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When exposed to light at a specific wave-

length, azobenzene and its derivatives ex-

perience a transformation from trans form

to cis form through isomerization. Due to
its ability to change color upon illumina-

tion, azobenzene finds extensive use in var-

ious molecular devices and functional ma-

terials. However, despite significant re-

searches focused on practical applications,

there are still ongoing investigations into

the underlying mechanisms governing

azobenzene's photochemical reactions and

isomerization. In this study, we employ

femtosecond stimulated Raman spec-

S∗0

troscopy (FSRS), and transient absorption spectroscopy, in conjunction with quantum chemi-

cal calculations, to elucidate the ultrafast isomerization dynamics of an azobenzene deriva-

tive known as trans-AZOTIPS ((E)-1-phenyl-2-((triisopropylsilyl)ethynyl)diazene). The re-
sults demonstrate that upon photoexcitation, rapid isomerization occurs along the C–N=N

bonds via the singlet excited state S1 to hot ground state ( ) state transition. Additionally,

we explore the impact of solvent viscosity on the isomerization process and find that the dura-

tion of isomerization remains unaffected by variations in solvent viscosity. These results sug-

gest that the isomerization pathway involves a volume-conserving motion known as “ hula

twist”. After that, the vibrational cooling process is obtained in S0 state.

Key words: Azobenzene derivative, Isomerization, Femtosecond stimultated Raman spec-

troscopy, Hula twist

 I.  INTRODUCTION

The photo-isomerism, accessibility, and tunability of

azobenzene make it a widely employed photoswitching

molecule. Among these properties, photo-isomerization

is the fundamental characteristic of an optical switch

[1]. These molecules exhibit cis-trans conformations

and undergo structural changes between the two con-

formations when excited by light, thereby achieving the

function of optical switching [2]. The photoinduced iso-

merization dynamics has been extensively investigated

using various ultrafast spectroscopic techniques, includ-
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ing transient absorption [3−5], femtosecond fluores-

cence upconversion [6], and femtosecond Raman spec-

troscopy [7, 8]. Despite extensive researches on excited-

state structural dynamics processes in azobenzene and

its derivatives, the mechanism of isomerization in

azobenzene molecules remains a topic of ongoing de-

bate. The proposed isomerization pathway involves

three distinct processes: torsion around the central

N=N double bond [6, 9−11], inversion of the nitrogen

center when the phenyl rings align in the molecular

plane [2, 11−14], and a multidimensional phenomenon

which is known as hula twist. This hula twist exhibits

coordinated movement resembling that of a pedal, in-

volving both nitrogens and phenyls [8].
The present study involves the synthesis of a novel

trans-azobenzene derivative, namely (E)-1-phenyl-

2-((triisopropylsilyl)ethynyl)diazene, abbreviated as

trans-AZOTIPS (see FIG. 1). This synthetic process en-

tails substituting the aryl ring with a non-aryl group on

one side of the original azobenzene's phenyl ring. The

substitution occurs at the N=N double bond connect-

ing it to the benzene ring and further extends to the

acetylene moiety, ultimately terminating at the triiso-

propylsilyl (TIPS) silicon group. The shape of one side

of the N=N changes from a “ring” to a “line”, and this

structural difference may significantly impact the

molecule's fundamental optical properties. In compari-

son with other aliphatic aryl azobenzene compounds

that substitute aryl rings with non-aryl groups, trans-
AZOTIPS demonstrates enhanced stability and offers

potential for tailored modifications in its optical switch-

ing properties through variations in the ethyl group

within its silicon linkage [15].

S∗0

We strategically combined tunable femtosecond

stimulated Raman spectroscopy (FSRS) and transient

absorption (TA) to elucidate the photoisomerization

events of the trans-AZOTIPS molecule. The detailed

reaction pathways for trans-AZOTIPS photoisomeriza-

tion were dissected, revealing an initial volume-conserv-

ing “hula twist” along the C–N=N bonds via the S1 to
hot  state transition, followed by a process of S0 state

vibrational cooling.

 II.  MATERIALS AND METHODS

To a stirred solution of aniline (0.46 g, 5 mmol,

1.0 eq.) in THF (10.0 mL) was added BF3·Et2O (0.9 g,

6 mmol, 1.2 eq.) dropwise. Then, the mixture was added

tert-butyl nitrite (t-BuONO) (0.6 g, 6 mmol, 1.2 eq.)
slowly at 0 °C for 30 min. The precipitate was filtered
off, washed with excess Et2O, and dried in a vacuum to
obtain PhN2BF4. The product was used without fur-

ther purification.
To an ice-cooled solution of triisopropylsilylacety-

lene (0.9 g, 5 mmol, 1.0 eq.) in dry THF (10 mL) under

Ar atmosphere was slowly added n-BuLi in hexane

(3.1 mL, ca. 1.6 mol/L, 6 mmol, 1.1 eq.). After 30 min,

the solution was then quickly transferred to a suspen-

sion of PhN2BF4 (1.15 g, 6 mmol, 1.0 eq.) in dry THF

(15 mL) at −78 °C under Ar. The reaction mixture was

then warmed to room temperature over 1 h. Subse-

quently, the reaction was quenched by adding saturat-

ed aqueous NaHCO3 (10 mL) and was extracted with

EtOAc (10 mL × 3). The combined organic layer was

washed with brine (20 mL), dried over MgSO4, and con-

centrated under reduced pressure. The residue was pu-

rified by flash column chromatography to afford (E)-1-

phenyl-2-((triisopropylsilyl)ethynyl)diazene (red oil,

1.17 g, 82% yield).
In the femtosecond stimulated Raman spectroscopy

(FSRS), the fundamental laser pulses (Astrella USP,

Coherent, Inc.) with 800 nm center wavelength, 35 fs
pulse duration, 7 mJ pulse energy, and 1 kHz repetition

rate were split into three beams to generate a tunable

narrowband picosecond (ps) Raman pump, a broad-

band femtosecond (fs) Raman probe, and an fs actinic

pump. The actinic pump centered at 330 nm was gener-

ated by an optical parametric amplifier (OPerA Solo,

Coherent, Inc.) for excited-state FSRS. About 3 W of

fundamental pulses was directed through a second har-

monic bandwidth compressor (SHBC, Coherent, Inc.)
to produce ps 400 nm Raman pump pulses. About

 

FIG.  1   Synthetic route of (E)-1-phenyl-2-((triisopropylsilyl)ethynyl)diazene molecule.
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15 mW of the fundamental laser output was focused on-

to a 2-mm-sapphire plate to obtain the supercontinu-

um white light as a Raman probe. The instrument re-
sponse time was measured to be ~150 fs by cross corre-

lation between the fs actinic pump and Raman probe

pulses.
The geometries of (E)-1-phenyl-2-((triisopropylsilyl)-

ethynyl) diazene with a cis- and trans-configurations at

ground state were fully optimized. The vibrational spec-

tra were simulated by using the optimized geometries.
The geometric optimization and vibrational spetra sim-

ulation were carried out by using the functional of

PBE0. The basis set of 6-311+G** was employed to de-

scrib all the elements of (E)-1-phenyl-2-((triisopropylsi-

lyl)ethynyl)diazene. The solvation effect was included

by using the polarizable continuum model. These com-

putations were performed by using the software pack-

age of Gaussian 09 (RevE.01).

 III.  RESULTS AND DISCUSSION

The steady-state absorption spectra of trans-
AZOTIPS in ethanol (polarity: 4.3; coefficient of viscos-

ity: 1.1 mPa·s) and ethylene glycol (polarity: 6.9; coeffi-

cient of viscosity: 19.9 mPa·s) are depicted in FIG. 2. In
ethanol, trans-AZOTIPS exhibits a prominent absorp-

tion peak centered at 330 nm, which undergoes a red-

shift to 340 nm upon solvent change to ethylene glycol.
The observed redshift of the absorption band can be at-

tributed to the influence of the solvent polarity. Addi-

tionally, both trans-AZOTIPS in ethanol and ethylene

glycol display a minute shoulder around 450 nm. The

absorption peak at around 330 nm is ascribed to the ab-

sorption of ππ* (S2←S0) band, while the weak peak at

450 nm corresponds to the nπ* (S1←S0) band absorp-

tion of trans-AZOTIPS [16−18].

τ1
τ2

τ1 τ2 τ3

τ1
S∗0

τ2
τ3

We first used femtosecond transient absorption (TA)

spectroscopy to investigate the kinetic of trans-
AZOTIPS upon photoexcitation of ππ* (S2) band using

330 nm photoexcitation, and FIG. 3(a, b) shows the TA

spectra of trans-AZOTIPS dissolved in ethanol and

ethylene glycol within a 45 ps detection time window.
The two-dimensional (2D) TA spectra of both samples

exhibit intricate excited-state features in the probe

wavelength range spanning from 350 nm to 620 nm, en-

compassing a ground state bleaching (GSB) band at the

blue edge of the TA spectra, an excited-state absorp-

tion (ESA) band ranging from 360 nm to 400 nm, and

an ESA band on the red side of the TA spectra, display-

ing ultrafast decay dynamics. A global fit based on the

evolution-associated difference spectra (EADS) is

shown at the bottom of FIG. 3(a, b). The TA spectra in
ethanol are fitted satisfactorily with a model consisting

of two exponential decay components, including  =
170 fs, =4 ps. Notably, unlike the trans-AZOTIPS, as

shown in FIG. 3(c), the EADS spectra of trans-azoben-

zene reveal three exponential decay components includ-

ing =100 fs, =690 fs, and =7.4 ps. The previous

ultrafast spectroscopies suggest that, upon the ππ*

(S2←S0) excitation of trans-azobenzene, the relaxation

processes occur from excited states S2 to S1 ( =100 fs)
and from excited state S1 to hot ground state 
( =690 fs), following vibrational cooling of S0 state

( =7.4 ps) [5, 8, 13, 14, 18−20].

S∗0
τ1

τ2

For trans-AZOTIPS in ethanol (shown in FIG. 3(a)),

the two decay components in EADS spectra can be at-

tributed to the relaxation dynamics of S1 to 
( =170 fs) and vibrational cooling dynamics of the S0

state ( =4 ps). The decay dynamics of S2 to S1 state

cannot be observed, likely due to its lifetime being

shorter than the instrument response function of TA

(~120 fs). To further confirm this hypothesis, we em-

ployed a 450 nm actinic pump for exciting the S1 (nπ*)

state of trans-AZOTIPS in ethanol. FIG. 4 illustrates a
comparison of TA spectra obtained by photoexcitation

via ππ* and nπ* bands, probing at 400 nm. Both kinet-

ics showcase identical two-exponential decay processes.
Furthermore, the initial oscillation feature observed in
TA dynamics upon excitation of both ππ* and nπ*

bands is attributed to the coherent artificial effect in-

duced by ethanol solvents. To probe the possible pho-

 

FIG.  2   The  normalized  steady-state  absorption  of trans-
AZOTIPS  in  ethanol  and  ethylene  glycol. The  actinic
pump (AP) and Raman pump (RP) wavelengths in FSRS
experiments are shown as colored spikes.
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τ1
τ2

toisomerization of trans-AZOTIPS during the primary

photo-processes, the trans-AZOTIPS sample was exam-

ined in high-viscosity ethylene glycol. As shown in

FIG. 3(b), the lifetimes estimated using EADS for the

two exponential components are 200 fs ( ), and 5 ps

( ). Notably, the spectral shape of the global analysis

of each component does not differ from that obtained in
the ethanol solvent, indicating that the intermediate

states of the trans-AZOTIPS remain unchanged in the

high-viscosity solvent.

Theoretical calculations and experimental results for

trans-azobenzene suggest that the relaxation process of

τ1

S1→S0 is primarily governed by isomerization [2, 8, 18,

21]. However, in our experiment the first decay compo-

nent  in trans-AZOTIPS remains unaffected by

changes in solvent viscosity. Does that mean that no

isomerization occurs during the S1→S0 transition in

trans-AZOTIPS?

S∗0

To address this question and gain insights into the

structural dynamics beyond electronic features, fem-

tosecond stimulated Raman spectroscopy (FSRS) was

employed to monitor the vibrational marker bands as-

sociated with excited states of trans-AZOTIPS. FIG. 5
(a, b) shows the time-resolved FSRS spectra of trans-
AZOTIPS in ethanol and ethylene glycol across a fre-
quency range of 1100–1600 cm−1. We strategically se-
lected a 400 nm Raman pump near the peak of the trans-
AZOTIPS ESA band to provide resonantly enhanced

excited-state Raman signals, which comprise decay and

rise dynamics that track the photoinduced structural

dynamics of the trans-AZOTIPS. Based on the TA ex-

perimental results, the observed transient dynamics in
FSRS can be attributed to the sequential transition of

S1→ →S0. In ethanol, trans-AZOTIPS exhibits the

emergence of a broad Raman band at 1370 cm−1, which

subsequently undergoes ultrafast decays. Following

this, a new Raman mode emerges at 1357 cm−1 and then

experiences a decay in intensity within 10 ps. When

trans-AZOTIPS is dissolved in ethylene glycol, the Ra-

man modes shift to 1375 cm−1 and 1356 cm−1.
Based on a density functional theory (DFT) calcula-

 

FIG.  3   The two-dimensional TA spectra (upper panel) and evolution-associated difference spectra (EADS，lower panel)
global fit of trans-AZOTIPS in (a) ethanol, and (b) ethylene glycol. (c) The two-dimensional TA spectra and EADS global
fit of trans-azobenzene in ethanol.
 

FIG.  4   Kinetics  of trans-AZOTIPS  in  ethanol  probe  at
400  nm with  nπ*  (red  dot  line)  and ππ*  excitation  (solid
blue line). The enlarged plot with coherent artificial effect
decay up to 2 ps is shown in the inset.
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S∗0

tion for trans-AZOTIPS in ethanol (see FIG. 5(c, d)),

the observed excited state Raman modes at 1370 cm−1

(1375 cm−1) are mainly attributed to the C–H in-plane

bending and ring stretching of the phenyl ring com-

bined with the bending motion of C–N=N. This motion

in trans-AZOTIPS implies isomerization through the

C–N=N bands. Additionally, as depicted in FIG. 6(a),

the transient amplitude of this Raman mode is indepen-

dent of viscosity and exhibits a single exponential de-

cay with a time constant of approximately 100 fs in

both solvents. This behavior suggests a conformational

change occurring via S1→  transition within a specific

confined volume associated with the C–N=N bands.
Previous studies have revealed a rotational isomeriza-

tion motion known as hula twist (HT) in trans-azoben-

zene [8, 22, 23]. The HT motion has been reported for

previtamin D [24], bilirubin [25], the confined visual

chromophore in rhodopsin [26], and fluorescent protein

[27, 28]. Importantly, in contrast to the proposed tor-

sional or inversion motion of the trans-azobenzene

molecule [2, 6, 9−14], this HT process in trans-
AZOTIPS involves the pedal-like rotation of C–N=N

bonds, resulting in the convergence of phenyl groups

within the molecular plane. Consequently, this mecha-

nism remains unaffected by viscosity effects present in
the surrounding medium [8].

S∗0

S∗0

As a result, the isomerization occurring in S1 state

leads to the formation of cis-AZOTIPS in hot ground

state . Based on DFT calculations, as shown in

FIG. 5(d), the subsequent Raman mode at 1357 cm−1

(1356 cm−1) is assigned to the C–H in-plane bending

and ring stretching of phenyl ring combined with the

bending motion of C–N=N for cis-AZOTIPS. As illus-

trated in FIG. 6(b), the relaxation of the  state on a
picosecond timescale can be attributed to vibrational

cooling of the hot ground state [29]. Furthermore, the

Raman mode exhibits a significant blue shift (see

FIG. 6(c, d)) within several ps supporting a well-de-

fined vibrational cooling process [29]. Notably, the vi-

brational cooling dynamics in high viscous ethylene gly-

col solvent exhibit a shorter decay lifetime (5.8 ps) than

that in ethanol (7.8 ps) which is consistent with previ-

ous studies on trans-stilbene, indicating higher viscosi-

ty coefficients lead to faster cooling time [30].

 IV.  CONCLUSION

In this study, we employ FSRS and TA experiments

 

FIG.  5   FSRS spectra of trans-AZOTIPS under 330 nm excitation in (a) ethanol and (b) ethylene glycol in the frequency
range of 1100–1600 cm−1 (the delay time points are indicated between (a) and (b)). DFT calculation shows the optimized
structure and Raman model of (c) cis-AZOTIPS and (d) trans-AZOTIPS.
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assisted by DFT calculations to elucidate the excited-

state structural dynamics of trans-AZOTIPS in various

solvents. Based on the experimental findings, we can

summarize the dynamics of configurational isomeriza-

S∗0

S∗0 S∗0

tion processes observed in trans-AZOTIPS photoreac-

tion (see FIG. 7). Upon excitation of trans-AZOTIPS to
the ππ* (S2) state, it rapidly undergoes internal conver-

sion from S2 to S1 state within a few tens of femtosec-

onds. Subsequently, the detection of C–H in-plane

bending and phenyl ring stretching combined with the

bending motion of C–N=N bonds signifies the prompt

decay of trans-AZOTIPS signals from S1 to  state

through trans-to-cis isomerization. Furthermore, this

Raman mode exhibits insensitivity towards solvent vis-

cosity, suggesting that volume-conserving HT mecha-

nisms dominate the configurational isomerization pro-

cess from S1→  state. Finally, the population in the 
state relaxes to ground-state cis-AZOTIPS (S0) within

several picoseconds.
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