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High Temporally and Spatially Resolved Thermal already'®2° The thermalization process in the liquid phase was
Energy Detection after Nonradiative Transition in measured by monitoring the hot band of the-SS, absorption
Solution Using a Molecular Heater—Molecular edgé*!® and § — S; absorption edgé& For example, the
Thermometer Integrated System vibrational cooling of azulene occurs with-113 ps inn-alkanes,

9 ps in ethanol, 3.3 ps in 3:1 mixture of water and methanol, and
25.9 ps in GCl3F3.1® We can compare the temporal change of
the solvent temperature with that of azulene itself, and will be
able to obtain a deeper understanding of the energy-releasing
Department of Chemistry, Graduate School of Science POCesSes. - ) ,
Kyoto University, Kyoto 606-8502, Japan The temperature change at a specific spatial point after the
thermal energy launched from azulene was detected by another
Receied February 3, 1999 probe molecule; a molecular thermometer. This molecule should
Revised Manuscript Receéd March 19, 1999  possess several properties to be used as a thermometer in this
system. (1) The absorption band should not overlap with that of
azulene. (2) The energy of the Sate of the thermometer should
be higher than that of azulene to prevent direct electronic energy
2 2 Yransfer from azulene to thermometer. (3) To be a thermometer,
commonly observed phenomenon after photoexcitation in the yhe apsorption spectrum should be sensitive to (local) temperature.

. ) . . "One of molecules which satisfies these demands is coumarin 151
process, which has been studied extensively during the last tWO(ClSl).

decades.It may be reasonably speculated that the energy launched
from the solute initially heats only several solvents around the

solute to make a local hot spot and propagates in the matrix, and
then the hot spot area is expanded to eventually achieve a unifor
temperature distribution in the photoilluminated region. After
several 16-100 ps from the energy release, the energy propaga-
tion should be described by the macroscopic thermal diffusion

e_quation, which can be detected by many photothermal tech'ethanol (one of solvents) is 0.43 ridThe “temperature” of the
niques? On the contrary, the temporal and spatial region between thermometer was measured the via the change of the hot band
the energy release from the excited molecule and the macrosc‘)picabsorption of C151

heat transport regime is unexplored and will be a next interesting i

target in the chemistry and physics of intermolecular ener Figure 1 shows the absorption spectrum of A2H,~C15E°
g y phy Y in ethanol, which is almost identical to the sum of the absorption

conversion processes. Recently, Terazima and co-workers have pectra of azulene and of C151 except for slight red shiftd(

developed new photo_thermal_ techniques and have obger_ve(im). Hence, the intermolecular interaction between azulene and
ultrafast temperature rise (within a few ps) after the nonradiative C151 in the ground state appears to be weak

o e o —
transition-™* The temperature within a few ps should be inter The experimental set up for the transient absorption measure-

preted by a localized hot spot picture. However, since these ! L
techniques and other spectroscopic techniques used thus far dgnent was reported previousty.After the photoexcitation of

not have any spatial resolution, the heat transport process has (11) Hippler, H.; Lindemann, L.; Troe, J. Chem. Phys1985 83, 3906~
been less clear. For extending this research, we have constructe@912.

a new molecular heatemolecular thermometer integrated system 89(}1%)023%"57 L.; Hippler, H.; Lindemann, L.; Troe,dl.Phys. Chenl985
that generates thermal energy very fast, and we detect it with " (13) Hold, U; Lenzer, T.; Luther, K.; Reihs, K.; Symonds,Ber. Bunsen-

high temporal and spatial resolution. The heat flow at several Ges. Phys. Cheni997 101, 552-565.

distances from the solute can be monitored by changing the IengthLet(tl‘l‘Za\é‘g"i’lg"ésgf“znggie“ A.; Gottfried, N. H.; Kaiser, WChem. Phys.
of the bridge between molecular heater and thermometer. A ™" (15) Sukowski, U.; Seilmeier, A.; Elsaesser, T.; Fischer, SJ.FChem.
preliminary attempt to achieve the high temporally and spatially Phys.199Q 93, 4094.

resolved thermal energy study is reported (16) Schwarzer, D.; Troe, J.; Votsmeier, M.; Zerezke,MMChem. Phys.
S : .., 1996 105 3121.
For a heater molecule, it is preferable that the photoexcited g?%)%sch%nl K. E.; Russell, D. J.; Harris, C. B.Chem. Phys1992 97,

state relax quickly to generate large excess energy instantaneouslp431-5438.

in the lower state. We chose azulene for the heater because th e(318F),hSCShVVCEL%ﬁ;93; Tlg’f’SJéggg%me'ef’ M.; ZerezkeBér.M. Bunsen-
lifetime of the § state is as short as 1%and the vibrational (19) S)z:hwarzer, D.. Troe, J.. Zerezke, 8 Chem. Physl997, 107, 8380~
relaxation in the ground state has been extensively studiedg390.
(20) Schwarzer, D.; Troe, J.; Zerezke, M. Phys. Chem. A998 102

(1) (a) Seilmeier, A.; Kaiser, W. Iblitrashort laser pulses and applications 4207-4212.
2nd ed.; Kaiser, W., Ed.; Springer-Verlag: 1993, New York. (b) Elsaesser, (21) Molecular orbital calculation was performed by the AM1 method

Toshiya Okazaki, Noboru Hirota, Toshi Nagata,
Atsuhiro Osuka, and Masahide Terazima*

After photoexcitation of a molecule, the energy of the photo-

The center-to-center distance between azulene and the C151
moiety of this molecular integrated system (A2H,—C151) is
estimated to be 0.65 nm from the optimized geometry calculated
mby an semiempirical molecular orbital methdHence, the
temperature of the thermometer (C151) should be elevated by
the temperature of the solvent molecule in the first solvent shell,
because the radius of azulene is 0.33"hamnd the diameter of

T.; Kaiser, W.Annu. Re. Phys. Chem199], 42, 83—-107. (MOPAC ver. 3.0). Although we do not know which part of the molecule is
(2) Proceedings of the international conference on photoacoustic and sensitive to the temperature, we used the center of the molecules to represent
photothermal phenomena suchda$hys.1994 4, Prog. Nat. Sci.1996 6. the spatial location.
(3) Terazima, M.J. Chem. Physl996 105 6587-6595. (22) Mourits, F. M.; Rummens, F. H. ACan. J. Chem1979 55, 3010~
(4) Okazaki, T.; Hirota, N.; Terazima, Ml. Phys. Chem. A997 101, 3020.
650-655. (23) Details of the synthesis will be published elsewli@Bgefly, a mixture
(5) Takezaki, M.; Hirota, N.; Terazima, M. Phys. Chem. A997 101, of C151, 1-azulenecarboxaldehydgetoluenesulfonic acid, and toluene was
3443-3448. heated to reflux in an oil bath under nitrogen with stirring for 2 days. Produced
(6) Terazima, M.; Takezaki, M.; Yamaguchi, S.; Hirota, NChem. Phys. solid material was washed twice with benzene and dried in vacuo to give
1998 109 603—-609. Az—CH=C151 (yield 70%). It was dissolved in ethanol, and sodium
(7) Okazaki, T.; Hirota, N.; Terazima, M. Chem. Physin press. borohydride was added to the solution. The solution was stirred for 2 days at
(8) Okazaki, T.; Hirota, N.; Nagata, T.; Osuka, A.; Terazima, M., to be room temperature under nitrogen. Water was added to the reaction mixture,
published. allowed to stand for-5 min, and evaporated. The crude product was dissolved
(9) Schwarzer, D.; Troe, Ber. Bunsen-Ges. Phys. Chetf91, 95, 933— in benzene and was chromatographed first on alumina with 1% methanol/
934. benzene (v/v) and then on size-exclusion column with benzene. The first green
(10) Baker, J. RJ. Phys. Chem1984 88, 11-18. fraction was collected and evaporated, to yield-AH,—C151 (yield 22%).
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Figure 1. The absorption spectra of AZZH,—C151 in ethanol. 10001

e/em ! Mt

azulene, the enhanced transient absorption at the red edge of the
C151 band was observed, and the time evolution of the transient 100
absorption signal is shown in Figure 2a. The observed absorption
is attributed to the hot band absorption of C151 for the following
reasons. First, since we did not observe any signals from a sample 10
which contains only azulene or C151 under the same conditions, " wavenumber/ 10 cmt
they are not due to any absorption from isolated molecules. gjgyre 2. (a) The time profile of the transient absorption signal probed
Second, when we converted the observed OD to the molar 5t 450 nm. (b) The absorption coefficient of the red edge of C151 moiety.
extinction coefficient() and plotted with the absorption spectrum  The solid line shows the absorption spectrum at room temperature and
of C151, the spectrum shows a characteristic feature of the hotthe solid circle the absorption coefficient at 4 ps after photoexcitation of
band (Figure 2b). azulene moiety.

A simple interpretation of this profile is that the rise of the
absorption reflects the temperature rise of C151 due to the thermaldepends on the solvents 2 ps in 2-propanol<5 ps in acetone
energy dissipation from azulene. Therefore, the rate of the increaseand <3 ps in benzene). The difference between the thermalization
of this signal is determined by the thermalization rate of azulene times determined here and those reported previously should be
as well as the heat conduction from azulene to C151 through thefurther explored in a forthcoming papér.
solvents. The decay rate must represent the cooling rate of C151 Another possibility we should examine is the through-bond
by the heat dissipation process to the outer solvents. vibrational energy transfer from the heater to the thermoniéter.

However, the interpretation may not be so simple. The hot band We think this direct energy transfer possibility is low, based on
absorption appears because the vibrational levels of the ther-several reasons. First, if the intermolecular energy transfer can
mometer is thermally excited and it requires certain delay after be explained by the through-bond mechanism, the rate constant
the heating. The rise part, therefore, should include the thermally of the energy transfer strongly depends on the number of
vibrational excitation process of the thermometer, too. Taking interveningo-bonds. We measured the transient absorption signal
into account these rates, we calculated the time profile of the of the azulene-C151 combined with thredonds (Az-(CH;)s—
transient temperature by using a thermalization méé&ello C151), but we did not observe such a délgyhis fact could be
reproduce the observed transient temperature profile, the energy€xplained by a closer distance between azulene and C151-of Az
transfer rate from azulene to solvent is found to be less than 2 (CHz);—C151 than expected from the stretched structure, which
ps. The calculated temperature profile agrees well with the is caused by the flexibility of the propyl chain.) Second, the
observed one (solid line in Figure 2a). The thermalization time transient temperature monitored by the thermometer was calcu-
observed here {2 ps) is much shorter than the vibrational lated to beAT ~ 66 K from the hot band analystdf the energy
relaxation time of azulene obtained by monitoring the vibrational is directly transferred to the thermometer, the elevation of the
temperature of azulene itséff:16 A similar short thermalization ~ temperature should be much higher. Third, the temporal profile

time was observed also in the other solvents, and the time constan®f the temperature depends on the solvents. This solvent
dependence may not be expected from the direct energy-transfer

(24) Kimura, Y.; Takebayashi, Y.; Hirota, N. Chem. Phys1998 108 mechanism. Fourth, the time profile can be reproduced well by

1485-1498. The transient absorption spectra were measured by a standardthe thermalization model as described above.
pump—probe technique using an amplified picosecond pulsed dye laser (590 . -

nm, ~0.5 mJ, typically 4 ps at 50 Hz). The optical path length is 3 mm. The There are §everal points we shogld further take into account
probe beam after a sample was collected by an optical fiber connected to afor the analysis; the role of the chemical bond between the heater

spectrometer, and the probe light was detected by an intensified silicon gnd the thermometer, the role of the molecular configuration of

photodiode array. The concentration of the sampteSsnM. For the intensity - .
of the pump puise and the pumped are@ (x 103 cm), we calculated that ~ th€ chromophores, and the solvent effect. These points will be
~8% of the solute molecules were photoexcited. discussed elsewhefe.

(25) In this thermalization model, the excess energy of photoexcited azulene | summary, the thermalization process of azulene was
is first transferred to several solvent molecules that are effectively coupled to ’

the solute (the directly energy accepting (DEA) solvents). The rate is assumed Monitored via the hot band detection of the molecular thermometer
to be proportional to the intermolecular interaction and the temperature which is placed in the vicinity of azulene. The observed

difference between the solute and the solvent. The energy of the solute tharmalization was described well by the energy transfer from
increases with two stepsi’S - S (S the Franck-Condon state from the the solute to solvent and the therma?/diffusion g}/non the outer
ground state) and;S—~ S processes (1 ps). The thermal energy of the DEA g

solvent diffuses to the outer solvents (which is assumed to be continuous) by solvents. The rate was faster than the reported vibrational
the thermal diffusion. The response function of the thermometer is determined ra|axation rate previously. This is the first attempt to use the

by assuming that the thermal activation time from the DEA solvent and the | lar heat | lar th ter int ted t f
heat-releasing time to the outer solvents are identical. The time profile of the MOIECUIAr Neatermolecular thermometer integrated system for

transient temperature is calculated by convoluting the temperature of the DEA investigating the thermalization process from the solvent side.

solven]E withI the resdpor?sehfunctilon of the thermé)meter. The therma;lization

time of azulene and the thermal excitation (or deactivation) time of C151 . .

cannot be independently determined under c()ur signal-to-noi)se ratio. Hence, Acknowledgment. The authors thank Dr. Y. Kimura (Kyoto Uni-
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