J. Phys. Chem. A999,103,9591-9600 9591

Spatially Resolved Thermalization Dynamics of Electronically Photoexcited Azulene Probed
by a Molecular Integrated Thermometer

Toshiya Okazaki, Noboru Hirota, Toshi Nagata, Atsuhiro Osuka, and Masahide Terazima*
Department of Chemistry, Graduate School of Science, Kyotodisity, Kyoto 606-8502, Japan

Receied: March 24, 1999; In Final Form: June 30, 1999

The vibrational cooling process of photoexcited azulene (Az) was studied by using a covalently connected
molecular thermometer (coumarin 151 (C151)). The transient absorption at the red edge of the absorption
band of C151 detected after the photoexcitation of azulene is attributed to the hot band absorption of C151.
First, the time profile of the transient absorption signals of the integrated molecut€z-C151 was
examined by two thermalization models: one of which includes the intermolecular energy transfer through
theo-bond and through the solvent, and the other includes only the through-solvent path. From these analyses,
it is found that the cooling times of azulene in the solvents used here were found to be less than 7 ps. These
results indicate that there is a fast cooling process after the relaxation of the electronically excited state compared
with that reported before. The transient absorption spectrum and its time profile of a compound with a longer
chain (Az-(CH,);—C151) are very similar to those of AZZH,—C151 except for the much weaker intensity.
These facts indicate that the molecular structure of &K2H,);—C151 is flexible and the distance between

the thermometer (C151) and the heater (azulene) is short.

1. Introduction molecular thermometer integrated system (Figure?i)ter
o ) o _ photoexcitation of azulene that was used as a heater molecule,
The energy dissipation mechanisms by nonradiative transition ihe excess energy is dissipated to the surroundings. This energy
from photoexcited states to the surroundings have been studiedow was monitored via a hot band absorption change of a
extensively! Mostly, the energy dissipation has been discussed thermometer (coumarin 151 (C151)) connected via a methylene
by associating it with the vibrational relaxation process. The group (Az-CH,—C151). In the previous paper, essential

vibrational cooling in the §state of azulene is one of the  features of the temperature detection by this molecular system
extensively studied systems in a wide density region experi- were briefly described

mentally and theoreticall§.14 After photoexcitation to the S
state, the vibrationally “hot” azulene in thg Sate is produced
with a lifetime of 1 pst>16and a subsequent vibrational cooling
is monitored via the hot band of azuleh&? The results showed
that the vibrational cooling of azulene occurs around 10 ps. In
n-alkanes, the cooling times decrease with increasing chain
length from 12.5 ps in pentane to 10.8 ps in hexadecane.
Hydrogen bond formation has a strong influence on this
thermalization process. With increasing hydrogen bond density,
the vibrational cooling time decreases from 9 ps in ethanol to
3.3 psin a 3:1 mixture of water and methanol. In these studies,

azullenei ltself acts as a molecular thermometer to monitor the ,, e so|vent. These fast thermalization rates are compared

molecular energy. ) o with the vibrational cooling rates measured via the hot band
On the other hand, studies of the thermalization process by getection of azulene itself. The transient temperature detected

monitoring the temperature rise of the surrounding matrix could py a3 compound in which azulene and C151 are combined with

be another important approathrhis approach has been mainly 5 longer chain (propylene group) (A%CH,)s—C151) is
used by our group using several photothermal spectrosé8ptés.  discussed.

A fast temperature rise of the surrounding solvent molecules
with a few picosecond time resolution was monitored after
photoexcitation of solute molecules in wafef® and organic
solventsi~2 2-1. Transient Absorption Measurements.The transient
One of important parameters, which has not been detectedabsorption spectra were measured by a standard ppnobe
so far, is the spatial resolution. If we can detect the transient technique using an amplified picosecond pulsed dye Fser.
temperature of the solvent as a function of the distance from pulse of a Nd:YAG laser (Coherent Antares 76-S)-pumped dye
the solute, the thermalization process as well as the heat flowlaser (Coherent 700@; = 590 nm), which was amplified with a
mechanism will be more clear (Figure 1a). We recently carried dye amplifier system (Continuum PTA60 and Continuum
out the first attempt to detect the thermalization process with a RGA60) was split by a 5650 beam splitter for the pump and
high spatial resolution by using a molecular heater and a probe beams. The laser power wa8.5 mJ/pulse at 50 Hz.

In the present paper, the transient temperature with a high
spatial resolution using azulene (Az) and C151 molecular
integrated system is described in detail and the analysis is
presented. The observed results are analyzed by two thermal-
ization models: one includes the through-bond and the through-
solvent energy transfer, and the other includes only the through-
solvent energy transfer. The experimental observations can be
explained either by the thermalization through both paths or
only through the solvent path with a small number of directly
energy accepting solvent molecules. The thermalization rates
obtained from both models are rather fast{2ps) and depend

2. Experimental Section
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(a) the response was found to be typically 5 ps. The time origin (
= 0) was set at the peak of this cross correlation signal. The
concentration of the sample was5 mM in ethanol and
2-propanol for AzzCH,—C151 and~10 mM in acetone and

t ‘ t benzene for AzCH,—C151 and Az(CHy)s3;—C151. The

. - 1 U sample solution was photoexcited by the laser pulses Avith
590 nm. From the intensity of the pump pulse and the pumped

i area (2 x 1072 cm), we calculated that8% of the solute

molecules were photoexcited in a typical case. All the solvents
(ethanol, 2-propanol, acetone, benzene, and carbon tetrachloride
(Nacalai Tesque, Spectral grade)) were used without further
purification.
2-2. Steady-State Absorption Measurement under a Con-
b stant Density. The setup for the steady-state absorption
(b) measurement under a high-pressure condition is reported
_ (N O © CHaCHCHENIL O © elsewheré$ Briefly, the absorption spectra were recorded with
Q:} m \Q/\; a spectrometer (Shimadzu UV-2500PC). A high-pressure optical
CF, CF; cell was used at elevated pressures. The stability of the
temperature was:0.2 °C. The pressure was measured by a
Heise Bourdon Tube gauge with4#0.2 MPa accuracy. The
densities of the solution were calculated from EWT data of
ethanok’

3. Results

3-1. Az—CH,—C151.The absorption spectrum of ALH,—

C151 (Figure 1c) is almost the same as the sum of the absorption
spectra of azulene and of C151 except for slight red shifti)(

nm). Hence, the intermolecular interaction between azulene and
C151 in the ground state appears to be weak. The absorption
band from 500 to 700 nm is mainly the S S; transition band

of the azulene moiety and does not overlap with the long
wavelength edge of the-@ transition of the C151 moiety.

14 Therefore, we can photoexcite only azulene to thet&te using

{ the laser light centered at 590 nm.

The observed transient absorption spectrum of-8#,—
C151/ethanol is shown in Figure 2a. The signal appears just on
the red edge region of the C151 absorption band. The time
evolution of the transient absorption signal probed at 450 nm
is shown in Figure 2b. The time profile of the transient
absorption signal is almost identical at all the wavelengths in
Figure 1. (a) Schematic showing how the transient temperature can which the transient absorption signal appears. The transient
be monitored with a high spatial resolution. (b) Optimized molecular absorption spectra were also measured in acetone (Figure 3),
structure of Az-CH,—C151 and Az (CH,)s—C151 by the semiem-  2_propanol, and benzene (Figure 4). The spectra are very much
pirical molecular orbital calculations (AM1 method). (c) Absorption similar.
spectrum of Az-CH,~C151/ethanol. Previously, this signal was attributed to the hot band of the
The probe beam was focused by a leins (L5 cm) and brought ~ C151 absorption on the basis of the following reastrirst
into a 1 cmcell of flowing water to generate a white light of all, no signal was observed from the sample that contained
continuum. The white light continuum then passed through a only azulene or C151 under the same experimental conditions.
polarizer to select a vertically polarized light and was splitinto Hence the observed transient absorption signal is not the
two (sample and reference beams) with a beam splitter. Theabsorption of the excited states of azulene or C151. Second,
sample beam was focused by a concave mirRoE=(50 cm) the wavelength in which the transient signal appears is on the
and brought into a sample cell. The optical path length was 3 red edge of the absorption band of C151. It could be possible
mm. The pump beam was focused into the sample cell with a that the signals come from the hot band of azulene. However,
lens ¢ = 50 cm). The polarization of the pump beam was this contribution may be minor because the absorption coef-
adjusted to the magic angle (54)7The probe beam after a ficient of azulene is much smaller than that of C151. Indeed,
sample cell and the reference beam were collected to an opticalwhen the observed transient absorption signal is converted to
fiber connected to a spectrometer (Chromex 2501S) and detectedhe absorption coefficient), the frequency dependence ©f
by an intensified silicon photodiode array (EG&G, OMA1421). shows the characteristic feature of the hot band of C151 (Figure
The signal was normalized by the reference, and the difference5).2* Moreover, the wavelength region in which the transient
of the optical densityAOD) with and without pump beam was  absorption signal appears depends on the solvent, and this
measured at each delay time. The system response curve wadependence can be reasonably explained by the solvatochromic
measured by the optical Kerr signal of the neat carbon shift of the C151 absorption bari#l.Therefore, we conclude
tetrachloride solution under the same experimental conditions. that the observed transient absorption signal is due to the hot
The curve was fitted by a Gaussian function and the fwhm of band signal of C151.

Az-CH,p-C151 Az-(CHy)3-C151
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Figure 2. (a) Transient absorption spectrum of A@H,—C151 in Figure 3. (a) Transient absorption spectrum of AZH,—C151 in

ethanol. (b) Time profile of the transient absorption signal probed at acetone. (b) Time profile of the transient absorption signal probed at

450 nm (dotted line). The solid line represents the calculated signal 440 nm (dotted Iine)._ Th_e solid line represents the calculated signal
based on the thermalization model with the IVR process & 5 ps based on the thermalization model with the IVR procesg = 30 ps

andr = 3 ps). The system response curve is represented by the point-21d7 = 4 ps). The fitted curve with the second thermalization model
dashed line. The fitted curve with the second thermalization model (Without the IVR process) is also shown by the broken ling.(= 7

(without the IVR process) is also shown by the broken ling.{= 3 ps).

S).
Ps) those of AzCH,—C151 in benzene. We could not observe any

signal in ethanol and 2-propanol because of the low solubilities

Besides the hot band signal, when th itation |
g en the excitation laser power|of Az—(CHp)s—C151.

was strong, another component of the transient absorption signal
was observed in a longer wavelength region. This component
is particularly clear in benzene at a wavelength around 455 nm
(Figure 4). This signal quickly rises, and the decay is very fast 4-1. Analysis of the Transient Temperature.A simple
(<1 ps). The time profile of this component is about the same interpretation of the observed transient spectra is that the signal
as the instrumental response function. The origin of this directly reflects the temperature rise of C151 due to the thermal
component is not clear at present but could be a transientenergy dissipation from azulene. However, we must consider
absorption from higher excited states produced by the mul- that the absorption coefficient)(is not generally proportional
tiphoton absorption. This contribution can be minimized by to the temperature. First, we examine the relationship between
using a weak pump laser power. This component is not seen ine and T at the probe wavelength. The hot band absorption
the signals of the ethanol, 2-propanol, and acetone solutions.appears due to the thermal excitation of higher vibrational levels
The amplitudes of the hot band signals were proportional to in the ground state. Kaiser and co-workers introduced the
the pump laser power. Hence we believe that this contribution following model for analyzing the temperature-dependent
does not participate in the hot band signals we are studying. electronic absorption spectrum, which has been used in many
3-2. Az—(CHj)3—C151. The hot band spectrum of Az systems:2%-3 In this model,e at a wavenumber and at a
(CH,)3—C151 in acetone is shown in Figure 6a. The fast rising temperatureT is expressed by
signal observed in AzCH,—C151/benzene was also observed
in this system when the pump laser power was strong. The (v, T) O §v) exp{ —h(v — v KT} 1)
spectrum of this component was estimated from the transient ) - )
absorption spectra of AzCH,—C151 in acetone recorded ata  Wherévoois the wavenumber of the-f transition and is the
stronger pump laser power. The hot band spectrum (Figure 6a)BoItzmann constantyv) is determined by the density of the
is obtained by subtracting the estimated spectrum of this vibrational states and the Frane@on'don factors. If we assume
component from the raw data. The time profile of the transient that the temperature dependence @ expressed by eq 1, the
absorption signal probed at 450 nm is shown in Figure 6b. The 'atio of(v,T) to that at room temperaturg{= 298 K) is given
time evolution of this signal is very similar to that of AZH,— by
C151 except for the long time behavior and a weaker intensity.
The transient absorption signal was observed also in benzene. €(v.T)
The spectrum and the time profile of the signal are similar to e, Ty

4. Discussion

= exp{h(v — v, (KT — 1KT,)} )
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Figure 6. (a) Transient absorption spectrum of A@LCH,);—C151 in

benzene. (b) Time profile of the transient absorption signal probed at acetone. (b) Time profile of the transient absorption signal probed at
420 nm (dotted line). The solid line represents the calculated signal 450 nm (dotted line). The solid lines represent the same calculated

based on the thermalization model with the IVR process & 10 ps
andt = 5 ps). For comparison, the calculated signal with = 10 ps
andt = 6 ps is also represented by the broken line.
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Figure 5. Red edge of the C151 absorption spectrum at room
temperature (solid line) and absorption coefficient at 5 ps after
photoexcitation of azulene moiety in benzene (circles).

Let us examine eq 2 for the transient absorption signal of Az
CH,—C151/ethanol. The ratio of(T) measured at 4 ps after
photoexcitation tos(Ty) is shown in Figure 7a. If the above
analysis is appropriate, the plot ofk{T)/e(Tx)} vs v should

signal as in Figure 2b. The broken line denotes the time profile of the
transient temperature of the thermometer calculated with the second
thermalization modefttunm= 7 ps) when the propylene chain is stretched
out (the distance between the heater and thermometet 1sA).

7a). From the fitting, we determinediT = T — T;; & 66 K ang

voo = 22400 cnml. The uncertainty of the temperature is
estimated to bet10 K from a different set of the fitting with
different wavelength regions and also from several runs of the
experiments. The frequency of the-0 transition is reasonably
close to that estimated from the absorption and the fluorescence
spectra of Az CH,—C151/ethanol (22 500 crd). This agree-
ment supports the validity of this estimation and our interpreta-
tion that the induced absorption in this region comes from the
thermal broadening of the-@ transition band of C151.

By using the determineeh, (=22 400 cn1?), the temperature
dependence of(T) at the probe wavelength of 450 nm can be
calculated from eq 1 (Figure 7b). The ploteo¥s T shows that
¢ is almost proportional t@ in this temperature range. Therefore,
we conclude that the observed transient absorption signal
intensity at 450 nm is directly proportional to the temperature
change of the molecular thermometer. In the other solvents used
here, this linear relationship is valid, too. On the basis of these
results, hereafter, we analyze the temperature change of the
molecular thermometer (C151) from the time profile of the
transient absorption signal.

To calibrate the temperature rise from the transient absorption
intensity by another method, the temperature dependence of the
steady-state absorption spectra ofA2H,—C151 was measured
at several temperatures under ambient pressure. Generally, with

be linear. However, the plot deviates from the linear relation at increasing temperature, the absorption spectrum is thermally
a higher wavenumber region. Probably this deviation is due to broadened due to the population increase of the higher vibra-

the contributions from the vibronic bands in the excited state.

tional levels. The observedyS> S; absorption band of C151

We fitted the data points in the red edge region by a linear at higher temperature is thermally broadened, as expected.

function of v with a parameter ofgp andT (solid line in Figure

However the entire absorption band shifts to the blue side with
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Figure 8. Absorption spectrum of C151 in ethanol unge+ 0.81 g
cm3. The solid and dotted lines denote the observed spectra at 25 and
50 °C, respectively. The spectrum corrected for the thermochromism
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temperature / K be very fast because a large part of the dynamic Stokes shift

Figure 7. (a) Ratio ofe(T) at 4 ps after the photoexcitation ¢Ty) of occurs in the very short time scale, which is induced by the
Az—CH,—C151/ethanol. The solid line denotes the fitting line by using  griental redistribution of the surrounding solvefts*® On the
eg 2. (b) Relation between the absorption coefficient at 4506450 - :
nm)) and the temperature (dotted line). The solid line denotes the bestOther.bha.md’ the t?mpe[]atlére erem:ie.nce cr)1f. ';]he Ilsdotrcl)(plc
fitted line by a linear function. contribution comes from the density variation, which could take
place slowly. We measured the absorption spectrum at a constant
increasing temperature, and the hot band did not appear in thedensity ) to subtract the isotropic contribution. The temperature
red edge. This was totally unexpected. This spectral shift at a dependence of the absorption coefficidArIAT was determined
higher temperature, however, has been observed for manyfrom the absorption spectrum of AZH,—C151 in ethanol

molecules and is known as “thermochromis#h®3 This obser- underp = 0.81 g cnt3 at 25°C and 50°C (Figure 8). Assuming
vation is inconsistent with the hot band observation in the Ae O AT, Ae/AT was found to be 1.7 crd M1 K~ at 455
transient absorption spectrum. nm in ethanol. By using this value, a temperature rise-290

A similar phenomenon in studies of the transient temperature K at the maximum is calculated from the transient absorption
has been sometimes reported so far. For example, Scherer eintensity of Az—CH,—C151/ethanol. This temperature rise of
al. tried to calibrate the transient temperature of the molecular ~290 K is inconsistent with the estimatedl from the red-
thermometer (oxazine-1) in a picosecond time scale by using edge analysis of the absorption spectrum presented befé& (
the steady-state absorption spectidrm this case, the hot band  K).
signal could be fitted not by a spectrum expected at a high  Next we subtract the temperature-dependent blue shift from
temperature but by a spectrum after a correction for the the observed temperature dependence of the absorption spec-
thermochromic shift. In their analysis, the origins of the trum; that is, the observed absorption spectrum at’G0Os
temperature dependence of the steady-state spectrum wershifted so that the peak of the absorption spectrum atG0
divided into three components: the first, the absorption change matches that at 25C (broken line in Figure 8). If we use this
of optically active modes with large FranekCondon factors spectral correctiorAe/AT = 6.4 cnm! M—1 K1 is obtained at
induced by the increase in thermal population, the second, the455 nm, which leads tAT — 78 K at the peak of the transient
line broadening due to the population change of low-frequency absorption intensity. It is rather surprising that this temperature
modes and the modes with small Frangkondon factors, and  rise is within the uncertainty range of the estimated from
the third, the temperature-dependent shift of the absorptionthe analysis of the red edge broadening of the absorption
spectrum. They found that the observed transient spectrumspectrum. This coincidence may indicate that the absorption
should be fitted by the first two components. They concluded spectrum shift due to the temperature rise occurs slowly, and
that the steady-state absorption spectrum cannot be comparethe transient broadening should be analyzed without taking into
with the transient absorption spectrum in a picosecond time scaleaccount the frequency shift of the spectrum. However, the
probably because the thermochromic shift takes place slowly detailed mechanism about the thermochromism including its
by the change of the dielectric constant and the refractive indextime response is still unclear, and further studies are needed to
of the solvent. reveal the relationship between the transient and the steady-

The thermochromism results from the temperature depen- state absorption spectra.
dence of the orientational and the isotropic polarization of the  4-2. Theoretical Models of the Thermalization Process.
solvent®233The time responses of these contributions are unclear The hot band absorption appears because the vibrational levels
because systematic time-resolved studies of the thermochromisnof the thermometer are thermally excited. In the present case,
are quite limited. The orientational response of the solvent may there are two possible energy transfer mechanisms: through-
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bond and through-solvent mechanisms. The former process carTABLE 1: AT Obtained by the Simple Estimation with Eqs
be regarded as an intramolecular vibrational redistribution (IVR) 1 and 2, the Obtainedziyr and z by the Curve Fitting with

B . the First Thermalization Model, 7s,m To Reproduce the
process of the azulene-coumarin integrated molecule. Observed Time Profile of the Hot Band Signal with the

First, we tried to reproduce the observed temporal profile of Second Thermalization Model, and the Parameters Used in
the temperature and the temperature incredsE) (Using a the Calculations

simple thermalization model, which includes the IVR process ethanol  2-propanol  acetone  benzene
and through-solvent energy transfer. We assumed that the excess, -

: . 66 17 37 68
energy of the photoexcited azulene is transferred to the ; /ns 54 2 20410 30+10 1045
thermometer (C151) through tleebond with a lifetime ofryr 7/pst 3 2 4 5
as well as through several effectively coupled solvent molecules Zsur/PS’ Kt ol ?12 i ; 71 512
(directly energy accepting (DEA) solvent molecules) with a E/S}i've”l‘] mo 2 4?) 436 5 56
lifetime of 7. The DEA solvents should locate in the first solvent  pj1g-8m2 st 8.6 6.9 9.3 9.4

shell of the azulenecoumarin integrated molecule. We also
assumed that the energy transfer rate is proportional to the i ]
temperature difference between the energy donor and acceptofvhereT is the temperature of the bulk solvenis the distance
molecules. The internal excess energy of azulene increases witdfom the center of the heater, abdis the thermal diffusivity.

two steps: § — Sy (Si*: the Franck-Condon state from the The S—S energy spacing (E¢J is estimated to be-14 500
ground state) and;S~ S processes (1 ps). Since theg'S> S, cm 1316 The heat capacityGsoue = 186 J mof* K™) of
process of azulene is completed very quickly (less than 6ps), azulene_were estimated from ref 7: The heat capacity Qf C151
the time evolution of the solute energy from this process can Was estimated fronCc15/Cson Obtained by a semiempirical
be neglected. This contribution provides an initial condition of Molecular orbital calculation by the AM1 method with the
the azulene temperaturg;(t = 0) = Qo/Ca; (Qo = hv — E(Sy) MOPAC program package and the literature valu€gf,. Noga
andCa, is the heat capacity of azulend), is further elevated was determined frpm the estimated volumg of the first solvent
by the energy from the deactivation of thesEate with a lifetime ~ Shell and the density of the solvetiThe radius of Az-CH,~

of 7s1 (=1 ps). Therefore, the time evolution of the temperature C151 was estimated toeb4 A by using the method of atom
of azulene can be given by increment!® The molecular size of the solvent)(is calculated

from the Lennard-Jones paramet&$he other parameters used

aUncertainty ofr is £1 ps.P Uncertainty ofrs,mis +2 ps.

in the calculation are listed in Table 1. These differential
AZ% = AZ(— M + equations (3)(6) are numerically solved.
t TivR By adjustingriyr andr, we tried to reproduce the time profile
Ta, () — Toea®))  E(S) of the signal and the temperature rigeTj. We found that the
az\ - + exp(-tizs) (3) temporal profile can be reproduced well by several sets of these
k! parameters. For example, in the AZH,—C151/ethanol case,

the profile calculated withyg = 1 ps andr = 6 ps is almost

where Tcis1 and Tpea are the temperatures of C151 and the indistinguishable from that withg = 5 ps ande = 3 ps within
DEA solvents, respectively. the experimental uncertainty of the signal. Howeverjf is

The thermometer C151 receives the excess energy fromas short as 1 ps, for example, the maximum temperature rise is
azulene directly and dissipates (or accepts) the energy to (0r200 K, which is too high to explain the observed signal.
from) the DEA solvents. We assumed that the rate constant of Considering the experimental value (8610 K), we found that
the intermolecular energy transfer between C151 and the DEAthe signal can be reproduced well withg = 5 + 2 ps and
solvent is the same as that between azulene and the DEA solvent = 3 4 1 ps. The determinedyg andz in the other solvents
(z™1). Hence, the temperature changes of C151 and the DEAare summarized in Table 1, and the calculated signals are

solvents are given by depicted in Figures 3, 4, and 6.
The obtainedyr andr indicate some characteristic features.
dTeys4(t) Taz(t) — Tepsi(t) (1) Although the IVR of large molecules in solution is believed
C15T Gt = LAz - + to occur within a few picoseconds, the observgg are rather
VR long. As stated above, the temporal profile can be also

C l(_ Teis(t) — TDEA(t)) 4) reproduced withryg = 1 ps andr = 6 ps, but it gives too high
C15 T of a temperature risewr have to be longer than 3 ps in ethanol
ATpea(t) (TAz(t) — Tpea® and 20_ ps in acetone to expla_in th(_e temperature rise. The slow
= + Tivr Will be discussed later in this section. (2) Thesgr
strongly depend on the solvent. Since the IVR process of many
®) large molecules usually completes within an experimental time
resolution, systematic studies on the solvent dependence of the
IVR process are highly limited and the detailed mechanism is
whereCc1s1 and Csoy are the heat capacities of C151 and the still unclear. The present results mean that the slow IVR process
solvents, respectivelpea is the number of the DEA solvents.  may be sensitive to the solutsolvent interaction. Further
The thermal energy of the DEA solvent diffuses to the outer information is needed to reveal the solvent dependence of the
solvents (which is assumed to be continuous) by the thermal VR process. (3) The obtainedare shorter than the previously
diffusion. The thermal diffusion process to the outer sphere 'eported vibrational cooling times of azulehe?The thermal-

under the spherical symmetry condition may be describdd by ization times of some other molecules were also found to be
faster than 5 p3-23 This shorterr will be also discussed in

2 the later part of this section.
orT(D) = Da (T(®) (6) Besides the above three features, it is worthwhile to point
ot ar? out that the obtainedyr are much longer tham. For the

NDEA solv dt — YAz

C151

T
(T0151(t) - TDEA(t))
T
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purpose of comparison, we constructed another thermalizationprofile with Npea = 2, AT was found to increase30 K, which
model, in which the energy transfer through théond is was closer to the experimental value 610 K). A possibility
neglected. This second model allows us to calculate the transientof the smalleNpea may suggest that the energy transfer to the
temperature of the molecular thermometer at various distancessolvent is selective to a few DEA solvent molecules. The
from the molecular heater. mechanism of the selective thermal energy transfer to some DEA
First, the temperature of solvent is calculated and then the solvents was used previously to explain the thermalization rate
temperature of the molecular thermometer at a distance from of 2-hydroxybenzophenorfé Also it is consistent with theoreti-
the excited solute is calculated. The first step of the calculation cal studies by Nagaoka et &l.and the experimental finding
is similar to the previous one. We calculated the energy that the thermalization is significantly enhanced by a specific
dissipation process from azulene to solvent using eqgs 3, 5, andintermolecular interaction such as the hydrogen bonéfifidne
6 with negligiblez)yr and without the molecular thermometer. calculated curves (after normalized to the peak intensity of the
The activation and the deactivation processes of the molecularobserved signals) are shown in Figures 2 and 3 as examples.
thermometer (C151) were individually expressed as a responseThe obtainedrsym With Npea = 2 are listed in Table 1. A
function. The response time of the temperature elevation andpossibility of the smallC,, for the transient temperature was
the temperature decrease of C151 could be different. However,discussed in the previous pagéand we think it is conceivable
using two different response times adds a complexity and morein this case, too.
parameters to the model, and we will not gain much insight  From these two model calculations, we found that the
into the thermalization process. Hence we assume that the ratg,pserved transient temperature can be explained by the ther-
constants of the energy transfer to C151 and from C151 arej|ization model with the IVR process or the model without
identical (1tyip). Un(_jer thls_ assumption, the response function |\/r put with smallNpga or smallCspy. At present, we do not
of C151 @(t)) after impulsive heating is given by know which model is more appropriate for describing the
thermalization of this system. There are some drawbacks in both
git) = L expt/t ) @) models. In the first model, the solvent-dependent IVR process
Tiib is hard to explain. Furthermore, if the IVR process through the
o-bond is important, the time profile of the transient temperature
As regarding the distance between the heater and theof the longer chain molecule, AZCH,)s—C151, is expected
thermometer, we should take a distance between a point whereg pe different from Az CH,—C151, but it is not observed here.
the energy is released and a point where the temperature ign the second model, the origin of the smaillbea or Csoy iS
detected in the molecular structures. However, we do not know not clear. This point should be clarified for the thermalization
which part of azulene releases the heat and which part of Clslstudy by the molecular heatemolecular thermometer system
is sensitive to the temperature. Hence we take the center-to-jn the future.
center distance between the chromophores to represent the
distance between the heater and the thermometer, which isth
estimated to be 0.65 nm from the optimized geometry (Figure
1b) by a semiempirical molecular orbital calculation (AM1
method, MOPAC program package). The radius of azulene is
0.33 nm/ and the diameters of the solvents used here are-0.43
0.55 nm? We assume that the molecular thermometer locates
between the DEA solvents and the outer continuum medium.
The temperature of C151 increases by the energy flow from
the DEA solvents and decreases by the energy transfer to th
continuum. Therefore, the experimentally observelt;si(t)
is expressed by

It is important to stress that, by using either models, the
ermalization process of AzCH,—C151 must be fast to
explain the observations; that is, the excess energy of azulene
efficiently transfers to C151 through the solvent. The determined
thermalization timest(or 7syn) are shorter than the vibrational
relaxation time obtained by monitoring the vibrational temper-
ature of azulene itseff? What is the origin of the difference
between the thermalization times determined here and those
reported previously? We may think the following two possibili-
Sies. First, combining the methylene group and C151 should
increase the density of states around azulene. As a result, the
coupling between the vibrational modes of azulene and the
; translational mode of the DEA solvents becomes strong and
ATeys(t) = f,wATDEA(t —t)g(t)at (8) the cooling time of azulene could be faster than the isolated
azulene case. Second, the nonuniform intramolecular vibrational
Even using this simple model, the energy transfer rate from relaxation may participate in the difference. If the intramolecular
azulene to solvent (&) and the thermal excitation rate of C151 Vibrational redistribution is fast enough compared with the
(1/r4in) could not be determined independently by the fitting of Vvibrational cooling process, the temperature decrease monitored
the observed transient temperature under our signal-to-noisefrom the solute temperature should be the same as the temper-
ratio. After calculating the temporal profile of the transient ature increase monitored outside of the solute. However, if the
temperature of C151 using various parameters, we found thatintramolecular vibrational relaxation is not fast enough compared

the profiles calculated with the samem, = 7 + 2.5, give with the thermalization process, we should observe several
very similar curves. Hence we can determine ordy, from kinetics in the thermalization process. For example, it could be
the fitting of the observed profile. possible that the hot band detection method in the previous

The best fit of the observed profile was obtained with, studies monitored the populations of the vibrational levels with

= 3 ps in ethanol Npea = 16). However, the calculated low vibrational quantum numbers, while the transient temper-
temperature rise is~10 K, which is much lower than the ature detection in this study monitors overall energy transfer
observed rise. We may be able to improve the fitting two ways. from azulene to the solvent. If most of the vibrational popula-
First, a slight contribution of the IVR process could increase tions dissipate their excess energy to the solvents very quickly,
the temperature. A model taking into account of the IVR process the temperature of the solvent rises very fast and the minor part
is the first model we presented above in this section. Second,of the temperature rise could not be detected. On the other hand,
the higher temperature rise could be explained by a smdder the hot band detection of azulene is sensitive to the population
or smaller heat capacity of the solvent. If we fitted the time dynamics of the vibrational levels with relatively large Franck
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Condon factors in the;State and the relaxation of these states distance between azulene and C151 cannot contribute to the
could be slow. transient temperature signal significantly. We think that these
A typical time scale of the intramolecular vibrational relax- two factors make the time profile of the transient temperature
ation has been believed to be in the range of subpicosecond€’f Az—(CH;);—C151 similar to that of Az CH,—C151.
for large moleculed.If this is the case for azulene, the second It may be interesting to note that the deviation of the
explanation is unrealistic. Recently, however, slow intramo- calculated temperature rise from the observed signal can be seen
lecular relaxation processes (several picoseconds) have beef the long time delay. This feature was always observed also
observed in several large molecufésS! For example, Naka- in benzene although the signal-to-noise ratio is not good. This
bayashi et al. studied the intramolecular vibrational relaxation ong tail may represent the time development of the temperature
of transstilbene by picosecond time-resolved anti-Stokes Raman at the outer sphere, which was monitored by the lengthened
spectroscop§! They found that the intramolecular vibrational —form of Az—(CHg)s—C151. It may be very interesting to study
relaxation process proceeds in roughly two steps. Although the the transient temperature from compounds with a rigid spacer
highly excited vibrational levels of the olefinic stretching modes Petween the two chromophores to fix the distance between the
relax very rapidly (in the femtosecond to subpicosecond time heater and the thermometer. Such molecular integrated systems
range), the nonequilibrium ;Sstate persists for several pico- Will provide ideal systems for revealing the thermalization
seconds after photoexcitation. Therefore, not only IVR between Process with a high spatial resolution. A study along this line
azulene and C151 moieties but also the intramolecular vibra- Will be conducted by this group in the future.
tional relaxation time of azulene may be in the several )
picosecond time scale. Schwarzer et al. considered that 3 ps>: Conclusion
may be a reasonable intramolecular relaxation time for azulene A very fast vibrational cooling process of azulene was studied
when they found that the cooling rates deviated from the isolated by the transient absorption method using molecular integrated
binary collision model in a higher density regido clarify systems with a molecular thermometer (C151). Vibrationally
the existence of the fast energy dissipation process, a photo-highly excited azulene (molecular heater) is formed by the light
thermal spectroscopic study on the vibrational cooling of azulene absorption into the Sstate and the subsequent relaxation to
is required. the ground state by the internal conversion with a lifetime of 1
The determined thermalization timesandzs,min Table 1) ps. After the azulene moiety was photoexcited, the transient
depend on the solvent. The thermalization occurs faster in theabsorption signal was observed at the red edge of ghe S;
alcoholic solution. We believe that the short thermalization time absorption band of the C151 moiety. First, a compound
in the alcoholic solvent is due to the hydrogen bonding between combined with the methylene chain between the heater and the
azulene and the solvent. It was already reported that thethermometer (AzCH,—C151) was examined. The observations
hydrogen bond formation has a strong influence on the were analyzed with the thermalization model, which includes
vibrational cooling rate of azulerfélhe same tendency has been the through-bond and the through-solvent energy transfer. From
reported in other systen&22:5253Recently, McDowell studied this analysis, it was found that the energy transfer times by the
the collisional deactivation of the triplet pyrazine in the gas IVR process are in a range of-80 ps depending on the
phasé2 They found that water is an unusually strong vibrational solvents, and the cooling times of azulene were less than 5 ps.
relaxer. Terazima reported that the thermalization rate of The time profiles of the transient temperature can be also
Betaine-30 has a good correlation with the hydrogen bond reproduced by another thermalization model without the IVR
density?2 The thermalization time in a mixture of water and process, but in this case, we have to assume that the number of
ethanol becomes shorter with the increasing mole fraction of the DEA solvent is smaller than the number of the solvent
water. The importance of the hydrogen bonding was suggestedmolecules in the first solvent shell ok is smaller than that
theoretically by the molecular dynamics simulation, $&o. under the steady-state conditions. The thermalization time
4-3. Az—(CH»)3—C151. The time profile of the transient Qet_ermined by this_model is also shoﬁ?(_ps)_. These results
absorption of Az-(CH,)s—C151 (Figure 6b) is very similar to indicate that there is a very fast thermalization process of h_ot
that of Az—CH,—C151 except for the signal intensity. Naturally, ~22ulene compared with that reported from the hot band detection

the profile can be fitted by the same model presented for Az of azulene itself. This vibrational cooling rate depends on the
CH,—C151 (solid line in Figure 6b). If the propylene chain is solvent. The transient absorption spectrum and the time profile

stretched out, the distance between azulene and C151 is2f @ compound with a longer chain (AZCHo)s~C151) are
estimated to be-11 A from the semiempirical molecular orbital ~ V'Y Similar to those of AzCH,—C151 except for the signal
calculation. In this case, the calculated time profile with the INtensity. This fact indicates that about one-third of the C151
second thermalization model is clearly delayed and does notMolety locates in the vicinity of a_zulene moiety _because of the
reproduce the observed signal (broken line in Figure 6b). This flexibility of the propylene chain. The deviation from the
result indicates that the C151 moiety should locate near the c@lculated signal was observed in the long time delay, which
azulene moiety due to the flexibility of the propylene chain. may reflect the temperature of the solvent in the outer shell.
One of notable differences is that the signal intensity of-Az
(CHy)3—C151 is~3 times weaker than that of AZCH,—C151.
The weaker intensity may come from two factors. First, the  All IH NMR spectra were recorded on a JEOL alpha-500
distance between azulene and C151 could be rather broadly(operating at 500 MHz), and FAB-MS spectra were recorded
distributed. From the signal intensity, we think that about one- on a JEOL HX-110 with a 3-nitrobenzyl alcohol matrix. Azulene
third of C151 locates in the vicinity of azulene. It was reported (Lancaster) and C151 (SIGMA) were used as received.

that the chromophores connected with a flexible spacer can be 6-1. Az-CH,—C151. 7-((Azulen-1-yl)methylideneamino)-4-
close to each othéf~57 Second, since the thermal energy is trifluoromethylcoumarin (AzCH=C151). A 50 mL flask
conducted uniformly in space, the temperature rise at a far equipped with a DeanStark trap, a magnetic stirrer, and a
distance from the molecular heater should be smaller than thatreflux condenser was charged with 0.458 g (2 mmol) of
at a closer distance. Hence, the compound that has a long7-amino-4-trifluoromethylcoumarin (C151), 1-azulenecarbox-

6. Synthesis
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aldehyde (0.312 g, 2 mmolp-toluenesulfonic acid (0.0380 g, The mixture was washed with water, extracted with dichloro-
0.2 mmol), and toluene (25 mL). 1-Azulenecarboxaldehyde was methane, and then evaporated, to yield 0.333 g (1.46 mmol,
prepared from azulene by the previously reported methodis 82%) of Az—CH,CH,CO,C;Hs. TH NMR (6 in CDCls): 8.31
mixture was heated to reflux in an oil bath under nitrogen with (d, 1H,J = 9.5 Hz, azulene ring), 8.26 (d, 18l= 9 Hz, azulene
stirring for 2 days. The mixture was cooled to room temperature, ring), 7.79 (d, 1HJ = 4.0 Hz, azulene ring), 7.55 (t, 1H,=
and the orange-red solid was collected by filtration. The solid 10.5 Hz, azulene ring), 7.33 (d, 18l= 4.0 Hz, azulene ring),
was washed twice with benzene and dried in vacuo to give 0.5307.12 (t, 1H,J = 10 Hz, azulene ring), 7.09 (t, 1K,= 9.5 Hz,
g (1.4 mmol, 70%) of pure AzCH=C151.*H NMR (6 in azulene ring), 4.13 (g, 2Hl = 7.0 Hz,—CH,—), 3.42 (t, 2H,
CDCl): 9.49 (d, 1H,J = 9.5 Hz, azulene ring), 8.99 (s, 1H, J= 8.0 Hz,—CH,—), 2.76 (t, 2H,J = 8.0 Hz,—CH,—), 1.22
—CH=N-), 8.47 (d, 1H,J = 9.5 Hz, azulene ring), 8.34 (d, (t, 3H,J = 7.0 Hz, —CHj).
1H,J = 4.0 Hz, azulene ring), 7.82 (t, 1d,= 9.8 Hz, azulene 3-(Azulen-1-yl)-1-propanol (Az(CH,)sOH). Lithium alumi-
ring), 7.75 (dd, 1HJ = 8.5 Hz, 1.3 Hz, coumarin ring), 7.55  num hydride (0.222 g, 5.84 mmol) was added to a solution of
(t, 1H,J=9.8 Hz, azulene ring), 7.46 (t, 18~ 10 Hz, azulene  Az—CH,CH,CO,C,Hs (0.333 g, 1.46 mmol) in dry dimethyl
ring), 7.44 (d, 1HJ = 4.5 Hz, azulene ring), 7.29 (d, 1d= ether (20 mL). The solution was immersed in an ice bath and
8.5 Hz, coumarin ring), 7.28 (d, 1d,= 9.0 Hz, coumarinring),  stirred under nitrogen for 3 h. The mixture was washed with
6.72 (s, 1H, coumarin ring). Mass spectrum: 368 (calcd for M water, extracted with diethyl ether, and then evaporated. The
+ H*: 368). resulting solid was chromatographed on silica gel with 50%

7-((Azulen-1-yl)methylamino)-4-trifluoromethylcoumarin{Az ~ ethyl acetate/hexane (v/v). The second blue fraction was
CH,—C151).Az—CH=C151 (0.25 g, 0.7 mmol) was dissolved collected and evaporated, to yield 0.0639 g (0.351 mmol, 24%)
in 10 mL of ethanol, and sodium borohydride (0.0265 g, 0.7 of Az—(CH,)30OH. *H NMR (¢ in CDCL): 8.30 (d, 1HJ =9
mmol) was added to the solution. In the dark, the solution was Hz, azulene ring), 8.25 (d, 1H, = 9 Hz, azulene ring), 7.80
stirred for 2 days at room temperature under nitrogen. Water (d, 1H, J = 4.0 Hz, azulene ring), 7.54 (t, 1H, = 10 Hz,
(~0.5 mL) was added to the reaction mixture, which was azulene ring), 7.34 (d, 1Hl = 3.5 Hz, azulene ring), 7.09 (t,
allowed to stand for~5 min and then evaporated. The crude 1H,J= 10 Hz, azulene ring), 7.07 (t, 1Hd,= 10 Hz, azulene
product was dissolved in 20 mL of benzene, and the dark purplering), 3.72 (dt, 2HJ = 6.0 Hz,—CH,—), 3.18 (t, 2HJ = 7.5
solid was removed by filtration. The filtrate was chromato- Hz, —CH,—), 2.04 (tt, 2H,J = 7.0 Hz, —CH>—).
graphed first on alumina (Sumitomo Kagaku KCG-1525, 2 cm  3-(Azulen-1-yl)-1-propyl Methanesulfonate (AZH,)s-
in diameter and 3 cm height) with 1% methanol/benzene (v/v) OSQCHs). A mixture of Az—(CH,)s;OH (0.0243 g, 0.134
and then on a size-extrication column (Biorad BIO-BEANS mmol) and methanesulfonyl chloride (0.0460 g, 0.402 mmol)
S-X1, 5 cm diameter and 50 cm height) with benzene. The first was dissolved in dry pyridine (10 mL). The mixture was stirred
green fraction was collected and evaporated, to yield 0.0574 gunder nitrogen for 30 min, then washed lwit N HCI, extracted
(0.16 mmol, 22%) of Az CH,—C151.*H NMR (6 in CDCl): with dichloromethane, and evaporated, yielding 0.0326 g (0.116
8.37 (d, 2H,J = 9.5 Hz, azulene ring), 7.92 (d, 1Kd,= 3.5 mmol, 87%) of Az-(CHy)30SOQ,CHz. IH NMR (6 in CDCl):
Hz, azulene ring), 7.67 (t, 1H,= 9.8 Hz, azulene ring), 7.49  8.27 (d, 2H,J = 9.5 Hz, azulene ring), 7.79 (d, 1H,= 4.0
(dd, 1H,J = 8.5 Hz, 2.0 Hz, coumarin ring), 7.37 (t, 1d= Hz, azulene ring), 7.56 (t, 1H, = 10 Hz, azulene ring), 7.35
4.5 Hz, azulene ring), 7.24 (td, 18= 10 Hz, 2.0 Hz, azulene  (d, 1H,J = 3.5 Hz, azulene ring), 7.13 (t, 1H,= 9.5 Hz,
ring), 6.61 (m, 2H, coumarin ring), 6.44 (s, 1H, coumarin ring), azulene ring), 7.10 (t, 1H] = 9.5 Hz, azulene ring), 4.24 (t,
4.83 (d, 2H,J = 4.0 Hz,—CH,—), 4.64 (s, 1H—NH-). Mass 2H,J = 6.5 Hz, Az-CH,—), 3.23 (t, 2H,J = 8.0 Hz,—CH,—
spectrum: 370 (calcd for M- HT: 370). 0SG—), 2.96 (s, 3H~CHjy), 2.22 (tt, 2H,J = 7.0 Hz,—CH,—

6-2. Az—(CH,)3—C151.Ethyl 3-(Azulen-1-yl)-2-propenoate ).
(Az-CH=CHCQ,C;Hs). Triethyl phosphonoacetate (0.432 g,  1-(Azulen-1-yl)-3-idopropane (AZCHy)sl). Az—(CH,)s-
1.92 mmol) was dissolved in 3 mL of benzene, and the solution OSQ,CHjz (0.0326 g, 0.116 mmol) was added to the saturated
was slowly added to sodium hydride (60% oil suspension) sodium iodide/acetone solution (10 mL). This mixture was
(0.0846 g, 2.12 mmol) under nitrogen. This mixture was stirred heated to reflux in an oil bath under nitrogen with stirring for
for 1 h. A solution of 1-azulenecarboxaldehyde (0.1 g, 0.641 2 h. The mixture was washed with water, extracted with
mmol) in benzene (7 mL) was added under nitrogen, and the dichloromethane, and evaporated, yielding 0.0283 g (0.0956
solution was heated to 65 °C with stirring for 5 h. The mmol, 82%) of Az—(CHy)sl. IH NMR (6 in CDCly): 8.32 (d,
mixture was washed with water, extracted with benzene, and 1H, J = 9.5 Hz, azulene ring), 8.26 (d, 1d,= 9 Hz, azulene
then evaporated. The resulting solid was chromatographed onring), 7.79 (d, 1H,J = 3.5 Hz, azulene ring), 7.55 (t, 1H,=
silica gel with 10% ethyl acetate/hexane (v/v). The third dark 10 Hz, azulene ring), 7.34 (d, 1K,= 4.5 Hz, azulene ring),
blue fraction was collected and evaporated, to yield 0.111 g 7.12 (t, 1H,J = 9.5 Hz, azulene ring), 7.09 (t, 1d,= 10 Hz,
(0.491 mmol, 77%) of AzCH=CHCQO,C,Hs. 'H NMR (0 in azulene ring), 3.20 (t, 4H, = 7.0 Hz, Az-CH,— and—CHoal),
CDCl): 8.60 (d, 1H,J = 10.5 Hz, azulene ring), 8.32 (d, 1H, 2.27 (tt, 2H,J = 7.0 Hz,—CH,—). Mass spectrum: 296 (calcd
J=15.5Hz,—CH=), 8.31 (d, 1HJ = 10.5 Hz, azulene ring), for M*: 296).
8.20 (d, 1H,J = 4.0 Hz, azulene ring), 7.67 (t, 1d,= 10 Hz, 7-((3-(Azulen-1-yl)propyl)amino)-4-trifluoromethyl-
azulene ring), 7.41 (d, 1H} = 4.5 Hz, azulene ring), 7.32 (t.  coumarin (Az(CHz)s—C151). A mixture of Az—(CHy)sl
1H,J= 10 Hz, azulene ring), 7.26 (t, 14,= 10 Hz, azulene  (0.0283 g, 0.0956 mmol), C151 (0.0219 g, 0.0956 mmol), and
ring), 6.47 (d, 1HJ = 15.5 Hz,=CH-), 4.30 (9, 2HJ = 7.0 potassium carbonate (0.0264 g, 0.191 mmol) was dissolved in
Hz, —CH,—), 1.37 (t, 3H,J = 7.5 Hz, —CHj). butylnitrile (10 mL). The mixture was heated to reflux under

Ethyl 3-(Azulen-1-yl)propanoate (AZH,CH,CO,CoHs). A nitrogen for 1.5 days. The crude product was dissolved in
mixture of Az—CH=CHCGQO,C;Hs (0.402 g, 1.78 mmol), nickel- ~ benzene, and the dark solid was removed by filtration. The
() chloride hexahydrate (0.127 g, 0.534 mmol), and sodium filtrate was chromatographed on silica gel with dichloromethane.
borohydride (0.404 g, 10.7 mmol) was dissolved in methanol The green fraction was collected and evaporated, to yield 0.0015
(20 mL), and the solution was stirred under nitrogen for 2 h. g (0.0038 mmol, 4.0%) of Az(CH,)3—C151.*H NMR (6 in
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CDCly): 8.28 (d, 1H,J = 9.0 Hz, azulene ring), 8.25 (d, 1H,
J = 10 Hz, azulene ring), 7.78 (d, 1H,= 3.5 Hz, azulene
ring), 7.55 (t, 1HJ = 10 Hz, azulene ring), 7.40 (dd, 1B=

9.0 Hz, 2.0 Hz, coumarin ring), 7.36 (d, 18= 4.0 Hz, azulene
ring), 7.10 (t, 1H,J = 9.5 Hz, azulene ring), 7.08 (t, 1H,=
10.5 Hz, azulene ring), 6.40 (m, 3H, coumarin ring), 5.27 (s,
1H, —NH-), 4.30 (d, 2H,J = 7.0 Hz, Az-CH,—), 3.24 (dt,
2H, —CH,—), 2.14 (tt, 2H,J = 7.0 Hz, —CH,—). Mass
spectrum: 397 (calcd for M 397).
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