
molecules from theis- to thetrans-configuration since the
average power of the H¥e) lamp was much higher than the
average power of the pumping light. A steady-state IR ex-
periment was used to measure the photostatioo@rjrans
A standard excite and probe scheme was used. Excitalistribution. By using two well separated IR transitions at
tion was performed by femtosecond pulgpsise duration: 1454 cm! (trans) and at 1446 cm! (cis) as marker modes
=150 fs FWHM; center wavelength:=408 nm) generated (see Fig. 1, one could estimate that more than 70% of the
by frequency doubling the output of a 1 kHz Ti:sapphire-molecules are in theis-configuration under these illumina-
regenerative amplifier. The generation of the IR-probingtion conditions. Taking into account that the cross section of
pulses and the detection scheme was described in detail the n—#* transition ofcis-azobenzene is three times larger
Refs. 22 and 23. Briefly, the absorbance changes of ththan that oftransazobenzene, one concludes that more than
sample were recorded by tunable probing pulses generaté&®% of the excited molecules started from testate while
by difference frequency mixing between the output of thea small fraction of below 10% started from in thhans-state.
regenerative Ti:sapphire amplifier and the output of a tunable Two effects disturb the time resolved results around the
traveling wave dye laser in an AgGa&vystal. Pulses with a experimental delay zero positiofi) The coherent perturbed
pulse duration 0f~300 fs and a spectral bandwidth 860  free induction(PFID) decay effe®?” which is of impor-
cm ™! were obtained. The probing pulses were dispersed in tance when the inhomogeneous dephasing time of a vibra
grating spectrometdspectral resolution: 5 cit) after pass-  tional transition is longer than the pulse duration of the prob-
ing the sample. A 10-element MCT-detector array was usethg pulses. However, it should be kept in mind that the PFID
to cover the complete spectral bandwidth of the probingeffect contributes only at negative delay times and during the
pulses simultaneously. The time resolved spectra shown beverlap of excitation and probing pulse but not at larger posi-
low are a superposition of several 10-point spectra whichive delay time<?® (ii) Due to the short wavelength and the
overlap by several elements. The noise of two differenthigh energy of the excitation pulses, an optical Kerr effect
points of one single 10-element spectrum is strongly correeriginating mainly from the cuvette windows was observed
lated, yielding time resolved difference spectra with a relawhich causes a transient frequency shift of the probing
tive accuracy which is better than the absolute accuracy gbulses around delay zefb.The Kerr effect mimics absor-

g 10 No concentration dependent changes in the electronic and in
g OF the vibrational spectra were observed even at much higher
8 0 e —— st - concentrations of up to 200 mM. Therefore, we can exclude
g s g N=N disturbing effects by aggregation at a concentration of 50
benzene 4

£ 30 P ' g O

o

|72}

<

B. Materials and methods
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522 Hamm, Ohline, and Zinth: Vibrational cooling after photoisomerization

neighboring solvent band@bserved at 1050 cnt and at
2100 cm'}) which are orders of magnitudes strongars 2

OD) than the transient azobenzene absorption liftka
~0.1 mOD. A similar baseline shift is also observed in a
static absorption spectrum of pure DMSO upon heating. In
any case, the baseline shift is a small broadband effect and
we discuss here only the narrow band features originating
from the sample molecules.

In detail, the following spectral features are observed in
the 70 ps spectrum: The=NN-stretching mod¢1512 cm'%)
which is IR active only in thecis-configuration bleaches
upon switching from theis- into thetrans-configuration. In
addition, both phenyl ring modes g, andv, g, are frequency
shifted when photoisomerizing from tloés-state(1446 cm*
and 1480 cm?) to the transstate (1454 cm* and 1484
cm .

More interesting are the transient difference spectra at
earlier delay times: In Fig. (3), time resolved difference

Wavenumber [em™] spectra measured 1 fspen circlesand 10 pggray squares

_ _ _ o after electronic excitation are shown together with the 70 ps
FIG. 2. (a) Transient difference spectra after photoisomerisatiorcisf spectrum(triangles. The transient difference spectra are a
azobenzene measured 1 (@pen circleg 10 ps(gray squares and 70 ps e ) . . i .
(filed triangles after electronic excitation(b) 70 ps difference spectrum SUPerposition of negative and positive contributions. While
(triangleg compared with a difference spectrum obtained in a FTIR spec-the negative contributions are due to bleachiots-
trometer under steady-state illumination by light\at300—380 nm. azobenzene bandand eventually due to a stimulated emis-
sion of a vibrationally excited state, see discusgitre posi-

bance changes which are about three times larger than tﬁ'é’e gont_r|but|or_13 are_due fo transient photoproducts. Both
?ntnbuuons will be discussed separately:

absorbance changes caused by the photoisomerisation B ; ) .
g y P (i) In all transient difference spectra, three negative ab-

azobenzene. All experiments presented below are done with tion li found cl o th tral i f
the polarization of the probe perpendicular to that of the>OrPtion lines are found close o the spectral positions o

-1 ~1
pump since this considerably reduces this effect. Both eﬁectglsr:alzobenzene bandié}é}G cm -, 1481 cm and 1515
(ie., the PEID effect and the Kerr effecoverlap around cm ). The spectral positions of these negative bands do not

delay zero. As a consequence, the experimental data We{;gange with time, as expected for bands of the disappearing

. . . cis-azobenzene molecules. However, the amount of the
Zzgzieﬁa?é Sgﬁgﬁ;n;fasoj ps only, when both disturbing bleach changes with time. For two bandst81 cm! and

1515 cm'}), a partial refill of the initial bleach can be rec-
ognized, while the third bandl446 cml) shows a further
absorption decrease between 1 ps and 70 ps.

Figure 2 shows the experimental results obtained be- (ii) Two transazobenzene bands are clearly observed in
tween 1420 and 1540 cmh. In Fig. 2b), a time resolved the late(70 p9 spectrum(v,g,, 1454 cm* and vq,, 1484
difference spectrum measured 70 ps after electronic excitasm ). However, these bands are absent in the earlier differ-
tion (triangles is compared with a stationary difference spec-ence spectra. Instead of them, three pronounced new bands
trum (solid line). The stationary spectrum was obtained in apeaked at 1431 cit, 1466 cm?, and 1491 cm'® are ob-
FTIR spectrometer by switchintans-azobenzene into the served. They exhibit large bandwidths in the order of 10—20
cis-configuration with the filtered Hge) lamp(A=300—-380 cm .. These new bandavhich will be called “hot-bands”
nm). In order to fit the 70 ps spectrum to the stationarythroughout the papgare most pronounced in the 1 ps spec-
spectrum, the stationary spectrum was invertsitice the trum and start to decay in the 10 ps spectrum. In combination
cis—transtransition is observed in the time resolved experi-with a decay of intensity of these bands, a shift to higher
men) and linearly scaled. In addition, a small baseline cor-frequencies can be recognized in particular for the band at
rection(+0.05 mOD is necessary to match the 70 ps and the1466 cm ! between 1 ps and 10 ps.
stationary spectrun.The corrected baseline is depicted in Kinetic absorption data are shown in Fig. 3 for several
Figs. 4@ and 2b). The baseline shift is also observed for selected frequency positiorimarked by arrows in Fig.)2
later delay times up to 300 gsA perfect agreement between In Fig. 3(@), a measurement close to the peak position of
the transient 70 ps spectrum and the stationary differencan absorption line of the reactasis-azobenzenévg,, 1481
spectrum is obtained demonstrating the precision of the timem™1) is shown. Immediately after electronic excitation, a
resolved experiments and indicating that both the photoreasstrong bleach of this band due to the disappearanazsef
tion and the cooling process are completed after 70 ps a@zobenzene is observed. At later delay times, the bleach re-
expected from the UV experimentsThe base line shift may covers[see also the transient difference spectra in Fig)]2
be explained by a temperature dependent broadening d¢fowever, two temporal phases may be identified for this

Absorbance Change [mOD]

1450 1500

C. Results
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Hamm, Ohline, and Zinth: Vibrational cooling after photoisomerization 523

the data with a sum of two exponential functions. However,
it shall be noted that these fit curves should be understood
only as a smoothed representation of the experimental data
since the values obtained from the fit algorithm certainly are
unphysical, in particular for the data shown in Figa)3and

(b). The fit algorithm yields two almost identical time con-
stants(4 ps and 6 pswith unphysical large fit amplitudes
with opposite signs, indicating that modeling the experimen-
tal data with the help of exponential functions is not ad-
equate. An explanation of this phenomenon will be given in
the next section.

lll. THEORY

Absorbance Change [mOD]

As long as the vibrational spectrum of a molecule is
described in the harmonic approximation, no absorption
changes are expected in a transient vibrational spectrum
when exciting a vibrational mode from the ground state to a
vibrationally excited state. This is a consequence of the prop-
erties of the quantum mechanical harmonic oscillaigThe
energy spectrum is equidistant, i.e., the frequency of the
ground state transition=0—n=1 and that of a higher tran-

Delay Time [ps] sition n—n+1 are identical(ii) The absorption cross sec-
tion A(h—n+1) of a vibrationally excited mode increases
FIG. 3. The temporal evolution of the absorption changes at three selecteﬁheany with (n+ 1).40 However, on the other side, stimu-

spectral positiongmarked by arrows in Fig.(@)]: (a) 1481 cm®: refill of . - . . L
the bleach of a coldis-azobenzene absorption lingy) 1456 cn*: forma- lated emission gives rise to a negative contribution

tion of a coldtrans-azobenzene absorption lin) 1466 cm *: decrease of —A(N—N— 1). Wh.iCh in_Cre.aseS linearly with, i.e., the sum
a hot-band of botftis- andtrans-azobenzene. of both contributions is independent am and does not

change with the level of excitation.

The anharmonicity of the molecule gives rise to anhar-
process: While between 1 ps and 10 ps, a small additiondnonic frequency shifts and consequently is responsible for
absorption decrease is observed, the refill of the bleach pr(gietectable difference bands. Therefore, the anharmonicity is
ceeds only between 10 ps and 70 ps. essential to understand the IR spectrum of a vibrationally

In Fig. 3b), data measured at the peak position of anéxcited molecule. Therefore, the formalism of the anhar-
absorption band of the photoproducins-azobenzenév,4, ~ Monic constants shall be briefly reviewed in the following
1456 cml) are presented showing the formation of this (for more details, see, for example, Refs. 42):4te energy
band. Again, two temporal phases may be found: Startingtates of a moleculéwithout degenerate modEsincluding
from a small instantaneous absorption increase, a small al2e anharmonic corrections can be expresséti*as
sorption decrease between 1 ps and 10 ps is observed fol-
lowed by a subsequent absorption increase which is finished E/ﬁzz w;i(nj+ 1/2)+2_ Xij(ni+1/2)(n;+1/2). (1)
after ca. 70 ps. ! =)

In Fig. 3(c), data at the peak position of the strongestw, is the harmonic frequency of thiéh mode,n; the level of
positive absorption line of the 1 ps difference spectrum areexcitation of this mode, ani; are the anharmonic constants
presented 1466 cm %). At this frequency, neither coldiss  which can be expressed in terms of the cubic and quartic
nor the coldtransazobenzene absorbs. A relatively largeforce constant in a normal coordinate basis. Equatibn
instantaneous absorption rise is observed here which vamtescribes the system in the harmonic approximatian, in
ishes in about 70 ps. For this curve, a monotone decay ithe formalism of eigenfrequencies and eigenmpdesile
obtained which, however, cannot be fit satisfactorily by usthe anharmonicity is treated by perturbation theory. One can
ing one single exponential function. The best biexponentiallerive the transition frequency of a selected mkdmupled
fit yields 1 ps and 20 ps as decay time constésdid line).  to the bath of the remaining modée k:

At 1471 cmi'}, only 5 cmi'® at higher frequencies and still

within the hot-band, a biphasic behavior is evident again v(ng—ne+1)=v,+ 2xkknk+2 XikNi (2a)
(data not shown Here, the absorption increase stays almost i#k

constant between 1 and 10 ps, but most of the decrease of thgere the first term

signal is observed between 10 ps and 70 g also Fig.

2(3)]. = Wt 2Xigt D X2 2b
The solid curves shown in Fig. 3 were obtained by fitting Pk Ok Kk g’k 1k )
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524 Hamm, Ohline, and Zinth: Vibrational cooling after photoisomerization

is the anharmonic correction of tmg=0—n,=1 transition  on the so-called exchange theory modeling the temperature
in the vibrational ground state, i.e., in the cold molecule. Thedependent shape of an absorption line was reported in Refs.
second(diagonal term of Eq.(2a) describes the anharmonic 48-50.
shifts of an excited vibrational mode and the third term When the frequencies, and the anharmonic constants
describes the frequency shifts due to the off-diagonal anhar, are all known, the shape of a vibrational transition can be
monicity between the selected mo#ieand the remaining evaluated for given population distributions of the observed
bath modes. modek (a(ny)) and the bath modds~k (a(n;)). While the

In the following, an expression describing the shape ofy, are measurable and can be computed with reasonable pre-
an absorption liné\,(w) of one selected vibrational mode  cision, the determination of the anharmonic constants still is
is derived. In a first step, the off-diagonal constants terms ira real challenge, from an experimental as well as from a
Eq. (23 are neglected. The cross section for absorption antheoretical point of view. They are, at least in principle, mea-
stimulated emission are modeled in the harmonic approximasurable when a complete set of overtone and combination
tion (see above According to the “Golden Rule,” one ob- bands is known. However, in a molecule as large as azoben-
tains: zene, this will be an impossible task since the assignment of

the enormous number of very weak combination modes cer-

- tainly would fail. In order to calculate the anharmonic con-
Ad @)= 2 (a(n) = a(ne+ 1)) (1)

nZo stantsx;,, it is necessary to derive the Taylor expansion of
the ground state potential surface to fourth order with high
X O(@ = vg—2XNi).- (33 precision*?~*® Consequently, no anharmonic constants have

been determined for azobenzene. Therefore, a different ap-
proach has to be adopted here: In a first step, the effects of
the anharmonicity are analyzed by using realistic anharmonic
later will be replaced by a line shape function with finite constants of a large molecule. A complete set of anharmonic
bandwidth. The first term-a(ny) in Eq. (3a) describes the  constants exists for benzeffewhich was calculated on an
absorption between the statgs—n,+1 (depending linearly  ap jnitio MP2 level. Since two of the experimentally ob-
onn+1), while the second term- a(ny+1) is responsible  geryed vibrational modes are the phenyl ring modes of
for the stimulated emission between the statgs 1—n,  az0benzene, it is justified to use the anharmonic constants of
(again depending linearly om+1). benzene for an first order estimate of the anharmonic effects

When taking into account vibrational excitation of the j az0henzene. In a second step, a direct comparison between
bath modes, the energy spectrAn(w) is further shifted  the model calculation and the experimental data will be dis-
according to the off-diagonal constants in E2a): cussed using estimated anharmonic constants.

a(ny) is a given population distribution of the mod#tewith
normalizationEnka(nk) = 1. §is the delta function which

Ak(w)OCZ {(a(nk) —a(ng+1))(ne+1) A. Model calculations
Nk

In the following, two simulations of the transient IR
spectrum will be discussed assuming two limiting caggs:
ultrafast IVR and(ii) slow (compared to our time resolutipn
IVR. The calculations address the question whether ultrafast

vibrational spectroscopy is able to distinguish between IVR
X n-) ] ] (3b) (i.e., thermalization within the molecule itsplind the inter-
th molecular energy relaxatiofi.e., the energy transfer from
the molecule to the solvent

1#k

X Z ) HH a(n)

-
j#k

X 5( w— Vk—Zkank—
1#k

m is the number of vibrational modes and th€n;) the 1. Ultrafast IVR

population distribution functions for all bath modesk, In the first limiting case, it is assumed that the excess

again with normallzatloﬁlnia(ni) = 1. This expression mod- energy is redistributed over the molecule in a very short time
els the absorption band by taking into account all possiblg<1 pg while intermolecular energy transfer, i.e., cooling, is
transition frequencies of Eq2a and weighting each indi- considerably slower. In this case, the molecule may be
vidual line by its probabilityl; . ca(n;). viewed initially as an isolated system and an internal tem-
Equation(3b) models the line shape in a static picture, perature of the molecule can be determined after the IVR
i.e., it describes a cw-absorption spectrum of the sample. {rocess. At later delay times, intermolecular energy transfer
will be seen later that the shape of the absorption lingyetween the solute and the solvent leads to a decrease of the
changes on a time scale of several picoseconds due to theémperature of the molecule. An upper limit of the initial
cooling process. A dynamic picture considering the polarizatemperature can be estimated: When taking into account a

tion of the vibrational transition would be requiréid anal-  thermal Bolzmann distribution, the initial temperature of the
ogy to Refs. 26 and 37when faster processes would be molecule is determined according to

investigated. However, for the time scales discussed here, the
static description should be a reasonable approximation. Fi- ¢ =3 ho; —E(T,) 4)
nally, it shall be noted that an alternative description based Ph™ 4 1—exp(—fiw; /KT) o’
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Hamm, Ohline, and Zinth: Vibrational cooling after photoisomerization 525

essentially carrying the same informatj@ince they are di-
rectly related to the situation in the experiment where ab-
sorption lines oftransazobenzendformation of a photo-
produc} and cis-azobenzene(vibrational cooling of the
reactant are involved. At 300 K, only a minor frequency
shift (~—0.05 cm!) compared to the zero-temperature po-
sition (origin of thex axis) is observed. However, at 400 K a
larger frequency shift in the order 6£0.15 cm* is found
which increases considerably at higher temperatures and
reaches a value of5 cm  at 1150 K. In addition, a strong
asymmetric broadening of the band is observed for higher
temperatures. Since almost all of the anharmonic constants
Xj 19 are negative, the peak position of the line is shifted to
smaller frequencies. It is important to note that the main
contribution to the anharmonic effects is due to the off-
diagonal anharmonic constanks , i#k, in particular to
those to the low-frequency modes, and not due to the diag-
onal term X, . This becomes evident when one considers
that even at the highest temperature used in this simulation,
the excitation probability of the;q mode is only~15%, (ii)

. . % — —1\ :
FIG. 4. Simulated shape of thgy mode of benzene at different tempera- that the diagonal harmonic ConStd.Klgvlg 1.8cm)is

tures according to the anharmonic constants reported in Ref. 44. Frequen§PMparably small, andii) that the sum of the Oﬁfdiagonal
shift is plotted relative to the frequency of, in the cold molecul€0 K). (a) elements of all low-frequency modéshich are excited con-

Absorption spectrunA(T); (b) difference spectrumd A(T)=A(T)~AB00  sjderably at this temperature and therefore, are responsible
K). for the anharmonic effegis much larger than the diagonal
term (a value of2x; ;o= —21 cm ! is obtained when taking
into account all modes with frequencies smaller than that of
Epn is the energy of the exciting photoR(T,) the en- ;9. The monotone behavior of the frequency shift and line
ergy content of the molecule at room temperature, and broadening with temperature allows an interesting applica-
numbers all vibrational modes of the molecule with fre-tion of this phenomenon: The measurements of the absorp-
guencyw;. Assuming a thermal Bolzmann distribution for tion spectra can be used as a molecular thermometer for the
the population distribution functiong(n,) for a selected intrinsic temperature of the solute molec@see also beloy
modek and «(n;) for the intramolecular bath modes, a tem- Model calculations simulating a kinetic experiment at
perature dependent shape of the absorption line of this modseveral distinct frequency positiongarked by arrows in
k can be calculated. This was done for g mode of ben-  Fig. 4) are shown in Fig. 5, again for both situations of Fig.
zene using the harmonic frequencies and anharmonic cod [Fig. 5a): A(T(t)), Fig. &b): AA(T(t))=A(T(t))
stants reported in Ref. 44. Thgy mode was selected since —A(300 K)]. In the modeling it was assumed that the tem-
this mode is directly related to the investigated vibrationalperatureT(t) decreases exponentially from 1150 K to 300 K
modes in azobenzene. In order to account for a limited speawith a time constant of 20 p&ee dotted ling®! Interest-
tral resolution(for example, due to a homogeneous or inho-ingly, the absorption response does not behave exponen-
mogeneous broadening of the transition or due to the limitedially. The deviation from an exponential behavior is most
experimental resolution the calculated curves are subse-evident at a frequency position ef2 cm™?, i.e., at the low-
guently convoluted with a Gaussian line shape function withfrequency tail of the absorption line of the cold molecules:
a FWHM of 2 cni L. The results are shown in Fig. 4 starting Here, two phases are observed, starting with an initial ab-
at room temperatur¢300 K) and continuing with several sorption rise followed by a subsequent absorption decrease.
higher temperatures up to 1150 K. The latter value correThis response is a consequence of the interplay between the
sponds to the situation where the total photon energy is digemperature dependent band broadening and the frequency
sipated over all vibrational modes of azobenz¢imequen-  shift.
cies as reported in Ref. 39; two normal modes reported with  The previous model calculations were obtained by using
negative frequencies in Ref. 39 are seth0 cmi %). In Fig.  one special mode of benzene. However, there are arguments
4(a), the absolute absorption spec#kéT) are shown while that the presented features and conclusions are general: The
in Fig. 4(b), the difference signal& A(T)=A(T) —A(300 K) anharmonic frequency shifts and broadening effects are ac-
are plotted. The spectra in Fig(al correspond to the obser- cumulated effects depending not so much on the actual an-
vation during the formation and cooling of an absorption lineharmonic constants;, of each specific bath mode but rather
of a photoproducti.e., a species which is not present prior to on the average of all constantseighted with its contribu-
excitatior), while the plots of Fig. &) correspond to the tion according to the Bolzmann factor of each individual
transient IR-difference spectra for the vibrational mode ofmode. Even when using one fixed value for all anhar-
the reactant. Both sets of spectra are presef@iough  monic constank;, , very similar results are obtained besides

(=]

Absorbance [a.u.]

o

Frequency Shift [cm™]

J. Chem. Phys., Vol. 106, No. 2, 8 January 1997

Downloaded 24 Mar 2013 to 129.187.254.47. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



526 Hamm, Ohline, and Zinth: Vibrational cooling after photoisomerization

1200 _
=
=,
900 oy
g
F 5
& - 600 ped
e EZ‘ (5]
% = g
o £
g 4300 2 8
&) ! ] s 0
3 4 2om’ ' b 1200 & <
%'7‘7‘“ £ N U T
£ = 1450 1500
=] 900 -1
2 Wavenumber [cm™]
600 ? I | I b
& 05|
[>)
300 o0
. . g
&
0 20 40 60 %
Delay Time [ps] Q
2 .
o g
FIG. 5. Simulation of a kinetic experiment at several selected frequency g 00 1456 cm
positions(marked by arrows in Fig.)4 Solid lines: Absorption changékeft é ! ! !
axis); dotted line: underlying temperature dependefnicght axi which was 1 10 100
assumed to be exponentidh) Absorption spectrunA(T); (b) difference .
spectrumAA(T)=A(T) —A(300 K). Delay Time [ps]

FIG. 6. (a) Model calculation simulating the transient spectra of azobenzene
assuming a thermal energy distribution and an exponential decrease of tem-
a smaller broadening effect. In this simple case, the freperature from 1000 K to 300 K with a time constant of 20 ps. Open circles:
hift d ds li | this fixed | ! 960 K (corresponds to 1 psgray squares: 720 Kcorresponds to 10 s
quency shi epends finearly on this tixed value. _filled triangles: 320 K(corresponds to 70 psThis plot may be directly
In the next step, the results of a model calculationcompared to the experimental data of Fig(i®. Simulation of the temporal
adopted directly to the time resolved difference spectra ofvolution at 1456 cm' [see arrow in(@)]. This plot may be directly com-
azobenzene are present@e Fig. 6 and Fig.)7 The fol-  Pared to the experimental data of FighB
lowing model assumptions were used:

The spectra were calculated for a fully thermalized en-
ergy distribution_. Consequently, an intramolecular temperap . (T) the contribution from the hotis-azobenzene mol-
ture can be assigned to each spect@0 K: open circles;  ecyles, and\,;(300 K) the bleaching ground state contribu-
720 K: gray squares; 320 K: filled triangleJ hese tempera- tjon.
tures are obtained at a delay time of 1 ps, 10 ps, and 70 psif  The frequencies of all coupled bath modes were used as
a time constant of 20 ps for the decay of the intramoleculafeported in Ref. 39.
temperature from 1000 K to 300 K is assumed. In this sense, A5 mentioned before, no anharmonic constants are

the model spectra of Fig. 6 may be directly compared withynown for azobenzene. Consequently, in a simplified model
the experimental data shown in Figlap The initial tem-  they are assumed to be equal for all investigated high-
perature 1000 K is taken somewhat smaller than the maximafequency modes;, = x; . In addition, a linear dependence of
value of 1150 K calculated from E@4), since a fraction of  {he anharmonic constart on the frequency of bath mode

the excitation energy probably is transferred to the solvenfs assumed, in approximate agreement with the numbers re-
immediately during the initial large amplitude motion of the ported for benzene in Ref. 44:

molecule.

The frequencies, intensities, and bandwidths of both the
cis- and thetransmodes in the cold molecule were obtained
from a multi-Gaussian fit of the absolute spectra in Fig. 1.

The method of calculation is identical to that used in Fig.Consequently, only one model parameteemains which is
4 summing up all investigated vibrational modes. The differ-estimated from a separate FTIR experiment measuring the
ence spectra are a superposition of three contributions ~ absolute spectrum dfans-azobenzenésolved in DMSQ in

a heated cuvette: The absorption spectra recorded between

AAw(T) = 7Atrans(T) + (1= M Acis(T) ~ Acis(300 K). 300 K and 400 K yielded a relative frequency shift-ef-1

(5) cm 1 for both phenyl ring modex is adjusted to reproduce
7=0.5 is the isomerization quantum vyield, ,.(T) is the  this frequency shift. A value af=0.9x 10" is obtained in
contribution from the hottransazobenzene molecules, good agreement with the corresponding averaged value of

Xik=X{=X- ;. (6)
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experimentally observed band broadening is larger than pre-
dicted by the model, most probably due to the simplifying
assumption for the anharmonic constants.

a|

2. Slow IVR and selective excitation of a distinct
vibrational mode

0 FY R G

Population Density

It was shown in the previous section that in the case of a
e fully thermalized molecule, the off-diagonal anharmonic
7 6 5 4 3 2 1.0 constants dominate the anharmonic effects. On the other
Excitation Level : . . e
hand, assuming a selective, highly nonthermal excitation of
1 T T T b one selected mode, the diagonal anharmonic tegsnay
: also become important. Three limiting cases shall be dis-
cussed in the following. Again the,q mode of the benzene
molecule will be treated where realistic anharmonic con-
stants are knowf{* Shown in Fig. Ta) are different distribu-
tion functionsa(n,) of the v, mode, Fig. Tb) presents the
corresponding absorption speckaand Fig. 7c) the result-
-1 { l ing difference spectra A=A—A(300 K).
77N\ In a first unrealistic limiting case only theq mode is
s g,—\ highly excited, while the remaining bath modes are vibra-
e\

B tionally cold, i.e., in the ground state. Figuréby and (c)
\\\\/ (broken ling shows the absorption changes for a Gaussian
%/
\‘.’
0

Absorbance Change [a.u.]

population distributiona(n,) centered around the,=3
level with a width of An =2 [see Fig. 7a), broken ling.
The most pronounced feature is a negative signal around
5 Aw=0 which is a consequence of the population inversion
Frequency Shift [cm™] giving rise to stimulated emission.
As a second model distribution, a much more realistic

FIG. 7. Simulated shape of thgs mode of benzene for non-thermal energy sjtyation is discussed: It is assumed that a selected mode is
distributions for this modébroken line, dotted line, broken-dotted line, for . . o
details see texicompared with the fully thermalized 800 K spectrum of Fig. exmted_accordmg to a nonthermal On? quantum excitation
4 (solid line). (a) Assumed population density of modgy; (b) resulting [Gaussian function centered af=1, width An,=1; see
absorption spectrurA(T); (c) resulting difference spectruhA(T)=A(T) Fig. 7(a) dotted lind and that this mode is coupled to the
~A(300 K. bath of the remaining modes which are thermally excited

according to a Boltzmann distributidia temperature of 800

K is used as an exampleThe result is shown in Fig.(B)
1.3x10 3 for the v, mode of benzene. This procedure mightand (c) as dotted lines. Again, a negative signal due to the
be viewed as a first calibration of the intramolecular ther-1—0-population inversion can be seffig. 7(b)] which now
mometer. is less pronounced. In particular in the case of the situation

Qualitatively, the model spectfdig. 6(@)] and the ex- shown in Fig. Tc), it will be difficult to resolve the stimu-
perimentally obtained transient difference spedfig. 2) are  lated emission signal experimentally since the bleaching cold
in excellent agreement. All observed spectral features, i.emolecule contribution also gives rise to an additional strong
the refill of the bleached ground statis-bands, the late rise negative signal.
of the product state bands, the decay, and the blue shift of the A more moderate nonequilibrated population distribu-
hot-bands, are well reproduced by the model. Also, the nontion without population inversion, i.e., which does not give
exponential, biphasic time dependence is well reproducedise to stimulated emission, is obtained when assuming that
The simulation of a kinetic experiment in Fig(k§ at the thew;o mode has a higher temperat&00 K) than the bath
peak of thev;q, mode oftransazobenzen¢arrow in Fig. modes (800 K). However, this situationFig. 7, broken-
6(a)] may be directly compared with the experimental data ofdotted ling yields a spectrum very similar to a pure thermal
Fig. 3b). In this case, the biphasic behavior is caused by thelistribution where thes,g mode as well as the bath modes
contribution of two different modes: The initial absorption both have the same temperature of 800FQ. 7, solid ling.
decrease is due to the early narrowing of thg, mode, An experimental distinction between both situations requires
while the subsequent absorption rise is due to the formatiomery accurate experimental data and a good knowledge of the
of the coldv;g, mode. anharmonic constants.

This analysis shows that the presented model is able to A direct comparison of the slow IVR model situation
gualitatively describe the experimental data. However, due taith the experimental resuli@s it was done before in Sec.
the lack of more detailed model parametérs., a complete Ill A1) is not possible since there are too many unknown
set of reliable anharmonic constantee did not attempt to fit model parameters, i.e., the population distributiass;) of
the model function to the experimental data. In particular, théoth the observed high-frequency modes and the anharmoni-
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528 Hamm, Ohline, and Zinth: Vibrational cooling after photoisomerization

cally coupled low-frequency bath modes. Yet, one importanemission signal, an unambiguous assignment of an anhar-
conclusion is possible: As seen from Fig. 7, a stimulatedmonic frequency shift to a nonthermal selective excitation of
emission signal would be a clear indication for a strong non-one vibrational mode will be difficult. It is interesting to note
thermal energy distribution which, however, is not observedhat not necessarily very particular and strongly coupled
experimentally for azobenzene. Thus, at least a strong devianodes like the central bending and torsional modes of
tion from a thermal energy distribution can be excluded forazobenzene or stilbengee, for example, Ref. 13re re-
the observed vibrational modes, although the absence of gponsible for strong anharmonic effects. Also a great number
stimulated emission signal cannot show that the molecule isf only weakly coupled modes may give rise to considerable
fully thermalized. effects, as shown here in the case of the rather rigid benzene
molecule. This is seen from the fact that the averaged value
of the anharmonic constants of thgy mode of benzene
IV. CONCLUSION (1.3x1073) is of the same ordefeven slightly largerthan

As seen in Fig. 6, the results on azobenzene can be efbe estimated corresponding value necessary to reproduce the
plained without contradiction under the assumptions of @xperimental results in azobenze(e9x10™°).
thermal population distribution of the molecule in the inves-  In conclusion, we have demonstrated here the concept of
tigated time range of>1 ps. There is no experimental evi- @ Neéw intermolecular thermometer. The experimental data
dence for a stimulated emission signal which would be in-obtained by transient IR spectroscopy combined with model
dicative of a highly nonthermal energy distribution. Thus, acalculations give valuable qualitative insights into the effects
strong deviation from a thermal distribution of these vibra-Which can be expected when investigating the excitation of
tional modes seems to be very unlikely in terms of thevibrational modes initiated by a photoreaction. Future inves-
present model. On the other hand, the model involving uldigations going beyond this qualitative approach require sev-
trafast IVR explains the observed hot-bands with the help ofral improvements(i) A higher time resolution on the order
the anharmonic constants between the investigated vibra- Of ca. 100 fs;(ii) smaller systems which can be modeled
tional modes and the bath of the remaining modes very welttheoretically with higher accuracyiii) selected vibrational
Consequently, one basically observes the cooling of théodes which, on the one side, have a large diagonal anhar-
whole molecule due to the energy transfer from the molecul@onic constant and on the other side, are strongly coupled to
to the solvent and not a mode selective de-excitation of théhe internal conversion process; afin) an extension of the
investigated modes. The time scale of the cooling via interfrequency range into the<1000 cni* regime in order to
molecular energy transfefca. 20 p$ is in a reasonable address for example torsional modésund in this spectral
rangé* and compares well with the results of the transientrangé which might be expected to be strongly coupled
UV experiments in Ref. 37. The anharmonic frequency shiftgnodes.
and broadening effects are a consequence of the intramolecu-
lar temperature and can be regarded as a intramolecular thexCKNOWLEDGMENTS
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