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Reaction Enthalpy and Reaction Volume Changes upon Photoenolization:
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The transient grating (TG) signal after photoexcitation of 2-methylbenzophenone is fully analyzed in detalil
in terms of the thermal contribution by the nonradiative transition from the excited states, enthalpy change
(AH) by the photoisomerization from tleés- andtrans-enol forms to the keto form, molecular volume change
(AV) 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 intekisigndAV are determined
simultaneously without changing any external properties such as solvents, pressure or temperature. The
intermolecular hydrogen bonding specitraiis-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
guantities AH, AV, and diffusion constant of the keto and enol forms, are discussed relating to the molecular
structure.

1. Introduction the transient grating (TG) methd€i! The TG is created when

molecules in a solution are excited by two laser beams, which
L o are overlapped in space within their coherence time and the
relax to the ground state radiatively or nonradiatively, or they acoustic wave is detected as the diffraction of a probe beam.

(;%ultd rﬁla{( tcl) form ‘? new sgemel.s]: ?y a ch%mlcal r.eactlfotnh. Although the TL, beam deflection, or TG method can trace the
otophysical properties (S.UC as liretimes and energies ot etemporal development of the chemistry continuously after the
excited states, quantum yields of radiative or nonradiative

transitions) as well as photochemical properties of the excited photoexcitation on a long time scale, the contribution of the
P X prop volume and thermal energy should be separated by a similar
states (such as a quantum vyield of a reaction, enthalpy change

. . mMmanner as the PA method. There are some disadvantages or
(AH), volume changeAV)) are important to characterize orto . ... L . ) )
. . limitations in this separation method as discussed previdusly.
understand chemical reactioh$. Measurements of photo-

physical properties have been one of the main subjects for a AS another approach, recently we presented a new TG method
long time and have been carried out by various techniques which!® Séparate the contribution of the thermal energy from the
have been developed extensively with the aid of laser technol-Volume effect so that we could determingH and AV
ogy. On the other hand, experimental techniques for measure-Simultaneously |ncluo!|ng the temporal evolutid¥. In this TG _
ments ofAH and AV have been rather limited. Traditionally, ~Method, the separation of the volume and thermal effects is
temperature dependence and pressure dependence of a reacti@ghieved on the basis of different rates between the thermal
rate or an equilibrium constant have been analyzed to determinediffusion and species (mass) diffusion. This method does not
these quantities:® However, for irreversible fast reactions, ~'€quire any modulation of external properties such as solvent,
these conventional techniques are difficult to use. Alternatively, temperature, or pressure, and many difficulties in the conven-
photoacoustic (PA) spectroscopy, which detects the pressuretional methods can be eliminated. We have applied this
wave created by the reaction has been applied to that putpbse. technique to photodissociation reactions of diphenylcyclopro-
There are two limitations, however, in this method. First, the Panone (DPCP}?and diazo compound$,and also transcis
thermal contribution 4H) and the volume contributionA{) isomerization of azobenzen&s.The chemical reactions we
are always mixed in the signal and separating them is not trivial. have examined so far complete in a initial stage of the TG signal,
Generally, the efficiency of the pressure wave generation by e€ven faster than the pulse width of the excitation laser we used.
the thermal expansion is varied to isolate the thermal contribu- However, considering a high time resolution of the TG method,
tion. This variation can be achieved either by using the We should be able to continuously monitor the time evolution
temperature dependence af/dT of aqueous solution or by ~ of AH andAV after the excitation.
changing solvents. Always we have to assume that the chemical In this study, as a demonstration of the time-resolved TG
reaction itself (quantum yield\H or AV) does not depend on  technique for a more complex (time evoluting, solvent sensitive,
these properties. We cannot apply this technique to a reactionand more than two products) reaction, we apply this TG method
which is sensitive to the matrix or temperature. Second, the to the measurement &fH and AV upon photoenolization of
time window of the PA signal is limited in a rather narrow range. 2-methylbenzophenone (MBP) from submicrosecond to 10’s
If the reaction proceeds in a time scale out of this window, the milliseconds time range. After photoexcitation of MBP, in-
PA method cannot provide any kinetic information. tramolecular hydrogen transfer takes place in the lowest excited
A similar measurement is possible using the thermal lens triplet (T;) state efficiently (quantum yield 1 in ethanol) and
(TL),® the beam deflectioh,or a pressure wave detection by vyields the 1,4-biradical (Scheme ¥):17 The biradical forms

After photoexcitation of a molecule, the created excited states
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SCHEME 1 (one reactant (R) and one product (P)).

Sy

“CH, "
R

biradical

T 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 peahull difference of the
refractive index in the grating pattern. Generally, there are many
] origins of the refractive index change upon photoirradiation to
o1, 0 OH i, OH a matter, but they may be decomposed into four dominant terms
w ‘/\‘ under our experimental conditions (isotropic liquid sample
@ @ CH, O @ excited at a resonant wavelength under a rather weak laser
trans- and cis-enol forms within 26 ns. Theis-enol decays  Power) as follows.
back to the keto form by the back hydrogen transfer with a
lifetime about 4 us. The trans form survives on a few la(t) = Along(t) + ony(t) + ong(t) +6n\,(t)|2 Q)
milliseconds time scale (the lifetime 5.8 ms from the transient
absorption measuremént Recently, Suzuki etal. firstapplied  \yhereA is a constant which represents the sensitivity of the
a photothermal method (thermal lens) to this system and system,ong represents the thermal grating due to the nonra-
analyzed the signal in terms of the energies of the cis and transgjative transition from the initially created excited state to the
forms!7 They determined the energy of thknsenol (202 jntermediate states or product P (e.gis and transenols)
kJ/mol) andcis-enol (116 kJ/mol). The energy difference of (scheme 1), andny is originated from the enthalpy change by
86 kJ/mol was attributed to the structural hindrance. However, 5 chemical reaction. Théne and ony terms represent the
their analysis was limited only to the energetic consideration. yefractive index changes by the presence of reaction products
Possible volume change and contribution of the population lens 5ng gepletion of the reactant, and they are sometimes called
signal, which are difficult to be evaluated by the thermal lens the “nopulation grating” or “species grating”. In this paper,
technique, were neglected. Here we fully analyze the TG signal e yse the name of “species grating” for describing these
after the photoexcitation of MBP in terms of the thermal energy contributions and “population grating” is reserved for another
by nonradiative transition from the excited staé, AV, and  contribution. The species grating may be separated into two
the population grating component. The grating signal clearly contributions: One is from the refractive index change which
indicates a large contribution of the species grating besides theconcomitant with the change of absorption bandis(t), the
thermal effect. The result shows that the volume effect and o jation grating) and the other is due to the molecular volume
the population effect should be adequately treated in the TG or change ¢ny(t), the volume grating). In the latter contribution,

TL analysis. The determined quantities are discussed based oRpe intrinsic molecular volume change as well as the effect of
the molecular structural change by the photoenolization. solvent reorganization is contained.

b

hvey

Sy

_ _ We assume that the thermal energy to create the product P
2. Experimental Section (the first termdng) released promptly after the excitation. The

time profile can be calculated by solving Fourier’'s thermal
The TG setup has been described previot&IBriefly, the diffusion equation and is given by

third harmonic of a Nd:YAG laser (Spectra-Physics GCR-170)

was split into two by a beam splitter and crossed inside a quartz

sampl?a cell (optica)ll path Ieng[l?h 1 cm). The laser powerqof Ong(t) = (AVdT)(NQW/eCy) exp(-Dyd) 2)

the excitation was<10 uJ/pulse. The created interference ) o

pattern (transient grating) in the sample was probed by -a He where avdT is the refract.lve index chgnge by the temperature
Ne laser as a Bragg diffracted signal (TG signal). The TG signal changeN the molar density of the excited molecule (molm
was detected by a photomultiplier (Hamamatsu R928) and Q the thermal_ energy released by the _nonradlatlve transition
averaged by a digital oscilloscope. The photoacoustic signal (/mol),p density (g/crd), W molecular weight (g/mol)C, heat
was detected by a piezoelectric transducer (PZT) as describedc@Pacity (J/(K mol)),Dy, thermal diffusivity (n¥/s), andq
previously!® The signal was directly detected by the digital Magnitude of the grating vector (). It is not difficult to
oscilloscope and averaged about 100 times. The repetition rateNcorporate the time evolution of heat releasing due to a finite
of the excitation laser was about 3 Hz, and the sample was gently'ate of the nonradlatlvg transition in this equation. On the other
stirred during the measurement to prevent possible excitation"and, the thermal grating signal due to the enthalpy change (P
of photoproduct (enol form). The sample was deaerated by the ™ R) is assu_med to b(_a evoluted in the observation _tlme_wmdow
nitrogen bubbling method. All measurements were carried out PY the chemical reaction and also by the thermal diffusion. The
at room temperature. The absorbances of the MBP sample andProfile can be expressed by

the reference sample at the excitation wavelength were adjusted

{0 0.5. ony(t) = ((AV/dTWNpCH{ PAH' (t)* exp(-Dy®}  (3)

3. General Principle of the Measurement whereAH'(t) is the time derivative of the heat releasing by the
enthalpy changep is the quantum yield of the reaction, and *
In this section, we present a basic theoretical treatment of represents the convolution. For example, if the reaction process
the measurement d&H andAV for a simple reversible reaction  (P— R) can be expressed by a single-exponential function with
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a rate constaritpack AH'(t) is given by ‘ ‘ :

AH,(t) = _AHkback eXp(_kbaclg) (4) :

whereAH 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?0

ITG/ arb.unit

on(at) = on, exp(-D,gt) + on, exp— (DA + kyac)t) (5) v ———

t/ns
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.

250

The preexponential factors are given by
on, = —on(D,q” — DA)/(DG* — DA + Kye) (63)

(3”2 = 6np - (6nrkbacI!(qu2 - qu2 + kback))

wheredn, anddn, represent the refractive index change by the
presence of the product and the reactant, respectiv@lyand

D, are the diffusion constants of the product and reactant,
respectively. on, and dnp contain the population contribution
(6nP) and the volume effect as

(6b)

ity of the apparatus, ardy, is the thermal expansion coefficient.
Therefore, comparing the acoustic signal intensity from the
sample with that from the reference sampley¢p can be
determined, becausg is already known from the TG measure-
ment.

This method was first demonstrated for a photodissociation
reaction of DPCP;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.

on, = Ng(dnP+BAV,) (i=PorR) (7)
whereB = Von/dV (refractive index change by the molecular
volume change), andV'; is the volume effect by the presence
of the speciesinstead of the solvent molecule(The reaction
volume changeAV) is given byAV = AV'p — AV'R). ) . ) . .
Separation of these four contributions in the TG signal  4-1. Time profiles of the TG Signal. First, we describe
consists of two steps.First, the thermal contributiodng, can (e TG signal of a reference sample, nitrobenzene in ethanol.
be separated from the species grating component by the time/After the photoexcitation of nitrobenzene, the TG signal rises
resolved manner. Since the decay rate due to the thermalWithin the excitation laser pulse (10 ns), and it decays to the
diffusion (DycP) is normally 1 or 2 orders of magnitude faster Paseline with a time constant obgc?. Apparently, the signal
than that of the species gratinB? or D,¢?), these contribu- 1S attributed to the thermal grating. The fast rise of the signal
tions can be easily separated. Comparing the intensity of thelS consistent with the fast relaxation from the excited states
pure thermal grating signa¥) with that of a reference sample, ~ (€xcited singlet and triplet states) as reported recéhti@ince
which converts the absorbed photon enetgy to the thermal the radiative transition of nitrobenzene is negligible, the signal

4. Results and Discussion

energy with a known efficiency, one can determikid¢ from
a relation of Qs + AH¢ = hve in the case of the reversible

intensity reflects the temperature rise by the absorbed photon

energy (wey).
The TG signals from MBP in ethanol are depicted in Figure

reaction. (Even if the product does not return back to the g > :
reactant,AHg can be determined from the TG intensities in 1~ 3 in several different time scales gt = 0.21 x 10*?m™2
the case thas andAHg can be separated by the time-resolved andg? = 10.2x 102 m~2. The signal rises with slower time
measurement.) constants than the instrumental response in a tens of nanoseconds
Next, the magnitude of the pressure wave from the photoir- range (Figure 1). The slower rise may represent the decay of
radiated region is measured. The detection method can be eithefhe biradical (Scheme 1). The analysis of this component is
the PA or the TG techniques. For the TG method, the crossing Peyond the scope of this paper and we treat this rise component
angle of two excitation beams should be adjusted so that the@S & “fast” rise signaling component). The temporal features
oscillating acoustic wave should be separated from the diffusive &fter 100 ns depend on the magnitudegofFor a rather small
contribution of the thermal grating. The distinction should not 9 (Such asq? = 0.21 x 10'2 m~?), the grating signal further
be difficult because of the characteristic oscillating feature. For iS€s slowly in a microsecond time scale (Figure 2a). Then,
the PA detection, the pressure wave is detected by a pressurethe signal decays to the baseline once and shows a growth
sensitive device such as a piezoelectric transducer. Thedecay curve (Figure 2bd). For alargen (for exampleg? =
magnitude of the pressure wave (or the square root of the 10.2x 102m~) (Figure 3), the TG signal does not show slow
acoustic TG signal) is proportional to the density change of the f1S€ but directly decays. to the ba}sellne. After that, it rises
matrix through the thermal effect and volume effect. If the time followed by decays with two different rates: in a few
window of the pressure measurement is in a faster region thanmicroseconds and in hundreds of microseconds range. These
that of the back reaction P R (that is, if the enthalpy energy features can be consistently explained by the contributions of

is stored in chemical system), the acoustic intensity by the PA the thermal grating and two species gratings. In the following,
method, |4 is given by first, the feature of the grating signal is qualitatively explained

and then the profile is analyzed quantitatively in the next section.
(8) The fastest decay component (main signal in Figure 2a and
Figure 3a) should be attributed to the thermal grating, which is
whereA' is a proportional constant, which includes the sensitiv- created by the nonradiative transition to the ground states of

loo = ANIQWat/oC, + AV
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10 i : Figure 3. Time profiles of the TG signal (dotted line) and the fitted
)] curve (solid line) in various time scale gt = 10.2 x 102 m™2,
8 negative, one can easily find théty + onp + ony of thecis-
E 6l ) enol should be negative from the profile.) On the other hand,
s when the lifetime of the thermal grating signal is shorter than
50 4} that of the cisenol, the decrease of the species grating
- contribution appears as the decay of the signal. (The dip
2r between the thermal grating and the species grating signals
ol indicates thatony + onp + dny of the cis-enol should be

p 5 ’ o " ‘10 positive at thisg. The positive sign of this species grating at
t/ ms largerq results from a smaller contribution of the thermal effect
Figure 2. Time profiles of the TG signal (dotted line) after photoex- DY the convolutional effect.) This different feature at different
citation of 2-methylbenzophenone in ethanol and the fitted curve (solid g is useful for a quantitative analysis as described in the next
line) in various time scale a? = 0.21 x 102 m2, section. The signal in a longer time scale (after the decay of
the thermal grating and the species grating due t@itenol)
two enol species via the biradical states, because the decay rateepresents the diffusion process of the keto andrdues-enol.
is close to Dyg? as expected from eq 2. The successive TG The acoustic signal can be measured by either the TG method
signal is due to the species grating of the cis and trans enolor the PA technique. Although we used the TG method with a
forms. The relatively large intensity of this component appar- small crossing angle of the excitation beams for the acoustic
ently indicates that the thermal lens signal reported previdlsly detection previousl§:12we found that the PA method provides
should be analyzed including this effect. Since the absorption more stable results than the TG method, probably because of
bands of all species in this reaction system are on the blue sidethe simpler experimental configuration. Here, the PZT is used
from the probe wavelength (633 nm), the observed signal mustfor the pressure wave detection. The observed PA signal of

consist of the phase grating. MBP is much weaker than that of the reference (nitrobenzene)
The different feature at differemt can be explained by the  sample (Figure 4).
different lifetime of the thermal grating at differeqt When 4.2. Analysis of the TG Signal. The observed TG signal

the decay of the thermal grating is slower than the decay of the should be fitted by eq 1. However, in this case, since two
cis-enol, the increase of the thermal energy bydisesnol decay products €is- andtrans-enols) and the reactant (the keto form)
(AH effect) as well as the decrease of the species grating resultsparticipate in the signal, the original egs 1 should be modified

in a rise signal on the thermal grating signal. (Side® is as follows. First, for the thermal contributions, eq 3 should be
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Figure 4. PA signal of 2-methylbenzophenone (dotted line) and OM (open circles) andrans-enol form (closed circles).

nitrobenzene (solid line). ] o )
The time profile in a longer time scale thabgg?) ! or k.1

rewritten as can be expressed well by a biexponential function.

Ony(t) = (AVAT)NWC)[{ pAH, (t)*exp(—Dyat)} + l.a(? = |a; exp(kt) + a;exp(kd)| (14)

{@AH, (tyexp(—Dyat)}] (9) ,
where subscripts f and s stand for the fast and slow components,

where AHc(t) and AH(t) are given by respectively. From the feature of the grating signal, it is
apparent that the sign of the preexponential factor is opposite
AH(t) = AH, exp(—k) and, from a comparison with the sign of the thermal contribution
(dng anddny < 0), one may findy < 0 andas > 0. These
AH((t) = AH, exp(=kt) (10) two contributions should be due to the species grating of the

keto andcis-enol forms. From the Kramersronig relation
andg¢, AH, andk represent the quantum yield of the production, (sn? > 0, on® > 0) and eq 12, the faster and slower components
enthalpy change, and the decay rate constant, respectively, an@re assigned to the keto atrdns-enol, respectively; that id
the subscripts of ¢ and t indicate this- andtrans-enols. = Dyq? andks= Dig? + k.. The profile can be fitted accurately
Next, for the species grating, the back reaction fromdise by the least-squares method, and the rate constarasdks,
enol to keto form K. ~ 4 us) is much faster than the mass are plotted againsy? in Figure 5. The plot shows th&t is

diffusion time Ocg? or Dy are in the order of 108s or longer).  proportional tog? with an intercepks = 0 atq? = 0. Theg?
Hence, from eq 5, the time dependence of the species gratingdependence dfs is also linear but it has an finite intercefat
signal due to thesis-enol can be written as ~10slatq?=0. From the slopes, diffusion constants of the
keto andtrans-enol forms are determined & = 1.0 x 10°°
ong(t) = (on; — on,) exp(kct) (1) m2 st andD; = 0.70 x 10°° m? s™.. The intercept of the
slow component represents the intrinsic lifetime of trens
wheredn; anddng are the refractive index changes by ttis enol. P P

enol and keto forms, respectively. On the other hand, since At first glance, one may think that there are too many
the intrinsic Ilfetlne is muchllongerzthan tr;e d|ffu_3|on rate for parameters@, AVe, AVy, AHc, AHy, Dy, Dy, De, Ke, Ko o, ot
thetransenol (= 10-172 5" < Dcg” or D), species grating s, “sn. andon,) to be uniquely determined from the curve

due to thetrans-enol (eq 5) can be reduced to 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, Ding,? is uniquely determined by a single-exponential
fit of the TG signal from the reference sample.

(i) The slow rise of the TG signal under a conditionkgf>
Din0P or the thermal lens condition represents the decay rate of
the cis-enol, k.. The lifetime of thetrans-enol, k1, is easily
evaluated from the transient absorption or ¢A@lot of Dig? +
k. The value, 10 s, is smaller than the previously reported

ony(t) = —on, exp(-D,a’t) + on, exp(—(Da’ + k)t)  (12)

wheredn, represents the refractive index changes byttaes
enol, andD, andD; are the diffusion constants of the keto and
trans-enol, respectively.

As described in the previous sectiaim,, on;, anddnk can
be decomposed into the population and volume contributions.

on, = Ng(on + BAV')

on = Ng(on + BAV') value (172 s1). However, this discrepancy in the lifetime is
not serious for the determination of the other quantities, such
on, = Nop(on" + BAV',) (13) asAH and AV, because our signal observation time range is

sufficiently shorter than this time, and tiadéH; contribution in
where onP, onP, and onP denote the population grating the signal is negligibly small due to the convolutional effect.
contributions in the corresponding species gratilyg, has the Actually we obtain very similar values either usikg= 10 s'1
same meaning as that in eq 7, ape ¢c + ¢r. The reaction orkk =172 st
volume change of theis- (AV,) andtrans-enols AV;) are given (iii) For simplicity, we assume thatV'. is the same aAV';;
by AV; = AV — AV'x andAV; = AV'; — AV'i, respectively. in other words,AV is the same both for theis- and trans-
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TABLE 1: Physical Properties of the Photoenolization of 4.3. Photoenolization of MBP. In the following sections,

MBP the determined quantities are discussed based on the molecular
DJ/10°m?st 0.74+0.1 structural change by the photoenolization.
D107 st 1.0£0.1 (A) Diffusion Constant. From theg? plot of the decay rate
Eﬁ%egsﬂ %:gi 8:5 constantsPy and Dy are determined as 1.9 10‘? and 0.70x
Qi/kJ mof 239+ 20 10-® m? s7%, respectively. D of benzophenone in ethanol was
$AH/KJ mol? 44+ 4 reported as 0.95< 10° m? s ! by the Taylor dispersion
¢cAHJ/KI mof? 54+5 method? and as 1.0« 107° m2 s~ by the TG method? D of
GANy 0.27+0.03 the keto form agrees well with these values, which indicates
gcAAnnc 8'221 8'8? almost no effect of the intramolecular hydrogen bondin@®to
AV,gma mol-1 “12+5 On the contraryD of the enol form is much smaller thd of

. . ) the keto form, which may be explained by the intermolecular
_*Determined from thef” plot of the decay rate constants of the TG,y qrogen bonding to the solvents. The additional attractive
signal.” Measured by the transient absorption metifiddormalized . . . _— .
by the thermal contributiondfio + Ony = 1). |_ntermolecular interaction causes a fr_|ct|on 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 Chamd Tominaga
et al®> using the Taylor dispersion methof’s of solutes which
can form the intermolecular hydrogen bond with solvent are
reduced considerably fro's of non-hydrogen-bonding sol-
utes. For exampld) of cyclohexanone in ethanol is 1.34
10-°m? s71, while D of cyclohexanol is 0.8% 10°m?stin
the same solvent. The ratio 8 to D; is comparable to the
reported value. The reduction Bf 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 gratingsdnc®, onP, anddonyP) is positive, which is

enols AV = AV, = AV;). This assumption may not be exactly
correct. For example, we already know that ¢tieeazobenzene

is slightly smaller than the trans forh?. However, contrary to
azobenzene, the difference in structure betweenciteand
trans-enols is not drastic for this molecule. We think that this
small different volume between tlés- 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 thamk.1dr 1/Dg?
reflects the translational diffusion of the keto ammens-enol
forms. By the least-squares fit by a biexponential function (eq
14), Dxg? and Dyg? + k; can be accurately determined. The
relative intensities of the preexponential factors are given by

ong:on,.
. o o consistent with the absorption spectra of these species and the
(v) The TG intensity just after the excitation (but long enough Kramers-Kronig relation. The magnitude afn is smaller

for the decay of the biradicals) can be easily measured accurately,

. o ; than the other ones. This relation is also consistent with a
ingnt?(')s) quantity is proportional 1n(0) + one(0) + or(0) prediction from the KramersKronig relation and the position
r(0).

} i o ) , of the absorption bands of each species (the peak of the first
(vi) The species grating intensity extrapolated te @ gives  5psorption band of the enol form is closer to the wavelength of
on(0) + one(0) — on(0). Subtracting the species grating  the probe laser than that of the keto form). It is interesting to
intensity from the total intensity at= 0 (9ng(0) + ony(0) + note that the ratio oponc¢on, = 0.62:0.38 is the same as the
ong(0) — on(0)) givesong. By comparison with the intensity  pranching ratio of theis- andtrans-enols determined from the
from the reference sampl& can be determined. quenching experimeRt. It suggests thabnP is very similar

(vii) The slow rise intensity under a condition kf > Ding? to on, which seems reasonable because the absorption spectra
(Figure 2) or under the thermal lens condition represents the of both species resemble each other. While, the branching ratio
back reaction from theis-enol to keto, and this intensity is  (¢.¢)was reported as 0.7:0.3 from the transient absorption
given by¢AH: + onc — ¢on.. Under the condition ok < signal under an assumption that the molar extinction coefficient
Dng? (Figure 3), the thermal contribution from this process of thetrans andcis-enols are the sanié. At present, we cannot
becomes small due to the convolutional effect. Therefore, the conclude which branching ratio is correct. A reliable molecular
back reaction appears as the decay of the signal and the intensityrbital calculation will be helpful to estimate the molar
is approximately represented é8. — ¢conk. Hence,p.AH. extinction coefficient of both species.
andon; — ¢c0n can be separately determined. From a relation (C) Molecular Volume Change. The determined\V (<0)
of hwex = Qr + @eAH: + ¢AH;, drAH; is calculated. clearly shows that the molecular volume is reduced by trans-

(viii) PA intensity att ~ O is given by eq 8. Dividing this  formation from the keto to the enol forms. The reaction volume
intensity by the PA intensity from the reference sample, one change could be divided into two contributions: one is the
obtainsQi/hwex + ¢AVpCy/Wayn.  SinceQ is already known intrinsic volume change, which is due to changes in bond lengths

from (vi), AV can be evaluated. and angles, and the other is the external volume, which may
(ix) The quantum yield of the reaction is reported to be unity contain two contributions: a void volume change associated
(¢ = ¢pc + ¢ = 1.0). with the solute molecular structure and the electrostriction with

From these stepS, we can determine each quantity unique|y.SO|Vent. The van der Waals volume of the keto and enol forms
The determined quantities from the TG and PA signals are Mmay be calculated by an atom increment method proposed by
summarized in Table 1. Checking the adequacy of these Va|ueS’BondiS.26 If we define this as the intrinsic VO|Ume, the intrinsic
we can successfully fit the TG signal in a range of 100 ns to 5 Volume change by the isomerization is calculated to be only
ms at Varioug:l’s with one set of the parameters_ (A S||ght —-0.7 Crﬁ/mol. The observed volume Change must come from
disagreement between the observed and calculated signal irPther sources.

0—50 ns is notable (e.g., Figure 3a). This disagreement must The intermolecular hydrogen bond could contributeA,
be due to the reaction of the biradical. Here the signal in that because the creation of the hydrogen bond should significantly
time scale was neglected in the fitting process.) alter the solvation structure around the solute. Although the
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effect of the hydrogen bond to molecular volume is not well enol form are attributed to the intermolecular hydrogen bonding.
elucidated, it is expected that the attractive interaction with the The relative magnitudes of the population gratings are consistent
solvent contract the volume by the creation of the hydrogen with the absorption spectra of these species and also the
bond. lkawa and co-workers have measured the volume changébranching ratio between thes- and transenol forms. We
by breaking intramolecular hydrogen bond using the pressure should emphasize that this reaction system is not a special case
dependence of the IR absorption baAtisThey found that the that these various origins contribute to the signal simultaneously.
volume is contracted about 4 émol by the interaction of the ~ Generally we should take into account these contributions
hydroxy group with solvent (CG). This value was reasonably  whenever the photophysical processes are studied by the TL or
accounted for by an electrostriciton effect with the solv@hats. TG methods.
Considering the much polar character of ethanol, one would
not be surprised to find that the observed volume change in the Acknowledgment. | am indebted to Prof. N. Hirota in Kyoto
keto—enol reaction{12 cn#/mol) is explained by the external ~ University for his discussion and encouragement. | also
volume changes associated with the intermolecular hydrogenacknowledge Dr. T. Suzuki and Prof. T. Ichimura in Tokyo
bonding. Institute of Technology for their helpful discussions.
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