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Abstract: The femtosecond photoisomerization processes of trans (T) 

4-carboxy-2’,6’-dimethylazobenzen, which has been employed recently as an efficient 

photoregulator of DNA hybridization, were clarified by the rate equation analysis of 

measured transient absorbance changes with (350 nm) and without (380 nm) 

ground-state absorption of both the reactant (T) and photoproduct (cis: C) isomers 

under 2ST -band excitation (360 nm, 150 fs pump): after excitation to the 2ST  state 

with a 450-fs lifetime, ~1.5% of the T-molecules in the 2ST  state are isomerized to the 
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C-form within ~ 6 ps through the intermediate state (so called bottleneck state), but 

most of those return back to the T ground-state 0ST  via the internal conversion 

processes with an ultrafast kinetic rate of 2.2×10
12

 s
-1

. Moreover, the rate equation 

analysis enables us to determine the T-to-C photoisomerization rate T,C  per pump 

pulse to be 0.0011 at the pump energy of 80 nJ from the amplitude A3,350 of the offset 

component in the 350-nm probe signal, and to obtain the photoisomerization quantum 

yield 
T,C

 =0.094. The latter value is slightly lower than that of T-azobenzene, and 

well agrees with that (
T,C

=0.097) measured by the conventional CW irradiation 

method using a photostationary state. 

Keywords: Photoisomerization, femtosecond phenomena, photosensitive DNA 

material. 

1. Introduction 

Recently, various photosensitive DNAs involving azobenzene (Az) compounds have 

been investigated for effective photoregulation of DNA hybridization, and it has been 

found that 4-carboxy-2’,6’-dimethylazobenzene (AzD: Fig. 1) is one of the most 

effective photoregulator with the highest thermal stability of the cis (C)-form [1,2]. 

Trans (T)-to-C isomerization of the AzD is induced by ultraviolet (UV: wavelength 

=300~380 nm) lamp irradiation (S2-band excitation) for several minutes, so that the 

dissociation of AzD-bound DNA duplexes is photoregulated. While, by visible 

(=400~500 nm) lamp irradiation (S1-band excitation) C-to-T isomerization is 

induced, so that the formation of AzD-bound DNA duplexes is photoregulated. 

However, the ultrafast photoisomerization processes of the AzD compound are 
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unknown except for our study of the C-AzD compound [3], although, for Az related 

compounds, extensive studies for clarification of ultrafast photoisomerization 

mechanisms such as rotation, inversion and concerted inversion processes have been 

carried out [4-7]. 

On the other hand, recently selective quantum control of photoisomerization 

processes of organic (e.g. stilbene [8]) and biological molecules (e.g. rhodopsin [9]) 

has been demonstrated using a femtosecond optical-pulse shaping technique [10]. We 

believe that the application of this technique by shaped pulse excitation of a single 

shot for the above mentioned DNA-photoregulation processes offers a new tool for 

the biotechnology and DNA-nanotechnology [11]. This is because its instant efficient 

control technique may enable us to manipulate quasi-simultaneously and 

site-selectively biomolecular functions at many local desired points of a high order 

molecular-structure system. For this purpose, it is necessary to reveal the ultrafast 

photoisomerization processes of the newly synthesized photoregulation molecule AzD. 

Particularly, it is important to shed light on the photoisomerization single-shot 

efficiency. In this paper, for the T-AzD solution we characterize the 

photoisomerization rate ,T C  per femtosecond pump pulse (the ratio of the number 

of photoproduct isomer molecules to that of reactant isomer molecules per pump 

pulse) based on clarification of the electronic excited-state dynamics. Furthermore, we 

determine the quantum yield 
T,C

 of photoisomerization from the femtosecond signal 

of the transient absorbance change, which shows an excellent agreement with the 

result obtained independently by the technique using a photostationary state under 
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CW lamp irradiation [12]. Our research aim is different from a lot of studies for Az 

and related molecules [4-7], where the relation between S1 or S2 band excitation and 

photoisomerization mechanisms of the rotation, inversion and concerted inversion 

processes has been investigated. 

2. Experimental 

2.1 Sample solution 

AzD was synthesized and purified according to refs. [1,2]. The spectroscopy-grade 

ethanol (Tokyo Kasei Co.) was employed as the solvent. The pure T-AzD solution 

(5×10
-3

 mol/L) as an initial state of the sample was prepared by the 400-500 nm lamp 

irradiation (a 500-W Hg lamp with filters) for 10 hours at 90 °C to establish a 

photostationary T-form. Similarly, the pure C-AzD solution was prepared by the 

330-360 nm lamp irradiation for 3 hours at room temperature to establish a 

photostationary C-form. Those purities were confirmed by NMR spectroscopy and the 

measurement of the absorption spectrum (Fig. 1) for the T-AzD solution (more than 

98% T-form) and the C-AzD solution (more than 90% C-form). The vertical axis in 

Fig. 1 is denoted by the corresponding absorption cross section 
m
 (m=T or C). The 

half-life time of the thermal isomerization of the C-AzD solution is ~10 hours at even 

60 °C, indicating the excellent thermal stability of the ten times larger than that of the 

C-Az solution [1,2].  

In the femtosecond transient absorption measurement, we paid much attention to 

always keep AzD the T-form as an initial state at each pump pulse (the 1-kHz 

repetition rate) for accurate characterization of the photoisomerization rate T,C
 per 
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pump pulse, as follows: the solution was pumped through two different cells in a 

closed circulation flow system during the pump-probe experiment. The first 100-m 

cell was used for the establishment of a photostationary form of the desired isomer by 

exposing the cell to the incoherent light with the corresponding spectral range from 

400 to 500 nm for the T-isomer. The second cell with an optical path length d of 1 mm 

was used for the transient absorption measurement. The flow rate of the AzD solution 

in the second cell was high enough to exchange the volume excited by the 

femtosecond pulse between successive excitation. 

2.2 Femtosecond transient absorption experiment and CW experiment 

Under the sample condition mentioned in the previous subsection, when the 360 nm 

femtosecond pulse pumps the T-AzD solution at a 1-kHz repetition rate, only T-to-C 

photoisomerization occurs but C-to-T photoisomerization does not occur because only 

the T-molecules in the ground state exist and are excited to the second electronic 

excited state 2ST  with the much larger absorption cross section 
'

0 2 ( )T

pump ，  

compared with that of C-molecules at each photo-excitation. This corresponds to the 

already reported fact that the 330 to 380 nm irradiation (S2-band excitation) enables us 

to dominantly isomerize to the C-form even for the AzD solution of the T- and C- 

mixture state [1,2]. While the 400 to 500 nm CW irradiation (S1-band excitation) 

dominantly isomerizes to the T-form for the T- and C-mixture solution, suggesting 

that S1-band excitation for the T solution does not effectively isomerize to the C-form. 

The femtosecond transient absorption measurement was carried out using the 

wavelength-tunable optical source based on Ti-sapphire laser-amplifier pulses (30 fs, 
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800 nm, 2.5 mJ) at a 1-kHz repetition rate [3]: after the amplified pulses were input to 

an Ar-filled hollow fiber for a spectral broadening by self-phase modulation, the 

chirped output pulses were compensated for by visible chirped mirrors. The 

compensated beam was split into two beams, and then those were independently 

frequency-doubled by two 500-m thick -barium borate (BBO) crystals. The two 

second-harmonic (SH) beams were again chirp-compensated for by two pairs of UV 

chirped mirrors. As a result, 360-nm, 80-nJ, 150-fs pulses were generated from one 

SH beam as pump pulses. Similarly, 350-nm, 10-nJ, 150-fs pulses or 380-nm, 10-nJ, 

150-fs pulses were generated from the other SH beam as probe pulses by turning the 

BBO-crystal angle. The pump beam was chopped and the linear polarization of the 

probe beam was set to become the magic angle of 54.7° using an UV polarizer to 

avoid the reorientation effect. The probe signal passing through the second sample 

cell was detected as a function of the delay time by a photomultiplier with optical 

filters and the following lock-in-amplifier, and was recorded by a personal computer. 

The reason why we choose the 350-nm probe and the 380-nm probe is as follows: 

since at 350 nm the difference ,

0 2

T C ，  between the ground-state absorption cross 

section 0 2

T ，  of the reactant T-isomer and that 0 2

C ，  of the photoproduct C-isomer is 

large (see Fig.1), the 350-nm probe provides information about the ground-state 

population dynamics of the photoproduct isomer as well as the excited-state and 

ground state population dynamics of the reactant isomer, while the 380-nm probe 

provides selectively information about the dynamics of only the excited-state 

population of the reactant isomer, because of no ground-state absorption for both the 
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isomers. 

In the CW experiment, by the conventional method proposed by Zimmerman et. 

al [12], we also measured the quantum yield 
T,C

 of photoisomerization for the T-AzD 

solution. For the completely stirred solution with an optical density 0.6 at 360 nm, 

light induced absorption changes were recorded as a function of the irradiation time 

until the establishment of a photostationary state by a 300 W Xenon light source with 

a 360-nm filter. The absorbance change of the AzD solution filled in a 1 cm square 

cell with a volume of 3.5 ml was recorded immediately after each irradiation time (5 

or 15 minutes) by a JASCO V-550 spectrophotometer (18 s recorded time). 

3. Result of transient absorption measurement and determination of 

photoisomerization rate per pump pulse 

Figure 2 shows the typical transient absorbance changes ( )jOD t  (j=350 or 380 nm), 

measured by the 350-nm probe (black inversed triangle) and the 380-nm probe (red 

circle) under 360-nm pulse excitation for the T-AzD solution. The 350-nm probe 

signal 350 ( )OD t shows a negative decay (transient photobleaching) with a fast 

component of ~sub ps, an intermediate component of ~5 ps and a constant component 

(we call it offset; small positive component of around the zero-fs region was 

confirmed to be due to the two-photon absorption of the solvent). We confirmed that 

the offset was observed even at the delay time of 100 ps. This result corresponds to 

the negative decay reported in the experiment of the 303-nm 2

TS -band pump and 

303-nm probe for a T-Az solution [13]. While, the 380-nm signal 380 ( )OD t  shows a 

positive decay (transient absorption recovering) with a fast component of ~sub ps and 
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an intermediate component of ~5 ps but no offset which was confirmed even at the 

delay time of 100 ps. This latter result corresponds to the positive decay with no offset 

component, reported in the 303-nm pump and 367-nm probe experiment for the T-Az 

solution, which has no ground-state absorption around at 367 nm [13]. The similar 

behaviors of the absorbance change were also reported for a trans 

4-(dimethylamino)azobenzene (T-DMAAz) solution under the 400-nm pump 

( 2ST -band excitation), where as the probe wavelength changes from 400 to 500 nm 

towards no ground-state absorption, the amplitude of the negative offset becomes 

from non-zero to zero [14].  

To quantitatively understand the measured results of the transient absorbance 

change, we carried out the rate equation analysis describing the population dynamics 

after optical pulse excitation ( )pumpI t  (photon energy pump ) in the similar way to 

ref. [3] (see Appendix A). The electronic-state energy diagram on the basis of the 

model with the intermediate-state ,

1I
T C  corresponding to the “bottleneck state” *

2S  in 

refs. [13,15], and the employed notations for the kinetic rate constants 
,

,

m n

i jk  (i,j=0, 1 

or 2, m,n=T, I or C) and the absorption cross sections 
,

,

m n

i j  including the 

excited-state ones [13,16] are shown in Fig. 3. We assume that the intermediate state 

in the π-π* excitation (360 nm pumping) is different from that in the n-π* excitation 

as well as the difference of the initial isomer. This is because the practical 

potential-energy barrier [17] from the different excited state Sm

i  (i=1 or 2, m=T or C) 

to the isomerization pathway is different in each case, depending on the isomerization 

mechanisms such as rotation, inversion or concerted inversion processes [4-7,18]. 
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Some of the molecules excited to the singlet-state 2ST  by optical pulse pumping are 

relaxed to the ground state 0ST  by internal conversion. The others are transferred to 

the intermediate state ,

1I
T C  with a relatively small potential energy barrier to yield 

new C-isomers [17] and then are relaxed to the ground state 0SC  of the new isomer. 

That is, for simplification, we assume that the molecules returning to the ground state 

0ST  of the initial T-isomer are mostly via the internal conversion processes ( 2ST -to- 0ST  

transition) but hardly via the intermediate state ,

1I
T C  (e.g. 

, ,

1,0 1,0

I C I Tk k ). 

Using solutions of the rate equation, which describe the time dependent 

population ( )m

in t  (i=0, 1 or 2; m=T, I or C) in the states 0ST , 2ST , ,

1I
T C and 0SC , we 

can obtain the 350-nm probe signal 350 ( )OD t  for the 360-nm pump as follows: 

350 1,350 1 2,350 2 3,350( ) exp( / ) exp( / )OD t A t A t A            (1) 

 ,

1,350 0,2 0 2, 0,2 1 1, 0,2 1 0,2 1 2(0)[( ) ( ) / ]T T T T I T C T

n nA CP n d d                (2) 

2,350 0,2 0 1 1, 0,2(0) ( )T T I C

nA CP n d              (3) 

, , ,

3,350 0,2 0 2,1 1 0,2 0 0,2(0) ( )T T T I C T C C TA CP n k Cn              (4) 

where
, , ,

1 2,1 2,0 2,1 1,0/( )T I T T I I Cd k k k k   , 
,

1 2,0 2,11/( )T T Ik k   , 
,

2 1,01/ I Ck  , 

,

0,2 0,2 0,2

C T C T      at 350 nm, / ln10C d , and the effective excitation probability 

'

0,2 0,2= ( ) ( ) /( )T T

pump pump pumpP I t dt   .         (5) 

Moreover, we can obtain the corresponding 380-nm probe signal by putting the 

0,2 0T  , 0,2 0C   and 
,

0,2 0C T   with 1,380 1,350A A  and 2,380 2,350A A  because of 

no ground state absorption at 380 nm for both the isomers, as seen from Fig. 1: 

380 1,380 1 2,380 2( ) exp( / ) exp( / )OD t A t A t      .      (6) 

These equations well explain the experimental results, as follows: (i) Eq. (1) 
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predicts that the 350-nm signal has two decay components and the offset, while Eq. (6) 

predicts that 380-nm signal has only two decay components. These agree with the 

measured results which are shown in Fig. 2. Therefore, the measured time constant 1  

of the fast component and that 2  of the slow component represent the lifetime of 

the second excited state 2ST  and that of the intermediate state ,

1I
T C , respectively. In 

addition, the 2  indicates the birth time of the newly yielded isomer (the 

photoproduct). (ii) Eq. (4) predicts that the amplitude 3,350A  of the offset is 

proportional to the difference ,

0,2

C T  (at the probe wavelength of 350 nm) between 

the ground-state absorption cross section 0,2

C  of the photoproduct isomer and that 

0,2

T  of the reactant isomer. Also, it suggests that the offset is negative because of 

,

0,2

C T =-5.4×10
-17

 cm
2
, which also agrees with the measured result. Moreover, (iii) Eq. 

(4) predicts that the absolute amplitude 3,350A  of the offset is proportional to the 

number 0n ( )C   of photoproduct molecules per volume since 
,

0 0,2 0 2,1 1n ( ) n (0)C T T T IP k   . 

This enables us to obtain the photoisomerization rate ,T C  per pump pulse for the 

T-to-C reaction:  

, , ,

0 0 3,350 0 0,2 0,2 2,1 1n ( ) / n (0) /( (0) )T C C T T C T T T IA Cn P k       .    (7) 

Furthermore, (iv) Eqs. (2), (3), (4) and (7) predict that the signs of all the amplitudes 

1,350A , 2,350A , 3,350A , and 1,380A  depend on the difference between the related 

absorption cross-sections, except for the 2,380A  which is always positives. Therefore, 

from the observed sign of each component we can compare the magnitudes of the 

unknown excited-state absorption cross-sections with those of the ground-state 

absorption cross-sections. 
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Using Eqs. (1) and (6) and the instrumental response measured from the 

two-photon absorption of the solvent, we fitted numerically all the measured 

absorbance changes ( )jOD t  (j=350 or 380) to obtain the lifetimes, the amplitudes 

,i jA  (i=1, 2 or 3) and the kinetic rate constants. The results are summarized in Table I. 

We find that the lifetime 1  of the second excited state 2ST  of the T-isomer is 450 fs 

and the lifetime 2  of the excited intermediate state ,

1I
T C  is 5.6 ps. The former 

lifetime is longer than that of the corresponding state of the T-Az in hexane ( 1 110   

fs) reported in ref. [19], which was measured from the fluorescence decay after 

femtosecond pulse pumping at 280 nm. This difference may be due to the fact that the 

T-AzD molecule is more planar than the T-Az molecule. The latter lifetime suggests 

that the C-isomer is yielded within about 6 ps after excitation by a 360-nm 

femtosecond pulse. These results give useful information for a coherent control 

experiment of T-to-C photoisomerization of AzD to decide a suitable delay time 

(longer than ~6 ps) of the 350-nm probe pulse after excitation by a 360-nm shaped 

pulse. We can also estimate the kinetic rate constant 2,0

Tk =2.2×10
12

 (s
-1

) from the 2ST  

state to the 0ST  state, the kinetic rate constant 
,

2,1

T Ik =3.4×10
10

 (s
-1

) from the 2ST  state 

to the ,

1I
T I  state, and the transfer rate 

,

2,1T 0.015T I   (=
,

1 2,1

T Ik ) using Eq. (4) and the 

measured value 3,350A =8 mOD. Furthermore, for the relation between different 

absorption cross sections we find as follows: 0,2 2,

T T

n   and 0,2 0,2 1,

T C I

n     at 

350 nm. The former 0,2 2,

T T

n   corresponds to the already reported result for the 

T-Az solution [13,16]. 

Finally, we obtain the important parameter ,T C  per femtosecond pump pulse 
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for T-to-C of the T-AzD solution. By substituting the 0ST -to- 2ST  effective excitation 

probability 0,2

TP =0.073 and the ,

2 1S -to-IT T C transfer rate ,

2,1TT I =0.015 into Eq. (7), we 

obtain the photoisomerization rate ,T C  to be 0.0011 at the 360 nm pump with pulse 

energy of 80 nJ. In addition, this equation suggests that the theoretical maximum 

value of ,T C  is 0.015. We expect that this value can be increased by the coherent 

control technique with a shaped pump pulse, which will enable us to increase the rate 

,

2,1

T Ik  and decrease the rate 2,0

Tk , such as photoisomerization control of stilbene 

molecules [8]. 

4. Discussion 

Here we discuss the origin of the offset A3 (in the following sections, we denote 

,350iA  as Ai: i=1, 2 or 3) of the 350-nm probe signal, by comparing with the already 

reported results of different Az-related molecules [13,14,20-24]: The similar negative 

offset was observed for the T-Az solution [13], the T-DMAAz solution [14], the 

capped T-AzD1 (trans-1 in ref. [20]) solution and the trans 

4-(4’-aminophenylazo)benzoic acid sodium salt (T-AzD2) solution [21] under the 

condition of 2ST -band excitation and the probe wavelength of the 2ST  band. In 

addition, the positive offset was also observed for those solutions under the condition 

of 2ST -band excitation but the probe wavelength of the 1ST  band. Furthermore, for 

the C-Az solution [22] and the C-AzD solution [3] the negative or positive offset was 

observed under the condition of 1SC -band excitation, depending on the probe 

wavelength of the 1SC  band or that of 2SC  band. However, for those offsets 

two-different assignments were done: (i) is due to the appearance of the photoproduct 
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isomer not via (or via) the “hot-band” vibrational state of the electronic ground state 

with the depletion of the reactant isomer after ultrafast photoisomerization 

[,20-22,24]. (ii) is due to the formation of the “hot-band” vibrational state in the 

electronic ground state of the reactant isomer after ultrafast internal conversion from 

the excited state ST

i  (i=1 or 2) or that of both the reactant isomer and the 

photoproduct isomer [4,14,23]. We assign that the offset observed for the T-AzD 

solution under the condition of 2ST -band excitation is due to the former without 

accompanying the “hot-band” state because of the following facts: ① The offset was 

still observed even at long delay time of 100 ps, which is much longer than the 

lifetime (ten to several ten picoseconds [24]) of the “hot-band” state. The result that 

the T-AzD solution has no “hot-band” vibrational state in the photoproduct (C-isomer) 

ground state may be related to the unique properties that thermal isomerization of 

C-to-T hardly occurs in the C-AzD solution . ② Only the direct experimental 

evidence of the formation of the “hot band” was offered by the transient mid-infrared 

vibrational spectroscopy after ultrafast photoisomerization by femtosecond visible 

pulse excitation, where the “hot-bands” state was observed in the electronic ground 

state of the photoproduct isomer from the Az solution but not in that of the reactant 

isomer [24]. ③ In general the offset due to the latter transient “hot bands” should not 

depend on the sign and the magnitude of the difference 
,

0,2

C T  between the 

absorption cross section ( at the probe wavelength) of the electronic ground state of 

the reactant isomer and that of the photoproduct isomer. In addition, in some cases the 

rise-up behaviors of the positive direction in the formation processes of the offset 
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should appear as the transient absorption during the ultrafast internal conversion 

relaxation. However, our experimental and analytical results (see Eq. (4)) showed that 

the offset amplitude decreases in proportional to ,

0,2

C T  including the influence of its 

sign and the offset does not appear in the 380-nm probe signal where ,

0,2 0C T  .  

Next, we discuss the relation between the offset A3 and the well-known 

photoisomerization quantum yield ,T C . A photoisomerization quantum yield ,m n  

(m,n=T,C or C,T) is defined by the ratio of change of the number of reactant isomer 

molecules per time and volume, 0 ( ) /mdN t dt  (m=T or C), to the amount of photons 

absorbed by reactant molecules per time and volume, , ( )abs mI t  [12,25]. Here, 0

mN  is 

in mole·molecules per liter (mol·molecules/L) and hence 0 01000 /m m

AVN n N   since 

0

mn  is in numbers of reactant molecules per cubic centimeters ( AVN  is Avogadro’s 

number). , ( )abs mI t  is in mole·photons per liter and time (mol·photons/L·s). Usually a 

typical photoisomerization reaction system in a dilute confined system with one pure 

isomer as an initial state is considered, where T-to-C and C-to-T reactions occur 

simultaneously by CW incoherent-light irradiation at a fixed wavelength pump  under 

the completely stirring but not flowing, and consequently establish a photostationary 

state. However, in the femtosecond pump and probe experiment where each pump 

pulse excites only the existing molecules of the T- (or C-) isomer and the 

photoproduct C- (or T-) molecules are removed before the subsequent pump pulse 

comes to the T- (or C-) AzD solution in the fast flowing system at a low (1-kHz) 

repetition rate of the pulses (see section 2), only one photoisomerization reaction at 

the fixed wavelength pump , for example, T-to-C occurs. Accordingly, the 
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photoisomerization quantum yield ,T C  is described by the following equation: 

,0
,

( )
( )

T

T C
abs T

dN t
I t

dt
  .            (8) 

Since the left term is approximated by ,
0 3 0,2( ) / 1000 /( )C C T

pAVN t A C N t         

and , ( )abs TI t  in the right term is approximated by 

'
1 2 3 2, 0,2 0,21000 ( ) /[( ) / ( ) ]T T T

pump p pn AVA A A t l C N               (9) 

from Eqs. (2)~(5) of the rate equation analysis (see Appendix B), where pl is the 

pump pulse length in centimeter. The quantum yield ,T C  is expressed by  

, , ',
3 1 2 3 2, 0,2 0,2 0 0,2[( ) / ] (0) ( )/( )T C T T C T T T

p pumpnA A A A l n             .  (10) 

Here we assume that 2, 0,2
T T

n   (see section 3) which corresponds to the result 

reported for the excited-state absorption of the T-Az solution in refs. [13,16] and 

'
0 0,2(0) ( )T T

p pumpl n    =0.58 ( ',

0,2 ( )T

pump  =3.2×10
-17

 cm
2
, 0 (0)Tn =3.0×10

18
 cm

-3
, 

pl =6.03×10
-3

 cm). Eq. (10) is favorably compared with the simplified estimation 

equation of ,T C  employed for the T-Az solution at the 303 nm pump pulse in ref. 

[13] which is , ,
3 0,2 1 2 3 0,2 ]/[( )T C T T CA A A A       . This difference may arise from 

the points that in the simple analysis in ref. [13] the pump effect including the 

absorption cross-section difference between the pump wavelength and the probe 

wavelength and the effect of the excited-state absorption processes are not considered. 

Substituting value of A3/(A1+A2+A3)=0.16 from the measured femtosecond transient 

absorbance change and the values of 0,2

T = 5.54×10
-17

 cm
2
 and 

,

0,2

T C =5.45×10
-17

 

cm
2
 at the 350-nm probe wavelength from the measurement of steady-state absorption 

spectrum (see Fig. 1) into the above equation, we obtain ,T C =0.094 at the 360-nm 

pump wavelength for the T-AzD solution. This value is slightly smaller than that of 
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the T-Az solution [12]. We confirmed that this result well agrees with the ,T C =0.097, 

which was independently measured at 360 nm by the widely employed 

CW-irradiation method for determination of photoisomerization quantum yield using 

the photostationary state. This agreement supports our assignment for the offset. 

5. Conclusion 

We clarified the femtosecond photoisomerization processes of trans 

4-carboxy-2’,6’-dimethylazobenzene (AzD) for the first time, which has been 

employed recently as an effective photoregulator of DNA hybridization with the 

highest thermal stability for ground-state isomerization, on the basis of the 

interpretation of the 350-nm transient absorbance signal showing a three-component 

decay and the 380-nm one showing a two-component decay by the rate-equation 

analysis: some molecules (1.5%) of the trans-molecules excited to the 2ST  state with 

a lifetime of 450 fs become the cis form within ~6 ps through the intermediate state 

,

1I
T C , but most of trans-molecules return back to the trans ground 0ST  state via the 

ultrafast internal conversion process at a rate of ~ 2.2×10
12

 s
-1

. The amplitude A3,350 of 

the constant component of the 350-nm probe signal, which is proportional to the 

difference 
,

0,2

C T  between ground-state absorption cross sections of both the isomers, 

enables us to determine the T-to-C photoisomerization rate ,T C  per femtosecond 

pump pulse at 360 nm to be 0.0011 at 80-nJ pulse energy. Furthermore, we confirmed 

that the photoisomerization quantum yield ,T C =0.094 obtained from the amplitude 

ratio 3 1 2 3/( )A A A A   well agrees with that ,T C =0.097 from the conventional CW 

irradiation method using a photostationary state, which is slightly smaller than that of 
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the T-Az solution. 
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Appendix A: Derivation of Equations (I) 

Here we derivate Eqs. (1) and (6), which describe the transient absorbance changes of the 350 nm 

probe and the 380 nm probe at 360 nm excitation.  

We consider the excitation of trans-molecules by a 360 nm delta-function pulse at time t=0, 

which produces 2 (0)Tn (= 0,2 0 (0)T TP n ), the number of the molecules per unit volume (the 

population) in the second excited 2ST  state. Here, 0 (0)Tn  is the number of molecules 

per unit volume in the 0ST  state and '

0,2 0,2= ( ) ( ) /( )T T

pump pump pumpP I t dt    is the 

effective excitation probability per unit volume, where ( )pumpI t  and pump  are the 

light intensity and the photon energy of the pump pulse, respectively. According to the 

schematic energy diagram of Fig. 3, the rate equations are given as follows (t>0): 

,2
2,0 2,1 2

( )
( ) ( )

T
T T I Tdn t

k k n t
dt

   ,         (A.1) 

, ,1
2,1 2 1,0 1

( )
( ) ( )

I
T I T I C Idn t

k n t k n t
dt

  ,         (A.2) 

,0
1,0 1

( )
( )

C
I C Idn t

k n t
dt

 ,           (A.3) 

where 2 ( )Tn t , 1 ( )In t and 0 ( )Cn t  are the time-dependent populations in the 2ST , 1I
I  

and 0SC  states at t>0, respectively. Solving Eqs. (A.1)-(A.3) with the 

above-mentioned initial condition of 2 (0)Tn  and 1 0(0) (0) 0I Cn n   at t=0, we can 
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obtain the following time behaviors of the populations in the different states: 

,

2 0,2 0 2,0 2,1( ) (0)exp[ ( ) ]T T T T T In t P n k k t   ,           (A.4) 

,

2,1 , ,

1 0,2 0 1,0 2,0 2,1, ,

2,0 2,1 1,0

( ) (0) {exp( ) exp[ ( ) )]}
( )

T I

I T T I C T T I

T T I I C

k
n t P n k t k k t

k k k
    

 
,  (A.5) 

, , , ,

2,1 1,0 2,0 2,1 1,0

0 0,2 0 , , , ,

2,0 2,1 1,0 2,0 2,1 1,0

exp[ ( ) )] 1 exp( ) 1
( ) (0) { }

( )

T I I C T T I I C

C T T

T T I I C T T I I C

k k k k t k t
n t P n

k k k k k k

    
 

  
. (A.6) 

Furthermore, the time-dependent ground state population 0 ( )Tn t  in the 0ST  state at 

t>0 is obtained by the conservation law of the number of molecules. To obtain the 

equation describing the transient absorbance change, we assume that the probe pulse 

is represented by a delta-function and is weak enough not to affect the population 

change.  

For the 350 nm probe, the time dependent absorbance change. 350 ( )OD t  is 

given by 350 0,2 0( ) [ ( ) ( )]T T

i iOD t C n t n t    , where ( )i in t  means the 

summation of ( )i in t  of all the related states because the ground state absorption 

( 0,2 0T  , 0,2 0C  ) occur at 350 nm (see blue dashed lines in Fig. 3). Here, C 

(=d/loge10) is a constant, and d is the optical pass length of the samples solution. As 

a result, 350 ( )OD t  is described by Eq. (1) 

For the 380 nm probe, the time dependent absorbance change 380 ( )OD t  is 

given by 380( ) ( )i iOD t C n t   , where ( )i in t  means the summation of 

( )i in t  of the only related excited states since no ground state absorption 

( 0,2 0T  , 0,2 0C  ) occurs at 380 nm unlike the case of the 350 nm probe (see red 

dashed lines in Fig. 3). Accordingly, 350 ( )OD t  is described by Eq. (6) 

Appendix B: Derivation of Equations (II) 

The left term in Eq. (8) is approximated by limit h→0:  
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0 0 0 0 0
0

lim( ( ) ( )) / ( ( ) (0)) / ( ) /T T T T C

p p
h

N t h N t h N N t N t


          . (B.1) 

Because the pump pulse duration 150 fspt   is enough short compared with the 

birth time of the C-molecules (~6 ps) and the number of the product C-molecules per 

pump pulse is enough small compared with the number of the reactant T-molecules 

(~0.1%) (see section 3). Also, , ( )abs TI t  in the right term in Eq. (8) is favorably 

approximated as follows [12,25]: ( ) (0)
0 0 0, ( ) (1 10 ) (1 10 )E t E

abs TI t I I I      , where 0I  

is the amount of photons of the input pulse per unit time and volume, 

' '
0 0( ) ( ) (0) (0)T T

T TE t N t d N d E         and '
T  is the molar extinction coefficient 

at the pump wavelength. This is because 0 0( ) (0)T TN t N , E(0)=4.2 and 10
-E≈0. We 

employ '

T  (and 
'

0,2 ( )T

pump  ) for the extinction coefficient (and the absorption cross 

section) at the pump wavelength but not the probe wavelength. As a result, Eq. (8) is 

rewritten by  

,
0 0( ) /( )T C C

pN t I     .            (B.2) 

On the other hand, from the result of the rate equation analysis (see Eqs. (2)-(5) 

in section 3) we find that ,
0 3 0,2( ) 1000 /( )C C T

AVN A C N      and 

',
0 1 2 3 2, 0,2 0,2 ( )1000 ( ) /[( ) )]pump

T T T
p pn AVI A A A t l C N              (B.3) 

where pl  is the pump pulse length in centimeter. Therefore, we obtain Eq. (10) in the 

text. 
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Figure Caption 

Fig. 1.(Color on line) The absorption cross section (left) and molar extinction coefficient (right) of 

the trans and cis 4-carboxy-2’,6’-dimethylazobenzenes in ethanol. Inset: The molecular structures 

of trans and cis forms. 

 

Fig. 2.(Color on line) Measured transient absorbance change for trans 

4-carboxy-2’,6’-dimethylazobenzenes in ethanol at 360 nm pump. The probe wavelengths are 350 

(black inversed triangle and red solid curve) and 380 nm (red circle and black solid curve). The 

solid curves are the fitted theoretical results. 

 

Fig. 3.(Color on line) Schematic energy diagram of electronic states with relaxation and 

photoisomerization processes for 4-carboxy-2’,6’-dimethylazobenzenes.  

 

  



Table I: Lifetime i, relative amplitudes ai, kinetic rate constants ,

,

m n

i jk  and photoisomerization 

rate per pump pulse T,C and photoisomerization quantum yield 
T,C

 of 2’,6’-dimethylazobenzene 

in ethanol. 

Probe 

(nm) 

1 

(fs) 

2 

(ps) 

a1
* 

(%) 

a2
* 

(%) 

a3
* 

(%) 

k2,0
T 

(s
-1

) 

k2,1
T,I 

(s
-1

) 

k1,0
I,C 

(s
-1

)
 T,C


T,C

350 

380 

450 

450 

5.6 

5.6 

52 

54 

32 

46 

16 

- 

2.2×10
12 

 

3.4×10
10 

 

1.8×10
11 

 

0.0011 

 

0.094 

 

* 
ai= Ai/( A1+ A2+ A3), i=1, 2, 3. 

  

Table(s)
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