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Abstract

The photoisomerizations of azobenzene in ethanopacmumaric acid in water were studied by the transient grating and photoacoustic
methods. The absorption spectruncasp-coumaric acid and the quantum yield of the isomerization reaction in water were measured by
a photostationary absorption method at two wavelengbig£0.46+0.05). The diffusion coefficient g&~coumaric acid in water at room
temperature is 441019 m? s~1. This relatively small value suggests a hydrogen bonding betpreenmaric acid and water. Concomitant
with the photoisomerization, the enthalpy chang&bl) and reaction volumes\V) of azobenzene arglcoumaric acid were measured.

The obtained valuesAH=43+8 kJ/mol andAV=-3+5 cm?/mol for azobenzeneAH=49+7 kJ/mol andAV=—0.7+0.5 cn¥/mol for
p-coumaric acid) are discussed in terms of structural chanigerne— cisisomerization. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction Experimentally, however, these quantities are very diffi-
cult to be measured. Itis impossible to measure these quanti-
The trans-cis photoisomerization is one of the funda- ties for irreversible reactions by the pressure or temperature
mental chemical reactions, and the reaction has been adependencies of the equilibrium constants. The photoacous-
target of extensive studies [1]. This photoisomerization tic (PA) spectroscopy could enable us to measure them, but
reaction has been attracting many researchers not only agt is not trivial to separate the thermal contribution from the
a typical chemical reaction but also as a triggering re- volume contribution in the signal. Each contribution may
action of some photosensitive biological molecules. For be separated by measuring the PA intensity by varying the
instance, the photoreactions of rhodopsins are initiated bythermal expansion coefficient of the matrix. For aqueous
the photo-induced isomerization of retinals. In the pho- solution, this can be achieved by varying the temperature.
toactive yellow protein (PYP), which is known to be a For organic solvents, the binary-solvents method was some-
photoreceptor protein ofEctothiorhodospira halophila times used. However, changing the solvent or temperature
the reaction cycle starts with the photo-indudeains— will change the reaction mechanism or reaction rate consid-
cis isomerization of its chromophorep-coumaric acid erably in some cases.
(3-(4-hydroxyphenyl)-2-propenoic acid) [2,3]. For studying For independent measurements/Ad¥ and AH, we have
these biological reactions, the time-resolved measurementsgproposed a hybrid method of the transient grating (TG)
of the volume changeAYV) and the enthalpy change\H) and PA signal detections [7-10]. By this method, contribu-
of the reaction are useful and powerful and, indeed, suchtions of AV and AH can be separated in a time-resolved
studies have been conducted already [4-6]. However, tomanner without any temperature and solvent variations. We
separate the origins okV and AH into the chromophore  have already applied this technique to the photodissocia-
part and the other protein panV and AH of the isomer- tion of diphenylcyclopropenone (DPCP) [7,8] and diazo
ization of the chromophore in solution are required. compounds [9]. In the present work, we apply this pow-
erful technique to theérans—cis photoisomerization of two
representative molecules: azobenzene iedumaric acid
* Corresponding author. Fax:81-75-753-4000. (Scheme 1). Azobenzene is a prototype of compounds that
E-mail addressmterazima@kuchem.kyoto-u.ac.jp (M. Terazima) exhibittrans—cis photoisomerization. For instance, quantum
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yields for thetrans— cis and cis— trans processes were trations of the samples and references (bromocresol purple
measured in various organic solvents, and the dependencéBCP) or malachite green (MG)) were adjusted so that the
of these values on excitation wavelength were reported in absorbance in the cell was the same at the excitation wave-
detail [11-14]. Reaction mechanism has been discussed orength (absorbance was about 0.5).
the basis of these dagaCoumaric acid is a chromophore of The quantum yield of therans— cis isomerization of
PYP and the isomerization initiates the cyclic photo-induced p-coumaric acid was measured from the absorption change
transformation. Although this isomerization became one of after photoirradiation with a certain number of photons. As
the important photoreactions, the fundamental properties ofa reference, the photodissociation quantum yield of DPCP
the reaction have not been studied yet. We first determine thein hexane was used. The irradiation light was the third har-
absorption spectrum efs-p-coumaric acid and the quantum monic of the Nd:YAG laser and the absorption change was
yield of the isomerization. With this value and the TG—PA measured with a Shimadzu UV-3000 spectrophotometer.
measurementsAV and AH of azobenzene in ethanol and The spectrum of theis isomer ofp-coumaric acid was de-
p-coumaric acid in water concomitant with thens-cis termined from the spectrum of photostationary states at two
photoisomerization are determined. The results are dis-excitation wavelengths [18]. The photostationary absorption
cussed in terms of theans-cismolecular structural change.  spectra were measured by irradiation of monochromatic light
from a xenon lamp passed through a monochromator (fwhm
of the light is about 10 nm). The spectrum was recorded by a
2. Experiment spectro multi channel photo-detector (MCPD-1000 (Otsuka
Electronics)). The temperature of all the measurements was
The TG setup has been described previously [15,16]. 22°C.
Briefly the second harmonic (532nm) of a Nd:YAG laser  Azobenzene ang-coumaric acid were purchased from
(Spectra-Physics-CGR-170-10) for azobenzene and the third\akalai Tesque, Inc. Azobenzene was recrystallized from

harmonic (355nm) fop-coumaric acid were used for the  ethanol twice before use. Thecoumaric acid solution was
photoexcitation. The laser light was split by a beam splitter prepared in the dark.

and crossed inside a quartz sample cell (1 cm path length).

The created interference pattern (transient grating) was

probed by a He:Ne laser (633 nm) or a diode laser (840nm) 3. Analysis

as a Bragg diffracted signal (TG signal). The TG signal was

detected by a photomultiplier (Hamamatsu R928), averaged The procedure for determination afV and AH from the

by a digital oscilloscope, and transferred to a computer. TG and PA signals was reported previously [7-10]. If the
A PA signal was detected by a piezoelectric transducer asabsorptive contribution is negligible, the TG signal inten-

described previously [17]. The signal was directly detected sity is proportional to the square of the peak-null difference

by the digital oscilloscope and averaged about 100-300 of the refractive index in the grating pattern. There are two

times. main contributions to the refractive index change; the ther-
The repetition rate of the laser was about 3Hz and the mal effect and a change of chemical species by the reaction.

sample was gently stirred during measurement to preventWe represent the former &aiy(t) (thermal grating), the lat-

accumulation ofcis isomers by photoirradiation. Concen- ter aséngpdt) (species grating). Therefore, the square root
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of the TG signal () may be given by

2 () = AlSnun(t) + Snspelt)],
Snin(t) = Snth €XP(—q>Dint),
Snspelt) = Zangpeexp(—quit) (1)
i

whereA is a constant representing the sensitivity of the sys-
tem, Dy, the thermal diffusivityD; the diffusion coeﬁicient
of species andq is the grating wavenumbeiny, andsng,
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the w=* excitation, quantum yield of thegans— cis iso-
merization was reported to be 0.28 [13].

Fig. 1(a and b) depict the time profile of the TG signal of
azobenzene in ethanol. After the excitation, the signal rises
immediately and decays biexponentially. The fast decaying
component is the thermal grating signal caused by the re-
leased heat from the excited state. The decay rate constant
is given by Do The slower component is due to the
species grating caused by the creation ofdisesomer and
the extinction of théransisomer. If the diffusion coefficient

are magnitudes of the refractive index changes caused by théf the cis isomer Dc;s) and thetrans isomer Oryans) are
released heat from the excited state and creation (or extinc-different significantly, the decay of the species grating sig-

tion) of species, respectively. There are two contributions
in dng,e the refractive index change due to the change of

nal should be given by a biexponential function. However,
the difference betweeD,;; andD;,, is so small that the

the absorption spectrum (population grating) and due to thetwo components cannot be separated under this condition.

molecular volume change (volume grating).
SinceDy, is usually one or two orders of magnitude larger
thanD; in solution, the thermal component can be easily

As the decay rate of the species grating signal is almost two
orders of magnitude slower than that of the thermal grat-
ing signal, the intensity can be regarded as a constant in the

separated from the species grating signal. The magnitude oferly time range of Fig. 1(a), and the square root of the TG

the thermal grating is given by

dn hvgW DAH
n oW oy p=1- 2O

hv

)

whereW is the molecular weightC, the heat capacityp
the density,hv the photon energy of excitation lighty\N
the number of reacting molecules in the unit volume and
® is the reaction quantum yield. We can determipaH
by comparison with the signal intensity of a reference sam-
ple. The ratio of the refractive index change for the sample
(8ngn(sample)) to that for the referenddn,(ref)) is given by

5nth(sample)_1 OAH
Snin(ref) hv

On the other hand, the intensity of the PA sigriah] is
given by

®3)

hvpW

Ippn = A'AN
pCp

ath + PAV (4)
whereA' is a proportional constant which includes the sen-
sitivity of the apparatus andy, is the thermal expansion
coefficient. If we know the value o from TG signal
analysis, we can determineAV from the PA intensity of
the samplelpa(sample)) and of the referencipf(ref)) by
using the following relation.

Ipa(sample
Ipa(ref)

pCp
hv W()lth

=¢+<DAV< (5)

4. Results and discussion
4.1. Azobenzene

Azobenzene undergoes the photochemiis—cis iso-
merization upon thew* or thewrw* excitation [11-14]. For

signal can be fitted by the sum of one exponential function
and a constant. The pre-exponential factor gives the mag-
nitude of the thermal gratingny,, from which we can cal-
culate ®AH using Eq. (3) by comparing withny, of the
reference sample. Fig. 2 shows the plot$iaf, of azoben-
zene and reference versus excitation laser energy. From the
ratio of two slopes, we obtainedAH=12+2 kJ/mol which
leads toAH=43+8 kJ/mol with ®=0.28 (Table 1).

The energy difference between ttrans andcis isomers
was calculated to be 61 kJ/mol by an ab initio calculation
[19]. The energy difference was also experimentally deter-
mined from the heat of combustion in the crystal state to be
AH=41kJ/mol [20]. As far as we know, this is the first mea-
surement ofAH of azobenzene in the solution phase. It is
rather surprising to find that our determinadi in ethanol
solution is very close to that reported in the crystal phase, be-
cause it is expected that thesisomer is solvated more than
thetransisomer andAH is expected to be smaller than that
in the crystal phase. The small differenceAmd between
the solution and crystal phases suggests that the solvation is
not so much altered by the photoisomerization.

The PA signal of azobenzene is recorded as shown in
Fig. 3. From a comparison of the intensity with that of
the reference sampl&AV is determined as-0.8+1.3 cné/
mol. Again, usingb=0.28, we obtaim\V=—3+5 cr®/mol.

This result shows that a slight volume contraction occurs
concomitant with thérans— cis isomerization.

Table 1
Enthalpy changeAH) and volume change\V) by the photoisomerization
of azobenzene anp-coumaric acid

Solute AH (kd/mol) AV (cm?/mol)
Azobenzene 438 —3+5
p-Coumaric acid 497 —0.7£0.5
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Fig. 1. Time profiles of the TG signals after photoexcitation of azobenzene in ethanol (a and fleramaharic acid in water (c and d) in different time
scales. The solid and dotted lines in (a) represent azobenzene and the reference sample (malachite green), respectively.

trans— cis phototransformation. When the photoillumina-
tion is ceased, the absorption spectrum does not change
p-Coumaric acid is excited in then* band following the  within 30 min. Therefore, we conclude that the createxl
trans— cis isomerization by irradiation of ultraviolet light.  form is sufficiently stable at room temperature in an order
We first determine the absorption spectrum and the molar of hours. The steady state absorption spectra at two differ-
extinction coefficient of thesis isomer, then, measuraH ent excitation wavelengths (300 and 330 nm) are shown in
and AV of this reaction. Fig. 4. From these absorption spectra, we can calculate the
When thep-coumaric acid solution is photoilluminated, extent of thistrans— cis conversion in the steady state by
the absorption spectrum changes, which is caused by thea method described in [18]. From this extent of conversion,
the absorption spectrum of tleés form can be calculated

4.2. p-Coumaric acid

30 T
25 | |
i
20 o i
s A
< 5] 7 |
C’H ’
«© 10 L ,/ |
5t ’ 1
0 ! ! ! I I
0 2 4 6 8 10 12
laser energy / wJ s . L .
-2 0 2 4 6 8 10
Fig. 2. The plots ofsny, (the magnitude of the thermal grating) of time/ ps

azobenzenel) and reference@®) vs. excitation laser energy. The least
square fitting of the data with a linear function of the power are shown Fig. 3. The PA signal after the photoexcitation of azobenzene (solid line)

by the lines. ((---) azobenzene; (—) reference). and MG (dotted line).
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Fig. 4. Absorption spectrum of thieans form of p-coumaric acid (---),
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Fig. 6. Theq? plot of the decay rate constark) (of the species grating
ssignal of p-coumaric acid in water and the least-square fit.

((---) 300nm and (—--) 330nm) and calculated absorption spectrum of

the cis form (—).

and depicted in Fig. 4. The peak valueedfor the cis form
(at 265 nm) is about 1:410* dm® mol~tecm1.
The quantum yield of thigrans— cis photoisomeriza-

and ¢ of DPCP in hexane is 7:010°dm® mol~lcm™ at
320 nm €gdpcp320). Using these values, we obtaldrgo=0.46
from the ratio of two slopes by the next equation.

A(OD)cou,34O _ q’couA8cou34O

A (OD)dpcp320 B DdpcpEdpep320

(6)

tion (dcoy) is measured from the absorbance change at

340nm (A(OD)cou3za0) by the laser irradiation. The ab-

Fig. 1(c and d) show the TG signal after excitation of

sorbed photon is calibrated by using the absorbance changd-coumaric acid in water. Similar to azobenzene, the decay

of DPCP at 320 nm A(OD)gpcp320) under the same ex-
citation condition. The photodissociation quantum yield of
DPCP in hexaned®qpcp) Was reported to be 1.0 [21]. Fig. 5
depicts the absorption changgmtoumaric acid and the ref-
erence (DPCP in hexane) monitored at 320 or 340 nm afte

of the thermal grating followed by the species grating was
observed. The decay of the species grating can be fitted by
a single exponential function. The decay rdteme plotted
againstg? in Fig. 6. The plots intercept with the ordinate at
rhearlyk=0. This is consistent with the slow rate of the re-

photoirradiation with a certain number of photons. (As the Verse reaction. The diffusion coefficient is determined from

absorbance of the solution decreases as the number of lasehe slope as 4ﬂ1¢10 m? Sfl (Dtrans@andDeis are indistin-
shots increases, the absorption change is not a linear functiorfuishable under this condition.) THisis surprisingly small
with the laser shots. However, in the region where the de- compared with those of organic molecules with similar sizes
crease of the absorbance is much smaller than the absorband@ water. For example, the diffusion coefficient of naphtha-

of the original solution, it is approximately linear with the
laser shots.) The difference efbetween thdrans andcis
forms at 340 nm Aecoyz40) is 2.8x10°dm® mol~tem?
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Fig. 5. The absorption change pfcoumaric acid in water&) and DPCP
in hexane @) monitored at 320 or 340 nm after a certain number of

laser shots. The least square fittings with linear functions of the laser shot

are shown by the lines. ((—) DPCP at 320 nm; (—p-goumaric acid at
340 nm).

lene (the van der Waals volume calculated by the method
of the next section\{yqw) is 77.5cni/mol, and this vol-
ume is similar toVygw of p-coumaric acid (89.2 cimol))

in water is about ¥10~°m?s~1 [22,23]. This smallD is
probably due to the hydrogen bonding betw@etoumaric
acid and water. Tominaga et al. [22,23] found that the in-
termolecular hydrogen bonding decreases the diffusion co-
efficient and also reported that multiple hydrogen bonding
further decreases the diffusion. Considering the ratio of
p-coumaric acid td of naphthalene, we speculate that both
of the carboxyl group and the hydroxyl groupmtoumaric
acid make the hydrogen bonds to water. (Thg pf —OH

and —COOH groups gi-coumaric acid are 9.0 and 4.4, re-
spectively [24,25]. Under these experimental conditions, the
proton of —OH is not dissociated at all but that of -COOH is
dissociated~20%.) This hydrogen bonding gfcoumaric
acid may play an important role in the photocyclic reaction
of PYP [2,3].

Following the same steps as the azobenzene analysis,
®AH and® AV are determined. Using=0.46, we obtain
AH=49+7 kJ/mol, AV=—0.7+0.5 cn’/mol. Due to small
thermal expansion coefficient of watery can be measured
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more precisely than that of azobenzene in ethanol. Our re-has a dipole moment 6f3 D from the MOPAC calculation,

sult showsAH of p-coumaric acid is slightly larger than that
of azobenzene.

4.3. Volume change by the photoisomerization
As itis often pointed out, a reaction volume in solution has

two componentsAV; the intrinsic volume change related to
the size of molecules or ions, amlVs the solvational vol-

ume change associated with changes in polarity, electrostric-A Vel = — <M_2)
= 3
,

tion, and dipole interactions [10,26]. Furthermorey; has
following contributions:

1. The van der Waals volume change of the reactant

molecule itself.

2. Formation or destruction of empty space that is too small

to be occupied by a molecule of solvent.

To compare with our experimental data, we calculated (obtained fromVyaw) and

the van der Waals volum&/{4,,) and solvent excluding vol-

ume {/ex) of both isomers. We determined these volumes
with the GEPOL93 program [27]. We used the standard
van der Waals radii for C, H, O, and N atoms and probe

radii of 1.4 A (water) and 2.3 A (ethanol), respectively, for
calculation of the solvent excluding volume. The molecular

structure was optimized using the semiempirical program

package MOPAC 6.0 and the MNDO Hamiltonian.

Vyagw Of cis- and trans-azobenzene from the molecular
structures determined by MOPAC are listed in Table 2
and it is found that the difference ¥qw is very small.
However, when we calculate,qy using the structure
determined from the X-ray diffraction in crystals [28,29],
Vygw Of the cis isomer is found to be smaller thafyq, of
the trans form. To considerAV; including the contribution
of 2, we also calculated solvent-excluding volumé&,j.
Using the geometry from the MOPAC calculationy; is
about 4 cr/mol (expansion). As the empty space which

cannot be occupied by solvent molecules is expected to be

larger for thecis isomer, the positiveAV; is reasonable.
When we use the structure from the X-ray experiment;
is calculated to be-2.5 cn/mol (contraction). Again the
contraction volume becomes less thaW,gw.

AVs is caused by the change of the intermolecular in-

teractions between the solvent and solute such as the elec:
trostatic interaction or hydrogen bonding. Generally, the
reaction volume decreases when these interactions becom

larger by the reaction. In case of azobenzenecibisomer

Table 2
Calculated van der Waals volumeg,§, cnm?/mol) and solvent excluding
volumes Wex, c/mol) of the trans and cis isomers

Solute Volume Trans Cis AV
Azobenzene (MOPAC) Vydw 106.2 106.3 +0.1
Vex 110.7 115.1 +4.4
Azobenzene (crystal) Vydw 104.1 99.8 —4.3
Vex 108.6 106.2 -25
p-Coumaric acid(MOPAC) Vydw 89.2 89.5 +0.3
Vex 91.6 94.1 +2.5

while the trans isomer has no dipole moment. Therefore,
the electrostatic interactions with polar solvents are larger
in the cis isomer than in thdransisomer, and we expect
the volume contraction of the molecule.In terms of a simple
electrostatic theory, the volume change by the electrostric-
tion effect due to a dipolar molecul&e)) is given by the
following expression [30—-32]:

(e+2(e—-1

(26 + 1)2 ()

whereu is the dipole moment of the solutejs its effec-

tive cavity radius, is the solvent dielectric constant, and
kT is the isothermal compressibility of the solvent. For ex-
ample, using an estimate of=3.5A for the cavity radius
u=3D for the dipole moment in
Eq. (7), we obtainAVe=—3.5 cn¥/mol for azobenzene at
room temperature. We have to note tie¥, from Eq. (7)

is very sensitive ta. Not only the electrostriction, making
hydrogen bonding also causes the volume contraction. Ter-
azima found a large volume contraction by the ket@nol
transformation of 2-methylbenzophenone in ethanol and as-
cribed it to the hydrogen bonding [10]. Raguez et al. [33]
measuredAV of azobenzene derivatives (azobenzenecar-
boxylic acid) concomitant withtrans-cis photoisomeriza-
tion in aqueous and organic solvents by PA methods. They
attributed the observed contractions (about 3/omol) of
azobenzenecarboxylates in potassium phosphate buffer to
the difference in the chromophore—water hydrogen bonding
strength between the photoisomer and the parent com-
pound. The small volume change of azobenzene indicates
that the strengths of the hydrogen bondingtrians and
cis-azobenzene are not so much different. Our experimental
data AV=0 suggests that the negative contributionof

is compensated by the positive contribution/o¥;.

The measured.V for p-coumaric acid in water is negative
and small. The van der Waals volume and solvent-excluding
volume are calculated from MOPAC and GEPOL93 [27]
(Table 2).AV; is positive, but the contribution to totalV
is smaller than that of azobenzene. Furthermore, the change
of the dipole moment is small (Table 3), so the¥/s has a
little contribution to totalAV. The experimental resulta{/
és nearly equal to 0) can be explained by the smal and

s

In summary, the quantum yield of theans— cis iso-
merization ofp-coumaric acid and the absorption spectrum
of thecisisomer were measured. Using this quantum yield,
we applied the method for molecular volume chang&/)

Table 3

Calculated dipole moment (D) of each of thrans and cis isomers
Solute Trans Cis
Azobenzene 0.01 2.99
p-Coumaric acid 2.61 1.30
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and enthalpy changeAH) measurement by the TG and PA
hybrid technique to thérans— cis photoisomerization of
azobenzene in ethanol amdcoumaric acid in water. For
both moleculesAV is small and negative. This small vol-
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[7] M. Terazima, T. Hara, N. Hirota, Chem. Phys. Lett. 246 (1995) 577.
[8] T. Hara, M. Terazima, N. Hirota, J. Phys. Chem. 100 (1996) 10194.
[9] S. Yamaguchi, N. Hirota, M. Terazima, Chem. Phys. Lett. 286 (1998)
284.
[10] M. Terazima, J. Phys. Chem. A 102 (1998) 545.

ume change can be explained by the small change of thej11] p.p. Bimbaum, D.W.G. Style, Trans. Faraday. Soc. 50 (1954) 1192.
van der Waals volume, solvent-excluding volume and the [12] G. Zimmermann, L.Y. Chow, U.J. Paik, J. Am. Chem. Soc. 80 (1958)

dipole moment by the reaction. Also it indicates that the
hydrogen bonding with solvent molecule is not so much
different between th&rans andcis isomers. Therefore, any

3528.

[13] P. Bortolus, S. Monti, J. Phys. Chem. 83 (1979) 648.

[14] N. Siampiringue, G. Guyot, S. Monti, P. Bortolus, J. Photochem. 37
(1987) 185.

volume change detected for a biological system using the [15] m. Terazima, N. Hirota, J. Chem. Phys. 98 (1993) 6257.

photoisomerization op-coumaric acid (such as PYP) will

[16] M. Terazima, K. Okamoto, N. Hirota, J. Phys. Chem. 97 (1993) 5188.

be attributed to the molecular rearrangement of the protein [17] M. Terazima, T. Azumi, Bull. Chem. Soc. Jpn. 63 (1990) 741.

part. AH of the trans— cis photoisomerization of azoben-
zene andp-coumaric acid are found to be similar. Again
these values are important for the interpretatiomAd¢f in

a biological system and such a study will be published
elsewhere.
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