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a  b  s  t  r  a  c  t

Ultrafast  photoisomerization  and  relaxation  dynamics  of  trans  (T)  4′-methylthioazobenzene  (AzD)  bind-
ing  to double-strand  DNA  (T-AzD-dsDNA)  as well  as  single-strand  DNA  (T-AzD-ssDNA)  and  T-AzD  were
investigated  by  the  measurement  of  femtosecond  absorbance  changes  on ST

2 excitation  (400  nm)  with
the  rate  equation  analysis.  All the solutions  showed  the  fast (�1, A1) and  slow  (�2,  A2) decay  com-
ponents  and  the  offset  component  (A3).  The  greatly  different  negative  or positive  absorbance  change
behaviors  by  the  probe  wavelength  of  400  or  420 nm  for the  T-AzD  solution  were  attributed  to the
remarkable  dependence  of the absorption  cross-section  difference  between  the  T-isomer  excited  and
ground  states  on  the  probe  wavelength  and  of  that  between  the  cis  (C)-  and  T-isomer  ground  states.
The  significantly  shorter  ST

2 state  lifetimes  �1 for T-AzD-dsDNA  and  T-AzD-ssDNA  were  observed  to  be
30  and 60  fs,  respectively,  compared  with  that  (220  fs) of  T-AzD.  This is  presumably  attributed  to  the
intramolecular  electron  transfer  from  DNA  bases  to  T-AzD  in T-AzD-DNAs,  suggesting  the  first  obser-
vation  of  electron  transfer  in an  ultrafast  photoisomerization  system  interacting  with DNA.  While,  the
kinetic  rate  kT,I

2,1 from  the  ST
2 state  to the  bottleneck  intermediate  state  IT,C

1 of the  initial  process  in  the

T  to C  photoisomerization  and  the IT,C
1 state  lifetime  �2 hardly  changed  like  1.3  × 1011, 1.4  × 1011 and

11 −1
1.6  ×  10 s and like  6.7,  6.2  and  6.0 ps, respectively.  The  latter  implies  that  the  birth  time  of  the  C-
isomer is  almost  the same  for  all the  solutions.  Furthermore,  the  T-to-C  photoisomerization  rate  �T,C

by  single-shot  excitation  was  determined  from  A3 to be  1.2%,  0.36%  and  0.22%  at  the  100-nJ  pulse
energy  level,  indicating  that the T-AzD molecule  is one  of the  most  efficient  T-to-C  photoisomeriza-
tion  molecules.  The  decrease  of  �T,C in T-AzD-DNAs  is  due  to the  dramatic  shortening  of the excited-state
lifetime  �1.
. Introduction

Recently, much attention has been focused on artificial control
f bio-chemical reactions [1].  Therefore, a number of photoisomer-
zation groups have been taken as one of reactions to be controlled
2]. Among them, reversible control of DNA hybridization using
hotoisomerization of binding azobenzene (Az) derivatives by light

rradiation of different wavelengths has attracted considerable
ttention because of ease of the preparation and efficient photoi-

omerization probability [1,3–5].  In addition, Asanuma et al. have
pplied the reversible control technique for photoregulation of
ene expression in vitro to demonstrate a possibility as the widely

∗ Corresponding authors. Tel.: +81 11 7066705; fax: +81 11 7067887.
E-mail addresses: taochen@stu.xjtu.edu.cn (T. Chen), mikio@eng.hokudai.ac.jp
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available method in a living system [6].  Furthermore, a new azoben-
zene derivative, 4′-methylthioazobenzene (we  call AzD), without
giving the optical damage to the living cell, has been demonstrated,
where trans (T) to cis (C) photoisomerization occurs by CW-lamp
irradiation at the longer wavelength than 400 nm (S2 excitation)
and C-to-T photoisomerization occurs at around 520 nm (S1 excita-
tion) [7,8]. However, we  have no knowledge of ultrafast electronic
excited-state dynamics of the AzD binding to DNA (AzD-DNA) as
well as the AzD, though for Az related compounds extensive stud-
ies on photoisomerization mechanisms such as rotation, inversion
and concerted inversion processes have been carried out to clar-
ify the relation between these processes and the excitation bands
[9–11].
The purpose of this paper is to reveal the competitive
femtosecond-to-picosecond processes of T-to-C photoisomeriza-
tion and relaxation from the second electronic excited-state ST

2
of trans AzD-(double-strand)DNA (T-AzD-dsDNA) solution, trans

dx.doi.org/10.1016/j.jphotochem.2011.08.007
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:taochen@stu.xjtu.edu.cn
mailto:mikio@eng.hokudai.ac.jp
dx.doi.org/10.1016/j.jphotochem.2011.08.007
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Fig. 1. (a) Molecular structures and sequence of AzD-ssDNA and AzD-dsDNA [7,8].
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Fig. 2. (a) Measured dependence of transient absorbance changes on pump energy
for T-AzD at 400 nm probe and 408 nm pump (inversed triangle), and (a′) the corre-
sponding time-axis expanded ones (inversed triangle). (b) The measured transient
absorbance changes for T-AzD at 400 (black inversed triangle) and 420 (red circle)

′

400
b)  Absorption spectra of solutions of T- and C-AzD dissolved in DMSO and T- and
-AzD-DNAs dissolved in buffer.

zD-(single-strand)DNA (T-AzD-ssDNA) solution and trans AzD
T-AzD) solution. Then, we investigated the transient absorp-
ion behaviors of those solutions with the rate equation analysis
12,13]. We  also obtain the T-to-C photoisomerization rate �T,C per
emtosecond pump pulse, the yielding rate of the photoproduct
-isomer by single-shot excitation, and discuss the physical ori-
in of the difference of the �T,C for three solutions. The rate �T,C

ill become one of the most important parameters for coherent
ontrol [14] of photoisomerization in AzD-DNA solutions by single-
hot excitation of a shaped femtosecond pulse [15]. This is because
ts instant, efficient control technique may  enable us to manipulate
uasi-simultaneously and site-selectively bio-molecular functions
t many local-desired points of a high order molecular-structure
ystem and hence to offer a new tool for the bio-medical technology
nd the DNA nanotechnology [16].

. Experimental setup

The employed AzD and AzD-DNAs (Nihon Techno Service Co.)
ere synthesized and purified by the procedure described in
ef. [7].  The AzD solution in dimethylsulfoxide (DMSO, spectro-
copic grade) was at the concentration of 4.0 mM or 8.0 mM.
he AzD-ssDNA and AzD-dsDNA solutions were the single-strand
orm of 5′-ACGASCTCA-3′ (S denotes AzD) and its double-strand
orm (see Fig. 1(a)) dissolved in buffer solution at the concentra-
ion of 4 mM.  All the samples were prepared as the pure T-form
y being kept at 90 ◦C for 10 min  prior to the experiment (less
han 1.2% C-form remained for AzD). The purity and absorption
ross section of the samples were confirmed by measurements

f high-performance liquid chromatography (HPLC), the absorp-
ion spectrum and nuclear magnetic resonance. Those absorption
pectra for both the T- and C-forms are shown in Fig. 1(b).
nm probes and 408 nm pump, and (b ) the corresponding time-axis expanded ones,
where the pump pulse energy were 200 nJ. The solid lines are the fitted theoretical
results.

The experimental setup similar to that in Refs. [12,13] was
used to measure transient absorbance changes �OD(t)  by the non-
collinear femtosecond pump-probe technique. The ultrafast laser
source is a 30-fs, 2.5-mJ Ti:sapphire laser-amplifier system which
provides 815 nm pulses at a repetition rate of 1 kHz. Two  100-�m
BBO crystals and two  chirped mirror pairs were used to gener-
ate independently the second harmonics at 408 nm for 50-fs pump
pulses with different energies (80–200 nJ), and at 400 or 420 nm for
probe pulses (∼5 nJ), respectively. A rapid-scan detection method
was used to record the transient signal �OD(t), which can avoid the
influence of the long-term laser energy fluctuation [17]. A 0.2-mm
(=d) thick, 132-�L rotating cell was  used to save the quantity of
the valuable DNA samples and avoid the accumulation effect of the
photoisomerization product by repetitive pump pulses. The rota-
tional velocity was  high enough to make sure the pure T-form as
the initial state of the sample solution for each pump pulse.

3. Results and discussion

3.1. AzD solution

Fig. 2(a) shows the transient absorbance changes �ODA
400(t)

measured at 400 nm probe and 408 nm pump wavelengths with
different pump energies from 40 to 200 nJ for T-AzD in DMSO
(4 mM concentration). Fig. 2(a′) shows the corresponding time-
axis expanded ones. We  find that after the negative peak rapidly
decreased within a few hundred femtoseconds, the negative change
�ODA

400(t) mostly decreases until sub-10 ps. Finally it shows a
negative offset at about 40 ps. Those negative changes increase
with increasing the pump energy including the offset, while those
profiles do not change. We  also confirmed the similar result at
the 8 mM concentration. Fig. 2(b) shows the absorbance change
�ODA

420(t) measured at 420 nm probe wavelength at the 200 nJ
pump energy as well as the 400 nm one �ODA (t) (Fig. 2(b′) is

the corresponding time-axis expanded one). The �ODA

420(t) is very
different from the �ODA

400(t). After showing the small negative
peak within few hundred femtoseconds, the �ODA

420(t) rapidly
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hanges to the somewhat small positive peak within few hundred
emtoseconds and then decays from the positive to the negative
egion within sub-10 ps. Finally, it shows the small negative off-
et at about 30 ps. This difference is similar to the result observed
t ST

2 band probe wavelengths under ST
2 band excitation for trans

-(dimethylamino)azobenzene dissolved in ethanol [18], except
or the negative peak observed at around zero-time delay for the

ODA
420(t), which is due to the fact that the present instrument

esponse is much shorter (50 fs) than that (600 fs) in Ref. [18].
These results can be well understood by applying the analyti-

al results of the rate equations (see Refs. [12,13]) describing the
opulation dynamics of the ground states ST

0 and SC
0 as well as the

econd excited states ST
2 and the “bottleneck” intermediate state IT,C

1
19,20] (Fig. 3), which involve in the ultrafast processes of photoiso-

erization of T-AzD and T-AzD-DNAs. The analytical result showed
hat the absorbance change �ODm

i
(t) has three components such as

1exp(− t/�1) + A2exp(− t/�2) + A3. The fast component is due to the
um of the transition from the second excited state ST

2 to the ground
tate ST

0 by the internal conversion process (the kinetic rate kT
2,0) and

he transition from ST
2 state to the “bottleneck” intermediate state

T,C
1 [19] (the kinetic rate kT,I

2,1) mainly leading to the photoproduct C-
somer. That is, we assumed that molecules returning to the ground
tate ST

0 of the reactant T-isomer are mostly via the internal conver-
ion process but hardly via the intermediate state IT,C

1 presumably

ecause of a relatively large potential energy barrier for the IT,C
1 to ST

0

ransition [12,13].  The ST
2 state lifetime �1 equals the inverse of the

um of kT
2,0 and kT,I

2,1. The amplitude A1 depends on the differences

etween the absorption cross section �T
2,n (or �I

1,n) of the excited

tate ST
2 (or IT,C

1 ) and that �T
0,2 of the ground state ST

0 at the probe

avelength as well as the difference ��C,T
0,2 = �C

0,2 − �T
0,2 between

he absorption cross section �T
0,2 of the ground state ST

0 of the

eactant T-isomer and that �C
0,2 of the ground state SC

0 of the pho-
oproduct C-isomer at the probe wavelength. We  assumed that the
low component is mainly due to the transition from the interme-
iate state IT,C

1 to the ground state SC
0 of the photoproduct [12,13].

he IT,C
1 state lifetime �2 equals the inverse of the kinetic rate kI,C

1,0.

he amplitude A2 depends on the difference ��I,C
1,n:0,2 = �I

1,n − �C
0,2

etween the absorption cross section �I
1,n of the intermediate state

T,C
1 and that �C

0,2 of the photoproduct ground state SC
0 . The offset

s due to the photoproduct isomer C and the amplitude A3 is pro-
ortional to the ground-state absorption cross-section difference
�C,T

0,2 according to the equation A3 = C × ST
0,2 × nT

0(0) × kT,I
2,1 × �1 ×

�C,T
0,2 (also A3 = C × nC

0(∞)  × ��C,T
0,2 [12,13]), where C = d/ln10,

T
0(0) is the population in the ground state ST

0 corresponding to the
nitial concentration of the reactant T-isomer, nC

0(∞) is the popu-
ation in the ground state SC

0 corresponding to the concentration
f the photoproduct C-isomer, and ST

0,2 is the effective excita-

ion probability considering the pumping saturation (ST
0,2 = 1 −

xp(−PT
0,2) and PT

0,2 = �T
0,2(�pump) × Epump/(h̄ωpump) × Spump, where

pump, h̄ωpump and Spump are the pump pulse energy, photon energy
nd beam cross section, respectively). Therefore, the difference
etween �ODA

400(t) and �ODA
420(t) is due to the following differ-

nces of the related absorption cross sections: in �ODA
420(t) the

2,420 is positive due to the ��I,C
1,n:0,2 > 0 at 420 nm and the offset

3,420 is small negative due to the ��C,T
0,2 < 0 but the small differ-

nce at 420 nm,  while in �ODA
400(t) the A2,400 is negative due to the
�I,C
1,n:0,2 < 0 at 400 nm and the offset A3400 is large negative due

o the ��C,T
0,2 < 0 but the large difference at 400 nm. The fact that 0

 ��C,T
0,2 (420 nm)  > ��C,T

0,2 (400 nm)  corresponds to the difference
obiology A: Chemistry 223 (2011) 119– 123 121

between the steady-state absorption spectrum of the ground state
C-isomer and that of the ground state T-isomer at 420 and 400 nm
(see Fig. 1(b)). That is, this difference of the offset is confirmed
from the measurement results that the ratio A3420/A3400 = 0.33 from

Fig. 2(b) is considerately close to the ratio
��C,T

0,2
(420)

��C,T
0,2

(400)
= 0.50 from

Fig. 1(b) (the deviation may  be due to the measurement errors of
A3 and ��C,T

0,2 ).
Using the above mentioned three-component function and the

instrument response measured from the two-photon absorption of
the solvent, the measured �ODA

400(t) was  fitted to obtain the life-

times �i (i = 1 or 2), the relative amplitudes ai (ai =
∣
∣Ai

∣
∣/

∑i=3
i=1

∣
∣Ai

∣
∣)

(i =1, 2 or 3), and the kinetic rate km,n
i,j

(i, j = 0, 1 or 2, and m,  n = T, C

or I), which are summarized in Table 1. The ST
2 state lifetime of

�1 = 220 fs is longer than that of 110 fs the T-Az in hexane [21] in
which the T-Az molecule is the planar structure with the smaller
size. The IT,C

1 state lifetime of �2 = 6.7 ps suggests that the C-isomer
is yielded within about 7 ps after excitation by a 408-nm femtosec-
ond pulse. The kinetic rate kT,I

2,1 from the ST
2 state to the IT,I

1 state and

the corresponding transfer rate TT,I
2,1 = kT,I

2,1 × �1, which are obtained
from the above-mentioned relation between the measured A3 and
the kT,I

2,1, are 1.3 × 1011 s−1 and 2.9%, respectively. Furthermore, the
most interesting parameter, the photoisomerization rate per pump
pulse �T,C = nC

0(∞)/nT
0(0) = ST

0,2 × kT,I
2,1 × �1 [12,13],  indicating the

rate of the photoproduct C-isomer to be yielded by single-shot
excitation of a femtosecond optical pulse, is obtained to be 1.2%
at the 408-nm pump pulse energy of 120 nJ. This result suggests
that the AzD is the much more efficient T-to-C photoisomerization
molecule as a photoregulator compared to the already-reported Az
and its derivatives [3–6], with the advantage of the pump wave-
length without damaging the living cell [7,8].

3.2. AzD-DNA solutions and comparison

Fig. 4(a) and (b) shows the transient absorbance changes
�OD(s)

400(t) and �OD(d)
400(t) measured at the 400-nm probe and

408-nm pump wavelengths with different pump pulse energies
for T-AzD-ssDNA buffer solution and T-AzD-dsDNA buffer solu-
tion at a concentration of 4 mM,  respectively. Fig. 4(a′) and (b′)
shows the corresponding time-axis expanded ones, respectively.
Fig. 4(c) shows the absorbance changes �ODA

400(t) at 120-nJ pump,

�OD(s)
400(t) and �OD(d)

400(t) at 130-nJ pump as well as the corre-
sponding time-axis expanded ones (c′). In the same way  as the
case of T-AzD solution, in both the T-AzD-DNA solutions also the
�OD(s)

400(t) and �OD(d)
400(t) show the three negative components,

the sub-100 fs (�1, A1), the sub-10 ps (�2, A2) and the offset A3 in
the same time region of fs-to-ps but those absolute amplitudes are
about half. In addition, the fast component becomes more domi-
nant and the time constant �1 becomes shorter, while the offset
amplitude

∣
∣A3

∣
∣decreases. This tendency becomes more remarkable

for AzD-dsDNA. And those absorbance changes increase nega-
tively with increasing the pump pulse energy, while keeping those
temporal profiles the almost same. Similarly, the �OD(s)

400(t) and

�OD(d)
400(t) were fitted numerically. The obtained lifetimes �i, the

relative amplitudes ai and the kinetic rate km,n
i,j

are summarized in

Table 1, including the ST
2-to-IT,C

1 kinetic rate kT,I
2,1, the corresponding

transfer rate TT,I
2,1 and the T-to-C photoisomerization rate per pump

pulse �T,C.
Comparison among the three cases makes clear the following
points: (i) in order of T-AzD, T-AzD-ssDNA and T-AzD-dsDNA, the ST
2

state lifetime �1 significantly decreases from 220, 60 to 30 fs while
the ST

2-to-IT,C
1 kinetic rate kT,I

2,1 and the IT,C
1 -state lifetime �2 hardly

change like 1.3 × 1011, 1.4 × 1011 and 1.6 × 1011 s−1, and like 6.7,
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Fig. 3. Schematic electronic energy diagram of excited, bottleneck and ground states with relaxation and photoisomerization processes for T-AzD and T-AzD-DNAs.

Table  1
Lifetime � i , relative amplitudes ai , offset amplitude A3, kinetic rate km,n

i,j
, transfer rate TT,I

2,1 and photoisomerization rate per pump pulse �T,C of T-AzD, T-AzD-ssDNAa and
T-AzD-dsDNA.a

�1 (fs) �2 (ps) a1 (%) a2 (%) a3 (%) A3 (mOD) kT
2,0 (×1012 s−1) kT,I

2,1 (×1011 s−1) kI,C
1,0 (×1011 s−1) TT,I

2,1 (%) �T,C (%)

T-AzD 220 6.7 41 40 19 −15 4.4 1.3 1.5 2.9 1.2 (1.3b)
T-AzD-ssDNA 60 6.2 59 35 6 −5.7 17 1.4 1.6 0.80 0.36
T-AzD-dsDNA 30 6.0 68 29 3 −3.6 38 1.6 1.7 0.43 0.22

a At the pump energy of 130 nJ except 120 nJ for T-AzD.
b Corresponding to the pump energy of 130 nJ.

Fig. 4. Measured dependence of transient absorbance changes on pump energy ((a)
and (b)) and their time-axis expanded ones ((a′) and (b′)) at 400 nm probe and
408 nm pump: (a) and (a′) for T-AzD-ssDNA (circle); (b) and (b′) for T-AzD-dsDNA
(diamond). (c) Comparison of measured transient absorbance changes among T-AzD
(blue inverse triangle) at 120 nJ pump as well as T-AzD-ssDNA (black circle) and T-
AzD-dsDNA (red diamond) at 130 nJ pump, and (c′) their time-axis expanded ones,
where the solid lines are the fitted theoretical results.
6.2 and 6.0 ps, respectively. The dramatic shortening of the ST
2 -state

lifetime in T-AzD-DNAs may  be associated with the intramolecu-
lar electron transfer [22,23] from DNA bases to T-AzD, which is the
first observation in an ultrafast photoisomerization system inter-
acting with DNA. The lifetime shortening due to the difference
of the solvent between T-AzD and T-AzD-DNAs is excluded. This
is because several previous papers reported that the solvent only
slightly changes the lifetime for T-Az related compounds [9,18–21].
In addition, if the lifetime would be mainly changed by the differ-
ence of the solvent, the lifetimes would not change significantly by
the difference between T-AzD-ssDNA and T-AzD-dsDNA because
of the same solvents (buffer solutions). However, the experimental
result shows significantly different lifetimes (60 and 30 fs) between
T-AzD-ssDNA and T-AzD-dsDNA in spite of the same solvents. But,
the further study, including the influence of such extremely fast
intramolecular electron transfer on the potential barrier to the
intermediate state, is needed. The result of the lifetime �2 indi-
cates that the birth time of the photoproduct C-isomer is almost
same (∼7 ps) for the three cases. These findings suggest that in
the experiment for photoisomerization coherent control of T-AzD-
DNA solutions, 10–20 ps delay time of a 400-nm probe pulse after
excitation by a 408-nm shaped pulse [15] is suitable. (ii) The T-
to-C photoisomerization rate �T,C per pump pulse and hence the
photoisomerization efficiency significantly decrease in AzD-DNA
cases: e.g. �T,C = 0.36 and 0.22% at the 130-nJ pump pulse energy for
T-AzD-ssDNA and T-AzD-dsDNA, respectively. This is because the
excited-state lifetime �1 greatly decreases, though the ST

2-to-IT,C
1

kinetic rate hardly changes. We  confirmed that the tendency of the
�T,C decrease in order of T-AzD, T-AzD-ssDNA and T-AzD-dsDNA

agrees with the evaluation result of the T-to-C photoisomerization
quantum yield by the conventional CW-lamp irradiation method
[24]. It seems that the physical origin of the difference in photoi-
somerization efficiency between T-AzD binding to DNAs and free
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-AzD is completely different from that of the case in rotation-
estricted and rotation-free Az derivatives [25]. In the latter case
t was suggested that the relaxed states and probably trajectories
or both the molecules are different on the potential energy surfaces
f the excited states.

. Conclusion

We  clarified quantitatively femtosecond photoisomerization
nd relaxation processes from the second excited state ST

2 of T-AzD-
sDNA (the lifetime �1 = 30 fs) and T-AzD-ssDNA (the �1 = 60 fs) in
uffer solutions as well as T-AzD in DMSO (the �1 = 220 fs) for the
rst time. We  found that the observed remarkable dependence of
he transient absorbance change on the probe wavelength on ST

2
xcitation for the T-AzD solution is due to the fact that the absorp-
ion cross-section difference ��I,C

1,n:0,2 between the intermediate

nd ground states as well as that ��C,T
0.2 between the C-isomer and

-isomer ground states are highly sensitive to the probe wave-
ength. Furthermore, the offset component observed for all the
olutions, which was found to be due to the photoproduct C-isomer,
nables us to obtain the T-to-C photoisomerization rate per pump
ulse. That is, 1.2% of T-AzD molecules in the ground state ST

0 are
somerized to the C-form within about 7 ps by single-shot excita-
ion of a 408-nm femtosecond pulse with energy of the hundred-nJ
evel, which implies one of the most efficient compounds as a pho-
oregulator of DNA hybridization. While, for T-AzD-ssDNA solution
nd T-AzD-dsDNA solution 0.36 and 0.22% are isomerized to the
-form within the almost same time by the same single-shot exci-
ation, respectively. This great decrease was found to be mainly due
o the dramatic shortening of the exited ST

2 -state lifetime �1, which
ay  be associated with the intramolecular electron transfer from
NA bases to T-AzD in AzD-DNAs.
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