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Thermodynamics and kinetics are very large and important fields in science. However, experimental efforts to link
these two fields have been very limited so far. For instance, although the themodynamical properties of transient species
are essential for the knowledge of the nature and energetics of the reaction, such data have been very scarce. Kinetic study
of a reaction from a view point of thermodynamic properties in the time domain should be very useful to detect a spec-
trally silent kinetic property. We have developed experimental methods to measure the time development of the thermo-
dynamical properties of transient species without any assumption and without any temperature or pressure variations.
Some of the results, in particular applications to reactions of biological proteins (photodissociation of the ligand of car-
boxymyoglobin, photo-reaction of Photoactive Yellow Protein (PYP) and octopus rhodopsin), are reviewed.

Thermodynamics has been playing very important roles in
science to reveal the nature of molecules or the state of sub-
stances. The thermodynamical properties; molecular volume,
enthalpy, entropy, free energy, thermal expansion coefficient,
sound velocity, and so on have been considered to be funda-
mental properties to describe the states. Because of this impor-
tance, a variety of techniques to measure these quantities have
been developed and a number of valuable data have been accu-
mulated. Besides assisting in understanding the nature of stable
molecules, these properties has been used for elucidating the
changes of states; i.e., chemical reactions. Indeed, thermody-
namical studies have been reported for a number of equilibrium
reactions under various conditions. For example, the volume
change (�V) and enthalpy change (�H) of a reaction have
been measured mainly by the hydrostatic pressure (p) and tem-
perature (T) dependencies of an equilibrium constant (K) using
the relationships;1–5

kBð@ ln K=@ð1=TÞÞp ¼ �H ð1Þ

� kBTð@ ln K=@pÞT ¼ �V

where kB is the Boltzmann constant. These properties are im-
portant, because they reflect both the molecular structures
and the intermolecular interactions.

On the other hand, a variety of time-resolved spectroscopic
studies have revealed intermediate species (or states) during
many chemical reactions on a very wide time scale. The nature
of the intermediate species is a key factor to understand the re-
actions and they actually control the reactions in many cases.
Spectroscopic methods for the investigation of reaction kinetics
are now well developed. Although reaction kinetics and ther-

modynamics are wide and mature fields, experimental efforts
to link these two fields have been very limited. Contrary to
the well-developed time-resolved spectroscopies, a difficulty
we encounter in studying chemical reactions based on thermo-
dynamics is the fact that the thermodynamical properties are
not easily accessible for transient species. For instance, the
above traditional methods for the measurement of �H and
�V , temperature or pressure dependence measurements, can-
not be applied to irreversible reactions. The effect of pressure
or temperature on the rate constant provides us only the activa-
tion volume (�Vz) or the activation enthalpy (�Hz), respec-
tively. The reaction volume (�V) can be determined only by
measuring the partial molar volumes of the product and reac-
tant individually, and naturally this method cannot be applied
to short-lived transient species. One challenge facing chemists
studying chemical reactions is to obtain thermodynamic infor-
mation about the intermediate states involved in rapid reactions
(Fig. 1).

The transport properties are another important factor for un-
derstanding the role of the molecular conformation and inter-
molecular interaction. However, the measurement of the diffu-
sion coefficient (D) in time-domain has been also very difficult
or almost impossible for transient species by traditional tech-
niques such as NMR, Taylor dispersion, or capillary meth-
ods.6,7 The transport property of unstable intermediate biolog-
ical molecules was not elucidated at all.

Recently our group has been working on the time-resolved
studies of thermodynamical as well as transport properties dur-
ing a variety of photophysical processes and photochemical re-
actions. The studies include ultrafast detection of temperature
increase after the nonradiative transition,8 time-resolved detec-
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tion of enthalpies and volume changes without any temperature
or pressure variation,9,10 and the time-resolved detection of dif-
fusion processes of transient organic radicals and the excited
triplet state molecules.11 For example, we developed four
new methods: temperature lens, temperature grating, an acous-
tic peak shift method, and molecular heater–molecular ther-
mometer system, to reveal elementary processes of the energy
conversion from the molecular energy to the thermal energy.
The studies on time-resolved diffusion process of transient rad-
icals provide us rich knowledge about the intermolecular inter-
action of unstable radicals in solution phase as well as the reac-
tion kinetics.11 Some topics have already been reviewed and
discussed in other articles.12,13 In this Account, we review the
time-resolved thermodynamical measurements of some biolog-
ical proteins performed in our group.

The thermodynamical properties are of importance for bio-
logical molecules.14 If we can measure the thermodynamical
properties for the transient species during chemical reactions,
the accumulated data for stable molecules enable us to under-
stand these reactions much more deeply. For example, the par-
tial molar volume of a protein is a macroscopic observable, but
this property is particularly sensitive to the hydration of sol-
vent-exposed atomic groups as well as to the structure, dynam-
ics and conformational properties of the solvent, and such re-
sults provide us useful information on the molecular nature of
the protein.15,16 However, as stated above, little information
has been obtained for short-lived reaction intermediates. A
unique way for the measurement of �H of unstable intermedi-
ate species, in particular for biological macromolecules, is the
direct calorimetric technique by trapping an unstable species at
a low temperature. Cooper and co-workers utilized this tech-
nique to reveal the enthalpy changes associated with kinetic
steps of several photoreactive systems, such as bovine rhodop-
sin17 and octopus rhodopsin.18 The data from their group have
been used frequently for analyzing or interpreting biological re-
actions.19,20 However, we should always worry about the possi-
bility that the enthalpy changes of the cryogenically trapped
species could be different from those of the real intermediate
species at ambient temperature during the reaction, because
the conformational changes of the chromophore, peptide back-
bone and water molecules should be suppressed at a low tem-
perature. These values could also be temperature-dependent.
Preferably, the thermodynamical properties during a chemical
reaction in the time domain should be measured under a phys-

iological condition.
As a link between thermodynamics and kinetics (Fig. 1), we

stress that measurement of volume or energy changes in the
time domain opens up a new and interesting area for kinetic
studies. Reaction kinetics has been mostly studied spectroscop-
ically in the visible or UV range, monitoring the change of the
chromophore’s absorption. If the reaction changes the absorp-
tion that is monitored, one can detect all of the kinetics in the
reaction. However, if the reaction does not influence the ab-
sorption at least in an experimentally accessible wavelength re-
gion, the kinetics are spectrally silent. Even in such cases, the
kinetics can be monitored by detecting the time dependence
of the energy and/or volume changes. This should be an inter-
esting field, particularly for kinetic studies on macromolecules
or biological materials.

One of the techniques that enables us to access these quanti-
ties for irreversible reactions is photoacoustic (PA) spectrosco-
py, which is sometimes referred as photoacoustic calorimetry,
time-resolved photoacoustic calorimetry, or laser-induced op-
toacoustic spectroscopy.21–26 This is a well-established power-
ful method to detect pressure waves after photoexcitation; such
waves are created mainly by the thermal expansion of the me-
dium and by molecular volume changes. Although the PA
method is a powerful technique, there are still some inherent
limitations: �H and �V should be determined under an as-
sumption (vide infra). We have used the pulsed laser induced
transient grating (TG) and transient lens methods for quantita-
tive measurements of the molecular volume change (and partial
molar volume) and the enthalpy change during a photochemical
reaction in time domain without any assumption for the first
time. These methods allow a kinetic description of both the en-
ergetics and the conformational changes that occur during
chemical and biological transformations. Furthermore, the tem-
perature dependence of �V provides the change in the thermal
expansion coefficient (��) by the reaction. Since this �� is
proportional to the cross correlation between the volume and
entropy fluctuations,27,28 this information is valuable for reveal-
ing the importance of structural fluctuations during chemical
reactions.

The diffusion coefficient (D) can also be measured with a 10
ms time resolution by using the TG technique, so that D of a
short-lived state during this time range can be studied.11 There-
fore, we are now able to access the thermodynamic properties
and the transport property of unstable intermediate species of
proteins during a biological reaction. In this Account, I describe
the time-resolved thermodynamical properties as well as the
diffusion coefficients of intermediate species during the photo-
cyclic reaction of photoactive yellow protein (PYP), myoglo-
bin, and rhodopsin.

1. Principles

The time-resolved measurement of the thermodynamical
properties is based on the transient grating (TG) techique. In
the TG method, a sample is photoexcited by an optical interfer-
ence pattern between two beams crossed at a point within the
coherence time.29–33 By assuming that the amplitudes of the
two light fields are equal, one may write the intensity as

Iðx; tÞ ¼ 2I0f ðtÞ½1þ cosðqxÞ� ð2Þ

Fig. 1. Kinetics and thermodynamics are large and impor-
tant fields (wheels) in science. The linkage between these
wheels is now constructing.
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where x is a spatial coordinate along the grating wave vector,
f ðtÞ is the temporal profile of the beam, I0 is the laser power,
and q is the grating wavenumber. Illumination of a sample by
this light induces a spatially modulated concentration profile
of excited-state molecules. Following this photoexcitation,
photophysical and photochemical processes take place. These
processes create a sinusoidal modulation in the refractive index
(n) and the absorbance (k) caused by various factors discussed
later. The grating is monitored by use of the diffraction of a cw
probe beam. For a thick grating, the probe is brought in at an
appropriate angle to satisfy the phase-matching condition (the
Bragg condition). Under a weak diffraction condition, the gra-
ting intensity (ITG) is approximately proportional to the square
of the variations in the refractive index (�n) and absorption
(�k):31

ITG ¼� �ð�nÞ2 þ �ð�kÞ2 ð3Þ

where � and � are constants that represent the sensitivity of the
system.

There are various causes of changes in the refractive index or
absorbance induced by light irradiation.32,33 Under normal ex-
perimental conditions for studying photochemical reactions,
the refractive index change mainly consists of the following
three components.
1. After the nonradiative transition of the excited states, the
temperature is raised by the released energy, and the density
of the matrix is altered by the heating effect, which creates
the thermal grating (�nth). The magnitude of the thermal grating
of a calorimetric reference sample (�nth

R) is given by

�nth
R ¼ ðdn=dTÞNWh�=ðCp�Þ ð4Þ

where dn=dT is the temperature dependence of the refractive
index of the solution, h� is the photon energy of the excitation
light (Jmol�1), N is the number of the excited molecules per
unit volume (mol/cm3), W is the molecular weight (gmol�1),
� is the density (g/cm3), and Cp is the heat capacity at a con-
stant pressure (Jmol�1 K�1). If the amount of the released heat
is changed by a factor � due to a chemical reaction, the refrac-
tive index change of the sample (�nth) should be changed by the
same amount:

�nth ¼ ðdn=dTÞ�NWh�=ðCp�Þ ð5Þ

The fraction of energy released as heat may be given by
� ¼ 1� ð��H=h�Þ, where �H is the enthalpy change of the
reaction and � is the quantum yield of the reaction.

We can determine ��H by a comparison of the TG signal
intensity of a sample with that of a calorimetric reference under
the same experimental conditions. The ratio of the refractive in-
dex change for the sample (�nth) to that for reference (�nth

R)
under the same experimental conditions is given by

�nth=�nth
R ¼ � ð6Þ

When the rate of the chemical reaction is not fast enough
compared with Dthq

2, the time evolution of the heat releasing
process (QðtÞ) should be taken into account and the time profile
of the thermal grating signal intensity is given by

�nthðtÞ ¼ ðdn=dTÞðW=ðCp�ÞÞdQðtÞ=dt� expð�Dthq
2tÞ ð7Þ

where � denotes the convolution integral. Hence we can mea-

sure the time dependence of the enthalpy change during reac-
tions.
2. The refractive index change induced by a molecular polariz-
ability difference between the reactant and product molecules
due to the change of absorption spectrum is called the popula-
tion grating (�npop). The population grating is related to the
change in the absorption spectrum by the Kramers–Kronig re-
lation.34 The refractive index due to the i-species (�ni) is related
to the molecular polarizability (�i) by the Lorenz–Lorentz rela-
tion as follows:9,10

�ni ¼ ðn02 þ 2Þ2Nð�i � ðVi=VsolvÞ�solvÞ=18n0"0 ð8Þ

where Vi and Vsolv are the partial molar volumes of the i-species
and the solvent molecule, respectively, �i and �solv are the
molecular polarizabilities of the i-species and solvent, n0 is
the unperturbed refractive index of solution and "0 is the vacu-
um permittivity. We can decompose this contribution into the
polarizability term of the i-th molecule (�npop) and the molecu-
lar volume term. The former may be written as

�npop ¼ ðn02 þ 2Þ2�iN=18n0"0 ð9Þ

3. The density change caused by the reaction volume change
gives rise to the volume grating (�nvol). The contribution from
the i-species with a partial molar volume of Vi is given by

�nvol-i ¼ ðn02 þ 2Þ2�solvNVi=18n0"0Vsolv ð10Þ

Hence, by isolating the volume grating in the signal, we can
measure not only the volume change but also the partial molar
volume.

We often call the sum of �npop and �nvol the species grating
(�nspe), because the time profiles of �npop and �nvol are identical
for most cases. Quantitative measurement of these contribu-
tions allows us to determine the amount of the thermal energy
released by the sample, the absorption change at the probe
wavelength, and the volume change in the time-domain.

When the signal consists of thermal and species contribu-
tions simultaneously, these contributions should be separated
for quantitative measurements. We can use the temperature de-
pendence or the solvent dependence methods for changing the
solution properties. While �nth is proportional to dn=dT of the
solution (Eqs. 4 and 5), the volume contribution does not de-
pend on this quantity. Since dn=dT of water strongly depends
on the temperature (it vanishes around 0 �C), the temperature
dependence method can be used for aqueous solution. If we
can plot the signal intensity versus dn=dT without changing
the other physical and photochemical properties of the solute,
�H can be determined from the slope of the plot and the spe-
cies grating contribution from the intercept. One can also vary
dn=dT by varying the solvent among a series of alkanes or by
mixing two solvents, which should not change the other molec-
ular properties of the solute. These methods have been fre-
quently used in studies using the PA method.23,26 The solvent
dependence method was demonstrated for the TG method by
Morais et al. to separate the thermal contribution from the oth-
ers.35

Aside from these rather ‘traditional’ techniques, there is a
unique way to separate the thermal contribution from the others
by means of the TGmethod. The separation can be accomplish-
ed based on the characteristic decay rate of the thermal contri-
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bution, explained as follows.9,10 The time evolutions of the
thermal and species grating intensities depend on the heat-re-
leasing kinetics and reaction kinetics, as well as on the diffusion
process within the fringe pattern. The TG signal from this gra-
ting is expressed by11

ITGðtÞ ¼ �f�nth expð�Dthq
2tÞ þ��np expð�Dpq

2tÞ

���nr expð�Drq
2tÞg2 þ �f��kp expð�Dpq

2tÞ

���kr expð�Drq
2tÞg2 ð11Þ

where the subscripts p and r stand for the product and the reac-
tant, respectively, and �np(r) and �kp(r) are the peak-to-null re-
fractive index and absorbance difference at t ¼ 0, respectively.
The negative signs for �nr and �kr represent the 180� phase shift
of the fringe pattern versus that of product due to the consump-
tion of the reactant. Since Dth is generally much larger (ca. 2
orders of magnitude in a typical case) than Di(j) in solution,
the thermal component can be separated from the species gra-
ting signal by the time-resolved manner, which allows us to de-
termine �H of the reaction by a comparison with the intensity
of the thermal signal of a reference sample.

The molecular volume change can be determined from the
acoustic wave after the photoexcitation. Detection of the acous-
tic wave can be achieved in two ways: either by use of the
acoustic component of the TG signal or by use of the PA meth-
od. When the heat is released and the molecular volume is
changed fast enough compared with the acoustic transit time
and the excitation laser pulse, an acoustic wave is clearly ob-
served in the first part of the TG signal. The peak-to-null inten-
sity of the acoustic oscillation is related to the density change
that is caused by the release of the heat and reaction volume
change. If �H of the reaction is already determined by the
method described above,�V can be determined from the inten-
sity of the acoustic oscillation. Alternatively, the acoustic wave
can be detected by the PA method (TG–PA hybrid method).

2. Results and Discussion

2-1. Diphenylcyclopropenone (DPCP). For showing how
the TG (or TG–PA) method works, we first describe an exam-
ple of the TG application to a simple photo-irreversible chemi-
cal reaction: the photodissociation reaction of diphenylcyclo-
propenone (DPCP).9,10 After photoexcitation of DPCP, it disso-
ciates to yield CO and acetylene. This reaction is complete
within a few ps after the photoexcitation, and the quantum yield
is unity in alkanes.36,37 Because of the simple and clean reaction
as well as the strained molecular structure, the reaction volume
and the enthalpy change of this reaction have been investigated
by a number of groups.

Figure 2 shows the TG signals after the photoexcitation of
DPCP on different time scales.9,10 The signal rises within 50
ns after the excitation and decays monotonically. The time pro-
file of the signal was expressed well with a tri-exponential func-
tion:

ITGðtÞ ¼ faf expð�kf tÞ þ ai expð�kitÞ þ as expð�kstÞg2 ð12Þ

Since the decay rate constant of the fastest component, kf , was
Dthq

2, it should be attributed to the thermal grating signal. The
other, intermediate and slow, components should originate

from the chemical species. Considering the chemical species
involved in the reaction, one may expect that the time profile
of the species grating can be expressed by

ITGðtÞ ¼ �f��nDPCP expð�DDPCPq
2tÞ

þ �nCO expð�DCOq
2tÞ þ �nace expð�Daceq

2tÞg2

ð13Þ

where the subscripts DPCP, CO, and ace stand for DPCP, CO,
and acetylene, respectively. From the magnitude of D and the
size of the molecules, it is rather easy to assign the intermediate
component (ki) to the contribution of CO, and the slow one (ks)
to the sum of DPCP and acetylene.

First, by subtracting the species grating contribution from the
observed TG signal, the pure thermal grating intensity was ob-
tained, and �H was determined from the intensity (Fig. 2(a)).
Next, the contributions of �npop and �nV were separated into
two from the acoustic signal intensity and �H (Fig. 2). From
the magnitude, the total volume change during the reaction
was determined. Hence, �H and �V of the irreversible reac-
tion in one solvent at one temperature under one pressure were
measured without any assumption for the first time. Further-
more, the species grating signal could be clearly decomposed
into two contributions, CO and acetylene + DPCP, because
they have different diffusion coefficients (Fig. 2(b)). These sig-
nals consist of �npop and �nv. Subtracting �npop calculated accu-
rately enough for CO from the data of the refractive index, we
obtained the partial molar volume of CO ( �VVCO) at the same
time. For example, �H, �V , and �VVCO in hexane were, respec-
tively, 10.1 kJ/mol, 38.5 cm3/mol, and 45.3 cm3/mol. These
quantities in nonane were 7.5 kJ/mol, 32.4 cm3/mol, and
38.9 cm3/mol, respectively. By using the same method, �V

and �H in a micellar aqueous solution were determined at 20
�C. Comparing with the calorimetric reference sample and tak-
ing into account the result that the quantum yield of the photo-
dissociation of DPCP in water is 1.0, we found that�H and�V

in the aqueous solution were�H ¼ 9:2 kJmol�1 and�V ¼ 23

cm3/mol. Apparently, H, �V , and �VVCO depend on the solvent.
The volume change and enthalpy change of this reaction had

been reported by the PA method before our TG study. In 1984,
Grabowski et al. measured the PA signal after the photoexcita-
tion of DPCP and compared it with that of a calorimetric stand-
ard sample.38 They reported �H (heat of formation) of photo-
dissociation of DPCP in benzene to be �41 kJ/mol, without
considering the volume change contribution in the signal. Ap-
parently, this �H is underestimated by neglecting the volume
change contribution. Herman and Goodman measured �H

and �V for the dissociation reaction of DPCP by means of
the PA method in binary mixtures (acetonitrile (AcN)/water)
and in a micellar solution with the temperature dependence
strategy.39 They obtained �H ¼ 17:5 kJ/mol and �V ¼ 65:0
cm3/mol for the AcN/water mixture solution and �H ¼ 10:4
kJ/mol and �V ¼ 60:1 cm3/mol for the micellar aqueous so-
lution. The separation method of the volume and energy contri-
butions using a series of alkanes was applied to the photodisso-
ciation reaction of DPCP by Hung and Grabowski for the first
time.40 They obtained �H ¼ �28 kJ/mol and �V ¼ 23 cm3/
mol. Schmidt and Schütz re-examined this reaction by the PA
method in a series of alkanes at a constant temperature and with
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the temperature variation method in aqueous solution with the
careful elimination of possible error sources41 and obtained
�V ¼ 22:3 cm3/mol and �H ¼ �18 kJ/mol in alkanes and
�V ¼ 22:1 cm3/mol and �H ¼ �25 kJ/mol in micelles. All
of these PA studies were based on the assumption that �H

and �V do not depend on temperature or solvent. However,
as stated above, since�H,�V and the partial molar volume ac-
tually depend on the solvent and temperature, the discrepancy
between the results from the TG and PA methods may come
from the incorrect assumptions in the PA measurement.

In general, the assumption of temperature and solvent inde-
pendence of �H and �V is difficult to be tested by the PA
method, and the conditions are not satisfied sometimes. In par-
ticular, some temperature dependence of �V has been found
for some biological proteins as shown below. Hence the TG
method for measurement of �H and �V without this assump-
tion is certainly very unique and useful for the time-resolved
study of thermodynamical properties.

2-2. Photoactive Yellow Protein (PYP). PYP is a relative-
ly new protein isolated from the purple sulfur bacterium Ecto-
thiorhodospira halophila.42 It is considered to possess a func-

tion of a blue light photoreceptor for a negative phototactic re-
sponse.43 It is a relatively small (14 KD) water-soluble protein;
the protein structure was determined by the X-ray crystallogra-
phy in 1.4 �A resolution.44 The chromophore of PYP is 4-hy-
droxycinnamic acid covalently bound to the side chain of
Cys69 via a thioester linkage.45,46 Interests in the photophysical
and photochemical processes of PYP are rapidly increasing re-
cently, because it is a simple model for studies of signal trans-
duction systems. After the photoexcitation, PYP shows a com-
plete photocycle triggered by the photoisomerization of this
chromophore.47,48 Upon flash excitation of the chromophore,
the ground state (pG, �max ¼ 446 nm) is converted into a
red-shifted intermediate (pR, �max ¼ 465 nm) in less than 2
ns.48 Subsequently pR decays in the sub-millisecond time scale
into blue shifted intermediate (pB, �max ¼ 355 nm), which re-
turns to pG in a sub-s time scale.47–49 Soon after the protein
structure was revealed by the X-ray crystallography,44,45 the
time-resolved X-ray scattering experiments were per-
formed.50,51 They showed that the pR state possesses the cis
conformation of chromophore and that the process of trans to
cis isomerization was accompanied by the specific formation

Fig. 2. (a) Square root of the TG signal due to the purely thermal grating of DPCP (solid line) and that from the reference sample
(nitrobenzene) (dotted line) in heptane. (b) The TG signal after the photodissociation of DPCP in a longer time. The thermal com-
ponent decays faster than the species components and it is not observed clearly on this time scale. Contributions of CO and (diphen-
ylacethylene + DPCP) are decomposed by a bi-exponential fitting and are shown by the broken lines. The residual of the fitting is
shown in the insetted (bottom). The upper right inset is the plot of the decay rate constants (k) vs the square of the grating number
(q2) showing that the decay rate constant is determined by the molecular diffusion process (circles, fast component; squares, slow
component). (c) TG acoustic signal of DPCP (solid line) and that of the reference sample (dotted line). The intensity represents the
thermal expansion of the medium and the molecular volume change. The reaction scheme of DPCP is shown in the upper part of (a).
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of new hydrogen bonds. In the pB state, the phenolic oxygen of
chromophore moves from the hydrophobic core of protein to
become solvent-exposed and protonated.50 According to these
studies, the structural changes after light activation were local-
ized near the chromophore. However, these structural changes
were questioned recently by the studies using NMR spectrosco-
py52 and IR spectroscopy53 in solution. These studies show that
the dynamics of PYP in solution is more global in the whole
protein structure. Here I will show the thermodynamical prop-
erties and D of intermediate species of PYP reaction, which al-
so indicated a global structural change.

(a) TG Signal of PYP: Figure 3 depicts the TG signal of the
PYP solution after excitation at 465 nm.54,55 The signal rises
quickly after the excitation, then slowly with about 1 ms-time
constant, and decays with a lifetime of several microseconds,
which depends on the grating wavenumber. After the decay,
the signal shows a growth–decay feature twice during a few
milliseconds time scale. From the measurement at different gra-
ting wavenumbers (q), we found that the decay of the thermal
grating and the kinetics of the second growth–decay signal de-
pend on q, while the other two rate constants (k1 and k2) do not
depend on q. Since there is no optical absorption from the orig-
inal species (pG) nor from any intermediates of PYP at the
probe wavelength (633 nm), the observed TG signal must come
from the refractive index change after the photo-excitation. We
found that the TG signal in the entire region can be well repro-
duced by the square of the summation of six exponential func-
tions:54,55

ITG ¼ �f�ns expð�kstÞ þ �nth expð�q2DthtÞ
þ �n1 expð�k1tÞ þ �n2 expð�k2tÞ
þ �npG expð�q2DpGtÞ þ �npB expð�q2DpBtÞg2

ð14Þ

where ks is the rate constant of the slow rising component, as
described in the next section in detail, and DpG and DpB are
the diffusion coefficients of pG and pB, respectively. The kinet-
ics which does not depend on q (k1 and k2) should represent the
reaction dynamics of PYP. Considering the time scale, this dy-

namics should be the pR ! pB process. The kinetics of pR !
pB can be monitored by the transient absorption technique as
reported previously.46,47 The temporal profile associated with
the pR ! pB transformation can be fitted with lifetimes of
170 ms and 1.0 ms.

(b) Spectrally Silent Dynamics: The slow rise with the rate
constant of ks was unexpected before this TG measurement, be-
cause the photoisomerization of the chromophore occurs very
quickly (<2 ps) and the transient absorption signal showed
no time dependence of pR after the 3 ns-dynamics until the
200 ms-kinetics for pR ! pB.48 We found that the main part
of the slow-rising component is not due to the thermal contri-
bution, but it should be due to either population grating or vol-
ume grating contribution or both. In the time profile of the TA
signal, this dynamics is not present; a number of reports on the
PYP dynamics studied by the flash photolysis method have
never observed this dynamics at any visible wavelengths.48

Hence, this is an optically silent dynamics. The presence of this
dynamics in the TG signal indicates that there is an intermedi-
ate species between the creation of the usually described pR
and pB states. The absorption spectrum of this species is the
same as that of pR. We referred to this new species as pR2,
which is created from the initial species (pR1) from pG. Hence
the reaction scheme of PYP should be described as shown in
Fig. 4. (In this figure, several pB species that cannot be distin-
guished spectroscopically are also shown.49)

The dynamics that cannot be detected by the absorption
method indicates that the structural change that appears in the
grating signal is a conformational change distant from the chro-
mophore site. Although the protein structure that affects the ab-
sorption spectrum of the chromophore is initially changed with-
in 3 ns upon creation of pR1, the other protein parts move with
the rate constant of ks. This observation may be the most direct
evidence for a global change of the protein in pR. If this rising
component comes from the volume change entirely, the volume
change (�V) in this dynamics can be calculated from the inten-
sity of this component, �V ¼ þ5 cm3/mol. From further
measurements for some site directed mutants of PYP, we found
that this spectrally silent dynamics is sensitive to any changes
of amino acids located far from the chromophore.56 This result
of mutant dependence also supports the conclusion that this

Fig. 3. Temporal profile of the TG signal of PYP solution
(10 mM Tris–HCl buffer) excited at 465 nm (dotted line).
Solid line is the best fitted curve using the method describ-
ed in text. The assignments of the kinetic components are
labeled in the figure.

Fig. 4. Photocycle reaction of PYP at physiological temperature.
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dynamics reflects the global movement of the amino acid
residues.

(c) Enthalpy Changes: The second term of Eq. 14 repre-
sents the thermal grating signal. The intensity of this compo-
nent should be proportional to the thermal energy released by
the first step pG� ! pR. The amount of the thermal energy
is determined by the single exponential fitting from 1.5 ms after
the photoexcitation. Comparing the thermal grating signal in-
tensity with that of a calorimetric reference sample, we deter-
mined the stored energy in pR2, i.e., the enthalpy change for
pG ! pR2 (�H1): ��H1 ¼ 57� 7 kJ/mol. Using the quan-
tum yield of the reaction � ¼ 0:35,57 �H1 is determined to
be 160� 20 kJ/mol. (Two different quantum yields of the re-
action were reported independently (� ¼ 0:64 by Meyer et
al.;47,48 � ¼ 0:35 by Van Brederode et al.57 If we use
� ¼ 0:64, �H1 should be 90� 10 kJ/mol. �H and �V can
be easily calculated from the values using � ¼ 0:64.) An ad-
vantage of this TG measurement is that we can quantitatively
separate the energetic contribution (�nth) in the signal without
any assumption.

Since the decay of the thermal grating signal is generally
much faster than the kinetics of pR ! pB, the TG signal due
to the thermal energy released by this process is too small to
be determined. For studying the enthalpy of the pB state
(�H2), we used the TrL method. This method detects the re-
fractive index change caused by the photoirradiation similarly
to the TG method, but the excitation beam with a Gaussian spa-
tial profle is used instead of the interference pattern for the TG
method. The decay of TrL signal is in the order of tens millisec-
onds and the thermal energy releasing by the pR! pB process
can be detected as a clear rise of the signal. Here, we used the
traditional technique to separate the thermal intensity from the
other contributions; the temperature dependence method. By
comparing the thermal lens signal intensity with that of the cal-
orimetric reference sample, we determine the enthalpy differ-
ence between pG and pB (�H2). Again using� ¼ 0:35, we ob-
tain �H2 ¼ 60� 30 kJ/mol (Fig. 5).

Our result for �H (�H1 ¼ 160 kJ/mol, �H2 ¼ 60 kJ/mol)
clearly indicates that the energy of the pR state is astonishingly
high and, that large energetic stabilization takes place during
the pR! pB process. The time-resolved X-ray study51 showed

that the trans to cis isomerization is completed in less than 1 ns.
From the energetic view, these facts suggest that the protein
part has not yet relaxed in the pR2 state to adopt the new con-
formation of the chromophore; that is, the protein structure is
strained in pR. This strain may cause the large enthalpy of
the pR species. It is reasonable to speculate that the following
step (pR ! pB) is driven by this energy stored in pR. In pB,
the whole protein structure is relaxed to adopt to the cis form
of the chromophore and this relaxation causes the lower enthal-
py of pB. This feature is similar to the case of a typical visual
signal transducer, the rhodopsin as described in a later sec-
tion.18,58 In this protein, the enthalpy is very high until batho in-
termediate (130 kJ/mol) and suddenly decreases to 50 kJ/mol
in the next step.18 From the energetic point of view, the pR state
of PYP is similar to batho of rhodopsin.

It is interesting to note that the enthalpy difference between
the trans- and cis-isomers of 4-hydroxycinnamic acid in water is
about50kJ/mol.Fromthis fact, theenthalpyofpBseems tocome
only from the unstable energy of the cis chromophore; i.e., the
almost completely relaxed protein structure in pB. (However,
we should note that the coumaric acid in pG is deprotonated
and this chemical change should also be taken into account.)

(d) Volume Change: With �H1 determined from the TG
measurement and the PA intensities of the sample and the ref-
erence, we calculated ��V associated with the pG ! pR
transformation. Using � ¼ 0:35, the volume contraction of
�V ¼ �7� 2 cm3/mol was obtained at 20 �C.

The partial molar volume of a solute can be described as a
sum of the following basic contributions:16

(1) constitutive volume, which is the sum of the van der Waals
volumes of all the protein constitutive atoms;
(2) void volume: the volume of the structural voids within the
solvent-inaccessible core of the protein that result from imper-
fect atomic packing (VV);
(3) thermal motion contribution; a space required for heat mo-
tion at non-zero temperature;
(4) interaction volume. The effects of solute–solvent interac-
tions caused by electrostriction around charged groups or by
the hydrogen bonding of polar groups with water.
(5) Translational thermal motions of molecules (�TkBT: �T,
isothermal compressibility). Usually this is negligible in large
molecules like protein.

The van der Waals volume is conserved during the reaction;
hence, it does not contribute to the volume change here. It is in-
teresting to note that the molecular volume change of the size of
PYP usually is (slightly) negative during the native-to-unfold-
ing process.16 This contraction of the protein volume by the un-
folding process has been explained by multiple contributions
from the above factors as follows. The solvation of polar groups
and charged groups cause a decrease in volume. In addition, the
transfer of nonpolar groups from hydrophobic to aqueous envi-
ronments such as occurs upon protein denaturation also causes
a decrease in volume since the volume changes due to hydra-
tion are negative. The change in the void volume due to imper-
fect protein packing is also expected to be negative upon dena-
turation. On the other hand, ‘thermal volume’, which results
from thermally induced molecular vibrations of both the solute
and solvent molecules, thereby leads to an expansion of the sol-
vent. These contributions cancel each other and, as a result, the

Fig. 5. Energy diagram of the photoreaction of PYP and the
chromophore (4-hydroxycinnamic acid) obtained in time-
domain at room temperature.
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volume change upon unfolding for ‘small’ proteins is predicted
to be small negative. The observed small volume contraction by
the pR formation is consistent with this prediction, so we may
speculate that the pR formation process can be considered as
the denaturation process of the protein part. Based on this inter-
pretation, since the average hydration contribution to the pro-
tein partial volume is proportional to the solvent-accessible sur-
face areas of the protein: �Vh / SA, the negative volume
change may suggest that the solvent-accessible surface areas
increases by the pG ! pR process. The partial molar volume
change of pR, the pR state, may be interpreted as the unfolded
protein structure.

(e) Thermal Expansion Coefficient of Transient Species:
One of interesting observations in this PYP study was the tem-
perature dependence of the volume change. From the species
grating signal intensity and also from the PA intensity, �V

was determined at various temperatures (Fig. 6). The partial
molar volume changes in irreversible reactions in water have
been measured mainly by the laser-induced PA method with
an assumption that �V does not depend on temperature. Since
there was no alternative way, this assumption has never been
tested rigorously. Using the time-resolved TG and PA hybrid
method, we could detect a rather large temperature dependent
�V for the first time.54

The slope of the plot, �V vs T (Fig. 6), corresponds to ��th

(��th ¼ ð@�V=@TÞp), which is the change in the coefficient of
thermal expansion for the initial (pG) and the intermediate (pR)
forms (pR1 and pR2). This indicates that the thermal expansiv-
ity of pR is larger than that of pG. This is an interesting obser-
vation, not only because this is the first example to show the dif-
ferent �th between the reactant and the reaction intermediate,
but also because previous studies on the thermodynamical
properties of proteins have already clearly showed that the par-
tial molar volume of the unfolded state increases more signifi-
cantly with temperature than that of the folded state.59 Hence
this observation, temperature-dependent �V , also indicates
the resemblance of the pR state to the unfolded state of protein.
The larger �th for unfolded protein is intuitively understandable
if one considers that the unfolded protein has a loose protein

structure, which is expected to be sensitive to the temperature.
In fact, �th is proportional to the cross-correlation of the vol-
ume (V) and entropy (S) fluctuations,27,28

hSV � hSihVii ¼ kTV�th ð15Þ

where h i indicates the ensemble average and k is the Boltz-
mann factor. The larger �th is an indication of larger structural
and/or entropy fluctuations. Therefore, even in this initial inter-
mediate species pR, which is created after 3 ns of the photoiso-
merization of the chromophore, the protein structure is loos-
ened. Apparently, the structural change is not restricted to
around the chromophore. The difference of �th between the
folded and unfolded metomyoglobin (metMb) was reported to
be ��th ¼ þ2:4 cm3/mol�K,60 while ��th for pG and pR of
PYP was þ0:6 cm3/mol�K. If we tentatively assume that
��th for metMb is a typical value for ��th of the native and
unfolded conformation, the pR conformation is about 25% un-
folded from pG. We think that this value is too large as the in-
dicator of the unfolded nature in pR. The time-resolved FT-IR
experiment does not indicate such large backbone amide group
movement in pR.53 These results may suggests that the confor-
mation of pR is not changed significantly from pG, but that the
rigidity of the structure is weakened. Apparently, this weaken-
ing is caused by the strain induced by the photoisomerization of
the chromophore as suggested from the large enthalpy of this
species. This larger conformational flexibility in pR causes
the next larger protein structural change in pR ! pB.

From another point of view, this temperature-dependent�V1

may be interpreted in terms of many possible local minima of
the potential curve along the reaction coordinate. Many biolog-
ical systems such as PYP are not rigid reaction systems but
there are many local free energy minima (substates) along the
reaction coordinate. This thermal fluctuation of the protein
structure is essential for the biological function. The observed
temperature-dependent volume change may reflect the structur-
al fluctuation of the PYP protein structure.

(f) Diffusion Coefficient of Transient Species: The fifth
and sixth terms in Eq. 14 should be attributed to the molecular
diffusion process. As the identification of the diffusing species,
there are two possibilities for the diffusion kinetics: DpG > DpB

or vise versa. We can identify the diffusing species from the
signs of the pre-exponential factors and we found
DpG > DpB. The time constants of two exponential functions
(DpGq

2, DpBq
2) are plotted against q2 (Fig. 7). From the slope

of the least square fit of these plots, we obtained D of pG and
pB as 1:21� 10�10 m2/s and 1:00� 10�10 m2/s, respectively.
One of unique advantages of the TG detection is that the diffu-
sion coefficients (D) of transient species can be measured.

We may notice that the observed 1.2 times difference be-
tween DpG and DpB is very large. From the Stokes–Einstein
theory,

D ¼ kBT=a	r ð16Þ

where a is a constant depending on the boundary condition be-
tween the solute and solvent, kB is Boltzmann constant, T is ab-
solute temperature, 	 is viscosity of the solvent and r is radius
of the solute, the volume of pB must be 1.23–1.7 times as large
as the volume of pG, if the difference in D comes only from the
volume change from pG to pB. If such a large volume expan-

Fig. 6. Plots of the volume change (�V) of PYP determined
from the intensity of the volume grating (squares) and PA
signal (circles) at various temperatures. The line is a guide
for eyes.
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sion occurs, an extremely large �nv component should be ob-
served. Judging from the profile of TG signal, this is not the
case. Therefore, we presume that this difference of the diffusion
coefficient comes from the large change of interaction between
the protein and water molecules in pG and pB.

For the interpretation of the fact that D of pB is smaller than
that of pG, we measured D of various unfolded conformations
of PYP using a denaturant. D of PYP decreased sharply at the
denaturation transition of PYP. Furthermore, the population
grating signal under the fully denatured PYP condition can be
fitted well by a single exponential function. This fact indicates
that D of PYP with the trans form of the chromophore is the
same as that with the cis form. This is sharply in contrast to
the native PYP, in which D of pG is different from that of
pB. The difference in D between pG and pB comes from the
different protein structure. These facts clearly indicate that D
is determined by the protein conformation in that solution.

In the characterization of native and non-native states of pro-
teins in solution, a measurement of the molecular dimensions of
the system is valuable. A measure of the average dimensions of
the conformational ensemble can give information about the
nature of the structures adopted by the polypeptide chain. D
can probe the average dimension and the coupling of the local
and global conformational properties of these unfolded and
partly folded species. According to the time-resolved crystal-
lography, the guanidinium group of Arg52 moves toward sol-
vent in the pB state and phenolic oxygen of the head part of
the chromophore moves largely from the protein core; as a re-
sult, it is solvent-exposed and protonated. This change will in-
crease the protein–water interaction, which could be a cause of
the slower diffusion constant of the pB species. However, as
long as the change is localized around the chromophore, D
may not be changed so much. We suppose that the surface of
the whole protein dramatically changes to hydrophilic charac-
ter by the transformation from pG to pB.

D cannot represent the real radius of the diffusing species but
this ‘hydrodynamic radius’ gives us an intuitive sense of the ra-
dius and the interaction. One of methods to connect the inter-
mediate species and the unfolded structure is to use the compact
factor C introduced by Wilkins et al.,61 which is

C ¼ ðrhD � rhÞ=ðrhD � rh
NÞ ð17Þ

where rh
D and rh

N are the hydrodynamic radii for the native and
fully denatured states, respectively, and rh is the experimentally
determined hydrodynamic radius. According to this definition,
the protein with the same molecular radius as a native state will
have C ¼ 1:0 and those with a radius the same as a fully dena-
tured state will have C ¼ 0. With a slight modification based on
the Stoke–Einstein relationship, C can be equivalently defined
as

C ¼ ð1=DD � 1=DÞ=ð1=DD � 1=DNÞ ð18Þ

where the superscripts of D have the same meaning as above.
From this equation, we can say that pB state possesses about
14% unfolded structure compared with pG.

The other argument is related with the surface corrugation
and roughness of globular proteins. Choi et al. showed that
the magnitude of structural fluctuation and the coefficient of
self-diffusion vary with the size of solvent molecules and cor-
relate nicely with the correlation dimensions of the protein by
using molecular dynamics simulations.62 Correlation dimen-
sionD2 is a parameter describing the surface roughness of glob-
ular protein molecules, which depends on the size of a guest
molecule approaching them. The larger D2 is, the smaller the
diffusion coefficient is. Based on this consideration, the smaller
D of pB means that the surface becomes more rough in pB than
in pG. This surface roughness should be related with the loos-
ened structure of the pB states as suggested in the above sec-
tions.

2-3. Carboxymyoglobin. The relationship between the
structural properties of proteins and their reactions is essential
for understanding of the protein biological functions. Myoglo-
bin (Mb) has been used as a model system for experimental and
theoretical studies of such kinetics–structural relationship. A
heme is embedded within the protein and a small ligand (e.g.,
O2, CO, NO) is reversibly bound to the sixth coordination site,
on the distal side, of the heme. By photoexcitation of the heme,
the ligand–metal bond is photodissociated. Since there is no
route prepared to pass the ligand through the protein to the out-
er solvent, the protein structure has to change if the ligand is re-
moved from the protein. This photoreaction can be used, there-
fore, to trigger a perturbation to the protein by pulsed laser
light.

Extensive research has been conducted to understand the dis-
sociation kinetics and subsequent protein deformation.64–82

Studies of the reaction kinetics at low temperatures showed that
there are several intermediates during the course of the overall
process from the ligand–metal bond dissociation to the ligand
escape from the protein. However, at ambient temperature in
water, the kinetics and the features of the multiple intermediate
states have not been elucidated well except for a 180 ns gemi-
nate recombination kinetics.67 Furthermore, although the ab-
sorption spectroscopic studies revealed structural changes
around the heme chromophore, the structural change in the oth-
er part, in particular the dynamics of the protein structure has
been less clear. Information regarding the energies of the inter-
mediates is very important, but our knowledge is very limited
even after the long history of the Mb studies. These difficulties
may be solved by using a time-resolved spectroscopy that does

Fig. 7. The q2 plots of the decay rate constant (k) of the two
diffusion components in TG signal and the least-square fits
(circles for pG; triangles for pB). The solid lines are least
square fitting by the equation of k ¼ Dq2.
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not use the optical transition of the heme. Time-resolved PA
method is one of such techniques. Peters and coworkers used
this method to study the Mb dynamics.81,82 From the analysis
of the waveforms at various temperatures, the presence of an
additional intermediate species was suggested. However, be-
cause of inherent limitations of the PA method as described
in section 2, the kinetics is not fully resolved. We have applied
the time-resolved thermodynamical measurements for this li-
gand dissociation reaction of carboxymyoglobin (MbCO).

(a) TG Signal of MbCO: The transient absorption signal
after the photoexcitation of MbCO rises within our time resolu-
tion (10 ns) and shows a weak (ca. 4%) decay component with a
lifetime of 180 ns, which represents the geminate recombina-
tion kinetics. The signal stays almost constant during microsec-
ond time scale and decay to the baseline with a lifetime of ca. 3
ms by a bimolecular recombination. The time profile of the TG
signal shows more complex features.83–85 Figure 8 depicts the
TG signal of sperm whale MbCO in 10 mM Tris buffer at 25
�C.85 The TG signal rises within the excitation pulse width, fol-
lowed by a decay component. The signal then shows a growth–
decay–growth curve within a few ten ms. On a longer time
scale, the signal again rises during several hundred microsec-
onds and finally decays to the baseline with a lifetime of several
milliseconds. For comparison, we used malachite green (MG)
as a calorimetric reference sample. The photophysical process
of MG has been completely investigated and it is well known
that all of the photon energy is released to solution much faster
than our pulse width. The decay of the TG signal from MG is
due to the thermal diffusion and the rate is given by 2Dthq

2

[Eq. 7]. The TG signal of MbCO which decays with a similar
rate to that from the reference sample (Fig. 8) should be attrib-
uted to the thermal grating component.

In this photodissociation reaction, three species: MbCO, Mb,
and CO can contribute to the species grating signal. MbCO and
Mb produce both the phase and amplitude gratings at the probe
wavelength of 840 nm. On the other hand, CO only contributes
to the phase grating, because there is no absorption band at this
probe wavelength. We found that the time profile during 10�7–
10�4 s range can be reproduced very well with Eq. 19:83,85

ITGðtÞ ¼ �½�ns expð�kstÞ þ �nth expð�Dthq
2tÞ

þ �nCO expð�kCOtÞ þ �nMb expð�kMbtÞ�2

þ �ð�kg expð�kgtÞ þ �kMb expð�kMbtÞÞ2
ð19Þ

where ks denotes a rate constant of the first decaying compo-
nent. These �nspe and �kspe are the origin of the time develop-
ment on the longer time scale (t > 10�4 s). The second term
(�nth) of the right hand side of Eq. 19 represents the thermal
grating component. The first decay-rise curve originates from
the interference between �ns and �nth. The background intensi-
ty at the bottoms of these interference dips reflects the �kspe
component, which can be attributed to the absorption change
of the band III due to deoxyMb at this wavelength. The first
term in the amplitude grating term represent the geminate re-
combination process with the rate constant of kg. Using a least
squares fitting, the signal can be separated into �n and �k con-
tributions and the decay rate constants kCO and kMb are thus de-
termined. The rate constant of kMb and kCO should be given by
DMb þ kback and DCO þ kback, respectively, where kback is the li-
gand recombination rate (Mb + CO ! MbCO). Because the
diffusion constant of CO should be much larger than those of
Mb or MbCO (DCO 	 DMb), the fast decaying component
(� ms) is attributed to the species grating due to CO
(kCO ¼ DCO þ kback) and the slower one (� ms) to Mb and
MbCO (DMbCO � DMb). The plot of the decay rate constants,
kCO and kMb as a function of q2 was linear as expected. The in-
tercept of the plot at kback

�1 ¼ 3 ms is reasonably close to that
measured by the laser flash photolysis experiment probed at
633 nm under the same condition (2.8 ms). The diffusion con-
stants of Mb and CO are determined to beDCO ¼ ð2:6� 0:3Þ �
10�9 m2 s�1 and DMb ¼ ð1:2� 0:1Þ � 10�10 m2 s�1 from the
slope of the plots.

The kinetics with the lifetime of ks observed in the TG signal
certainly indicates the presence of dynamics of MbCO with this
rate. However, studies using the transient absorption technique
reported so far indicate that the geminate recombination of the
CO with a lifetime of 180 ns and a quantum yield of 4% oc-
curs67 and there is only a minor change (<5%) in visible ab-
sorption around 700 ns at 20 �C.77 Hence we conclude that
the observed 700 ns-kinetics in the TG signal is not associated
with the absorption change; that is, the population phase grating
component (�npop) and also the amplitude grating signal (�kpop)
should be almost constant during this time range. The 700 ns-
component should be attributed to the kinetics of the molecular
volume change and/or the thermal grating component.

(b) Assignment of the Spectrally Silent Dynamics: This
spectrally silent dynamics in the TG signal may be explained
by the following two models.85 First, after the breaking of the
Fe–CO bond, the CO is trapped in the heme pocket (Mb:CO).
While the 180 ns-kinetics reflects the transfer time of the CO
from one heme pocket to another heme pocket (Mb(CO)), the

Fig. 8. The observed TG signal (dotted line) after the photo-
dissociation of SW MbCO in 10 mM Tris buffer at 25 �C,
and the fitted line (solid line). The decaying signal (open
circles) represents the TG signal of Malachite green
(MG) in aqueous solution measured under the same condi-
tion. The assignments of the kinetic components are la-
beled in the figure.
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700 ns-kinetics observed in the TG signal could be the escaping
process of the CO from the second heme pocket to the solvent
(Scheme 1, model I). Second, it is possible that there is only one
heme pocket inside the protein interior and that the CO diffuses
out from the protein with the lifetime of 180 ns. After the escap-
ing process of the CO, the protein structure of Mb� should be
changed to the structure of equilibrium deoxyMb. The 700
ns-dynamics may represent the structural relaxation of the pro-
tein during this process (Scheme 1, model II).

We examined the dynamics more clearly from the time pro-
files of the TG signal based on the two models described above.
The main difference between these two models is the location
of the CO before the 700 ns-dynamics. In model I, the CO is
present inside the protein, whereas it exists in the solution phase
in model II. Therefore, by examining the species grating signal
of CO, we could distinguish these models. For that purpose, we
measured the TG signal at a rather low grating wavenumber
(q ¼ 5:4� 105 m�1) and a high grating wavenumber
(q ¼ 8:2� 106 m�1).

Solving diffusion-rate equations based on the above models,
we found that the pre-exponential factor (�nCO) of the
expð�DCOq

2tÞ term in a low q region (ks 	 DCOq
2) is given by

�nCOðlow� qÞ ¼ ð1� �gÞ�n
0
CO ð20Þ

for models I and II. Here �g is the quantum yield of the gemi-
nate recombination. On the other hand, under the high q condi-
tion (ks � DCOq

2), �nCO is given by

�nCOðhigh� qÞ ¼
kBSkS

ðkg � DCOq2ÞðkS � DCOq2Þ
�n0CO ð21Þ

for Model I, and

�nCOðhigh� qÞ ¼
kBS

kg � DCOq2
�n0CO ð22Þ

for Model II. Here, kg is the rate constant of the geminate re-
combination. In order to eliminate the unknown quantity
�n0CO, we take a ratio of to �nCOðhigh� qÞ to �nCOðlow� qÞ.
Using the experimental data kBS ¼ 5:3� 106 s�1, kBA ¼
0:24� 106 s�1, kg ¼ 5:5� 106 s�1, �g ¼ 0:043,74 kS ¼ 1:4�
106 s�1 (¼ 1=
s), and DCOq

2 ¼ 0:19� 106 s�1 at 20 �C under
the condition of q ¼ 8:2� 106 m�1, �nCO is calculated as

�nCOðhigh� qÞ
�nCOðlow� qÞ

¼ 1:21

for Model I, and

�nCOðhigh� qÞ
�nCOðlow� qÞ

¼ 1:04

for Model II. The observed TG signal was fitted using the least

square method, and the amplitudes of �nCO under the high q

conditions are compared. The experimental ratio of
�nCOðhigh� qÞ to �nCOðlow� qÞ was

�nCOðhigh� qÞ
�nCOðlow� qÞ

¼ 1:2 ð� 0:01Þ

This ratio is close to what we expect from the calculation based
on Model I. Therefore, we clearly conclude that the photodisso-
ciated CO escapes from the protein to solvent with the lifetime
of 700 ns.

Esquerra et al. also observed a weak component of dynamics
with a lifetime of about 500 ns at 26 �C by using transient ab-
sorption in the Q-band region (500–650 nm) and magnetic op-
tical ratatory dispersion spectra with a SVD analysis.77 They
discussed several possible origins of the dynamics and conclud-
ed that the dynamics may be attributed to the protein relaxation
on the distal side of the heme pocket. However, these observa-
tions cannot elucidate whether the dynamics with a time con-
stant of about 700 ns is due to the CO escaping from the protein
or is due to the protein conformational relaxation after CO es-
capes to the solvent. Moreover, since the absorption change in
Soret band comes from the difference in absorbance between
bound state and two non-bound states with different deoxy-
heme conformations, it can not distinguish the conformational
difference in different CO position states. On the other hand,
our study clearly assigned the 700 ns-dynamics in the TG signal
to the CO releasing. If the weak 500 ns-component in the ab-
sorption spectra change at 26 �C is the same process as the
700 ns-dynamics at 20 �C in the TG signal, we can conclude
that the CO escaping process from the protein to the solvent
weakly change the heme absorption spectrum.

(c) Energies, Volume Changes, and the Kinetics: From
the magnitude of the absolute thermal grating signal intensity,
we determined the enthalpy change of the reaction for MbCO
! Mb + CO. The absolute magnitude of the signal intensity
was calibrated by the thermal grating signal intensity of MG
under the same conditions. Using a photon energy of h� ¼
227 kJ/mol, we found that the thermal energy released after
the 700 ns-kinetics is Q ¼ 0:70 ð�0:09Þh� ¼ 159 (�20) kJ/
mol. Since the quantum yield of the photodissociation reaction
of MbCO is � ¼ 0:96,74 the enthalpies difference between the
initial MbCO and the photodissociated species (Mb + CO) is
�Hs ¼ ðh�� QÞ=� ¼ 70 (�20) kJ/mol.

The TG signal of MbCO was measured as a function of tem-
perature in the range of 20 �C to�2 �C. Some of the signals are
depicted in Fig. 9. Since jdn=dTj of water decreases with de-
creasing the temperature until T ¼ 0 �C, the thermal contribu-
tion is expected to become minor at lower temperatures. The

Scheme 1.
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species grating signal intensity (background signal in this time
scale) remains almost constant with decreasing temperature.
This indicates that the quantum yield of the photodissociation
of CO is almost temperature independent in this range. On
the other hand, the thermal grating signal intensity diminishes
at lower temperatures. The decrease is due to the temperature
dependence of dn=dT .

In order to determine the volume change of this reaction, we
analyze the TG signal at various temperatures by using the TG
setup with the high wavenumber. At q ¼ 8:4� 106 m�1, the
thermal grating signal decays with a 70 ns lifetime, which is
much faster than the volume change (700 ns at 20 �C). Hence
the volume change �n�Vs can be directly observed at this high
wavenumber experiment without disturbance from the thermal
component. The observed temperature dependence of �n�Vs in-
dicates that the volume change should depend on the tempera-
ture. We found that the volume change with the rate constant of
ks (�Vs) is 14.7 cm3/mol at room temperature and, using this
value as a standard, it increases to 16:8� 0:3 cm3/mol at 0 �C.

We used the PA method for the volume change just after the
excitation (�Vf). To be more accurate than the commonly used
approach for the fitting of the PA signal, we fixed most of the
parameters and the adjustable parameter was only �Vf in this
case (Fig. 10). Consequently, we obtained the initial volume
change to be �Vf ¼ �5:2� 3 cm3/mol.

We found that �Vs at 20
�C is 83% of that at 0 �C, and cal-

culated�Vs at 20
�C to be 12 (�1) cm3/mol using�Vs ¼ 14:5

(�1:0) cm3/mol at 0 �C. We calculate thermal energy for slow
process (Qs) by taking into account the temperature-dependent
�Vs and found that Qs is 8 (�5) kJ/mol (exothermic process).

With a photon energy of h� ¼ 227 kJ/mol, the enthalpy of the
first intermediate (�Hf) and of the slow process (�Hs) were
determined to be 78 kJ/mol and 70 kJ/mol.

From the temperature dependence of the lifetime 
s, the en-
thalpy (�Hz) and entropy (�Sz) of activation can be obtained.
The time constant of 
s is related to �Hz and �Sz by the acti-
vated complex theory as follows:

lnðksh=kBTÞ ¼
�Sz

R
�

�Hz

RT
ð23Þ

where h is the Plank constant and R is the gas constant. From
the slope and the intercept of the plot of lnðksh=kBTÞ against
1=T , �Hz ¼ 41:9 (�1:4) kJ/mol and �Sz ¼ 15:4 (�4:7) JK/
mol were obtained. The energetics and structural dynamics de-
termined in this study are summarized in Fig. 11.

One of interesting observations here is the temperature de-
pendence of �V . The difference in �th between the folded
and unfolded metmyoglobin was reported to be ��th ¼ þ2:4
cm3/molK.60 Since the observed temperature dependence of
�V of this MbCO photodissociation reaction is not so large
(0.1 cm3/molK) compared with this value, loosening of the
protein part should not be so significant after the ligand escape.

Fig. 9. Temperature dependence of the TG signal after the
photoexcitation of MbCO.With deceasing the temperature,
the thermal grating signal becomes weak and the volume
grating component becomes apparent.

Fig. 10. PA signal of SW MbCO (solid line) in buffer and
MG (dotted line) in aqueous solution at 22 �C.

Fig. 11. Energy diagram of photosissociation reaction of MbCO.
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However, the temperature dependence is not negligible for the
measurement of �H and �V .

After the photodissociation of CO from the iron, the iron
atom moves out of the plane of the pyrrole nitrogen atoms very
quickly (�2 ps). The initial structural and enthalpy changes
(t < 10 ns) are considered to represent the initial movement
of the proximal His and the doming process of the heme plane.
The 700 ns lifetime at 20 �C observed in the species grating sig-
nal is different from the 180 ns kinetics of the geminate pair ob-
served in flash photolysis, suggesting that the intermediate is a
species different from the geminate pair.

Peters and co-workers first applied the PA technique to the
photodissociation reaction of MbCO.81,82 Analyzing the PA
wave form at various temperatures and assuming that the vol-
ume change and the enthalpy change do not depend on temper-
ature, they found that the intermediate species decays with a
lifetime of 850 ns for the sperm whale MbCO and 900 ns for
the horse MbCO at 20 �C. We believe that the kinetics from
the PA and from the TG signals represent the same kinetics, be-
cause both techniques detect the structural and energy dynam-
ics in common. The slightly different lifetimes may be caused
by the fitting uncertainty of the PA analysis, which involves too
many parameters.

Besides the slightly different rates between the PA and our
TG study, there is a large difference in �Hf . �Hf ¼ 26 kJ/
mol was obtained for the horse MbCO and �Hf ¼ 2:5 kJ/
mol for the sperm whale MbCO from the PA analysis. These
values are surprisingly smaller than our determined�Hf . West-
rick et al. postulated the breaking of a Arg45 salt bridge to ac-
count for the small�H from the PA measurement.81,82 Howev-
er, from our results, we definitively showed that this dynamics
should be attributed to the ligand escape process. We do not
need to consider the salt bridge breaking to account for �H.
Furthermore, this interpretation was reinvestigated by TG ex-
periments of sperm whale (SW) Mb and horse heart (HH)
Mb. There are 21 different amino acids between SW and HH
Mb. The most important amino acid of them is Arg45, which
is replaced by Lys in HH Mb. Residue 45 forms the salt bridge
with the heme 6-propionate side chain in equilibrium deoxyMb
and MbCO under the neutral condition.82,86,87 In spite of these
differences,�Hf ,�Hs, and�Vs of SW-MbCO are very similar
to those of HH-MbCO. It indicates that the salt bridge disrup-
tion and other different residues do not contribute so much to
these energies and structural changes of this photodissociation
reaction. From the observation, the dynamics of the domain that
consists of the functionally less important residues can be
regarded as rigid body movement.

It is interesting to note that the energy of the first intermedi-
ate species determined here (60 kJ/mol) is smaller than the Fe–
CO bond enthalpy (105 kJ/mol). This fact indicates that the
protein structure is relaxed and stabilized after the CO dissoci-
ation within 10 ns. This fast structural relaxation is consistent
with the observed volume change in the initial step (�5 cm3/
mol) and also with the observations byMiller and co-workers.80

The photodissociation scheme should be described in terms
of model I (Scheme 1). The photodissociated CO from the
heme is first trapped in a heme pocket, from which the CO
can recombine to the heme geminately, and is moved to another
pocket with the lifetime of about 180 ns. From the second pock-

et, the CO is escaped to the solvent phase with the lifetime of
700 ns. The intermediate species of CO in the second pocket
is far from the heme and cannot be observed strongly in the ab-
sorption change of Soret band. It is because the CO in the sec-
ond pocket cannot rebind to the heme or the geminate recombi-
nation rate from the second pocket is too slow compared with
the escape rate to be detected.

Where are these pockets located? The X-ray crystallographic
study by Tilton et al. showed that there are four cavities in
which Xe binds with high affinity in the protein.68 One of them
near the ligand binding site, which is called Xeð4Þ, is known as
the CO docking site.71,89,90 The IR study by Lim et al.,89 the
MD simulation by Sassaroli and Rousseau90 and the time-re-
solved X-ray study71 showed that CO is trapped in the Xeð4Þ site
as soon as it photodissociated. Considering these studies, we
may attribute the location of the first CO trapped site to Xeð4Þ

site. Although the rate with which CO migrates from the first
trap site to the second one has not been known, the intermediate
with the lifetime of 700 ns could be Mb with CO in the Xeð1Þ

site. We are recently investigating the role of the Xeð1Þ site
by using the Xe pressure dependence of the thermodynamical
properties as well as the ligand escape rate and the results will
be published soon.

2-4. Octopus Rhodopsin. Visual pigments called rhodop-
sins are membrane proteins that consist of the apoprotein, op-
sin, and the 11-cis retinal chromophore, which is covalently at-
tached to the opsins via a protonated Schiff base linkage. Iden-
tifying and revealing every intermediate during the photoreac-
tion is one of the most fundamental and important steps. Hence
extensive researches have been conducted to study the kinetics
by mostly transient absorption spectroscopy of the chromo-
phore. After a rhodopsin is photoexcited, photo-isomerization
of 11-cis retinal to the all-trans form takes place, followed by
a series of thermal reactions: Batho! Lumi!Meso! Acid
Meta. One of the intermediates interacts with the G protein, re-
sulting in the electrical excitation of a photoreceptor cell.91,92

After photoexcitation of invertebrate rhodoposin, the final
product is a stable pigment with all-trans retinal. In octopus
rhodopsin, the stable acid metarhodopsin (Acid Meta form)
can be converted to the original rhodopsin upon orange light il-
lumination.92 Spectroscopic methods have been extensively ap-
plied to the studies of the photocyclic reaction93–97 and the in-
termediates of the reaction seem to be established now. From
transient absorptional change, the Acid Meta form, which is
produced with the rate of 0.07 ms�1, has been believed to be
the final species. However, it is not obvious if the optically de-
tected intermediates are all of the intermediates involved in the
reaction, because the absorption detection of the chromophore
(retinal) can differentiate only the species that has a different
conformation close to the chromophore. It could be possible
that another species that cannot be detected by an optical ab-
sorption technique exists. We have investigated the dynamics
of rhodopsin from a view point of the enthalpy and the volume
changes.

(a) Spectral Silent Intermediate: Figures 12(A)–(C) show
the time profiles of the TG signals of the octopus rhodopsin
(about 80 mM) upon photoexcitation (465 nm) probed at 840
nm at 20 �C with q2 ¼ 2:0� 1012 m�2.98,99 The signal rises
within 10 ns after the photoexcitation, followed by a decay with
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a tri-exponential function and a single exponential rise within a
time window of 10 ns-around 20 ms (Fig. 12(A)). One of the
rate constants depends on q2 but the other does not. The q2-de-
pendent kinetics are attributed to the thermal grating signal and
the q2-independent kinetics represents the transformation of the
Batho to Meso form. The main part of this q2-independent sig-
nal originates from the change of the absorption spectra of Rh
(the population grating component). Considering previous
studies on the photoreactions of Rh using the transient absorp-
tion method, we attributed these dynamics to the reactions of
Batho ! Lumi ! Meso ! Acid Meta. The rate constants
of the TG signal agree quite well with those determined by
the transient absorption method.

After the transformation of Meso to Acid Meta with a life-
time of 23 ms at 20 �C, the TG signal rises with a bi-exponential
function on a much longer time scale (Fig. 12(B)) and finally
decays to the baseline as a single exponential (Fig. 12(C)).
The first rise rate does not depend on q2 (180 ms at 15 �C and
150 ms at 20 �C); hence it represents the intrinsic kinetics of
the protein conformational changes. However, there are no ki-
netics observed by transient absorption measurements corre-
sponding to this rate. Hence this TG-observed signal is an op-
tically silent transition and the origin of this signal has been at-
tributed to the volume grating component, which comes from
the protein structural changes that do not affect the chromo-
phore. This indicates that the parts of the protein distant from
the chromophore are still changing even after the changes in
the microenvironment around the chromophore are over.
Therefore the ‘Acid Meta’ intermediate should be separated in-
to two, and this new intermediate species was called the transi-
ent acid metarhodopsin. Since stable acid metarhodopsin has
not been shown to activate G protein, this transient acid meta-
rhodopsin may be responsible for G protein activation.

At the grating wavenumber we usually used (q2 ¼ 0:9{4:0�
1012 m�2), we observed rise-decay dynamics after this signal,
and found that this rate constant depends on q2. Therefore,

these decay rates should represent molecular diffusion process-
es of the species which exist at this time.

The time-profile of the TG signal over this wide time range
(10 ns–100 ms) can be expressed by

ITGðtÞ ¼ ½Aexpð�k1tÞ þ Bexpð�k2tÞ
þ Cexpð�Dthq

2tÞ þ Dexpð�k3tÞ
þ E expð�k4tÞ þ F expð�D5q

2tÞ
þ Gexpð�D6q

2tÞ�2

ð24Þ

where A–G are pre-exponential factors of these exponential
terms: k1 > k2 > k3 > k4 and D5 > D6. As described above,
k1–k4 correspond to the rate constants of the Batho ! Lumi
! Meso ! Transient Acid Meta ! Acid Meta processes, re-
spectively. From the measurements at various q2,D5 andD6 are
determined to be 0:93� 10�10 m2/s and 0:27� 10�10 m2/s.

(b) Enthalpy Changes: The enthalpies of unstable inter-
mediates have been measured by the cryogenically trapping
method. However, as stated in the introduction, the conforma-
tion and the energies of the trapped species could be different
from those appearing during the biological reaction. We have
measured the enthalpy changes of intermediate species at phys-
iological temperatures using the time-resolved technique. The
origin of the thermal grating signal is the thermal energy due
to the non-radiative transition and the enthalpy changes accom-
panying the photolysis of octopus rhodopsin. Measuring the
time profile of the thermal grating signal of the photochemical
sequence of octopus rhodopsin, we determined the enthalpies
of these intermediates step by step from the intensities of the
signals. From the experimentally determined ratio �nth(Rh�-
Batho)/�nth(reference) = 0.72, �nth(Rh�-Lumi)/�nth(refer-
ence) = 0.76, �nth(Rh�-Meso)/�nth(reference) = 0.93 and
F ¼ 0:5,100 we obtained �HBatho ¼ 146� 15 kJ/mol,
�HLumi ¼ 122� 17 kJ/mol and �HMeso ¼ 38� 8 kJ/mol.

The enthalpy of Transient Acid Meta was determined by us-
ing the TrL method. The ratio of the thermal lens signal of the
rhodopsin sample and that of the reference was �nth(Rh�-Tran-
sient Acid Meta)/�nth(reference) = 0.98. Therefore, the enthal-
py of the Transient Acid Meta was determined to be 12� 5 kJ/
mol. The activation barriers were determined from the temper-
ature dependence of the rate constants. The enthalpies deter-
mined for these species are summarized in Fig. 13.

Upon photoexcitation, the initial event in visual pigments is
the isomerization of the retinal chromophore from 11-cis to all-
trans form. This isomerization is very fast; it occurs within 400
fs in octopus rhodopsin.94 The�H (�HBatho) and�V (�VBatho)
of the Batho determined by TG and PA measurements, are
146� 15 kJ/mol and þ32� 3 cm3/mol, respectively. Since
the energy of the lowest excited state of bovine Rh is 222 kJ/
mol (Guzzo and Pool, 1968), only 35% of this energy is re-
leased in the formation of Batho. It should be noted that this
�HBatho value at physiological temperature agrees well with
that determined by the cryogenically trapping method
(�HBatho ¼ 130:5 kJ/mol at �195 �C).18 This good agreement
may indicate that most of the excitation energy is stored by the
distorted retinal and its interaction with the surrounding protein
at both physiological temperatures and low temperatures. In
other words, this correspondence suggests that the structural
changes during the step of Rh to Batho are localized around

Fig. 12. The kinetics of the TG signal of octopus rhodopsin
after 465 nm pulse probed at 840 nm at 20 �C. The assign-
ments of the kinetic components are labeled in the figure.
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the chromophore. This change was attributed to the change of
the electrostatic interaction between the protonated Schiff base
and a counter ion. It is very plausible that the isomerization of
the retinal results in steric hindrance in the binding pocket.
These strains may be the source of the high free energy of this
state.

�H of Lumi (�HLumi) and Meso (�HMeso) at physiological
temperatures is dramatically decreased between Lumi and
Meso. Comparing these values with those determined by the
cryogenic trapping method (�HLumi ¼ 53:3 kJ/mol at �115
�C and �HMeso ¼ 18 kJ/mol at �65 �C),18 one should notice
that�HLumi is very different from the value detected here. This
difference could mean that the conformational change depends
on temperature; that is, the structure around the chromophore
could be similar for the cryogenic and the physiological tem-
peratures as indicated by the absorption spectrum, but the con-
formation apart from the chromophore may be different. In oth-
er words, the conformational change during the Batho! Lumi
process is more or less global. On the other hand, the enthalpy
of Meso is similar at both temperatures (20 �C and �65 �C).

(c) Volume Change: The volume change of each photore-
action step was determined by using the PA method. The PA
signal intensity represents the thermal expansion and the mo-
lecular volume changes. We fitted the PA signal that was meas-
ured at very low excitation laser power (about 1 mJ/pulse)
the same as for the TG method to avoid the multi-photon
excitation. We obtained as �VRh-Batho ¼ þ32� 3 cm3/mol,
�VBatho-Lumi ¼ �5� 3 cm3/mol, �VLumi-Meso ¼ �1� 1

cm3/mol and �VMeso-Transient Acid Meta ¼ �4� 3 cm3/mol. Fi-
nally, the volume change associated with the transformation
of Transient Acid Meta ! Acid Meta was measured by the
TG method as the volume grating component. The volume
change was �V ¼ þ13� 3 cm3/mol. The relative enthalpies
of the octopus rhodopsin photointermediates for the ground
state rhodopsin and reaction volume changes for the corre-

sponding transition determined in this study are summarized
in Fig. 13.

The observed volume change in the transformation of Rh� to
Batho is quite large compared with those of the other subse-
quent processes (except the last Transient Acid Meta ! Acid
Meta one). It is interesting to note that the initial steps of two
other photoreceptor systems also showed a positive volume
change (Rh� ! Batho of bovine rhodopsin is 5 cm3/mol,101

sensory rhodopsin I is 5.5 cm3/mol).102 This change should
be related to the isomerization of the retinal because, as dis-
cussed above, the structural changes in this step are rather local-
ized around the chromophore. Since the dipole moment of ret-
inal Schiff base does not significantly change upon isomeriza-
tion,103 the observed volume change is not due to an electro-
striction effect. Losi et al. speculated that the volume
expansion reflects the partial disruption of weak interactions
(e.g., hydrogen bonding) between the chromophore and the ad-
jacent amino acid residues.102 Considering the structural infor-
mation obtained so far, we think that the volume change could
be related to the structural changes that induce the energetic sta-
bilization, such as the distortion of the retinal and the Schiff
base linkage, alteration of the electrostatic interaction, and
change of steric interactions in the binding pocket.

While a small volume change was observed for Meso !
Transient Acid Meta (�4� 3 cm3/mol), a relatively large vol-
ume change was detected (þ13� 3 cm3/mol) for Transient
Acid Meta ! Acid Meta. This observation supports the idea
that the absorption change occurs first by a slight adjustment
of the amino acid residues around the chromophore, and subse-
quently a large scale change takes place far from the chromo-
phore. This large volume change was speculated to be the
movement of the helices. It is interesting to be noted that no en-
thalpy change was detected during this process in spite of the
large volume change. Therefore, entropy should drive this
process.

Fig. 13. Upper: Comparison of the relative enthalpies of the various photointermediates of octopus rhodopsin at physiological tem-
peratures (solid horizontal lines) with those measured at low temperature (dotted lines).18 The activation enthalpies between these
steps, measured by the temperature dependence of the reaction rates are also shown in the figure. Lower: Volume changes along this
reaction coordinate.
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3. Conclusion

In this Account, I described some applications of the time-re-
solved thermodynamical measurements to biological protein
reactions: photocycyle of PYP, ligand dissociation reaction of
MbCO, and photoreaction of rhodopsin. The volume changes,
enthalpy changes, thermal expansion coefficient changes, and
the translational diffusion coefficients of transient species have
been measured in time-domain without any assumption during
these protein reactions. Compared with the traditional tech-
niques, such as the temperature dependence or pressure de-
pendence measurement of the equilibrium constants, this time
resolved technique has many unique advantages. One of them
is that the thermodynamical changes detected by this method
is truly the properties along the reaction coordinate. This ad-
vantage may be apparent if one considers that the temperature
or pressure affects chemical reactions in many ways. For in-
stance, several solvent parameters affecting the reactions,
e.g., the dielectric constant and the viscosity, may be influenced
by an increase in pressure or temperature, and it may be difficult
by means of high-pressure technique or temperature variation
methods to relate the structural or energy change to the actual
molecular volume or enthalpy changes. Let us consider a case
in which the lifetime of a precursor excited state of a photo-
chemical reaction is pressure-dependent through the variation
of the phonon density in the system. The pressure dependence
should be analyzed in terms of the phonon density and the
mechanism of the nonradiative transition, but not by ‘the mo-
lecular volume’. In such circumstances, the pressure depend-
ence of the reaction rate cannot be directly related to the vol-
ume change of the reaction. Furthermore, one may encounter
a similar situation for many protein reactions. Because protein
conformation is sensitive to the pressure or temperature, these
parameters affect the reaction (such as the equilibrium con-
stant) not only through the reaction itself but also through the
change in conformation. One may measure an apparent ‘reac-
tion volume’ or ‘enthalpy change’, but, again, these values
could not be intrinsic reaction volume or enthalpy change along
the reaction coordinate. On the other hand, the properties meas-
ured without changing any external properties should reflect the
characters of the reaction itself. This technique is also powerful
for revealing spectrally silent processes during the reactions, as
demonstrated in some reactions in this Account. This merit is
particularly useful for protein reactions, because spectrally ac-
tive change is limited only a small region around the chromo-
phore. Thus the dynamics in the other large conformational
area is difficult to detect by the optical transition of the chromo-
phore.
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(No. 13853002) from the Ministry of Education, Culture,
Sports, Science and Technology. The author is deeply indebted
to co-authors of the papers contained in this Account.

References

1 P. A. Rock, ‘‘Chemical Thermodynamics,’’ Mill Valley
(1983).

2 K. G. Denbigh, ‘‘The Principle of Chemical Equilibrium,’’
Cambridge University Press (1971).

3 T. Asano and W. J. LeNoble, Chem. Rev., 78, 407 (1978).
4 R. van Eldik, T. Asano, and W. J. LeNoble, Chem. Rev., 89,

549 (1989).
5 A. Drlijaca, C. D. Hubbard, R. van Eldik, T. Asano, M. V.

Basilevsky, and W. J. LeNoble, Chem. Rev., 89, 549 (1989).
6 E. L. Cussler, ‘‘Diffusion,’’ Cambridge University Press

(1984).
7 T. J. V. Tyrrell and K. R. Harris, ‘‘Diffusion in Liquids,’’

Butterworths, London (1984).
8 M. Terazima, Chem. Phys., 189, 793 (1994); M. Terazima,

J. Chem. Phys., 105, 6587 (1996); M. Terazima, J. Chem. Phys.,
104, 4988 (1996); T. Okazaki, N. Hirota, andM. Terazima, J. Phys.
Chem. A, 101, 650 (1997); M. Terazima, M. Takezaki, S.
Yamaguchi, and N. Hirota, J. Chem. Phys., 109, 603 (1998); M.
Terazima, Chem. Phys. Lett., 305, 189 (1999); T. Okazaki, N.
Hirota, and M. Terazima, J. Chem. Phys., 110, 11399 (1999); T.
Okazaki, N. Hirota, T. Nagata, A. Osuka, and M. Terazima, J.
Am. Chem. Soc., 121, 5079 (1999); T. Okazaki, N. Hirota, T.
Nagata, A. Osuka, and M. Terazima, J. Phys. Chem. A, 103,
9591 (1999).

9 M. Terazima, T. Hara, and N. Hirota, Chem. Phys. Lett.,
246, 577 (1995).
10 T. Hara, N. Hirota, and M. Terazima, J. Phys. Chem., 100,

10194 (1996).
11 M. Terazima and N. Hirota, J. Chem. Phys., 98, 6257

(1993); M. Terazima, K. Okamoto, and N. Hirota, J. Phys. Chem.,
97, 13387 (1993); K. Okamoto, N. Hirota, and M. Terazima, J.
Phys. Chem. A, 101, 5380 (1997); M. Terazima, K. Okamoto,
and N. Hirota, J. Chem. Phys., 102, 2506 (1995); K. Okamoto,
M. Terazima, and N. Hirota, J. Chem. Phys., 103, 10445 (1995);
K. Okamoto, N. Hirota, and M. Terazima, J. Phys. Chem. A,
102, 3447 (1998); Y. Kimura, D. Kanda, M. Terazima, and N.
Hirota, J. Phys. Chem. B, 101, 4442 (1997); K. Okamoto, N.
Hirota, and M. Terazima, J. Chem. Soc., Faraday Trans., 94,
185 (1998); K. Okamoto, N. Hirota, and M. Terazima, J. Phys.
Chem. A, 101, 5269 (1997); A. Ukai, N. Hirota, and M. Terazima,
Chem. Phys. Lett., 319, 427 (2000); A. Ukai, N. Hirota, and M.
Terazima, J. Phys. Chem. A, 104, 6681 (2000).
12 M. Terazima, Bull. Chem. Soc. Jpn., 74, 595 (2001).
13 M. Terazima, Acc. Chem. Res., 33, 687 (2000).
14 P. L. Privalov and N. N. Khechinashvili, J. Mol. Biol., 86,

665 (1974); Biophys. Chem., 100, 367 (2003).
15 K. Heremans and L. Smeller, Biochim. Biophys. Acta, 1386,

353 (1998).
16 T. V. Chalikian and K. J. Breslauer, Biopolymers, 39, 619

(1996).
17 A. Cooper, Nature, 282, 531 (1979); A. Cooper, FEBS Lett.,

123, 324 (1981).
18 A. Cooper, S. F. Dixon, and M. Tsuda, Eur. Biophys. J., 13,

195 (1986).
19 K. A. Bagley, L. Eisenstein, T. G. Ebrey, and M. Tsuda,

Biochemistry, 28, 3366 (1989).
20 H. Deng, D. Manor, G. Weng, P. Rath, Y. Koutalos, T.

Ebrey, R. Gebhard, J. Lugtenburg, M. Tsuda, and R. H. Callender,
Photochem. Photobiol., 54, 1001 (1991); H. Deng, D. Manor, G.
Weng, P. Rath, Y. Koutalos, T. Ebrey, R. Gebhard, J. Lugtenburg,
M. Tsuda, and R. H. Callender, Biochemistry, 30, 4495 (1991).
21 C. K. N. Patel and A. C. Tam, Rev. Mod. Phys., 53, 517

(1981); A. C. Tam, Rev. Mod. Phys., 58, 381 (1986).
22 ‘‘Progress in Photothermal and Photoacoustic Science and

Technology,’’ Vol. I (Principles and Perspectives of Photothermal
and Photoacoustic Phenomena) and Vol. III (Life and Earth

38 Bull. Chem. Soc. Jpn., 77, No. 1 (2004) AWARD ACCOUNTS



Science), ed by A. Mandelis, P. Hess, SPIE (1997).
23 S. E. Braslavsky and G. E. Heibel, Chem. Rev., 92, 1381

(1992).
24 D. P. Almond and P. M. Patel, ‘‘Photothermal Sciece and

Techniques,’’ Chapman & Hall, London (1996).
25 ‘‘Photothermal Investigations of Solids and Fluids,’’ ed by

J. A. Sell, Academic, London (1989).
26 J. B. Callis, W. W. Parson, and M. Gouterman, Biochim.

Biophys. Acta, 267, 348 (1972).
27 L. Landau and E. Lifsitz, ‘‘Statistical Physics, Theoretical

Physics,’’ Pergamon Press, Oxford (1969), Vol. 5.
28 K. Heremans and L. Smeller, Biochim. Biophys. Acta, 1386,

353 (1998).
29 H. J. Eichler, P. Gunter, and D. W. Pohl, ‘‘Laser Induced

Dynamic Gratings,’’ Springer-Verlag, Berlin (1986).
30 M. D. Fayer, Annu. Rev. Phys. Chem., 33, 63 (1982); R. J.

D. Miller, Ann. Rev. Phys. Chem., 42, 581 (1991).
31 H. Kogelnik, Bell. System Tech. J., 48, 2909 (1969).
32 M. Terazima, ‘‘Advances in Multiphoton Processes and

Spectroscopy,’’ ed by S. H. Lin, A. A. Villaeys, and Y. Fujimura,
World Scientific, Shigapor (1996).
33 M. Terazima, Adv. Photochem., 24, 255 (1998).
34 R. S. Lonhurst, ‘‘Geometrical and Physical Optics,’’ 2nd ed,

Wiley, New York (1967).
35 J. Morais, J. Ma, and M. B. Zimmt, J. Phys. Chem., 95,

3885 (1991).
36 R. W. Fessenden, P. M. Carton, H. Shimamori, and J. C.

Scaiano, J. Phys. Chem., 86, 3803 (1982).
37 Y. Hirata and N. Mataga, Chem. Phys. Lett., 193, 287

(1992).
38 J. J. Grabowski, J. D. Simon, and K. S. Peters, J. Am. Chem.

Soc., 106, 4615 (1984).
39 M. S. Herman and J. L. Goodman, J. Am. Chem. Soc., 111,

1849 (1989).
40 R. R. Hung and J. J. Grabowski, J. Am. Chem. Soc., 114,

351 (1992).
41 R. Schmidt and M. Schütz, Chem. Phys. Lett., 263, 795

(1996).
42 T. E. Meyer, Biochim. Biophys. Acta, 806, 175 (1985).
43 W. W. Sprenger, W. D. Hoff, J. P. Armitage, and K. J.

Hellingwerf, J. Bacteriol., 175, 3096 (1993).
44 G. E. O. Borgstohl, D. R. Williams, and E. D. Getzoff,

Biochemistry, 34, 6278 (1995).
45 M. Baca, G. E. O. Borgstahl, M. Boissinot, P. M. Burke, D.

R. Williams, K. A. Slater, and E. D. Getzoff, Biochemistry, 33,
14369 (1994).
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