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Evidence of concerted inversion for the photon-induced
molecular switching of azobenzene using rotation-free
azobenzene derivatives

Ya-Wei Hao,a Hai-Yu Wang,*a You-Ju Huang,c Bing-Rong Gao,a Qi-Dai Chen,*a

Liang-Bin Lic and Hong-Bo Sunab

The excited state relaxation of two types of azobenzene derivative excited at 350 nm in the short-

wavelength (S2(p, p*)) band was studied by transient absorption spectroscopy. We compared the

relaxation dynamics and the time-resolved anisotropic relaxation properties of these two molecules in

liquid solution and in bulk film. The average relaxation life-time for Azo-2 in bulk film (13.2 ps) is much

slower than that of Azo-2 (4.06 ps) and Azo-1(1.31 ps) in liquid solution. The time-resolved polarization

anisotropy spectroscopy measurements of these samples also showed significant differences. The value

of anisotropy for Azo-2 remained almost constant at about 0.2 in bulk film but decayed slowly from 0.3

in liquid solution. The value for Azo-1 in liquid solution decayed very fast from 0.4 to 0.2 within 6 ps.

Our results gave new evidence for the existence of a converted inversion channel. We also concluded

that the concerted inversion process and the conventional rotation process govern the relaxation for

the photon-induced switches of azobenzene and its derivatives under short-wavelength band excitation.
Introduction

As the prototype molecule of photoisomerization, azobenzene
and its derivatives have been the subject of many studies, not
only for their photon-induced switch properties, one of the
most fundamental photochemical reactions, but also for their
potential applications in optical image storage systems1,2 and
laser-triggered switching.3–5 The properties of azobenzene and
its derivatives have been extensively investigated by UV-visible
steady-state absorption spectroscopy,6–8 Raman spectroscopy,9,10

NMR11 and theoretical calculations.12–16 However, the mecha-
nism of azobenzene photoisomerization is still not fully
understood.

A hypothesis has been proposed,17 that azobenzene
undergoes two different isomerization processes depending on
the excitation wavelength: the isomerization occurs via inver-
sion around one nitrogen atom in the same molecular plane
(the inversion mechanism), with visible S1(n, p*) ) S0 excita-
tion, whereas UV excitation of the S2(p, p*) state leads to
isomerization via rotation around the N]N double bond (the
rotation mechanism). Rau and Lueddecke studied the direct
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cis–trans-photoisomerization reaction of two azobenzeno-
phanes.6 In these two molecules, planar inversion is free and
rotation is blocked. They measured the steady state absorption
spectrum of the solutions in photoreactions and dark reactions.
Their results gave an experimental proof of the inversion.
Femtosecond time-resolved UV-visible absorption spectroscopy
technology has also been used to study trans- or cis-azo-
benzene18–20 and an azobenzene-capped derivative.21 The
experimental data gave evidences to support the rotation–
inversion double-channel mechanism.

However, the idea of the rotation–inversion double-channel
mechanism was challenged by Fujino et al. who performed the
experiments by picosecond time-resolved Raman and femto-
second time-resolved uorescence setups using trans-azo-
benzene aer S2(p, p*) excitation.22,23 Their Raman experiments
found that in the S1(n, p*) state, the N–N bond has a double
bond nature, which is highly similar to that of the S0 state. This
indicated that the observed S1(n, p*) state has a planar structure
around the N]N double bond. In the case of the uorescence
studies, the results showed that the quantum yield of the
S2(p, p*) ) S1(n, p*) relaxation is almost unity, which implies
that almost all molecules which are excited to S2(p, p*) state
relax to the S1(n, p*) state. Thus they concluded that the
isomerization of azobenzene occurs in the S1(n, p*) state via an
inversion channel in the cases of S2(p, p*) and S1(n, p*) exci-
tation. Although there are some indirect experimental
evidences to support this mechanism, the only-inversion
channel could not explain the fact that the quantum yield under
S2 excitation is lower than that under S1 excitation.24
This journal is ª The Royal Society of Chemistry 2013



Scheme 1 Molecular structures of Azo-1 and Azo-2.
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Later, a new trans-to-cis-isomerization mechanism was
proposed on the basis of Diau's calculations.25 According to the
calculation results, the rotational reaction channel is a favorable
electronic relaxation channel from the S1(n, p*) state, forming
both the trans-S0 and the cis-S0 states. On the other hand, the
widely accepted inversion channel was excluded because the
energy gap was too large, and would not allow efficient electronic
relaxation to occur. Additionally, because a hot S1(n, p*) species
is produced by S2(p, p*) excitation, a new relaxation channel
(concerted inversion) could open via the converted CNN bending
reaction, giving either a trans isomer or some bond-breaking
products. A converted inversion means that the single-bound
C–NN and NN–C invert simultaneously. These conclusions may
explain why the quantum yields of S2(p, p*) excitation are much
lower than those of S1(n, p*) excitation,24 but there are few
experimental evidences to explain the reason.26–29

In the present paper, we study the photoisomerization of two
rotation-free azobenzene derivatives in liquid solution and in
bulk lm by femtosecond transient absorption spectroscopy.
We performed the experiments using magic-angle, perpendic-
ular and parallel geometries of pump and probe beams. Thus,
we could investigate the relaxation dynamics of the derivatives’
transient absorption intensities and the decay processes of the
polarization anisotropy properties. Our work gives new support
for the existence of a concerted inversion channel under short-
wavelength (S2(p, p*)) band excitation conditions, which
represents a step towards the full understanding of the photo-
isomerization mechanics of azobenzene and optical devices
based on azobenzene.
Fig. 1 Steady-state absorption spectra of Azo-1 in liquid solution (black line),
Azo-2 in liquid solution (red line) and Azo-2 in bulk film (blue line).
Experiments

Scheme 1 shows themolecular structures of the two azobenzene
derivatives used in our experiments. Azo-1 in Scheme 1 is
40-aminoazobenzene-4-sulphonic acid (CAS: 104-23-4) and Azo-2
is synthesized by the procedure described in our previous
work.30,31 The solvent for the liquid solutions of Azo-1 and Azo-2
was ultrapure water and the concentrations of Azo-1 and Azo-2
were 0.05 mg mL�1 and 0.5 mg mL�1, respectively. The quartz
substrate was hydrophilized by being immersed in a mixture
solution of ultrapure water, ammonia (37%) and hydrogen
peroxide (volume ratio 5 : 1 : 1) for 10 h, and then cleaned with
ultrapure water. The Azo-2 bulk lm was prepared by spin-
coating the liquid solution onto the as-prepared quartz
substrate. For the Azo-1 liquid solution, both the rotation and
inversion channels are free. In the case of the Azo-2 liquid
solution, the rotation channel is free, but one side of the
inversion channel is signicantly restricted because of the
molecular structure. For the Azo-2 bulk lm, the rotation and
inversion channels are both restricted.

The steady state absorption spectra were measured by a
Shimadzu UV-2550 spectrophotometer. The transient absorp-
tion measurements were performed using the pump-probe
setup described in our previous publications.32,33 Briey, the
output of a Ti:Sapphire laser (Tsunami, Spectra Physics) pum-
ped by an Nd:YVO laser (Millennia, Spectra Physics) was
amplied by a regenerative amplier (RGA, Spitre, Spectra
This journal is ª The Royal Society of Chemistry 2013
Physics), by which, 150 fs-width laser pulses centered at 800 nm
with a repetition rate of 250 Hz were generated. The 350 nm
pump pulses were generated though an optical parametric
amplier (OPA-800C, Spectra Physics), whereas the probe pul-
ses were white-light continuum pulses generated by focusing
the 800 nm beam into a 5 mm-thick sapphire plate. The tran-
sient absorption data were collected by a highly sensitive ber-
coupled spectrometer (Avantes AvaSpec-2048x14) connected to
a computer. The group velocity dispersion of the experimental
data was compensated by a chirp program. The polarization of
the pump pulses was controlled by a half-wave plate corre-
sponding to the pump wavelength. All of the measurements
were performed at room temperature.
J. Mater. Chem. C, 2013, 1, 5244–5249 | 5245



Fig. 2 Time-resolved transient absorption spectra for (a) Azo-1 in liquid solution,
(b) Azo-2 in liquid solution and (c) Azo-2 in bulk film.

Fig. 3 Normalized transient absorption dynamics for Azo-1 in liquid solution at
500 nm (black squares), Azo-2 in liquid solution at 490 nm (red circles) and Azo-2
in bulk film at 450 nm (blue triangles). The solid lines are fitted profiles.

Table 1 Transient absorption decay times and relative amplitudes

Sample s1 (ps) A1% s2 (ps) A2%

Azo-1 in solution 0.65 59% 2.26 41%
Azo-2 in solution 0.54 34% 5.87 66%
Azo-2 in bulk lm 0.97 32% 18.9 68%
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Results and discussion
Steady-state absorption

The normalized steady-state UV-visible absorption spectra of
Azo-1 and Azo-2 in liquid solution and Azo-2 in bulk lm on a
quartz substrate are shown in Fig. 1. Azo-1 in liquid solution has
a strong absorption band peaking at 389 nm which is attributed
to S2(p, p*) excitation, and a weaker S1(n, p*) ) S0 transition
band peaking at around 440 nm which is overlapped by the
strong S2(p, p*) band. Compared to the azobenzene, the
S2(p, p*) band of Azo-1 shis to the red region because of
the disubstitution with electron-donating and electron-accept-
ing groups in the 4 and 40 positions, respectively (push/pull
5246 | J. Mater. Chem. C, 2013, 1, 5244–5249
substitution pattern). The spectrum of the Azo-2 liquid solution
shows a strong S2(p, p*) transition band peaking at 358 nm,
whereas the S1(n, p*) ) S0 transition band becomes much
weaker than Azo-1. In the case of Azo-2 in bulk lm, the tran-
sition band broadens a little, and the peak shis to around
361 nm because of the aggregation. No emission is observed for
any of the azobenzene derivatives using a conventional steady-
state spectrouorometer, because their uorescence quantum
yields are extremely low.

Transient absorption spectroscopy under magic-angle
conditions

Fig. 2 shows the transient absorption spectra measured with the
pump and probe beams polarized at the magic angle. The
350 nm excitation pulses were chosen, which excited the
molecules in the S2(p, p*) ) S0 absorption bands. The spectra
show the excited state absorption signatures peaking at 500 nm,
490 nm and 450 nm for Azo-1 in liquid solution, Azo-2 in liquid
solution and Azo-2 in bulk lm on a quartz substrate, respec-
tively. The difference in the excited state absorption peaks of
Azo-1 and Azo-2 in liquid solution might be due to the differ-
ence in their molecular structures. Additionally, the difference
between Azo-2 in liquid solution and in bulk lm results from
the molecular aggregation.

Fig. 3 shows the kinetics for the three samples at the corre-
sponding peak wavelengths. Comparing the kinetics at different
wavelengths for the same sample, we could not nd any detect-
able differences. Table 1 reports the decay times and relative
amplitudes in detail. As can be clearly seen, the observed biex-
ponential decay kinetics for all of these samples are governed by
two genuine dynamical processes. However, the relaxation of
This journal is ª The Royal Society of Chemistry 2013



Fig. 4 Time-dependent polarization anisotropy for (a) Azo-1 in liquid solution,
(b) Azo-2 in liquid solution and (c) Azo-2 in bulk film.
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Azo-1 in liquid solution (s1 ¼ 0.65 ps, s2 ¼ 2.26 ps) is much faster
than that of Azo-2 both in liquid solution (s1 ¼ 0.54 ps, s2 ¼ 5.87
ps) and in bulk lm (s1 ¼ 0.97 ps, s2 ¼ 18.9 ps). According to the
time-resolved uorescence study,23 the quantum yield of the
S2(p, p*) / S1(n, p*) transition is almost unity. In our experi-
ment, we did not measure the S2(p, p*)/ S1(n, p*) relaxation
process, because the �110 fs time scale process is beyond the
resolution of our setup. The excited absorption signatures shown
in Fig. 2 are assigned to S1 / Sn absorption. Our results are also
coincident with the previous reports regarding the S2(p, p*)
excitation band.26,34,35 The fast initial relaxation processes s1
(within �1 ps) are attributed to the fast motion of the wave-
packets on the S1 potential energy surface towards the conical
intersections with the S0 potential energy surface, whereas the
This journal is ª The Royal Society of Chemistry 2013
slow relaxation times s2 are attributed to the transition to the
ground state S0 via the conical intersections. Because of the low
quantum yield of the trans–cis-isomerization under S2(p, p*)
excitation,25 the relaxation process back to the trans-S0 state
affects the transient absorption spectra signicantly. Meanwhile,
the kinetic traces do not decrease to zero (Fig. 3). This gives
evidence for the existence of cis-Azo, and the cis-to-trans process
takes a very long time without photo-excitation at room temper-
ature.36 These results coincide with the uorescence dynamic
study of a rotation-restricted azobenzene aer S1(n, p*) excita-
tion.28Considering the fast initial decay s1 of these samples, there
is no signicant difference between Azo-1 and Azo-2 in liquid
solution. That indicates that the motion processes of the excited
wavepackets on the S1 potential energy surface to the conical
intersections are almost the same in the Azo-1 and Azo-2 liquid
solutions. In the case of Azo-2 in bulk lm, this process might be
a little slower because of the change of the environment.
Compared with the fast initial decay, the slow components of the
relaxation processes for the three samples show signicantly
different decay lifetimes. To understand the signicantly
different relaxation dynamics of these samples, we must look
back to the molecular structures of these azobenzene derivatives.
As can be seen from the C3 symmetric structure of the Azo-2
molecule, in each of the three branches, one nitrogen atom is
connected to the huge molecular structure, which could restrict
the inversion around that atom, but the inversion around the
other nitrogen atom is free. Thismeans that in liquid solution for
both Azo-1 and 2, the widely accepted one-side inversion channel
is free. In both the Azo-1 and Azo-2 liquid solutions, rotation
around the N]N double bound is also free. Since the rotation
channel and the one-side inversion channel are free, there must
be another pathway which affects the photoisomerization of the
two azobenzene derivatives, otherwise the signicant difference
in s2 between Azo-1 and Azo-2 in liquid solutions would be
unreasonable. Meanwhile, the rotation and inversion are both
restricted in the Azo-2 bulk lm, but the relaxation process does
not change very much compared to that of its liquid solution
(Fig. 3). That means that the restriction of the one-side inversion
channel affects the relaxation process signicantly. Only the
“concerted inversion” pathway, where both angles for the single
bound C–NN and NN–C change simultaneously, could explain
the observed phenomenon.
Time-dependent polarization anisotropy

In order to verify the above experimental results and the idea of
the “concerted inversion” mechanism, we performed the tran-
sient absorption experiments with relative parallel and
perpendicular polarizations of the pump and probe beams. The
value of the polarization anisotropy r(t) for the transient
absorption was calculated according to the relation:

rðtÞ ¼ rparallelðtÞ � rperpendicularðtÞ
rparallelðtÞ þ 2rperpendicularðtÞ: (1)

As shown in Fig. 4, in the case of the Azo-1 liquid solution
(Fig. 4a), the decay of the anisotropy is very fast, from 0.4 to 0.2
J. Mater. Chem. C, 2013, 1, 5244–5249 | 5247



Fig. 5 Schematic representation of the excited state dynamic pathways for
isomerization under S2 excitation.
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within 6 ps. The value of the anisotropy at zero delay time, r(0),
is nearly 0.4, indicating that the orientation of the dipole
moments between excitation and relaxation are nearly parallel
at t ¼ 0. Compared with the Azo-1 liquid solution, the anisot-
ropy value of the Azo-2 liquid solution (Fig. 4b) decays much
slower, starting from 0.29, and in the case of the Azo-2 bulk lm
on a quartz substrate, the anisotropy value remains almost
constant at around 0.2 (Fig. 4c). These results give strong
support to the idea of a concerted inversion pathway. The
350 nm pump wavelength corresponding to the higher S2(p, p*)
excitation in our experiment acts as the important key to
producing a “hot” S1(n, p*) species, which would open the
concerted inversion channel where the C–NN and NN–C angles
change simultaneously.25 A hot S1 species can open a new
relaxation channel through the concerted CNN bending
motion. In the case of Azo-2 in liquid solution, because the
concerted inversion channel is restricted, the decay of relaxa-
tion and anisotropy slows down signicantly, compared with
the Azo-1 liquid solution where the concerted inversion is free.
For the Azo-2 bulk lm, the rotation and the converted inversion
are almost totally restricted because of the aggregation, so the
anisotropy hardly changes during the photon-induced switch-
ing process.

Our results are well-justied according to the proposed
mechanism25 and the reported results.29 Fig. 5 shows the excited
state dynamic pathways under the higher S2(p, p*) excitation.
In these conditions, the extremely fast S2(p, p*) / S1(n, p*)
relaxation process takes the excited wavepacket to the S1(n, p*)
state. Meanwhile, the hot S1 species is produced. The converted
inversion channel opens to produce some trans-azo and other
side products. The molecular structure of Azo-2 obstructs the
converted inversion, so the relaxation lifetime of Azo-2 in liquid
solution becomes much slower than that of Azo-1 in liquid
5248 | J. Mater. Chem. C, 2013, 1, 5244–5249
solution. On the other hand, the conventional rotation is also
located on the midpoint of the rotational pathway because of
the existence of the cold S1(n, p*) species.25 This could explain
why the relaxation process of Azo-2 in the condensed phase,
where the rotation channel is blocked, is slower than that in the
liquid phase.
Conclusion

In summary, we studied two rotation-free azobenzene deriva-
tives by transient relaxation and time-dependent polarization
anisotropymeasurements using the pump-probe setup under S2
excitation. The observed biexponential decay kinetics is gov-
erned by two dynamical processes. The very fast decay lifetime
is assigned to the initial direct relaxation on the S1 potential
energy surface and the slow decay component is attributed to
the relaxation from the S1 state to the S0 state. The signicant
differences in the anisotropy relaxation properties for these
samples strongly supports the existence of converted inversion.
Our results also indicate that photoisomerization under S2
excitation is governed by two channels: one is the conventional
rotation channel via the cold S1 species, and the other is con-
verted inversion via the hot S1 species.
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