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Photothermal processes on a fast time scale: A small molecule
and a biological protein  (invited )

Ryoji Miyata and Masahide Terazima®
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(Presented on 27 June 2002

The thermalization rate after the relaxation of a photoexcited ionic molgedkachite greefMG)]

and of a biological proteipdeoxymyoglobinMb)] were measured by using the acoustic peak delay
method of the transient grating technique. It is found that the rate significantly depends on the
concentration of MG; the peak delay time decreases with increasing the concentration. This
unexpected concentration dependence is explained in terms of the ionic interaction between MG and
the counterions. After photoexcitation of Mb, a negative peak delay was observed and interpreted in
terms of an interference between the acoustic waves created by a transient thermal expansion of the
protein part and by the normal thermal expansion of the medium20@3 American Institute of
Physics. [DOI: 10.1063/1.1516252

I. INTRODUCTION The molecules we have investigated so far using these

Heating of a sample after photoexcitation of moleculest€chniques were electrically neutral and relatively small mol-

in a condensed phagphotothermal effegtis of major im- ecules. Here, we report the temperature rise process of the
portance not only in chemistry but also in other fields ofmedium after the deactivation of the electronically excited

science, such as laser ablation in industrial technology oftéte of & charged moleculmalachite greetMG)] in some

biology, and has been a subject of extensive research durir&{gar‘iC solvents and of a biological protditeoxymyoglo-

the last two decades. The excess energy due to the nonradi? (Mb)] in aqueous solutiorFig. 1). We may expect that
ative transition between electronic stategernal conversion features of the thermalization process could be different from

and/or intersystem crossingill be first transferred to sev- the other sys_tems due to the different intermolecular interac-
eral energy-accepting vibrational modes, so that the total erfion- The excited states of both molecules relax to the ground
ergy is conserved before and after the transition. The energyf@t€ very quickly(The lifetime of theS, state of MG de-

ultimately goes to the translational freeddireating by a pends on the viscosity of the solvent and is in a range of

. . l
subsequent relaxation process. The relaxation process $§3-0-8 ps in the solvents we examirtéd” It has been re-
mostly induced by molecular collision. This collisional en- ported that the excited states of Mb relax to the ground state

ergy relaxation from vibrationally excited polyatomic mol- within 3 psl? This fast relaxation ensures that the deactiva-
ecules has been a major topic in physical chemistry for dion rate fro_m_ the electronically exm_ted_state cannot be the
long timel2 However, time-resolved studies of the heating"@t€ determining step of the thermalization process.

process of the matrix due to energy transfer have been very

limited because of the lack of experimental techniques. Idl- PRINCIPLE AND METHOD

prder to .trace the time evolgtion of the solution temperature  \yhen two laser beams are crossed at one spot within the
in the picosecond time region, we have developed severglyperence time, an optical interference pattern is created.
new methods: temperature lehgemperature gratingmo- ¢ spatial modulation of the refractive index or absorption
lecular heater—molecular thermometer systerand the g ced by the interference pattern can be detected as the

acous_tic pegak delay method based on the transient gratingraction of another probe lighftransient grating(TG)
techniqué®~® In particular, we have demonstrated that thesignaﬂ_e—g,ls

acoustic peak delay method is useful to investigate the en- One of the dominant contributions to the TG signal
ergy transfer process and have revealed some prominent feg;mes from the change of the refractive index caused by the
tures in the thermalization process. For example, in Manyaiation of the density, which is induced by the thermal
organic solvents, the process is described by roughly tWenergy deposited into the medium by the intermolecular en-
kinetics: fast(<1 p9 and slow(20-30 p$. This biphase  grqy transfer from the excited state. Due to the periodic ex-
kinetics has been explained by a simple thermalizationiation in space, the medium expands periodically and the
model; the initial fast process represents the energy ransfgfqna| que to this refractive index change oscillates sinusoi-
to several doorway molecules among the first solvent Sheﬂially (frequencyw=04; v, speed of sound in the solution;
molecules and the slower one represents the thermal diffuq: grating wave number(acoustic TG signal Because of
sion process from the hot solvent molecules to the bulk solg,e” conyolution effect, the acoustic oscillation is gradually

vent molecules. distorted as the heat dissipation rate becomes slow. Even
though the thermalization rate can be obtained from a fitting

¥Electronic mail: mterazima@kuchem.kyoto-u.ac.jp of the whole time profile of the acoustic signal, the time
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FIG. 2. (a) Acoustic signal after the photoexcitaiton of MG in methanol and
(b) the amplified peak parts.

FIG. 1. Molecular structures of malachite green and myoglobin.
lenses {=25cm) and crossed at about 30° inside the quartz

resolution of the curve fitting method is not high enough forsample cell in order to generate an optical interference pat-
studying the fast thermalization processes. On the othef™M: The fundamental light after the second-harmonic gen-
hand, by monitoring the peak delay time, from the im- eration crystal was us_ed as a pr_obe beam. Th_e probe beam
pulsive thermalization case, the time delay of the thermaliPassed through an optical delay line and was slightly focused
zation can be detected with a high time resolution. We meaby @ lens (=20cm) and brought into the sample cell by an
sured the acoustic frequenéy) and the temporal delay of a_ngle that satisfied the Bragg condition. The dl_ffracteq TG
the acoustic wave from the time difference between the firstignal was separated from the other beams with a pinhole
(t;) and the secondtf) acoustic peaksr,q was calculated and @ glass filtefToshiba R-60, and detected by a photo-

by a relation ofr,g=(3t; —t,)/2. When acoustic damping is Multiplier.

neglected, the acoustic peak delay timgg) is almost the MG from the Exiton Company and Mb from the Nakalai
same as the thermalization tiié This is the principle of ~Tesque Company were used without further purification. Sol-
the acoustic delay method. vents were purchased from the Nakalai Tesque Company.

With increasing the attenuation constant, the peak delay

decrease&When there are two heat releasing processes withil. RESULTS AND DISCUSSION

different Ilfetlme§ ofr¢ and r4(7:<75), the tempo_ral profile A. Photothermal process of photoexcited MG

of the acoustic signal should depend on these time constants

as well as the releasing energy from these processes. If we After the photoexcitation of MG, a weak TG signal ap-

calculate the peak delay as a function@f/Q,; [Qs; ther-  pears in a fast time scal®@—10 ps range which must be the

mal energy from the slower proces®,,(=Qs+Qj); total  population gratingPG) signal representing the dynamics of

thermal energl; the acoustic peak shifts linearly with the excited state. The acoustic signal gradually appears after

Qs/Quor from 7,4 for Quu=Qy to 74 for Q;=Qs. We have  the PG signalFig. 2a)]. The acoustic signal can be fitted by

shown thatr,q provides the energy weighted average ther-the thermodynamical equation presented befd¥igure 2b)

malization time® For example, if there are two thermaliza- shows the top part of the acoustic signal of MG in methanol

tion processes with lifetimes aof; and 75, 74 is given by at 0.75 mM. The peak position was determined by the fitting
of only the top of the oscillation with a function ai(t

Tpa= [Qf/(Qs+Qs) 71+ [Qs/(Q + Qs) ] 75, @ - 7)?+b, wherea andb are constants related to the sensi-
whereQ; andQq are thermal energies associated with the tivity and 7; is the time of the firsti=1) and the second
and 7 processes, respectively. (i=2) acoustic peakgFig. 2(b)]. From 7; and 75, the peak

The TG and transient absorptioffA) experimental delay timer,y is calculated andreny, is obtained after cor-
setup is similar to that reported previoufly.A pulse from a  recting the effect of acoustic damping. As mentioned in Sec.
fiber laser regeneratively amplified by a YAG lag@lark I, 7¢npiS an energy weighted average of the energy transfer
CPA2001, wavelength775 nm was frequency doubled by rate from the excited molecules to the solvent molecules. For
a BBO crystal and split into two. These pulses were used a8.75 mM MG/methanol solutions,,=8+2 ps was ob-
excitation beams. These beams were slightly focused btained. The electronically excited state of MG relaxes to the
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10 , : . r r y 2.4 ps when oxalic acid was added to the solut@® mM).
% i On the other hand, when a neutral molecule, naphthalene,
I was added into the solutiom,q does not change within ex-
g 6r ] perimental uncertainty. This salt effect may support the

above suggestion: the thermalization rate is enhanced by the

electric interaction between the photoexcited MG and the
counterion.
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FIG. 3. Concentration dependence of the thermalization time of MG inB. Photothermal process of photoexcited Mb

methanol. _ .
Similar to MG, after the complete decay of the excited

state (>3 ps) of Mb, a temporally oscillating acoustic grat-

ing signal appears. Measuring the peak position carefully, we
th§urprisingly found the acoustic peak delay time after the pho-
Boexcitation of deoxyMb to be a negative,15+2 ps. We

ground state with a lifetime of 0.5 ps in methafbiSince
this time is much shorter than the observed peak delay,

contribution of the excited state relaxation can be neglecteWiII nsider the enerav relaxation route from the heme t
and the observed peak delay time should reflect the energ% consider the energy relaxation route ro € heme to
e solvent from this anomalous peak shift.

conversion rate from the highly excited vibrational energy in . .
gnly 9y The cooling process of the heme has been previously

the ground state to the translational energy. studied by the hot band detection of the band Il redibn.

The acoustic peak delay times were measured at various, . .
concentrations. Interestinalv. we found t depends on is research revealed that the temperature of the heme is
' gy Tmp dEP cooled by time constants of 3.4 and 6.2 ps. Time-resolved

:?eticcr)lncfe r'c/fgltilgn ﬁf MS ' :thev\rlate )l(nc;r]?r?sgsr\;vntmtf;e IC or:ﬁer\'?aman scattering experiment of carboxymyoglobin showed
ation o all solvents we examined, methanol, €tha-y, ., e cooling of the heme is expressed by a biexponential

nol, and acetonitrile. Figure 3 depicts the concentration defunction 3.0 ps decay with an amplitude of 93% and 25 ps

8e7nden'\<;|e. Ohemph'n mlettk:anpl.bFor exanéple,tempéslS p:/'l al  with 7% amplitude’> Miller and co-workers detected the
-75 MM in methanol, but it becomes 3 ps at 8.1 mM. pressure wave induced by the ligand photodissociation of

So far, we have in_vesggatedtemp for many corr?- carboxymyoglobin and obtained the energy and structural
pounds such as Betaine-302-hydroxybenzophenorle, dynamics after the reactidfi.However, there is no experi-

2-(2'-hydroxy-5-methylphenylbenzotriazolé,azobenzen&, oo information on the energy transfer route.
and so on. Theren, values of these compounds do not de- |t one considers a fact that energy is deposited to the
pend on the concentration. The observed concentration desarix only after photoexcitation, it is easy to understand
pendence in this study is not caused by an experimental afxt the negative peak delay cannot be expected as the ther-
tifact from a possible misalignment. We have confirmed thatyajization time. We first qualitatively explain this negative
the peak delay time op-nitroaniline in methanol remains yajue. Here, we suggest that the interference between two
4+2 ps in the range of 0.1-80 mM. Therefore, the concenyjifferent sources of the acoustic waves is the cause of the
tration dependence afempis a unique characteristic of MG. npegative shift of the wave phase as follows. Following the
An important and interesting question is: why does thegxcited state relaxation, the excess energy is damped to the
thermalization time of MG depend on the concentration? Ansyrrounding protein and/or the water molecules. If the energy
average distance between MG at 10 mM is about 5.5 NnMhat is transferred to the protein part heats up the structure,
which is too long to enhance the thermalization rate by ahe protein should experience thermal expansion of the struc-
possible intermolecular interaction between MG. A simpletyre. The thermal expansion should launch the pressure
explanation is the cluster formation in the ground state afvave, which creates the acoustic TG signal due to the protein
high concentrations, and the energy transfer rate to the trangxpansion. At the same time, the energy that is transferred to
lational mode becomes efficient due to the clusters. Indeed, e solvent heats up the matrix and the thermal expansion of
cluster formation was observed in aqueous solution from théhe medium takes place. This expansion also creates the pres-
concentration dependence of the ground state absorpticgure wave. These two waves should interfere with each other
spectrum. We examine the absorption spectrum at variousnd it could create the observed anomalous negatiye
concentrations in the range of 0.01-12 mM in methanol. ~ Next, this interpretation is quantitatively examined. The
However, we could not find any evidence for the presence ofressure wave created under a similar condition has been
clusters in the solvents we examined. Hence, aggregate fotreated theoretically by Chen and Diebdldrhey derived an
mation is less plausible. analytical equation for describing the temporal profile of the
Considering that electrically neutral molecules do notacoustic wave under a condition that pressure waves are cre-
show this concentration dependence, we speculate that tla¢ed by the thermal expansion of the medium and the mo-
counterion(oxalic ion around MG at high concentrations lecular volume change by a chemical reaction. When the
affects the energy relaxation of MG. In order to investigateexcited species evolves instantaneously and decays exponen-
this possibility, we measurede, for samples by adding tially with a time constant of, the medium density change is
oxalic acid in the solution. Interestingly;er,, decreases to given by
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. . _Eaf 1 [—exp(lnh)+exp—yi)[cost+(y—I,)sint 1 C
53D —u(byoosk 2| L[ @b +exa—Dicost+ (v-lsinl) [ 1 Cohe
Cp 1—|h7' 1+(’y—|h) 1—|hT ha
—exp(—t/7) +exp — yt)[ cost+ (y— 1/7)sint]
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|

where First, we consider one of the extreme cases that all of the
. . electronic energy is transferred to the thermal mode of the
t=ckt, 7=ckr, Xx=kx, |l,=l,k=Dk/c, medium directly, not through the protein. In this case, the

. R R acoustic wave should be the same as the case that the elec-
y=3ll,+(y=DIpl, y=C,/C,, I,=(n+3im)pc.  tronic energy of a relatively small organic molecule exposed
in medium is transferred to the solvent. When we bge
=0.6, mp;="7.5ps,b=0.4, andry,=20ps;® 7,4 is calcu-
lated to be 12 ps. In fact, we have experimentally shown that
the peak delay time is in the range of 5—-20 ps for most of the
organic molecule§7® Hence, this energy transfer process
cannot explain the observed result as long as only heating of
ghe solvent is considered.

Second, we calculate, for the other extreme case; all
g)(f the excited energy is transferred from the heme to the
protein Q,/Q=1). The acoustic signal initially shows the
expansion wave and then the compressed wave. When the
Qo) = Qo 1— by exp( —t/ 1) + by exp( — t/ 7)), acoust.ic wave from the med_ium interferes yvith thi; wave,

the arrival time of the peak shifts to an early time. Using data

where Q is the total energy for heating, which should be of the heme cooling of carboxymyoglobira(=0.6, 7,;
equal to the photon energy of the excitation, abndi =7.5ps,a,=0.4, 7,,=20ps)! the thermal expansion coef-
=1,2) denote the relative amplitudes for the processes witficient (345< 10 8K ~1) (Ref. 19 and heat capacity1.36
lifetimes of 7,;. We further modeled that the energy transferJ K *g™%) (Ref. 20 of Mb, we found thatr,q is calculated to
from the heme takes place in two routes independently: fronpe largely negativé—19.4 p$, which is rather close to the
the heme to proteitamount of the thermal energ@,) and  experimentally observed value-15 ps.
from the heme to the solvenQ,—Qp). Since the thermal- If a part of the energy is transferred to the aqueous so-
ization process is frequently expressed by a biexponentialition and the protein matrix simultaneously, the expected
function**8the thermal energy of the hem@{.nd is writ-  peak delay time should be the average of the positive and

a is the thermal expansion coefficient of the solvedy, is
the heat capacity of the solvent at a constant press(tejs
the Heaviside functionk is the laser energy absorbed per
unit volume,c is the sound velocityk is the grating vector,
Dy, is the thermal diffusion constany, is the bulk viscosity,

w is the shear viscosity, andis the density.

For the Mb case, the previous studies showed that th
surrounding water is heated up by a biexponential funcffon.
Here, we assume that the thermal energy of the water matri
is expressed by

ten by negative values. In order to reproduce the obsemwgglby
changingQ,/Qy, we found that about 17% of the energy
Qhemdt) =Qplas exp(—t/741) +az exp(—t/74,)} should be transferred to the water first. This result strongly

+(Quor— Qp){b1 eXp( — t/7py) supports a mecha_nis_m that most of the absorb_ed pho_ton en-
ergy by the heme is first transferred to the protein matrix and
+b, exp(—t/7y,)}. then the energy is dissipated to the aqueous solution.
In summary, we studied the thermalization rate after
?)hotoexcitation of MG in various solvents and deoxymyo-
globin in aqueous solution by the acoustic peak delay

If a part of the energy of the heme does not go through th
protein, but directly into the buffeQ,/Q; should be less

than 1. method and hot absorption detection. Anomalously large sol-
ute concentration dependence was observed for the thermal-
Q00 ization rate of MG. The dependence indicates that the energy
Q L9 . o .
o0 @ C% 0 Do transfer becomes more efficient with increasing the concen-
Q mcnz»oo tration. The observed concentration dependence was attrib-
Q0,0 @O %bo uted to the electric interaction between the positively charged
T oa . (Cog:_ Q MG and the counterioné~ig. 4). We also observed a tran-
(eQoR* Qo p’b sient thermal expansion of Mb due to the energy transfer
0 0"0° from the ph ited h he protein interiig. 4
o' 0 o rom the photoexcited heme to the protein interiBig. 4).
Q fa) Q
(@)
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