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ABSTRACT: Spectral and kinetic behavior of thermal cis-to-trans isomerization of 4-
aminoazobenzene (AAB) is examined in various solvents of different polarities. In
contrast to azobenzene (AB), it is found the rate of thermal isomerization of AAB is
highly dependent on solvent polarity. Accelerated rates are observed in polar solvents
as compared to nonpolar solvents. Moreover, a decrease in the barrier height with an
increase in medium polarity is observed. Our observations suggest that inversion is the
preferred pathway in cis-to-trans thermal isomerization in a nonpolar medium;
however, in a polar medium, the isomerization path deviates from the inversion route
and rotational behavior is incorporated. Differences in the kinetics and in mechanisms
of isomerization in different media are rationalized in terms of modulation in barrier
height by polarity of the medium and solute−solvent interaction. It is found that
kinetics as well as the mechanism of thermal isomerization in AAB is controlled by the
polarity of the medium.

1. INTRODUCTION

Photoinduced studies provide information regarding various
radiative and nonradiative relaxation processes by which an
excited molecule returns to its ground state. The family of
azobenzene derivatives (ABD) is photolabile, and photo-
induced modifications in their case have long been
known.1−41 ABD can exist either in cis or trans conformations.
The cis form is energetically less stable as compared to the trans
form. Trans → cis photoisomerization occurs following
irradiation with UV−visible light. On the other hand, cis →
trans thermal isomerization occurs spontaneously in the dark
owing to the thermodynamic stability of the trans isomer. In
addition to thermal isomerization, photoinduced cis → trans
isomerization is also possible. Such easy interconversion
between the two isomers makes ABD a widely used organic
chromophore for technical applications, including optical
waveguides and shutters,1 switching display devices,2,3 optical
memories,4,5 electro-optical modulators,6 photoactive artificial
muscles,7−9 light-triggered nanomachines,10,11 etc.
Azobenzene (AB) has been a subject of interest and

investigation on the mechanism of isomerization process
(either photoinduced or thermal).11−21 X-ray and computa-
tional data indicate trans-AB adopts a planar structure with C2h

symmetry,22,23 while cis-AB possesses a nonplanar conforma-
tion with C2 symmetry.24,25 The absorption spectrum of trans-
AB consists of two well separated bands in the UV−visible
region.26,27 The strong UV band (320 nm) arises from the
symmetry allowed π → π* (S2 - second excited singlet)
transition.11,28 The much weaker band in the visible region
(450 nm) corresponds to the symmetry forbidden n→ π* (S1 -
first excited singlet) transition.11 The π → π* transition of cis-

AB (260 nm) is weaker, but the n → π* transition (440 nm)
absorbs more strongly than trans-AB.14

Furthermore, trans ↔ cis interconversion can be controlled
by irradiating either transitions11 and/or by changing the
intensity of irradiating monochromatic radiation.28,29 In
general, for photoisomerization of AB, four possible mecha-
nisms have been proposed, i.e., rotation, inversion, concerted
inversion, and inversion assisted rotation.11,23,30,31 The
transition state formed in concerted inversion has no net
dipole moment, whereas the other three pathways possess polar
transition states.21 Relaxation from all four transition states can
afford either the cis or trans isomer; therefore, all four
mechanisms predict photostationary states consisting of both
isomers.21 It has been shown theoretically23,32−36 and
experimentally37−41 that the thermal cis → trans isomerization
of AB proceeds via an inversion mechanism. Theoretical
calculations predict a significantly larger activation energy for
rotation (36.2 kcal/mol) as compared to inversion (24.9 kcal/
mol).23 The rate of thermal isomerization is also found
independent of solvent polarity, which is also indicative of
inversion as the preferred pathway.21

Substitution by different groups at different positions in the
parent moiety (AB) can alter spectroscopic properties and
dynamics/kinetics of isomerization.36−40 On substituted AB,
solvents also greatly influence the photostationary state and rate
of thermal isomerization reaction.12,36,41−44 Substitution of an
amino group (−NH2) at the 4-position in trans-AB, i.e., trans-4-
aminoazobenzene (trans-AAB), shifts the π → π* absorption
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band (compared to trans-AB) toward longer wavelength,
causing an overlap with the n → π* absorption band.40 In
contrast to trans-AB, n → π* absorption is buried under the
intense π → π* absorption band of trans-AAB. An energy gap
(difference between π → π* and n → π* states) of 3000−4000
cm−1 was estimated for trans-AAB in ethanol,40 which is smaller
than the energy gap of trans-AB (∼10 000 cm−1). The
photoisomerization dynamics of the π → π* excited trans-
AAB in ethanol and heptanol were investigated by using UV−
vis transient absorption spectroscopy by Hirose et al.40 The
transient absorption spectra of the π → π* excited trans-AAB
showed that the internal conversion process from the n→ π*
state to the ground state corresponded well to that of the trans-
AB directly excited to the n→ π* state, not to that of the π →
π* excited trans-AB. This result indicates that the photo-
isomerization of π → π* excited trans-AAB proceeded with
different pathways from the π → π* excited trans-AB. Study by
Hirose et al.40 suggests that spectral features as well as
dynamics of photoisomerization of trans-AAB are quite
different from its parent trans-AB.
Photoinduced trans-to-cis (forward), photoinduced cis-to-

trans (reverse), and thermal cis-to-trans isomerization (back)
reactions are the major relaxation processes in the photo-
reaction network (Figure 1) of the ABD system. The forward

(covered by a dash-dotted line in Figure 1) and reverse reaction
(covered by only a dashed line in Figure 1) can coexist
depending on the choice of excitation wavelength and generally
occurs in an extremely short time scale (fs to sub-ps regime).
However, once a cis form is generated, it thermally relaxes (in
dark) to its stable trans ground state configuration. For
realization of complete tale of such complex photoreaction
network, detailed knowledge about all deactivation processes of
the photonetwork is quite helpful. The knowledge of the back
reaction (highlighted by a red line in Figure 1), one of the
important reactions in a network, can help in understanding
and control of the whole photoreaction network.
As discussed earlier, the photoinduced dynamics (forward

reaction) of AAB is quite different from its parent AB,40 so it is
also interesting to investigate the back reaction in AAB.
Although based on the theoretical calculations,32,43,44 few
reports on thermal cis-to-trans isomerization of AAB are

available which do not encompass the solvent polarity and
viscosity effect in detail. In this paper, to decipher the
mechanism of isomerization in the ground state and to obtain
details about one of the deactivation processes of a photo-
reaction cycle, we focus our study on the kinetics of thermal
isomerization of 4-aminoazobenzene (AAB) under the depend-
ence of solvent polarity, viscosity, and temperature. To the best
of our knowledge, thermal cis-to-trans isomerization of AAB
has not been systematically investigated experimentally yet.
Therefore, systematic experiments are performed to obtain
better insight on the thermal cis-to-trans isomerization of AAB.

2. EXPERIMENTAL SECTION
2.1. Materials. 4-Aminoazobeneze (AAB) obtained from

Wako Pure Chemical Industries, Ltd., Japan (99% pure), was
used as such. All the solvents used were of spectroscopic grades.
The polarity parameter and viscosity of the solvents are listed in
Table 1.

2.2. Instrumentation. Steady state absorption spectra were
recorded by a dual beam Shimadzu UV-2400PC spectropho-
tometer. For temperature dependent measurements, a facility
(Circulating Bath/Immersion Circulator, Polyscience, USA) is
available with the sample compartment. The temperature
measurement has an accuracy of ±1 °C. To generate cis-AAB, a
cw UV laser (405 nm, ∼200 mW, purchased from World Co.
Ltd., Japan) was used. The power of the laser source was
measured through a Gentec TPM 300 power meter. Time
resolved measurements for a time constant longer than 1.0 s
were carried out by sequential accumulation of the spectropho-
tometer. To measure the temporal behavior with a time
constant shorter than 1.0 s, a time-resolved setup was built
(shown in Figure 2). In the setup, a pump UV laser beam was
modulated by a mechanical chopper and the transient
absorption changes were monitored by a probe beam. An
electric lamp (MINI MAGLITE 2AA) was used as the source
for the probe beam. Pump and probe beams were focused and

Figure 1. Schematic diagram of the photoreaction network of
azobenzene derivatives. Details are given in the text.

Table 1. Estimated Value of the cis Population in the
Photostationary State in Different Media

medium ET
N a ηb (cP) cis population (%)

DEE 0.117 0.224 91.6
ACTN 0.355 0.306 88.4
IBOH 0.552 3.95 66.8
MEOH 0.762 0.544 34.3
EG 0.781 16.1 11.7

aReference 50. bReference 56, temperature at 298 K.

Figure 2. Schematic diagram of the home-built setup to observe
temporal absorbance change at a time constant shorter than 1.0 s. Ch,
mechanical chopper; Gr, grating; MC, monochromator; Osci,
oscilloscope; PMT, photomultiplier tube.
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overlapped in the quartz cell of 2 mm path length. The
intensity of the transmitted probe beam was detected by a PMT
(R928, Hamamatsu) coupled with a monochromator (JASCO,
CT10). Temporal behavior of the intensity was observed and
accumulated by a digital oscilloscope (Tektronix, 200 MHz,
2GS/s) which was synchronized to on/off modulation of the
pump beam. In all solvents, the concentration of the AAB was
approximately 4 × 10−5 M. To prevent photoisomerization
caused by any other radiation, e.g., room light, all experiments
were carried out in the dark room.
2.3. Calculation Details. Calculations were performed

using the Gaussian 03 package.45 The trans and cis isomers for
the thermal isomerization of 4-AAB in the ground state were
optimized unrestrainedly by means of the DFT methods. The
6-31G* basis set was used in the B3LYP calculations. In order
to locate and optimize the transition state (TS) structure in the
gas phase, the synchronous transit-guided quasi-Newton
(STQN) method46,47 with QST2 option was employed at the
DFT-B3LYP/6-31G* level. All optimized structures (cis
isomer, trans isomer, and TS structure) were confirmed by
vibrational frequency analysis. Only real frequency values were
obtained for the cis and trans isomer, and a single imaginary
frequency was shown by TS structure. Calculations in solvents
were performed employing the self-consistent reaction field
(SCRF) method based on the polarizable continuum model
(PCM).48,49

3. RESULTS AND DISCUSSION
3.1. Effect of Solvent and Temperature on Thermal

Isomerization. Absorption spectra of AAB are recorded in
solvents of different polarities, viz, diethyl ether (DEE), acetone
(ACTN), isobutanol (IBOH), methanol (MEOH), and
ethylene glycol (EG). The polarity of the solvent is defined
by the dimensionless microscopic solvent polarity parameter ET

N

proposed by Reichardt.50

Absorption spectra (at 298 K) of AAB in DEE (ET
N = 0.117)

and MEOH (ET
N = 0.762) are shown in Figures 3a and 4a,

respectively. AAB exhibits an absorption maximum at ∼380 nm
with a long wavelength absorption tail. In all studied solvents,
no significant effect of polarity on the absorption maximum is
observed for AAB. The absorption maximum of AAB is also
found to be independent of the solute concentration, and
hence, the possibility of solute aggregation is ruled out in all
studied solvents. As discussed,40 the absorption band at ∼380
nm is attributed to π → π* transition of trans-AAB, while the

absorption band corresponding to n → π* transition of trans-
AAB is so weak that it is buried under the π → π* transition
and appears as a long wavelength tail.
To generate cis-AAB, the UV laser (405 nm) was irradiated

(approximately for 10−15 s) until it reached a photostationary
state (Figures 3b and 4b). The absorption profile of the
photostationary state is recorded under the irradiation of an UV
laser (405 nm). In DEE, under the irradiation of an UV laser
(photostationary state), a large decrease in absorbance at
around 380 nm with two newly developed absorption bands at
around 330 nm and around 455 nm is observed (Figure 3b).
However, in MEOH (Figure 4b), the profile of the photosta-
tionary state is entirely different from that of DEE.
Subsequently, we observe that the profile of the photosta-
tionary state and decrease in the absorbance strongly depends
on the polarity of the medium (discussed in detail later).
In the case of DEE, in the photostationary state (Figure 3b),

the broad absorption profile with two well separated bands
indicates the presence of cis-AAB. In the difference spectrum
(Figure 3c), negative absorbance at ∼380 nm is assigned to the
photobleaching of trans-AAB and the absorption peaks at
around 330 nm and around 465 nm are attributed to cis-AAB.
In analogy with AB (the energy gap between π → π* and n →
π* transition is larger for cis-AB than trans-AB, and the π → π*
band shows blue shift and weakening11,14,28), the short
wavelength absorption band (330 nm) is assigned as the π →
π* transition of cis-AAB, while the long wavelength absorption
band (465 nm) is attributed to the n → π* transition of cis-
AAB. Here, we would like to mention that, in DEE, the energy
gap (in the π → π* and n → π* states) of cis-AAB is ∼8800
cm−1, which is much larger than the energy gap for trans-AAB
(∼3000−4000 cm−1). On the other hand, assignment of the
bands of cis form from the profile of the photostationary state
in MEOH (Figure 4b) is more complicated than for DEE.
In a particular medium, in the photostationary state, the ratio

between the cis to trans form depends on the intensity of the
pump light, the rate of thermal isomerization reaction, and the
absorption cross section of each isomer. Under the assumption
that the peak intensity of the trans form at the absorption
maximum wavelength (380 nm) is only due to the trans form
(i.e., no cis form is present), the cis isomer present in the
photostationary state can be estimated by the decrease in the
absorbance at this wavelength. Using the absorption spectrum,
the population ratio (PR) of the cis form of AAB in the
photostationary state can be estimated from the following
formula as

Figure 3. Absorption spectra of AAB in DEE: (a) absorption spectrum
before UV irradiation; (b) absorption spectrum under UV irradiation
(photostationary state); (c) difference spectrum between spectrum a
and spectrum b.

Figure 4. Absorption spectra of AAB in MEOH: (a) absorption
spectrum before UV irradiation; (b) absorption spectrum under UV
irradiation (photostationary state); (c) difference spectrum between
spectrum a and spectrum b.
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where the subscripts wi and ui refer to without irradiation and
under irradiation of UV laser, respectively. Aλ is the absorbance
at wavelength λ, where λ is the wavelength of absorption
maximum of the trans form. Using eq 1, the effect of polarity
and viscosity of the solvent on the estimated population of cis-
AAB in the photostationary state is shown in Table 1. From
Table 1, it can be noticed that, compared to the solvent
viscosity, the polarity of the solvent plays a major role on the
photostationary state (discussed in detail later). Lesser change
in absorption profile, namely, decrease of cis-AAB population,
in polar medium indicates a lesser thermodynamic stability of
cis-AAB in the ground state, i.e., the faster ground state
isomerization from cis to trans forms as compared to nonpolar
medium.
Once the irradiation of the UV laser (405 nm) is stopped, as

a matter of fact, the absorption intensity of cis peaks (330 and
465 nm) decreases and simultaneously absorption correspond-
ing to the trans peak begins to increase, as shown in Figure 5.

Figure 5 exhibits the absorption profiles in DEE monitored at
different time intervals after the removal of the UV laser.
Temporal profiles of the trans peak intensity at different
temperatures are depicted in Figure 6.
Generally, the rate of thermal isomerization reaction follows

a first-order kinetics. The unimolecular thermal cis-to-trans
isomerization reaction in the dark obeys eq 2

τ
= + −∞ ⎜ ⎟

⎛
⎝

⎞
⎠A t A A

t
( ) exp1 (2)

where A(t) and A∞ correspond to the absorbance of AAB at
any time t and absorbance as time approaches infinity,
respectively. A1 is the pre-exponential factor, and τ is the
lifetime of the ground state of cis-AAB. The lifetimes were
recovered from the plots by the least-squares fitting of the data
to eq 2. Lifetimes were determined with an associated error
lower than 5% in all cases.
The effect of temperature on the rate of thermal isomer-

ization reaction was also investigated. Lifetimes (τ) and
reaction rate (k = 1/τ) in different media at different
temperatures are summarized in Table 2. It is indicated from

Table 2 that the lifetime of the ground state of the cis form
strongly depends on the polarity of the medium. In DEE, the
estimated lifetime at 300 K is approximately 1.13 × 104 s (∼188
min), while it comes out to be 0.42 s in MEOH. The data in
Table 2 clearly shows accelerated rates in polar media, and
illustrates that in a particular medium reaction is temperature
dependent; on lowering the temperature, the reaction becomes
slower.
Further, the rate of reaction is governed by barrier height and

it can be estimated using temperature dependent reaction rates
and employing the Arrhenius equation as follows

= −→ ⎜ ⎟⎛
⎝

⎞
⎠k A

E
RT

expc t
a

(3)

where kc→t is the rate constant of thermal isomerization
reaction from cis to trans, T is the absolute temperature, R is
the universal gas constant, and A is the pre-exponential factor
(frequency factor). The term Ea is used for the barrier height in
the Arrhenius equation. Arrhenius plots for different solvents

Figure 5. Temporal behavior of the absorption profile of AAB in DEE
after UV irradiation, showing the cis-to-trans conversion in the dark at
295 K. Delay times (after stopping the irradiation of the pump beam)
of observation are presented in the figure.

Figure 6. Temporal behavior of absorbance at 380 nm of AAB in DEE
after stopping UV irradiation at different temperatures. Solid lines
indicate the results of the least-squares fitting of the data to eq 2.

Table 2. Temperature Dependent Lifetime and Rate of
Thermal Isomerization Reaction

solvent (ET
N) temperature (K) τ (s) kc→t (s

−1)

DEE (0.117) 290 2.61 × 104 3.82 × 10−5

295 2.02 × 104 4.95 × 10−5

300 1.13 × 104 8.84 × 10−5

305 6.55 × 103 15.25 × 10−5

310 3.38 × 103 29.55 × 10−5

ACTN (0.355) 290 2.46 × 104 4.10 × 10−5

295 1.92 × 104 5.20 × 10−5

300 1.18 × 104 8.42 × 10−5

305 7.93 × 103 12.60 × 10−5

310 5.11 × 103 19.56 × 10−5

IBOH (0.554) 290 1.47 × 102 6.82 × 10−3

295 1.22 × 102 8.21 × 10−3

300 93.1 10.74 × 10−3

305 73.4 13.62 × 10−3

310 52.4 19.07 × 10−3

MEOH (0.762) 278 1.05 0.94
283 0.90 1.11
288 0.70 1.42
293 0.58 1.72
298 0.42 2.38

EG (0.781) 280 0.26 3.85
285 0.22 4.55
290 0.19 5.26
295 0.13 7.70
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are shown in Figure.7. The solid straight lines in the Arrhenius
plot represent the linear fitting of the data, and the slope of
these lines is used to estimate the barrier height (Ea). We have
also theoretically calculated the barrier height in the gas phase
(using the STQN method), which is 24.2 (±1.2) kcal/mol. The
plot between solvent polarity and barrier height is shown in
Figure 8 which shows the polarity dependence of the obtained

barrier height. It is shown from the figure that the barrier height
almost linearly decreases with an increase in polarity of the
solvent. The decrease in the value of Ea is in the following
order: 24.2 (±1.2) kcal/mol (gas) >18.5 (±0.9) kcal/mol
(DEE) > 13.8 (±0.7) kcal/mol (ACTN) > 9.1 (±0.5) kcal/mol
(IBOH) > 7.5 (±0.4) kcal/mol (MEOH). Using the quantum
chemical approach, Dokic et al.32 calculated Ea as approximately
25.1 kcal/mol for AAB in the gas phase.
We have also examined the effect of viscosity on the reaction

rate of thermal isomerization. For this purpose, ethylene glycol
(EG) was chosen, as its viscosity is much higher (16.1 cP at 298

K) as compared to the MEOH (0.55 cP at 298 K); on the other
hand, the ET

N value of EG (ET
N = 0.781) is similar to that of

MEOH (ET
N = 0.762). It should be mentioned that, upon UV

laser (405 nm) irradiation in EG, the change in absorption
spectrum (Figure 9) was lesser as compared to MEOH. In EG,

the estimated cis population of AAB in the photostationary
state is ∼11.7% (Table 1). Additionally, due to the high
viscosity of EG, one may expect a longer lifetime of the ground
state of cis-AAB. On the contrary, faster kinetics is observed in
EG as compared to MEOH (Table 2). Apparently, viscosity
does not slow the thermal reaction rate. This result is in good
agreement with the other reports for similar types of
molecules.20,51 From temperature dependent ground state
decay behavior of cis-AAB in EG, the estimated barrier height
comes out to be 7.3 (±0.4) kcal/mol which is slightly less than
that in MEOH probably due to the slightly higher value of ET

N

of EG as compared to MEOH. This result also indicates that, in
a particular solvent, a decrease in reaction rate on lowering the
temperature is not due to increased viscosity of the solvent.
Therefore, the barrier height for thermal cis-to-trans isomer-

Figure 7. Arrhenius plot in different solvents: (a) DEE, (b) ACTN, (c) IBOH, and (d) MEOH.

Figure 8. Barrier height and solvent polarity parameter. The error in
the barrier height for gas is assumed similar to that observed in the
experimental value for solvents. 1 kcal/mol = 4.18 kJ/mol.

Figure 9. Absorption spectrum of AAB in EG: (a) absorption
spectrum before UV irradiation; (b) absorption spectrum under UV
irradiation (photostationary state); (c) difference spectrum between
spectrum a and spectrum b.
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ization in AAB can be correlated to the solvent polarity
parameter (ET

N) of the surrounding medium. In the foregoing
discussion, we see the decrease in the barrier height with an
increase in the polarity of the medium (Figure 8); thus, higher
rates are noticed in higher polar medium. Following our results,
it appears that increased polarity of the medium may affect the
reaction in three possible ways: (i) by affecting the energy of
the transition state but the relative stability of cis-AAB remains
unaffected (Figure 10-i), (ii) by affecting the energy of cis-AAB

but the energy of the transition state remains unaltered (Figure
10-ii), and (iii) by affecting simultaneously both the relative
stability of cis-AAB and the transition state (Figure 10-iii). In all
cases, the barrier height will change and reflects in the rate
constant of the reaction. In order to verify these proposed
models, computational calculations were carried out.
3.2. Relative Stability, Dipole Moments, and Tran-

sition State. The optimized structures of trans- and cis-AAB in
the gas phase are shown in Figure 11 and well match with the
previous reports.43 In the gas phase, the ground state dipole
moments of the trans- and cis-AAB are 3.11 and 4.95 D,
respectively. Silva et al.53 have reported the dipole moment
value of trans-AAB, i.e., 3.05 D (in the gas phase). This value is
very similar to that which we obtained (3.11 D). Values of the
ground state dipole moments of optimized trans- as well as cis-
AAB in solvents are shown in Table 3. The results of
calculations in DEE, ACTN, and MEOH show that the ground
state dipole moments of both trans- and cis-AAB increase with
an increase in the polarity of the medium. Further, the ground
state energies of the cis form, trans form, and transition state
(TS) in the gas phase were obtained using computational
calculation through optimization. TS energies in solvents are
obtained from the sum of the ground state energy of the cis
form (obtained using computational calculation) and the
estimated barrier height. The results of calculated and estimated
energies of each form in different media are summarized in
Figure 12. From Figure 12, it is clear that each form is stabilized
with an increase in the polarity of the medium, namely, Figure
10-iii. As listed in Table 3, the dipole moment of the cis and
trans form increases with an increase in polarity. Stabilization of

the cis and trans form is thereby rationalized as the higher
dipole moment is stabilized by the polar medium.23

In order to analyze the TS character, the energies of different
structures are plotted as a function of solvent polarity, as shown
in Figure 13. The solid lines indicate the results of linear fitting

of the data. It is evident from Figure 13 that the slope of the
linear fit for the TS structure is much steeper than the slope of
the linear fit for the cis and trans forms, which fairly indicates
that with an increase in solvent polarity stabilization of TS is

Figure 10. Schematic diagram for various considered models. TS,
transition state; H, high polarity; M, medium polarity; L, low polarity.

Figure 11. Optimized structures of AAB in the gas phase using DFT-B3LY/6-31G*.

Table 3. Theoretically Estimated Dipole Moments in the
Ground State by DFT-B3LYP/6-31G*

medium μcis (D) μtrans (D)

gas 4.95 3.11
DEE 6.36 4.02
ACTN 6.99 4.43
MEOH 7.65 4.49

Figure 12. Solvent dependence of the energy of cis, trans, and
transition state (TS) of AAB compared to trans-AAB in MEOH.
Solvents are indicated in the figure. The energy of the transition state
structure is estimated by using the experimental value of barrier height
except for gas. Solid lines are guide for eyes. 1 kcal/mol = 4.18 kJ/mol.

Figure 13. Polarity dependence on energy of TS (■), cis-AAB (●),
and trans-AAB (▲) compared to trans-AAB in MEOH. Solid lines are
results of linear fitting of the data. The steepness of the slope for TS is
emphasized by the red-colored line. Dashed lines are guides for the
eyes. 1 kcal/mol = 4.18 kJ/mol.
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greater than stabilization of the cis and trans forms. From these
results, it can be predicted that the TS should possess a higher
dipole moment and polar character in polar medium as
compared to less polar medium. Although the possibility of a
different TS structure in a polar medium as compared to that in
a relatively less polar medium cannot be ruled out, it is feasible
only if the mechanism of isomerization is different in a polar
medium than a nonpolar medium.
Further, the TS structure in the gas phase was searched

computationally using the STQN (QST2) method. The
optimized TS structure is shown in Figure 11 which
corresponds to the inversion mechanism.43,44,52 With DEE
being nonpolar in character, thermal isomerization through
inversion can be expected. Faster relaxation times in polar
media are evidence that intermolecular interaction between the
solute and the solvent molecules can influence the rate of the
isomerization process for AAB. In 4-hydroxy azobenzene
(HAB), higher rates in polar solvents have also been repoted.36

In HAB, formation of intermolecular hydrogen bonds favors
rotation,36,54,55 which seems to be the key for the faster
isomerization kinetics in polar medium. In analogy to HAB,36

solute−solvent interaction such as intermolecular hydrogen
bonding is also feasible for AAB in polar medium. Therefore, it
is worth considering interaction then a polar medium. This
results in a higher stabilization of TS and hence lowering in the
barrier height, which results in accelerated rates. Additionally, a
polar TS with charge separation can lower the activation energy
and favor rotation.35 The formation of a charged TS should be
favorable in polar solvents. Therefore, a rotation mechanism
which involves a more polar TS than the TS of the inversion
mechanism may be involved for thermal cis-AAB to trans-AAB
in solvents of higher polarity.
In comparison to AB, where the reaction path as well as

kinetics of thermal cis-to-trans isomerization is independent of
polarity,21 it is found that thermal cis-to-trans isomerization in
AAB is highly sensitive toward the polarity of the medium. As it
has been observed that substitution of an amino group at the 4-
position in AB alters the dynamics of photoisomerization as
compared to AB,40 similarly, results presented here indicate
that thermal isomerization is also influenced by substitution of
an amino group at the 4-position in AB. It is natural to consider
from the results that the polarity and the electron donor
character of the substituent play an important role for the onset
of the solvent dependency. However, the details on the
mechanism of solvent dependency still need to be investigated
comprehensively by theoretical calculation.

■ CONCLUSION
We investigated the kinetics of the thermal isomerization
reaction of AAB in solvents of varying polarities. The effect of
temperature and viscosity on the isomerization reaction is also
investigated. Our investigations reveal some salient features of
the isomerization reaction of AAB. The rate of thermal
isomerization of AAB is highly dependent on solvent polarity.
In contrast to nonpolar solvents, accelerated rates are observed
in polar medium. A positive correlation between barrier height
and the polarity of the medium is observed. Accelerated rates
and stability of various forms in solvents of higher polarity
suggest that solute−solvent interaction especially the hydrogen
bonding network of solute and solvent can influence the
isomerization reaction compared to nonpolar solvents. We have
also observed that increased viscosity of the medium does not
hinder the thermal isomerization reaction of AAB. Our

observations suggest that the mechanism for cis-to-trans
thermal isomerization is greatly influenced by the polarity of
medium. Our investigation supports a model similar to that as
proposed in Figure 10-iii to explain the observed features of
thermal isomerization of AAB. In a nonpolar medium, the
inversion mechanism seems to be preferred. However, it is
believed that the rotation mechanism occurs in a polar medium.
Furthermore, on excitation, either via one photon or

multiphoton can have involvement of higher excited states
such as S2 or Sn but the thermal isomerization is the final
deactivation process in a photoreaction network of the ABD
system. Therefore, these findings on the thermal isomerization
are important to the understanding and control of the
photoreaction network even in the case of multiphoton
excitation.
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