
Reaction Enthalpy and Reaction Volume Changes upon Photoenolization:
2-Methylbenzophenone

Masahide Terazima
Department of Chemistry, Graduate School of Science, Kyoto UniVersity, Kyoto, 606, Japan

ReceiVed: August 21, 1997; In Final Form: October 29, 1997

The transient grating (TG) signal after photoexcitation of 2-methylbenzophenone is fully analyzed in detail
in terms of the thermal contribution by the nonradiative transition from the excited states, enthalpy change
(∆H) by the photoisomerization from thecis- andtrans-enol forms to the keto form, molecular volume change
(∆V) by the reaction, and population grating contribution due to the absorption change. From a quantitative
measurement of the TG intensity combined with that of the photoacoustic intensity,∆H and∆V are determined
simultaneously without changing any external properties such as solvents, pressure or temperature. The
intermolecular hydrogen bonding species (trans-enol) diffuses more slowly than the keto form, which provides
clear evidence of the enol formation. The molecular volume of the enol form is smaller than that of the keto
form, and the contraction is explained by the intermolecular hydrogen bonding. The obtained physical
quantities,∆H, ∆V, and diffusion constant of the keto and enol forms, are discussed relating to the molecular
structure.

1. Introduction

After photoexcitation of a molecule, the created excited states
relax to the ground state radiatively or nonradiatively, or they
could relax to form a new species by a chemical reaction.
Photophysical properties (such as lifetimes and energies of the
excited states, quantum yields of radiative or nonradiative
transitions) as well as photochemical properties of the excited
states (such as a quantum yield of a reaction, enthalpy change
(∆H), volume change (∆V)) are important to characterize or to
understand chemical reactions.1-3 Measurements of photo-
physical properties have been one of the main subjects for a
long time and have been carried out by various techniques which
have been developed extensively with the aid of laser technol-
ogy. On the other hand, experimental techniques for measure-
ments of∆H and∆V have been rather limited. Traditionally,
temperature dependence and pressure dependence of a reaction
rate or an equilibrium constant have been analyzed to determine
these quantities.1-3 However, for irreversible fast reactions,
these conventional techniques are difficult to use. Alternatively,
photoacoustic (PA) spectroscopy, which detects the pressure
wave created by the reaction has been applied to that purpose.4-7

There are two limitations, however, in this method. First, the
thermal contribution (∆H) and the volume contribution (∆V)
are always mixed in the signal and separating them is not trivial.
Generally, the efficiency of the pressure wave generation by
the thermal expansion is varied to isolate the thermal contribu-
tion. This variation can be achieved either by using the
temperature dependence of dn/dT of aqueous solution or by
changing solvents. Always we have to assume that the chemical
reaction itself (quantum yield,∆H or ∆V) does not depend on
these properties. We cannot apply this technique to a reaction
which is sensitive to the matrix or temperature. Second, the
time window of the PA signal is limited in a rather narrow range.
If the reaction proceeds in a time scale out of this window, the
PA method cannot provide any kinetic information.
A similar measurement is possible using the thermal lens

(TL),8 the beam deflection,9 or a pressure wave detection by

the transient grating (TG) method.10,11 The TG is created when
molecules in a solution are excited by two laser beams, which
are overlapped in space within their coherence time and the
acoustic wave is detected as the diffraction of a probe beam.
Although the TL, beam deflection, or TG method can trace the
temporal development of the chemistry continuously after the
photoexcitation on a long time scale, the contribution of the
volume and thermal energy should be separated by a similar
manner as the PA method. There are some disadvantages or
limitations in this separation method as discussed previously.8

As another approach, recently we presented a new TGmethod
to separate the contribution of the thermal energy from the
volume effect so that we could determine∆H and ∆V
simultaneously including the temporal evolution.8,12 In this TG
method, the separation of the volume and thermal effects is
achieved on the basis of different rates between the thermal
diffusion and species (mass) diffusion. This method does not
require any modulation of external properties such as solvent,
temperature, or pressure, and many difficulties in the conven-
tional methods can be eliminated. We have applied this
technique to photodissociation reactions of diphenylcyclopro-
panone (DPCP)8,12 and diazo compounds,13 and also trans-cis
isomerization of azobenzenes.14 The chemical reactions we
have examined so far complete in a initial stage of the TG signal,
even faster than the pulse width of the excitation laser we used.
However, considering a high time resolution of the TG method,
we should be able to continuously monitor the time evolution
of ∆H and∆V after the excitation.
In this study, as a demonstration of the time-resolved TG

technique for a more complex (time evoluting, solvent sensitive,
and more than two products) reaction, we apply this TG method
to the measurement of∆H and∆V upon photoenolization of
2-methylbenzophenone (MBP) from submicrosecond to 10’s
milliseconds time range. After photoexcitation of MBP, in-
tramolecular hydrogen transfer takes place in the lowest excited
triplet (T1) state efficiently (quantum yield∼ 1 in ethanol) and
yields the 1,4-biradical (Scheme 1).15-17 The biradical forms
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trans- and cis-enol forms within 26 ns. Thecis-enol decays
back to the keto form by the back hydrogen transfer with a
lifetime about 4 µs. The trans form survives on a few
milliseconds time scale (the lifetime∼ 5.8 ms from the transient
absorption measurement17). Recently, Suzuki et al. first applied
a photothermal method (thermal lens) to this system and
analyzed the signal in terms of the energies of the cis and trans
forms.17 They determined the energy of thetrans-enol (202
kJ/mol) andcis-enol (116 kJ/mol). The energy difference of
86 kJ/mol was attributed to the structural hindrance. However,
their analysis was limited only to the energetic consideration.
Possible volume change and contribution of the population lens
signal, which are difficult to be evaluated by the thermal lens
technique, were neglected. Here we fully analyze the TG signal
after the photoexcitation of MBP in terms of the thermal energy
by nonradiative transition from the excited state,∆H, ∆V, and
the population grating component. The grating signal clearly
indicates a large contribution of the species grating besides the
thermal effect. The result shows that the volume effect and
the population effect should be adequately treated in the TG or
TL analysis. The determined quantities are discussed based on
the molecular structural change by the photoenolization.

2. Experimental Section

The TG setup has been described previously.18 Briefly, the
third harmonic of a Nd:YAG laser (Spectra-Physics GCR-170)
was split into two by a beam splitter and crossed inside a quartz
sample cell (optical path length) 1 cm). The laser power of
the excitation wase10 µJ/pulse. The created interference
pattern (transient grating) in the sample was probed by a He-
Ne laser as a Bragg diffracted signal (TG signal). The TG signal
was detected by a photomultiplier (Hamamatsu R928) and
averaged by a digital oscilloscope. The photoacoustic signal
was detected by a piezoelectric transducer (PZT) as described
previously.19 The signal was directly detected by the digital
oscilloscope and averaged about 100 times. The repetition rate
of the excitation laser was about 3 Hz, and the sample was gently
stirred during the measurement to prevent possible excitation
of photoproduct (enol form). The sample was deaerated by the
nitrogen bubbling method. All measurements were carried out
at room temperature. The absorbances of the MBP sample and
the reference sample at the excitation wavelength were adjusted
to 0.5.

3. General Principle of the Measurement

In this section, we present a basic theoretical treatment of
the measurement of∆H and∆V for a simple reversible reaction

(one reactant (R) and one product (P)).

Application of this method to a more specific reaction system
(photoenolization of MBP) is described in following sections.
If the absorptive contribution is negligible and the diffraction
efficiency of the probe light is small, the TG signal intensity is
proportional to the square of the peak-null difference of the
refractive index in the grating pattern. Generally, there are many
origins of the refractive index change upon photoirradiation to
a matter, but they may be decomposed into four dominant terms
under our experimental conditions (isotropic liquid sample
excited at a resonant wavelength under a rather weak laser
power) as follows.

whereA is a constant which represents the sensitivity of the
system,δnQ represents the thermal grating due to the nonra-
diative transition from the initially created excited state to the
intermediate states or product P (e.g.,cis- and trans-enols)
(Scheme 1), andδnH is originated from the enthalpy change by
a chemical reaction. TheδnP and δnV terms represent the
refractive index changes by the presence of reaction products
and depletion of the reactant, and they are sometimes called
the “population grating” or “species grating”. In this paper,
we use the name of “species grating” for describing these
contributions and “population grating” is reserved for another
contribution. The species grating may be separated into two
contributions: One is from the refractive index change which
concomitant with the change of absorption bands (δnP(t), the
population grating) and the other is due to the molecular volume
change (δnV(t), the volume grating). In the latter contribution,
the intrinsic molecular volume change as well as the effect of
solvent reorganization is contained.
We assume that the thermal energy to create the product P

(the first termδnQ) released promptly after the excitation. The
time profile can be calculated by solving Fourier’s thermal
diffusion equation and is given by

where dn/dT is the refractive index change by the temperature
change,N the molar density of the excited molecule (mol/cm3),
Qf the thermal energy released by the nonradiative transition
(J/mol),F density (g/cm3),Wmolecular weight (g/mol),Cp heat
capacity (J/(K mol)),Dth thermal diffusivity (m2/s), and q
magnitude of the grating vector (m-1). It is not difficult to
incorporate the time evolution of heat releasing due to a finite
rate of the nonradiative transition in this equation. On the other
hand, the thermal grating signal due to the enthalpy change (P
f R) is assumed to be evoluted in the observation time window
by the chemical reaction and also by the thermal diffusion. The
profile can be expressed by

where∆H′(t) is the time derivative of the heat releasing by the
enthalpy change,φ is the quantum yield of the reaction, and *
represents the convolution. For example, if the reaction process
(Pf R) can be expressed by a single-exponential function with

SCHEME 1

R {\}
hν

kback
P

ITG(t) ) A|δnQ(t) + δnH(t) + δnP(t) + δnV(t)|2 (1)

δnQ(t) ) (dn/dT)(NQfW/FCp) exp(-Dthq
2t) (2)

δnH(t) ) ((dn/dT)WN/FCp){φ∆H′(t)* exp(-Dthq
2t)} (3)
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a rate constantkback, ∆H′(t) is given by

where∆H is the reaction enthalpy change.
The time profile of the species grating signal is given by

Fick’s diffusion equation coupled with the chemical reaction.
For a reversible reaction, the following equation may be
derived.20

The preexponential factors are given by

whereδnr andδnp represent the refractive index change by the
presence of the product and the reactant, respectively.Dp and
Dr are the diffusion constants of the product and reactant,
respectively. δnr andδnp contain the population contribution
(δnp) and the volume effect as

whereB ) V∂n/∂V (refractive index change by the molecular
volume change), and∆V′i is the volume effect by the presence
of the speciesi instead of the solvent molecule.8 (The reaction
volume change (∆V) is given by∆V ) ∆V′P - ∆V′R).
Separation of these four contributions in the TG signal

consists of two steps.8 First, the thermal contribution,δnQ, can
be separated from the species grating component by the time-
resolved manner. Since the decay rate due to the thermal
diffusion (Dthq2) is normally 1 or 2 orders of magnitude faster
than that of the species grating (Dpq2 or Drq2), these contribu-
tions can be easily separated. Comparing the intensity of the
pure thermal grating signal (Qf) with that of a reference sample,
which converts the absorbed photon energy (hνex) to the thermal
energy with a known efficiency, one can determine∆Hφ from
a relation ofQf + ∆Hφ ) hνex in the case of the reversible
reaction. (Even if the product does not return back to the
reactant,∆Hφ can be determined from the TG intensities in
the case thatQf and∆Hφ can be separated by the time-resolved
measurement.)
Next, the magnitude of the pressure wave from the photoir-

radiated region is measured. The detection method can be either
the PA or the TG techniques. For the TG method, the crossing
angle of two excitation beams should be adjusted so that the
oscillating acoustic wave should be separated from the diffusive
contribution of the thermal grating. The distinction should not
be difficult because of the characteristic oscillating feature. For
the PA detection, the pressure wave is detected by a pressure-
sensitive device such as a piezoelectric transducer. The
magnitude of the pressure wave (or the square root of the
acoustic TG signal) is proportional to the density change of the
matrix through the thermal effect and volume effect. If the time
window of the pressure measurement is in a faster region than
that of the back reaction Pf R (that is, if the enthalpy energy
is stored in chemical system), the acoustic intensity by the PA
method,Iac, is given by

whereA′ is a proportional constant, which includes the sensitiv-

ity of the apparatus, andRth is the thermal expansion coefficient.
Therefore, comparing the acoustic signal intensity from the
sample with that from the reference sample,∆Vφ can be
determined, becauseQf is already known from the TG measure-
ment.
This method was first demonstrated for a photodissociation

reaction of DPCP,8,12 which completes just after the photoex-
citation. In this report, we extend this method to a more
complex system; a chemical reaction proceeds during the time
window with two intermediate species.

4. Results and Discussion

4.1. Time profiles of the TG Signal. First, we describe
the TG signal of a reference sample, nitrobenzene in ethanol.
After the photoexcitation of nitrobenzene, the TG signal rises
within the excitation laser pulse (10 ns), and it decays to the
baseline with a time constant of 2Dthq2. Apparently, the signal
is attributed to the thermal grating. The fast rise of the signal
is consistent with the fast relaxation from the excited states
(excited singlet and triplet states) as reported recently.21 Since
the radiative transition of nitrobenzene is negligible, the signal
intensity reflects the temperature rise by the absorbed photon
energy (hνex).
The TG signals from MBP in ethanol are depicted in Figure

1∼ 3 in several different time scales atq2 ) 0.21× 1012 m-2

andq2 ) 10.2× 1012 m-2. The signal rises with slower time
constants than the instrumental response in a tens of nanoseconds
range (Figure 1). The slower rise may represent the decay of
the biradical (Scheme 1). The analysis of this component is
beyond the scope of this paper and we treat this rise component
as a “fast” rise signal (δnQ component). The temporal features
after 100 ns depend on the magnitude ofq. For a rather small
q (such asq2 ) 0.21× 1012 m-2), the grating signal further
rises slowly in a microsecond time scale (Figure 2a). Then,
the signal decays to the baseline once and shows a growth-
decay curve (Figure 2b-d). For a largerq (for example,q2 )
10.2× 1012m-2) (Figure 3), the TG signal does not show slow
rise but directly decays to the baseline. After that, it rises
followed by decays with two different rates: in a few
microseconds and in hundreds of microseconds range. These
features can be consistently explained by the contributions of
the thermal grating and two species gratings. In the following,
first, the feature of the grating signal is qualitatively explained
and then the profile is analyzed quantitatively in the next section.
The fastest decay component (main signal in Figure 2a and

Figure 3a) should be attributed to the thermal grating, which is
created by the nonradiative transition to the ground states of

Figure 1. Time profiles of the TG signal after photoexcitation of
2-methylbenzophenone (solid line) and nitrobenzene (dotted line) in a
fast time scale. The intensities of the signals are normalized at around
200 ns.

∆H′(t) ) -∆Hkbackexp(-kbackt) (4)

δn(q,t) ) δn1 exp(-Drq
2t) + δn2 exp(-(Dpq

2 + kback)t) (5)

δn1 ) -δnr(Dpq
2 - Drq

2)/(Dpq
2 - Drq

2 + kback) (6a)

δn2 ) δnp- (δnrkback/(Dpq
2 - Drq

2 + kback)) (6b)

δni ) Nφ(δni
p + B∆V′i) (i ) P or R) (7)

Iac) A′N|QfWRth/FCp + ∆Vφ| (8)
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two enol species via the biradical states, because the decay rate
is close to 2Dthq2 as expected from eq 2. The successive TG
signal is due to the species grating of the cis and trans enol
forms. The relatively large intensity of this component appar-
ently indicates that the thermal lens signal reported previously17

should be analyzed including this effect. Since the absorption
bands of all species in this reaction system are on the blue side
from the probe wavelength (633 nm), the observed signal must
consist of the phase grating.
The different feature at differentq can be explained by the

different lifetime of the thermal grating at differentq. When
the decay of the thermal grating is slower than the decay of the
cis-enol, the increase of the thermal energy by thecis-enol decay
(∆H effect) as well as the decrease of the species grating results
in a rise signal on the thermal grating signal. (SinceδnQ is

negative, one can easily find thatδnH + δnP + δnV of thecis-
enol should be negative from the profile.) On the other hand,
when the lifetime of the thermal grating signal is shorter than
that of the cis-enol, the decrease of the species grating
contribution appears as the decay of the signal. (The dip
between the thermal grating and the species grating signals
indicates thatδnH + δnP + δnV of the cis-enol should be
positive at thisq. The positive sign of this species grating at
largerq results from a smaller contribution of the thermal effect
by the convolutional effect.) This different feature at different
q is useful for a quantitative analysis as described in the next
section. The signal in a longer time scale (after the decay of
the thermal grating and the species grating due to thecis-enol)
represents the diffusion process of the keto and thetrans-enol.
The acoustic signal can be measured by either the TG method

or the PA technique. Although we used the TG method with a
small crossing angle of the excitation beams for the acoustic
detection previously,8,12we found that the PA method provides
more stable results than the TG method, probably because of
the simpler experimental configuration. Here, the PZT is used
for the pressure wave detection. The observed PA signal of
MBP is much weaker than that of the reference (nitrobenzene)
sample (Figure 4).
4.2. Analysis of the TG Signal. The observed TG signal

should be fitted by eq 1. However, in this case, since two
products (cis- andtrans-enols) and the reactant (the keto form)
participate in the signal, the original eqs 1-7 should be modified
as follows. First, for the thermal contributions, eq 3 should be

Figure 2. Time profiles of the TG signal (dotted line) after photoex-
citation of 2-methylbenzophenone in ethanol and the fitted curve (solid
line) in various time scale atq2 ) 0.21× 1012 m-2.

Figure 3. Time profiles of the TG signal (dotted line) and the fitted
curve (solid line) in various time scale atq2 ) 10.2× 1012 m-2.
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rewritten as

where∆Hc(t) and∆Ht(t) are given by

andφ, ∆H, andk represent the quantum yield of the production,
enthalpy change, and the decay rate constant, respectively, and
the subscripts of c and t indicate thecis- and trans-enols.
Next, for the species grating, the back reaction from thecis-

enol to keto form (kc ≈ 4 µs) is much faster than the mass
diffusion time (Dcq2 orDtq2 are in the order of 100µs or longer).
Hence, from eq 5, the time dependence of the species grating
signal due to thecis-enol can be written as

whereδnc andδnk are the refractive index changes by thecis-
enol and keto forms, respectively. On the other hand, since
the intrinsic lifetime is much longer than the diffusion rate for
thetrans-enol (kt ) 10-172 s-1 , Dcq2 orDtq2), species grating
due to thetrans-enol (eq 5) can be reduced to

whereδnt represents the refractive index changes by thetrans-
enol, andDk andDt are the diffusion constants of the keto and
trans-enol, respectively.
As described in the previous section,δnc, δnt, andδnk can

be decomposed into the population and volume contributions.

where δncp, δntp, and δnrp denote the population grating
contributions in the corresponding species grating,∆V′ has the
same meaning as that in eq 7, andφ ) φc + φt. The reaction
volume change of thecis- (∆Vc) andtrans-enols (∆Vt) are given
by ∆Vc ) ∆V′c - ∆V′k and∆Vt ) ∆V′t - ∆V′k, respectively.

The time profile in a longer time scale than (Dthq2)-1 or kc-1

can be expressed well by a biexponential function.

where subscripts f and s stand for the fast and slow components,
respectively. From the feature of the grating signal, it is
apparent that the sign of the preexponential factor is opposite
and, from a comparison with the sign of the thermal contribution
(δnQ andδnH < 0), one may findaf < 0 andas > 0. These
two contributions should be due to the species grating of the
keto andcis-enol forms. From the Kramers-Kronig relation
(δnkp > 0,δntp > 0) and eq 12, the faster and slower components
are assigned to the keto andtrans-enol, respectively; that is,kf
) Dkq2 andks ) Dtq2 + kt. The profile can be fitted accurately
by the least-squares method, and the rate constants,kf andks,
are plotted againstq2 in Figure 5. The plot shows thatkf is
proportional toq2 with an interceptkf ) 0 at q2 ) 0. Theq2

dependence ofks is also linear but it has an finite interceptks
≈ 10 s-1 atq2 ) 0. From the slopes, diffusion constants of the
keto andtrans-enol forms are determined asDk ) 1.0× 10-9

m2 s-1 andDt ) 0.70× 10-9 m2 s-1. The intercept of the
slow component represents the intrinsic lifetime of thetrans-
enol.
At first glance, one may think that there are too many

parameters (Qf, ∆Vc, ∆Vt, ∆Hc, ∆Ht, Dth, Dt, Dc, kc, kt, φc, φt,
δnk, δnc, andδnt) to be uniquely determined from the curve
fitting of the TG signal. However, some of them are already
known from previous studies and most of them can be evaluated
one by one from the TG and PA signals.
(i) First, some rate constants are rather easily determined from

the temporal profiles. For example, the decay rate of the thermal
grating,Dthq,2 is uniquely determined by a single-exponential
fit of the TG signal from the reference sample.
(ii) The slow rise of the TG signal under a condition ofkc .

Dthq2 or the thermal lens condition represents the decay rate of
the cis-enol,kc. The lifetime of thetrans-enol,kt-1, is easily
evaluated from the transient absorption or theq2 plot ofDtq2 +
kt. The value, 10 s-1, is smaller than the previously reported
value (172 s-1). However, this discrepancy in the lifetime is
not serious for the determination of the other quantities, such
as∆H and∆V, because our signal observation time range is
sufficiently shorter than this time, and the∆Ht contribution in
the signal is negligibly small due to the convolutional effect.
Actually we obtain very similar values either usingkt ) 10 s-1

or kt ) 172 s-1.
(iii) For simplicity, we assume that∆V′c is the same as∆V′t;

in other words,∆V is the same both for thecis- and trans-

Figure 4. PA signal of 2-methylbenzophenone (dotted line) and
nitrobenzene (solid line).

δnH(t) ) ((dn/dT)NW/FCp)[{φc∆Hc′(t)*exp(-Dthq
2t)} +

{φt∆Ht′(t)*exp(-Dthq
2t)}] (9)

∆Hc(t) ) ∆Hc exp(-kct)

∆Ht(t) ) ∆Ht exp(-ktt) (10)

δnc(t) ) (δnc - δnk) exp(-kct) (11)

δnt(t) ) -δnk exp(-Dkq
2t) + δnt exp(-(Dtq

2 + kt)t) (12)

δnc ) Nφc(δnc
p + B∆V′c)

δnt ) Nφt(δnt
p + B∆V′t)

δnk ) Nφ(δnk
p + B∆V′k) (13)

Figure 5. Plots of the decay rate constants (k) againstq2 for the keto
form (open circles) andtrans-enol form (closed circles).

ITG(t)
1/2 ) |af exp(-kft) + as exp(-kst)| (14)

Enthalpy and Volume Changes upon Photoenolization J. Phys. Chem. A, Vol. 102, No. 3, 1998549



enols (∆V≡ ∆Vc ) ∆Vt). This assumption may not be exactly
correct. For example, we already know that thecis-azobenzene
is slightly smaller than the trans form.1,2 However, contrary to
azobenzene, the difference in structure between thecis- and
trans-enols is not drastic for this molecule. We think that this
small different volume between thecis- andtrans-enols can be
neglected compared with the volume change associated with
the chemical reaction from the keto to enol forms.
(iv) The decay in the longer time scale than 1/kc or 1/Dthq2

reflects the translational diffusion of the keto andtrans-enol
forms. By the least-squares fit by a biexponential function (eq
14), Dkq2 andDtq2 + kt can be accurately determined. The
relative intensities of the preexponential factors are given by
δnk:δnt.
(v) The TG intensity just after the excitation (but long enough

for the decay of the biradicals) can be easily measured accurately
and this quantity is proportional toδnQ(0) + δnc(0) + δnt(0)
- δnr(0).
(vi) The species grating intensity extrapolated to t∼ 0 gives

δnt(0) + δnc(0) - δnk(0). Subtracting the species grating
intensity from the total intensity att ) 0 (δnQ(0) + δnt(0) +
δnc(0) - δnk(0)) givesδnQ. By comparison with the intensity
from the reference sample,Qf can be determined.
(vii) The slow rise intensity under a condition ofkc . Dthq2

(Figure 2) or under the thermal lens condition represents the
back reaction from thecis-enol to keto, and this intensity is
given byφc∆Hc + δnc - φcδnk. Under the condition ofkc <
Dthq2 (Figure 3), the thermal contribution from this process
becomes small due to the convolutional effect. Therefore, the
back reaction appears as the decay of the signal and the intensity
is approximately represented asδnc - φcδnk. Hence,φc∆Hc

andδnc - φcδnk can be separately determined. From a relation
of hνex ) Qf + φc∆Hc + φt∆Ht, φt∆Ht is calculated.
(viii) PA intensity at t ∼ 0 is given by eq 8. Dividing this

intensity by the PA intensity from the reference sample, one
obtainsQf/hνex + φ∆VFCp/WRth. SinceQf is already known
from (vi), φ∆V can be evaluated.
(ix) The quantum yield of the reaction is reported to be unity

(φ ) φc + φt ) 1.0).
From these steps, we can determine each quantity uniquely.

The determined quantities from the TG and PA signals are
summarized in Table 1. Checking the adequacy of these values,
we can successfully fit the TG signal in a range of 100 ns to 5
ms at variousq’s with one set of the parameters. (A slight
disagreement between the observed and calculated signal in
0-50 ns is notable (e.g., Figure 3a). This disagreement must
be due to the reaction of the biradical. Here the signal in that
time scale was neglected in the fitting process.)

4.3. Photoenolization of MBP. In the following sections,
the determined quantities are discussed based on the molecular
structural change by the photoenolization.
(A) Diffusion Constant. From theq2 plot of the decay rate

constants,Dk andDt are determined as 1.0× 10-9 and 0.70×
10-9 m2 s-1, respectively.D of benzophenone in ethanol was
reported as 0.95× 10-9 m2 s-1 by the Taylor dispersion
method22 and as 1.0× 10-9 m2 s-1 by the TG method.23 D of
the keto form agrees well with these values, which indicates
almost no effect of the intramolecular hydrogen bonding toD.
On the contrary,D of the enol form is much smaller thanD of
the keto form, which may be explained by the intermolecular
hydrogen bonding to the solvents. The additional attractive
intermolecular interaction causes a friction during the transla-
tional movement. The effect of the intermolecular hydrogen
bond of some stable molecules on the diffusion constant has
been recently investigated by Chan and Chan24 and Tominaga
et al.25 using the Taylor dispersion method.D’s of solutes which
can form the intermolecular hydrogen bond with solvent are
reduced considerably fromD’s of non-hydrogen-bonding sol-
utes. For example,D of cyclohexanone in ethanol is 1.34×
10-9 m2 s-1, whileD of cyclohexanol is 0.87× 10-9 m2 s-1 in
the same solvent. The ratio ofDk to Dt is comparable to the
reported value. The reduction ofD by the photoirradiation is
clear evidence of the enol formation by the reaction. This
photoenolization will allow us to extract the influence of the
hydrogen bond to the diffusion process in future.
(B) Population Grating. The determined sign of the

population gratings (δncp, δntp, andδnkp) is positive, which is
consistent with the absorption spectra of these species and the
Kramers-Kronig relation. The magnitude ofδnkp is smaller
than the other ones. This relation is also consistent with a
prediction from the Kramers-Kronig relation and the position
of the absorption bands of each species (the peak of the first
absorption band of the enol form is closer to the wavelength of
the probe laser than that of the keto form). It is interesting to
note that the ratio ofφcδnc:φtδnt ) 0.62:0.38 is the same as the
branching ratio of thecis- andtrans-enols determined from the
quenching experiment.15 It suggests thatδncp is very similar
to δntp, which seems reasonable because the absorption spectra
of both species resemble each other. While, the branching ratio
(φc:φt)was reported as 0.7:0.3 from the transient absorption
signal under an assumption that the molar extinction coefficient
of thetrans- andcis-enols are the same.17 At present, we cannot
conclude which branching ratio is correct. A reliable molecular
orbital calculation will be helpful to estimate the molar
extinction coefficient of both species.
(C) Molecular Volume Change. The determined∆V (<0)

clearly shows that the molecular volume is reduced by trans-
formation from the keto to the enol forms. The reaction volume
change could be divided into two contributions: one is the
intrinsic volume change, which is due to changes in bond lengths
and angles, and the other is the external volume, which may
contain two contributions: a void volume change associated
with the solute molecular structure and the electrostriction with
solvent. The van der Waals volume of the keto and enol forms
may be calculated by an atom increment method proposed by
Bondis.26 If we define this as the intrinsic volume, the intrinsic
volume change by the isomerization is calculated to be only
-0.7 cm3/mol. The observed volume change must come from
other sources.
The intermolecular hydrogen bond could contribute to∆V,

because the creation of the hydrogen bond should significantly
alter the solvation structure around the solute. Although the

TABLE 1: Physical Properties of the Photoenolization of
MBP

Dt/10-9 m2 s-1 0.7( 0.1
Dk/10-9 m2 s-1 1.0( 0.1
kt/10 s-1 1.0( 0.5a

kc/106 s-1 2.5( 0.1b

Qf/kJ mol-1 239( 20
φt∆Ht/kJ mol-1 44( 4
φc∆Hc/kJ mol-1 54( 5
φt∆nt 0.27( 0.03c

φc∆nc 0.44( 0.05c

φ∆np 0.46( 0.05c

∆V/cm3 mol-1 -12( 5

aDetermined from theq2 plot of the decay rate constants of the TG
signal.bMeasured by the transient absorption method.cNormalized
by the thermal contribution (δnQ + δnH ) 1).
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effect of the hydrogen bond to molecular volume is not well
elucidated, it is expected that the attractive interaction with the
solvent contract the volume by the creation of the hydrogen
bond. Ikawa and co-workers have measured the volume change
by breaking intramolecular hydrogen bond using the pressure
dependence of the IR absorption bands.27 They found that the
volume is contracted about 4 cm3/mol by the interaction of the
hydroxy group with solvent (CCl4). This value was reasonably
accounted for by an electrostriciton effect with the solvents.27

Considering the much polar character of ethanol, one would
not be surprised to find that the observed volume change in the
keto-enol reaction (-12 cm3/mol) is explained by the external
volume changes associated with the intermolecular hydrogen
bonding.
(D) Enthalpy Changes. Recently Suzuki et al. determined

the heat of formation ofcis- and trans-enols using the TL
techniques as 116 and 202 kJ/mol, respectively.17 However,
the TL signal was analyzed only from the thermal energy even
though the probe wavelength is the same as in this study (He-
Ne laser). Considering the relatively large contributions of the
∆V and population grating in the TG signal, these contributions
should be included in the TL analysis, too. Our determined
∆H of the trans- and cis-enols are smaller than their values
and the difference between these reports should be attributed
to the neglection of the population lens and∆V contributions
in the TL analysis. One of the methods to evaluate these
contributions in the TL signal was presented previously using
the solvent variation.8 However, a similar technique cannot be
used for this system because the photoenolization reaction itself
is sensitive to the matrix. As far as we know, this time-resolved
TG technique is the only way to perform the quantitative
measurement. If we calculate the heats of reaction of thecis-
and trans-enols withφc ) 0.62, andφt ) 0.38,∆Hc ) 87 kJ/
mol and∆Ht ) 115 kJ/mol (∆Ht - ∆Hc ) 28 kJ/mol) are
obtained. If we useφc ) 0.7, andφt ) 0.3,∆Hc ) 77 kJ/mol
and∆Ht ) 146 kJ/mol (∆Ht - ∆Hc ) 69 kJ/mol) are obtained.
This energy difference could be due to the steric hindrance
between the phenyl and vinyl groups for thetrans- and cis-
enols as suggested by Suzuki et al.;17 however, the enthalpy
difference should be smaller than that they have reported.

5. Summary

Various contributions in the TG signal observed upon the
photoenolization of 2-methylbenzophenone were separated by
the time-resolved technique. They are the thermal contribution
by the nonradiative transition among the excited states, enthalpy
change (∆H) and volume change (∆V) by the keto-enol
photoconversion, and population grating which is associated
with the absorption spectrum change by the reaction. Compar-
ing with the TG intensity of a reference sample, these quantities
are determined simultaneously without changing any external
properties such as solvents, pressure, and temperature. The
slower diffusion constant and smaller molecular volume of the

enol form are attributed to the intermolecular hydrogen bonding.
The relative magnitudes of the population gratings are consistent
with the absorption spectra of these species and also the
branching ratio between thecis- and trans-enol forms. We
should emphasize that this reaction system is not a special case
that these various origins contribute to the signal simultaneously.
Generally we should take into account these contributions
whenever the photophysical processes are studied by the TL or
TG methods.
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