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The energy dissipation mechanism from photoexcited azobenzene (Az) was studied by femtosecond time-
resolved UV absorption spectroscopy using 7-amino-4-trifluoromethylcoumarin (ATC) as a probe. The distance
between the probe molecule and Az was fixed by covalently linking them together through a rigid proline
spacer. Picosecond dynamics in THF solutions were studied upon excitation intostlageSy a 100 fs laser

pulse at 480 nm. Transient absorption spectra obtained for Az-Pro-ATC combined $iteteSabsorption

and vibrationally excited ground-state absorption of ATC. Correction of the transient spectrum of Az-Pro-
ATC for the § absorption provided the time-resolved absorption spectrum of the ATC hot band. Three major
components were observed in the transient kinetics of Az-Pro-ATC vibrational cooling. It is proposed that in
ca. 0.25 ps after the excitation, the Sate of azobenzene decays to form an initial vibrationally excited
nonthermalized ground state of Az-Pro-ATC that involves vibrational modes of both azobenzene and coumarin.
This hot ground state decays in ca. 0.32 ps to the next, vibrationally equilibrated, transient state by redistributing
the energy within the molecule. Subsequently, the latter state cools by transferring its energy to the closest
solvent molecules in ca. 5 ps; then, the energy diffuses to the bulk solvent in 13 ps.

1. Introduction thermometer integrated system where two different molecules,

Nonradiative energy dissipation mechanisms from the excited namely, a heater that absorbs the visible radlatlon,_and a
thermometer that probes the temperature by changing the

states of molecules in solution have been a subject of interestabsor tion in the vicinity of its hot band. are brouaht into
for decaded:® The rapid deactivation of electronic states via o b S 9 9
proximity by covalently linking the two discrete moleculés:

nonradiative channels results in energy transfer to the matrix . o .
species around the chromophore, thereby heating the local AZobenzene and its derivatives are good candidates for many
applications such as light-triggered switcRéspnstituents of

environment. In a simplified picture this process of energy ; . - .
transfer from the chromophore to the surroundings can be erasable holographic data image storage devices, and materials

explained in two steps: (i) fast intramolecular vibrational WhOSe physical properties can be modulated by fgtt: Such
redistribution over all vibrational modes of the molecule and €OMpounds have been studied extensively by steady-state
(ii) intermolecular energy transfer of vibrational energy from SPectrometric and photochemical methods including-Wig

the molecule to the surrounding matrix. Sophisticated experi- 20SOrptiort®2¢ Ramart” NMR,2¢ and by theoretical model-

_ u ML : ~ T i
mental techniques exploiting ultrashort IR pulses have been N9~ The mechanism of trarsis isomerization in azoben
employed in recent years to monitor such energy transfer Z€N€ and its excited state dynamics have attracted considerable

processed; 12 but useful knowledge can also be gained in the attention. However, there have been relatively few time-resolved
visible spectral region. Most of the experiments in the visible Studies of azobenzene photochemitr,especially concerning

region have been performed by ultrafast spectrometric tech- "onradiative energy dissipation in azobenz&ng!

nique$ where the vibrational cooling of a photoexcited molecule I this work, we have studied the mechanism of thermal

is monitored either as change in transient absorptidfor in dissipation in and from the azobenzene molecule. With the use

fluorescencé’ of ultrafast UV-vis pump-probe spectrometry, energy transfer
In most of the experiments reported so far intramolecular in the photoexcited molecule has been measured with a

energy redistribution in dye molecules has been investigated Molecular thermometer linked to the azobenzene moiety through

by using the slope of the low-energy edge of its electronic a rigid proline spacer (Figure 1). The experimental observations

transitions. Gottfried et al. have reported rapid intramolecular Were compared with those from an azobenzene model com-

redistribution of the vibrational energy of anthracene and Pound.

coumarin in solutions by these methddan alternative way

to investigate this process is to use a probe molecule (a2. Experimental Section

molecular thermometer) that is not excited initially but rather .

senses the passage of thermal energy dissipating from the light- 2-1- Instrumentation. The laser system and purmprobe

absorbing species (the heater). Further development of this idegSPectrograph for_the ultrafast transient absorption experiments
has led to the introduction of the concept of a molecular heater Nave been described elsewhef&riefly, the 800 nm output of
a mode-locked, Ti:Sapphire laser (Hurricane, Spectra-Physics)

* Corresponding author. Phone: (419) 372-9311. Fax: (419) 372-9300. Was typically 1.0 mJ/pulse (fwhnv 100 fs) at a repetition rate
E-mail: danilov@bgnet.bgsu.edu. of 1 kHz. The output of the laser was either steered into a
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h. After 24 h the reaction mixture was cooled and neutralized
with dilute hydrochloric acid. The precipitated compound was
filtered and redissolved in dichloromethane. It was washed with
sodium hydrogen carbonate solution and then water. The
solution was dried over sodium sulfate and purified by column
chromatograpy on silica gel using a mixture (1:20) of ethyl
acetate and hexane as solvent to yield 1.4 g (4.15 mmol) of
N-azobenzoyl proline methyl estéHd NMR (200 MHz, CDC})
d: 7.95 (t, C-H aromatic, 4H), 7.7 (d, €H aromatic, 2H),
7.45 (m, C-H aromatic, 3H), 4.7 (t, €H proline, 1H), 3.9 (s,
O—CHjs, 3H), 3.75 (m,—CH—, 1H), 3.45 (t,—CH,—, 1H),
1.9-2.2 (m,—CH,—CH,—, 4H). MS (El): 337, 278, 232, 209,
145, 104, 77, 51.
A volume of 10 mL of sodium hydroxide (10%) in water
was added to a solution ®&f-azobenzoyl proline methyl ester
in methanol, and the mixture was stirred for 10 h. The methanol
was evaporated under reduced pressure, and the aqueous phase
Swas washed with diethyl ether, acidified tvit M hydrochloric
acid to pH 3-4, and extracted with ethyl acetate. Organic
fractions were combined and dried over sodium sulfate. Excess
solvent was removed under reduced pressure to give 1.1 g (3.4
mmol) of N-azobenzoyl proline'H NMR (400 MHz, CDC})
d: 8.0 (t, C-H aromatic, 4H), 7.75 (d, €H aromatic, 2H),
7.5 (m, C-H aromatic, 3H), 4.8 (t, €H proline, 1H), 3.6 (m,
—CHz—, 2H), 2.45 (q,—CH,—, 1H), 2.25 (q,—CH,—, 1H),
2.1 (q,—CHy—, 1H), 1.95(q,—CH,—, 1H).

Az-N
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\
09 d?to
N { N
aTataty

Az-Pro-ATC
Figure 1. The structure of the compounds studied.

second- or third-harmonic generator (Super Tripler, CSK) or
into an optical parametric amplifier (OPA 800C, Spectra-
Physics) to produce pulses at 483 nm; 85% of the amplifier
output was used to generate the pump pulses while 8% wa
used for white light generation. The white light continuum

generation was accomplished by focusing the fundamental (800
nm) into a Cak crystal.

Prior to generating the probe continuum, the probe beam at
800 nm was passed through a delay line (MM 4000, Newport),
which provided an experimental time window of 1.6 ns with a
step resolution of 6.6 fs. The energy of the probe pulses was
<0.5uJ at the sample. An optical chopper was used to modulate
the excitation beam in order to switch the sample between ) .
excited and ground states at a frequency of 100 Hz. The angle To an ice cold solution of ethy! ghloroformate(O.S mL, 5:2
between the pump and the probe beam was appfoX ite mmol) in THF, the above precipitate (1 g, 3.1 mmol) in
sample cell had an optical path of 2 mm. After the sample cell, terahydrofuran (10 mL) and triethylamine (0.4 mL) was added
the continuum was coupled into a 406 diameter optical fiber dropW|s_e and stirred for 10 min. To this solution amino methyl
and thereafter input into the CCD spectrograph (Ocean Optics, coumarin (700 mg, 3.1 mmol) in THF (8 mL), which further
S2000 or Control Development) for time-resolved spectral contains triethylamine, was added in 30 min at ice cold
information (356-800 nm). temperature. It was then stirred for 30 min more a"l(Dand_

In a typical experiment, 5000 excitation pulses were employed then allowed to warm to room temperature. It was then stirred
to obtain an averaged transient spectrum at a particular delay@t 00m temperature for 30 min and then at 3D for 8 h.
line setting. The CCD spectrograph and the delay line were Tetrahydrofuran was r(_amoved u_nde_r reduced pressure. The crude
computer-controlled. In-house LabVIEW (National Instruments) Product was then redissolved in dichloromethane and washed
software routines allowed automatic spectral acquisition over a With water, dilute hydrochloric acid, sodium hydrogen carbonate,
series of delay settings. Kinetic traces at appropriate wavelengths2nd @gain with water. The dichloromethane layer was then dried
were assembled from the accumulated spectral data. The risé?Ver anhydrous sodium sulfate, and the excess solvent was
time of the spectrometer was ca. 120 fs. The sample solutions'®moved under reduced pressure. The product was further
were prepared to have an absorbance 0f-0.3 AU at the purified by column chromatography using a mixture of hexane
excitation wavelength in the 2 mm cuvette. The absorption @nd ethyl acetate as solvent to give Az-Pro-ATENMR (400
spectra of the solutions were measured before and after theMHz, CDCk) 0: 10.2 (s, ~CO-NH— 1H), 7.7 (d, C-H
experiment to check for possible sample decomposition. aromatic, 1 H), 7.27.4 (m, C-H aromatic, 11H) 6.7 (s, €H,

Ground-state absorption spectra were recorded on a single-tH), 5.05 (m, C-H, proline), 3.6 (m,~N—CH,—, 2H), 1.95-
beam Varian Cary 50 Bio spectrophotometer. Nuclear magnetic 2-3 (M, ~CHz—CH,—, 4H). #*C NMR (400 MHz, CDC}) o:
resonance (NMR) spectra were recorded on 200 (Varian Gemini-171.63, 167.73, 158.87, 154.96, 152.63, 143.57, 139,63, 138.83,
200) or 400 MHz (Varian Unity Plus) spectrometers. CpCl  132.2,129.78,128.72, 128.03, 125.66, 122.934, 122.68, 122.17,

was the solvent for NMR unless otherwise noted, and chemical 120.28, 116.29, 114.67, 108.47, 106.45, 63.85, 51.32, 26.78,

shifts are reported in parts per million (ppm) fé NMR on
the 6 scale relative to TMS at 0.0 ppm. GC/MS and DIP/MS

26.1. MS (El): 534.
2.3.2. Synthesis of AzN'he model compound Az-N was

were collected on an HP 5988 mass spectrometer coupled toprepared by heating a mixture of azobenozyl chloride (1 g,

an HP 5880A GC with a 30 mx 0.25 mmx 0.25um column.
2.2. Materials. Tetrahydrofuran (Aldrich 99.8%) was used
as received. Azobenzene carboxylic acid, 7-amino-4-trifluo-
romethylcoumarin (ATC), antl,N-diethylamine were obtained
from Aldrich and were used without further purification. All

4.1mmol) and diethylamine (0.6 g, 8.2 mmol) in pyridine (10
mL) for 10 h at 60°C. After 10 h the reaction mixture was
cooled and neutralized with dilute hydrochloric acid. The
precipitated compound was filtered and redissolved in dichlo-
romethane. It was then washed with sodium hydrogen carbonate

reagents and solvents were obtained from commercial supplierssolution and then water. The solution was dried over sodium
and used as received unless otherwise noted. Pyridine was driegulfate. Dichloromethane was removed under reduced pressure

over potassium hydroxide and distilled off as required.

2.3. Synthesis2.3.1. Synthesis of Az-Pro-ATAzobenzoyl
chloride (1.95 g, 8 mmol) was mixed with proline methyl ester
(2 g, 7.8 mmol) in pyridine (10 mL) and heated at®Dfor 24

to give 0.7 g of Az-N.!H NMR (200 MHz, CDC}) 6: 7.95

(m, —CH— aromatic, 4H), 7.5 (m;-~CH—aromatic, 5H), 3.6
(—=N—CHj, 2H), 3.3 -N—CHj, 2H), 1.3 (CHjs, 3H), 1.15
(—CHa, 3H). MS (EI): 281.
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4 (Figure 2, inset). It is evident from the difference absorption

: spectra that substitution of hydrogen on azobenzene with a prolyl
group does not significantly change the electronic structure of
azobenzene. The blue shift observed for the corrected spectrum
of Az-Pro-ATC can be explained by the presence of an electron-
J withdrawing group on the amino group of ATC.

wavelength, nm 3.2. Molecular Orbitals Calculations. Optimized structures
and molecular orbitals for Az-Pro-ATC from the Gaussian
calculation are shown in Figure 3. The HOMO and LUMO are
localized on the azobenzene moiety, whereas HOM®O and
o\ . LUMO + 1 are predominantly on the ATC moiety. On the basis
00400 0 600 of the TD-DFT calculation, the electronic transition of Az-
Wavelength, nm Pro-ATC into the $excited state can be assigned to a HOMO

. i — LUMO4,; transition, and transition into the,Sstate is
Figure 2. Ground-state absorption spectrum of Az-Pro-ATC (a), Az-N . - . _
(b), and ATC (c). The inset shows the spectrum of Az-Pro-ATC (a) associated with the (HOMG- 2)a; = LUMO,;, (HOMO

corrected for the ground-state absorption of azobenzene compared withl)ATCf’ (LUMO + 1.)ATC- and (HO_MQ_ Darc — LUMOx,
a directly measured spectrum of ATC (c). transitions. The choice of the excitation wavelength (483 nm,

vide infra) rules out the possibility of exciting, $ransitions.
2.4. Computations.All calculations were performed using  Also, since there is no absorption band in the ground-state
the Gaussian 98 packa§evith a 6-31G(d) basis set. Geometry  apsorption spectrum of ATC near 483 nm, and therefore the
optimization for the ground state was carried out with the dijrect excitation of ATC is not possible at the excitation
B3LYP exchange correlation functiGh*®This consists of the  wavelength, the effect of the (HOMO 1)arc — LUMO,; can
Lee—Yang—Parr correlation functiond in conjunction with be neglected. The contribution of this transition is very weak
the Becke hybrid exchange functiof@IThe latter is a linear  when compared to those of the other two transitions indicating

combination of the local density approximation, Becke’s gradi-  that there is only a negligible amount of overlap in the molecular
ent correlatiorf! and the Hartree Fock exchange energy based qrbitals of azobenzene and ATC.

on Kohn-Sham orbitals” Energies and densities were obtained 3 3 Transient Absorption StudiesThe transient absorption
through the resolution of the KohrBham equation using the  ponayior of Az-Pro-ATC (2.65 mM) in tetrahydrofuran was
B3LYP f““C“‘?”a'- Excnat.lon energies were calculated using investigated following a 100 fs excitation pulse at 483 nm. The
the TD-DFT implementation in Gaussian. excitation wavelength was chosen to be near the red edge of
the n—x* transition, since (i) this wavelength will excite only
Az and (ii) excitation of Az into its §n—x*) state with

3.1. Ground-State Absorption Spectrometry.The structures relatively low excess energy above the electronic origin of ca.
of Az-Pro-ATC and Az-N employed in this work are shown in 560 nm will minimize the opportunity of significant vibrational
Figure 1. Figure 2 shows the ground-state absorption spectracooling from the FranckCondon state to the lowest State
of these compounds in tetrahydrofuran. The lowest electronic (S;* — S;). The selection of 483 nm seemed a reasonable
transitions of Az-Pro-ATC and Az-N are an—m* transition compromise. On excitation of Az-Pro-ATC at 483 nm, transient
centered around 450 nm andra* transition centered around  absorption was observed over the range of 4680 nm,
330 nm. While the rz* transition is symmetry forbiddene( comprising a strong band at 420 nm and a weaker band at 550
= 700 M1 cm! at 450 nm), ther—x* transition is strong nm (Figure 4). The transient absorption spectrum observed for
(eaz—n = 20 215 Mt cmt andeaz—pro-atc = 36 488 M1 cm™t Az-Pro-ATC was similar to that reported for thg S S,
at 330 nm). The ground-state spectrum of Az-Pro-ATC, transition intrans-azobenzené® The time profile at 500 nm
subtracted for the ground-state absorption of azobenzene, wasvas found to fit well with a double-exponential decay giving
almost identical to the steady-state absorption spectrum of ATC the dominating component of 0.28 ps99%) and a very minor
in shape but shifted toward shorter wavelengths by ca. 50 nmone of 2.9 ps. The decay time constants obtained from the fit

-4 1 1
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3. Results

LUMO LUMO+I

Figure 3. Molecular orbitals for the optimized ground-state structure of Az-Pro-ATC.
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Figure 4. Transient absorption spectrum of () Az-Pro-ATC and (b) for the absorption of the singlet excited state of azobenzene at different
Az-N, obtained following the excitation of the azobenzene moiety at time intervals: 2.0 ps (a), 3.5 ps (b), and 6 ps (c). The inset shows a

483 nm. The arrow shows the wavelength of excitation. time profile at 440 nm with the decay times of 0.32 and 5 ps.
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Figure 5. Decay profile of Az-Pro-ATC at 440 nm recorded im-  the red edge of the ground-state absorption of ATC. Since there
mediately after the excitation of the azobenzene moiety at 483 nm. js g direct excitation of ATC in Az-Pro-ATC, the formation
;!'he_ solid line is the fit based on tetraexponential decay function with of this band can be attributed to the hot band of ATC, which
ifetimes of 0.32, 2.6, 5.2, and 13.5 ps. B . . .
appears due to the thermal excitation into higher vibrational
levels of the ground electronic state. The above observation can
be further confirmed by resolving the corrected transient
absorption spectrum into two bands, which might represent the
vibrational progression of ATC with the spectral distance
between the maxima corresponding to the lactone stretch
(~1722 cntl) or NHCO group {1625 cntl) vibrations (see,
for instance, ref 45). As shown in Figure 7, the absorption
spectrum can be fitted as the sum of two Gaussians. Curve a
corresponds to the spectrum at 2 ps delay time. The large band
on the blue side of the spectrum is centered at 430 nm (relative
amplitudeAye = 0.0132), and the smaller band has a maximum
at 464 nm Aeq = 0.001 64). At 3.5 ps (curve b), the larger
band shifts to 428 nmA,,e = 0.009 77) and the smaller one to

at 550 nm gave 0.21 and 2.46 ps. Averaged over several
wavelengths, the decay lifetimes are 02%.4 and 2.74 0.2
ps. These observations agree with previously reported‘@éta,
where those decay times were assigned to the lifetime ofthe S
excited state with the shorter one associated with a direct
departure from the initial FranekCondon state and a direct
descent on the;$otential surface toward a conical intersection,
and the longer one associated with a diffusion-like motion on
the § surface.

The time profile at 440 nm was fitted with a four exponential
function with lifetimes ofr; = 0.32 ps,t, = 2.6 ps,73 = 5.2
ps, andr, = 13.5 ps (Figure 5). This indicates that the transient
absorption spectrum obtained by excitation of Az-Pro-ATC at . h .
483 nm is a mixture of the transient absorption spectrumof S 460 nm @‘“?d_ 0'001.40)' It was_s_hown prewouéfyh_at dunng

the vibrational cooling of a rigid molecule having a high-

state of azobenzene with another absorbing species. Onefre uency vibration, the ratidy.dAeq decreases with time. In
candidate for this entity is a transient enhancement of the ou?expeﬁmen%@%d at 2 psl‘,uisjg andAudAcs at 3.5 bS
ground-state hot band of the coumarin moiety. is ~7. This result together with a small blue shift of the blue
and red peaks and the narrowing of the overall band confirm
the assignment of the corrected transient absorption spectrum
Figure 6 shows the result of correcting the transient absorption to the hot band of ATC.
spectrum of Az-Pro-ATC for that of the;Sxcited state of The time profile of this transient absorption at 440 nm
azobenzene. The resulting spectrum had a range of 300 revealed two major decay components of 0.32 and 5 ps (Figure
nm with a maximum around 430 nm. The transient absorption 6, inset). There was also a contribution from a slower process
observed in the corrected spectrum of Az-Pro-ATC appears onin the transient kinetics, but the decay time constant could not

4. Discussion
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be decisively retrieved from the fit due to a poor signal-to- AzN Az-Pro-ATC atc
noise ratio. Additionally, the corrected transient signal grew in C | Mo
with a rise time constant that exceeded the time resolution of LUMO+
the system and was estimated as ca. 0.24 ps. oo ———— LUMO+ Lo

The decay of the transient absorption in Az-Pro-ATC at 440 LOMO

nm indicated the presence of four discrete temporal processes.
On the basis of the literature déf&!*the lifetimes of 0.25 and B
2.7 ps can be assigned to the fast and delayed components of#
population decay of the ;Sstate of azobenzene; the other

(ev)

. . . . HOMO HOMO
processes observed in the transient kinetics must be due to the SHOMO-t ———XHomo-1 HOMO
decay of the coumarin hot band. The 3-D transient absorption N oros HOMO-2 HOMO-1
surface (in coordinates: time, wavelength, transient signal) HOMO-2

corrected for the absorption of singlet excited state of azoben- Figure 8. Schematic representation of the MO energy for Az-N, Az-
zene confirms this interpretation. The corrected transient Pro-C151, and ATC obtained from the calculations. The transitions
spectrum is located in the wavelength range associated withShown in the picture are based on the results of TIF T calculations.
the hot band absorption of coumatht® It lacks the 0.25 and

2.7 ps components; instead, it has 0.32, 5.2, and 13.5 ps deca;?nalySis assumed that a molecu_le Ios_es energy as a res_ult of
times and the rise t,ime of 0’ 24 ps T solvent-assisted cascade events involving intramolecular vibra-

- . tional energy redistribution (IVR) and a direct vibrational
The h(.)t band enhancem_ent ob.serv.ed for ATC originates in cooling. The calculations revealed that for a high-frequency
the transient population of higher vibrational levels of the ground mode the IVR rate might considerably exceed the rate of the
electronic state. This could arise by either of two possible ENETYY direct vibrational cooling. It is therefore not surprising that
transfer mechanisms: through-bond energy transfer (which can, iy ational energy redistribution between Az and ATC domi-
be regarded as intramolecular vibrational redistribution) and

h h-sol f h o b h nates in relaxation of the vibrational modes initially coupled
through-solvent energy transfer. The ratio between these WO, he excited electronic state. A possibility of the strong

> hermal coupling between Az and ATC is also supported by
along each pathway and can be characterized by the €NerGY%|ectronic energy level structure resulting from calculations. As

transfer parameters. It was shown previotfs§474&hat in the shown in the diagram (Figure 8) in the case of Az-Pro-ATC,
case of weak thermal connection between the heater and the,q energy gap between the HOMO and HOMOL is very
thermometer (when they are linked via a methylene group or |\ This” low energy gap between the HOMO, which is
both are just embedded in a matrix), the response registered by, alized on the azobenzene moiety, and HOMQ, which is

the molecular thermometer reflects the temperature of the |j.4jized on the coumarin moiety, could be the reason for the
heater’s environment and contains a component that is relativelystrong coupling between the higher vibrational levels of Az and
slow rising over time. This signal delayed with respect to the A1c and the possibility of an effective energy transfer from
heating pulse was previously assigned to the intermolecular ;p ationally excited azobenzene to coumarin. In this picture,
through-solvent heat transfer. On the other hand, in the case of.5 7 ps after the pump laser pulse at 483 nm, the decay of
a strong thermal connection between the heater and theyhe g excited state of Az creates an initial vibrationally excited
thermometer, the thermometer's response would follow the ,onthermalized ground state of Az-Pro-ATC that involves
cooling pattern of the heater loosing its thermal energy to the \;iprational modes of both azobenzene and coumarin. This state
environment. The temperature recorded by the molecular oqq|s in three steps having the decay times of 0.32, 5.2, and
thermometer will correspond to the temperature of the heater 13 g ps being monitored by the hot band absorption of the
even though the thermometer is distanced from the heater by a.5,marin moiety. Currently adopted models of vibrational
few solvent shells and surrounded by the solvent molecules. ¢oqjing imply that internal conversion from the initially excited
The time dependence of the signal recorded by the moleculargectronic state rapidly produces a ground state with highly
thermometer in this case would contain a decaying componenteycited high-frequency vibrational modes, and after internal
rather than a rising one corresponding to intermolecular through-yiprational energy redistribution this initial state cools via
solvent heat transfer. intermolecular interaction with a solvefftin turn, this inter-

The transient absorption signal recorded in our experiment molecular process can proceed in two steps: first, the heat
at 440 nm and then corrected for thee&cited state absorption  transfer to the immediate shell of the solute and then a slower
of Az shows only one rise time, 0.24 ps, and no discernible heat diffusion to surrounding solvek#654 Based on these
rise component with a longer (ca. 15 ps) evolution time observed models, we assign the fast decay time of 0.32 ps to the decay
earlier in a number of solverifs®:3644.46.4958nd associated with  of the initial nonthermalized vibrationally excited state and the
the intermolecular through-solvent energy transfer from azoben- formation of equilibrated energy distribution within the Az-Pro-
zene. The rise time of 0.24 ps can be assigned to the lifetime ATC vibrational manifold. The decay times of 5.2 and 13.5 ps
of the § excited state and the characteristic time of-8 S* can be assigned to the intermolecular heat transfer to the closest
internal conversion. Another component of theligetime, 2.6 solvent shell having strong thermal coupling with the solute
ps, which also could be expected in the rise of the transient and a slower heat diffusion process from this shell to the bulk
signal, could not be recognized due to its low relative contribu- solvent, respectively. These results agree with previously
tion (<1%). Based on the kinetic behavior of the corrected published data on IR studies of electronically excited Az where
transient signal at 440 nm, which we assign to the hot band of intermolecular cooling took place in ca.-220 ps. The IR signal
ATC, we adopt the model of strong thermal coupling between modulation with a characteristic time of-% ps was also
the heater (Az) and the thermometer (ATC). This idea is observed in the experiments.
supported by recent theoretical work by Stratt and co- To calibrate the coumarin molecular thermometer in temper-
workers-53 wherein the vibrational energy relaxation in liquids ature units, one has to establish a relationship between the
was studied. The model based on instantaneous-normal-modechange in optical absorption and the temperature. Kaiser and
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Figure 9. Analysis of the temperature change of ATC based on the

time profile obtained for the decay of Az-Pro-ATC at 440 nm.

co-workers introduced the following equation for analyzing the
temperature-dependent electronic absorption spectf?AThey
expressed the frequency)(and temperatureT] difference of
the extinction coefficientd) as the following:

e(,T) O Fv) expg{ —hv(v — v )/KT} Q)

wherevqgg is the wavenumber of the-@ transition and is the
Boltzmann constantSv) is determined by the density of the
vibrational states and FranekCondon factors. Using the above
model, Okazaki et. al have shown that a plot of the absorption
coefficient at a particular wavelength is directly proportional
to the change in temperature of the molecular thermongter.

A linear dependence of the change in absorption with temper-

Velate et al.

excitation pulse. Further change in the molecular temperature
follows an exponential decay with the dominant lifetime of 5.2
ps. As a result, the temperature goes down to 400 K within ca.
10 ps and reaches 300 K in about 30 ps.

In conclusion, we have studied the picosecond dynamics of
an Az-Pro-ATC molecular heater (Azjhermometer(ATC)
integrated system in THF initially excited into the State by
a 100 fs laser pulse at 480 nm. By monitoring the transient
absorption signal at the wavelength corresponding to the hot
band of the molecular thermometer, we observed three major
stages of vibrational cooling of Az-Pro-ATC. Based on our
results we propose the following mechanism for the energy
transfer from initially excited solute to its environment: (i)
Shortly after the excitation (in ca. 0.25 ps), the Sate of
azobenzene decays to form an initial vibrationally excited
nonthermalized ground state of Az-Pro-ATC that involves
vibrational modes of both azobenzene and coumarin. This hot
ground state decays into a predominantly thermalized state by
redistributing the energy within the molecule in ca. 0.3 ps. (i)
This thermally equilibrated state cools by transferring its energy
to the closest solvent molecules (directly energy accepting
(DEA) solvent shell) in 5 ps. (iii) The energy diffuses from the
DEA shell into the bulk solvent in 13 ps. A model of the strong
coupling between the heater and the thermometer parts of our
integrated system was used to interpret the experimental data.
This model implies that the temperature measured by the ATC
molecular thermometer relates to the temperature of the
integrated system as a whole rather than to the solvent
temperature in the immediate vicinity of the thermometer.
Nevertheless, the use of a heatdrermometer system linked
through a relatively rigid bridge has some advantages. First,
the linear dependence of the hot band absorption coefficient

ature was also observed in IR-165 dye embedded in a IDO|ymermolecular thermometer of choice on temperature established

matrix 4748 Accordingly, the transient absorption signals dis-
cussed in this report are assumed to change linearly with
temperature. Exploiting this property of the hot band absorption

in early works simplifies the temperature calibration and reading.
Second, it allows one to determine the distance from the heater
in its close proximity where temperature measurements are

we can analyze the temperature change in the immediate vicinitytake”- If the thermal coupling through the bridge can be reduced,
of the molecular heater. The temperature attained by the heatefhen the temperature of the solvent can be measured.

molecule can be estimated from the decay curve of transient
absorption at the wavelengths corresponding to the hot band of

ATC.
To correlate the transient time profile with the temporal
change of the molecular temperature the amplitude of the initial
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