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We present terahertz time-domain spectroscopy (THz-TDS) to explore the conformational dynamics of
thermally induced and photoinduced isomerization of azobenzene. The essence of the method is that
isomerization of azobenzene proceeds via large structural changes in the molecule, while the THz response
is sensitive to these changes. We experimentally demonstrate that the THz spectra of azobenzene show
remarkable variations upon heating and irradiation, and as such quantitatively recorded and identified THz
spectroscopy can be used to monitor the isomerization process. Specifically, the measured THz spectra
clearly reveal that the rate of thermal-isomerization from cis-to-trans in non-polar solvents is faster than that
in polar solvents, and an about 6-fold acceleration of the rate could be achieved when Au NPs were
introduced as a catalyst into azobenzenes. Moreover, we provide evidence that the temperature and Au NP
catalyst do not have an obvious influence on the photoinduced isomerization of azobenzene. The presented
example illustrates the power of the THz-TDS method to open up a novel avenue for exploring molecular
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Introduction

Azobenzene (AB), a diazene (HN—NH) derivative, which con-
sists of two benzene rings joined by a N—N double bond, can
exist in either the cis or trans conformation. When irradiated
with ultraviolet (UV) or visible (vis) light, the isomerization
from the stable trans to the metastable cis is induced, and the
reverse process can occur either by irradiating or heating."?
This reversible geometric effect was first noted in 1937 by
Hartley,” when he observed the cis isomer of AB upon irradia-
tion. Since then, the isomerization of AB has attracted intense
interest because of its potential applications in optical
switches,*® memory storage,”® molecular machines,”'® and
light-sensitive biomolecules.'>* The isomerization processes
of AB have been monitored and characterized by a variety of
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methods including UV-vis absorption, Raman, nuclear magnetic
resonance (NMR), and so on. For example, Quick et al.™® studied
the photo-isomerization dynamics and pathways of cis- and trans-
AB in solution by using UV-vis absorption. The excited-state
structure and dynamics of cis- and ¢rans-AB were investigated by
Stuart et al,'* where the method of resonance Raman was
adopted. Curtis et al.'®> obtained the nitrogen-15 NMR spectra of
AB. The previous reported methods can monitor the thermal- or
photo-isomerization of AB well, and thus play important roles in
the studies of AB. However, of particular note, it is well known
that AB is sensitive to light, and the above methods unavoidably
cause additional irradiation of AB. Therefore, developing new
approaches with minimum interference to quantitatively monitor
the conformational dynamics of isomerization of AB holds great
promise in determining the course of chemical reactions and thus
enabling novel applications.

Terahertz time-domain spectroscopy (THz-TDS), containing
abundant physical and chemical information on materials, has
shown many promising applications in the fields of physics,®
chemistry,"” materials science'® and biology."” As a non-
destructive data acquisition and coherence detection technology,
THz-TDS provides a reliable and unique analytical method to study
the characteristics of molecules. In particular, the low-frequency
torsional vibration or rotation energy levels of most molecules lie
in the THz region, and low-frequency vibrational or rotational THz
spectroscopy is highly sensitive to the conformation and structure
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of molecules. Therefore, the high sensitivity of THz spectroscopy
provides us with a powerful and unique fingerprint to probe the
conformational dynamics of molecules. A major difference
between THz-TDS and Raman or UV-vis spectroscopy is that
THz-TDS is a coherent measurement process, in which one could
directly obtain the optical parameters of a sample such as refractive
index and dielectric constants.”>*" Another significant advantage
of the use of THz-TDS is that THz waves do not give rise to direct
electronic excitations in the sample and therefore avoid causing
damage or other photochemical reactions due to their low photon
energies and non-ionization.

Thermal- or photo-isomerization of AB proceeds via large
structural changes and THz spectroscopy is thus very useful to
monitor these dynamical processes. In light of that, herein,
we apply the THz-TDS method to quantitatively monitor the
cis-trans isomerization of AB. The quantitative thermally
induced cis-to-trans isomerization of AB in different polar
solvents and under gold nanoparticle (Au NP) catalysis was
characterized by THz-TDS. Our measured results demonstrate
that the rate of thermal cis-to-trans isomerization of AB in non-
polar solvent is faster than that in polar solvent. The thermal
cis-to-trans isomerization reaction of AB is highly accelerated
when Au NPs are introduced as a catalyst. Moreover, the
photoinduced isomerization of AB from cis-to-trans under
different conditions was also investigated by THz-TDS. It was
found that the temperature and catalyst have no remarkable
influence on the photo-isomerization of AB.

Experimental
Chemicals

trans-Azobenzene (trans-AB) was purchased from J&K Scientific
Co., Ltd. The cis-azobenzene (cis-AB) was obtained by illuminat-
ing an ethanol solution of trans-AB with an ultraviolet lamp
(consumed power 250 W) at 365 nm. About 40% of cis-AB was
produced within two hours then purified by column chromato-
graphy with silica gel (200 mesh) as the stationary phase and
petroleum ether and ethyl acetate mixed solvent (40:1, v/v) as
eluents. COC (cyclic olefin copolymer) powder (particle size
50-70 pm) was purchased from Terahertz Photonics Co., Ltd.
Acetone, tetrachloromethane (CCly), ethanol and n-hexane were
obtained from Real and Lead Chemical Co., Ltd. Hydrogen
tetrachloroaurate(in) trihydrate (HAuCl,-3H,0) was purchased
from Sigma-Aldrich. Trisodium citrate (Naz;C¢H50,-2H,0) was
purchased from Aladdin.

Synthesis of Au nanoparticles

Au nanoparticles (Au NPs) with an average radius of 20 nm were
prepared according to the procedure developed by Turkevich
et al.*® 2 mL (1%) sodium citrate aqueous solution was added
immediately to 100 mL of a 10 * g mL ' HAuCl, boiling
solution under vigorous stirring. The mixture was stirred
vigorously and boiled for an additional 20 min. Then the
obtained Au colloids were purified by 3 cycles of re-dispersion
in ethanol and centrifugation at 12000 rpm for 15 min.
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Finally, the Au NPs were obtained and stored at —4 °C for
further use.

Thermally induced cis-to-trans isomerization of AB

Thermally induced cis-to-trans isomerization of AB was per-
formed as follows. The 0.14 M solutions (8 mL) of cis-AB in
different solvents (ethanol, acetone, n-hexane and CCl,) were
prepared and then the solutions in closed brown bottles were
kept in a water bath at a temperature of 50 °C for a certain time
interval. After the allotted time, the solid powder of AB was
obtained in a gentle flow of dry air at room temperature for THz
measurement.

In addition, Au NP catalyzed thermally induced cis-to-trans
isomerization of AB in ethanol solution was also performed.
Similarly, 300 pL of the Au NP colloid was added into the 0.14 M
(8 mL) cis-AB (in ethanol solution) in a brown bottle and the
mixed solution was kept in a water bath at 50 °C for a certain
time interval. Then, the mixture was washed by centrifugation
at 12000 rpm for 15 min to remove the Au NP colloid. After-
wards, the solid powder of AB was obtained in a gentle flow of
dry air at room temperature for THz measurement.

Photoinduced isomerization of AB from cis-to-trans

The photoinduced isomerization of AB from cis-to-trans under
different conditions was carried out and the steps of the
experiment are similar to the above procedure for thermal-
isomerization. Briefly, 0.14 M cis-AB in different solvents (ethanol,
acetone, n-hexane and CCl,) was irradiated with visible light at
445 nm (210 mW) for a certain time interval under vigorous
stirring at room temperature and 50 °C. Then the solid powder
of AB was obtained, in a gentle flow of dry air at room temperature
for THz measurement.

In addition, Au NP catalyzed photo-isomerization of AB from
cis-to-trans in ethanol solution was also performed. Similarly,
300 pL of the Au NP colloid was added into the 0.14 M (8 mL)
cis-AB (in ethanol) solution in a closed beaker and the mixed
solution was irradiated at room temperature for a certain time
interval. Then, after the allotted time, the mixture was washed
by centrifugation at 12 000 rpm for 15 min to remove the Au NP
colloid. Afterwards, the solid powder of AB was obtained, in a
gentle flow of dry air at room temperature, for THz
measurement.

Sample preparation

For the THz-TDS measurements, the powder AB samples were
pressed into disks with a hydraulic press at a pressure of
15 MPa. The thickness of the sample tablets was approximately
0.7 mm, and the diameter was 13 mm. As for the low tempera-
ture experiments, the AB powder was blended with COC
powder, which was nearly transparent in the THz region, at a
mass ratio of 1:3 (50 mg: 150 mg) and then pressed into disks
of 1.4 mm thickness.

Instrumentation

UV-vis absorption spectra were measured with a spectrometer
(TU1901, Pgeneral). An SU-70 FESEM instrument was used to
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record the scanning electron microscopy (SEM) images under
an accelerating voltage of 5 kvV. Powder X-ray diffraction (PXRD)
patterns of cis- and trans-AB were recorded using an X'Pert Pro
MPD (Cu source, 40 kV voltage, 40 mA filament emission). The
data were collected over a scan range from 10° to 40° (20).
Photo-isomerization of AB was achieved using a diode pumped
solid state laser (DPSSL, 210 mW, Shanxi Tongwei Optoelec-
tronic Equipment Co., Ltd.) with a wavelength of 445 nm.

Quantum chemical calculations

Calculations based on DFT using the Cambridge Sequential
Total Energy Package (CASTEP) program as a part of the
Materials Studio package from Accelrys were performed to
analyze the observed THz spectra. After verification by compar-
ing measured PXRD spectra (see insets of Fig. 2(a and d)) of the
samples with those calculated from the previous data pub-
lished, crystal cell parameters of ¢rans- and cis-AB for calcula-
tions were taken from ref. 23 and 24 respectively. The trans-AB
belongs to the monoclinic crystal system, and the space group
is P2,/a (Z = 4), with lattice dimensions of a = 12.144 A, b = 5.756 A,
c=15.396 A, = 90°, f =114° 8, y = 90°. The cis-AB is suggested to
be orthorhombic in structure with the space group Pbcn (Z = 4),
and the corresponding lattice parameters are a = 7.57 A,
b=12.71 A, ¢ = 10.32 A, «, B, y = 90°. The calculations were
performed on the crystalline state within the generalized gra-
dient approximation (GGA) at the Perdew-Burke-Ernzerhof
(PBE) correlation functional. Grimme’s dispersion-corrected
method was used for DFT-D correction and norm-conserving
pseudopotential for CASTEP.

THz-TDS measurements

The measurements were performed with two THz-TDS systems,
one is a photoconductive switch-based 8-F confocal THz-TDS
system,” the other is a TAS7400TS THz-TDS system (Advantest
Corporation, Japan), which is used for the low temperature
experiments in this work. The effective spectrum band is 0.2 to
2.5 THz. The THz beam pathway was purged with dry air to
keep a relative humidity of about 2.5%. We extracted the
absorption coefficient, refractive index and complex dielectric
function of the samples from their transmitted THz pluses.

Temperature-dependent THz spectra of AB were measured
using a temperature controller (Specac Ltd UK, accuracy £0.5 °C)
which is equipped with COC windows. THz spectra were recorded
over the temperature range from —190 to 22 °C (83295 K).

Results and discussion
THz spectra of AB

Fig. 1 shows the THz power absorption coefficient a, refractive
indices n, and complex dielectric functions ¢, of trans- and
cis-AB in the range of 0.2-2.5 THz at room temperature. trans-
AB has two distinct absorption peaks at 1.39 and 1.74 THz, and
a shoulder peak at 2.28 THz. cis-AB has four obvious absorption
peaks located at 0.6, 0.9, 1.27 and 2.19 THz. It is found that the
absorption coefficient of the trans-AB is extremely low, and is
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Fig. 1 (a) The THz absorption spectra and refractive index of trans- and
cis-AB and (b) the corresponding complex dielectric functions. The
temperature effect on the THz absorption spectra of (c) trans-AB and
(d) cis-AB.

less than 3 cm ™! below 1.0 THz and then gradually increases
with increasing frequency. The corresponding refractive index
shows a comparatively smooth feature at a value of about 1.7 in
our measured frequency range. Below 2.3 THz, the cis-AB has a
much higher absorption coefficient than ¢rans-AB, especially at
the absorption peaks of 0.60 and 1.27 THz. Fig. 1(b) shows the
real part ¢ and imaginary part ¢ of the measured complex
dielectric functions of all samples, where the frequency-
dependent complex dielectric function is obtained through
the formula:*° ¢, = n,> — (alo/4n)* and & = an /2.
Additionally, we measured the THz spectra of the two
isomers within a temperature range ranging from —190 to
22 °C. For trans-AB, as shown in Fig. 1(c), the absorption peaks
become stronger and sharper and suffer a distinct blue-shift
with the decrease of temperature. The two peaks at 1.39 and
1.74 THz were blue-shifted to 1.65 and 1.98 THz, respectively.
Such a shift is usually ascribed to the increased bond length
due to thermal expansion.”” Meanwhile, the shoulder peak at
2.28 THz split into two peaks at 2.34 THz and 2.46 THz, and a
weak peak at 1.48 THz gradually appeared. The cis-AB shows
similar behaviors to the ¢rans-AB. The absorption peaks became
stronger with decreasing temperature, and then two small
peaks appeared at 1.64 and 2.09 THz at low temperature.
We also noticed that as the temperature decreased, the peak
at 0.6 THz has a significant red-shift rather than a blue-shift
like other peaks, and the peak at 1.27 THz shows a negligible
frequency shift. The intensities and frequency positions of
peaks usually show a temperature dependent change in the
THz spectrum.>®*! The stronger and sharper peaks are the
result of temperature-dependent changes in distribution of the
energy vibrational states.”® The temperature induced frequency
shifts have been considered as the consequence of multiple
mechanisms. The origins of the blue shift for most peaks are
the anharmonicity of vibrational potential and the temperature-
dependent change of the volume.?®***> The anomalous red shift
at 0.60 THz can be interpreted as the interaction of weak inter-
molecular bonding forces such as hydrogen bonds and van der
Waals forces.* The behaviour seen at 1.27 THz, almost unchanged
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with temperature, can be explained by the combination of two
effects which lead to opposite frequency shifts.

Quantum chemical calculation of trans- and cis-AB

Quantum chemical calculations were performed to understand the
experimentally measured THz responses of AB. The simulated THz
spectra of trans- and cis-AB using solid-state DFT calculations are
plotted in Fig. 2(a and d), where the simulated results are overall in
good agreement with the experimental ones. Four typical vibra-
tional modes of trans- and cis-AB are demonstrated in Fig. 2(bf).
For trans-AB, four molecules are arranged in the unit cell with
space group symmetry P2,/a, with the centers of each molecule
lying on a center of symmetry of the lattice. According to ref. 23,
the molecules centered on (0, 0, 0) and those centered on (0, 0, 1/2)
are non-equivalent, and this non-equivalent property has also been
reflected in the calculated vibrational modes as shown in Fig. 2.
The experimental peak at 1.65 THz corresponds to the vibrational
mode calculated at 1.44 THz, primarily arising from the translation
of molecules centered on (0, 0, 0) along with milder translation of
molecules on (0, 0, 1/2). The measured peak at 1.98 THz is relative
to the calculated peak at 2.00 THz, arising from the twisting of the
benzene rings with translation of the N—N bond of the molecules
centered on (0, 0, 1/2) while the molecules centered on (0, 0, 0)
show a negligible translation. For cis-AB, the peak at 0.6 THz at
room temperature, which takes a significant red-shift with decreas-
ing temperature, can be attributed to the calculated mode at
0.39 THz, due to the rotational vibration of the whole molecule
(Fig. 2(e)). The mode at 1.60 THz originates from the translation
along with the rotation of the molecules. Table 1 gives the detailed
descriptions of the vibrational modes of trans- and cis-AB.

The THz absorption spectra for mixtures of cis- and trans-AB

To quantitatively study the isomerization process of AB from
cis-to-trans, the THz absorption spectra of different ratios of
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cis- and trans-AB mixtures were plotted in Fig. 3(a). On decreasing
the content of cis-AB, the absorption peaks of cis-AB at 0.6,
0.9, 1.26 and 2.20 THz decrease before vanishing, and mean-
while the peaks of trans-AB at 1.39 and 1.74 THz emerge and
increase gradually. Particularly, the peaks at 0.6 THz exhibit a
clean gradient change process upon decreasing the content of
cis-AB. As such, the peak at 0.6 THz was used to evaluate the
content of cis-AB in the two isomers. The dose-response fit
curve of the peak intensity at 0.6 THz for different ratios of
cis-AB shown in Fig. 3(b) obeys the linear regression equation:
¥y = —0.95 + 0.45x, correlation coefficient R* = 0.997. From the
dose-response, the absorption coefficient of the designated
peak was proportional to the cis-AB content in mixtures across
the whole range.

Thermally induced cis-to-trans isomerization of AB

The thermally induced cis-to-trans isomerization process of AB
in different polarity solvents (ethanol, acetone, hexane and
CCl,) at 50 °C was monitored by using the THz-TDS method.
Fig. 4(a) illustrates the THz absorption spectra of the thermal
cis-to-trans isomerization process of AB in ethanol solution at
50 °C. Upon heating, the metastable cis-AB is isomerized into
the thermostable trans-AB. The THz absorption peaks of the
cis-AB at 0.6, 0.9, 1.26 and 2.20 THz decrease with increasing
heating time. Meanwhile, the new peaks at 1.39 and 1.74 THz
emerge after 4 h and then become stronger with heating time.
After 38 h, the peaks for cis-AB vanished and the peaks for trans-
AB reached to the maximum. It means that the cis-AB was
thermally-isomerized to ¢rans-AB. Similarly, Fig. 4(b) shows the
THz absorption spectra of the thermal cis-to-trans isomerization
process of AB in polar solvent (acetone). In Fig. 4(b), the THz
absorption peaks of the cis-AB at 0.6, 0.9, 1.26 and 2.20 THz
gradually decrease until they disappear after 38 h. The THz absorp-
tion peaks of trans-AB at 1.39 and 1.74 THz appeared and reached

-..200THz

Fig. 2 (a) The experimental and calculated THz spectra of trans-AB, the inset is the measured and calculated PXRD result; the simulated vibrational
modes of trans-AB at (b) 1.44 and (c) 2.00 THz. (d—f) The corresponding results of cis-AB.
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Table 1 Calculated vibrational modes and corresponding experimental peaks of AB?

Exp. (THz)
Isomer 22°C  —190°C  Cal (THz) Vibrational mode
trans-AB 0.98 Wagging of benzene ring of M;,, translation of M,
1.48 1.22 Wagging of benzene ring of M, ,, translation of M,
1.39 1.65 1.44 Translation of M,, weaker translation vibration of M/,
1.74 1.98 2.00 Twisting of benzene ring with translation of N—=N bond of M, ,, translation of M,
2.28 2.34 2.35 Rotation of benzene ring of M, ,, twisting of benzene ring with translation of N—=N bond of M,
cis-AB 0.6 0.25 0.39 Rotation
0.9 1.02 1.28 Rotation perpendicular to benzene ring
1.27 1.29 1.60 Rotation along with translation
1.64 1.88 Rotation
2.09 2.09 Twisting of benzene ring and translation of N—=N
2.19 >2.5 2.28 Rotation

“ M, stands for the molecules centered on (0, 0, 0), M;,, stands for the molecules centered on (0, 0, 1/2).
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Fig. 3 (a) The THz absorption spectra of the mixtures composed of
different ratios of cis and trans-AB. (b) Plot of the absorption coefficient
versus the ratio of cis and trans-AB in the mixture at 0.6 THz.

their maximum at 38 h, indicating that the cis-AB is completely
isomerized into the ¢rans-AB. Additionally, the THz absorption
spectra of the thermal cis-to-trans isomerization process of AB
in non-polar solvents (hexane and CCl,) were also explored and
are depicted in Fig. 4(c and d), respectively. It can be seen that
the absorption peaks of cis-AB at 0.6, 0.9, 1.26 and 2.20 THz

decrease with increasing heating time. These changes are
accompanied with two new enhanced absorption peaks at 1.39
and 1.74 THz, which emerge after 1h. After 20 h, the peaks of cis-AB
vanished and the peaks of trans-AB reached their maximum.
Compared to that in polar solvent (Fig. 4(a and b)), the isomeriza-
tion rate of AB in non-polar solvents is much faster.

To illustrate the solvent polarity-dependent thermal-
isomerization rate of AB from cis-to-trans, the quantitative
relationship between the content of cis-AB and isomerization
time (Fig. 4(f)) was given by measuring the THz absorption
spectra of different ratios of cis and trans-AB mixtures as a
standard curve (Fig. 3(b)). From Fig. 4(f), it can be seen that the
cis-AB content decreased with increasing thermal-isomerization
time in polar solvents (ethanol and acetone), and the cis-AB
content is almost close to 0 at 38 h. However, a similar
conversion process in non-polar solvents (hexane and CCl,)
only takes around 20 h. The measured results indicate that the
thermal isomerization reaction of AB is dependent on the
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Fig. 4 THz absorption spectra of AB during thermal cis-to-trans isomerization in different polarity solvents (a) ethanol, (b) acetone, (c) hexane and
(d) CCly; (e) THz absorption spectra of AB during thermal cis-to-trans isomerization in ethanol under Au NP catalysis; (f) the ratio of cis-AB as a function

of thermal-isomerization time.
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polarity of the solvent, and that the rate in the non-polar
solvent is faster than that in the polar solvent. The reasons
for this are currently not quite clear.**?* It is known that the
thermal isomerization of AB has two widely recognized major
mechanisms: rotation and inversion." We consider that the
rotation is the prevalent mechanism in polar solvents, while
inversion generally occurs in non-polar media.***® Theoretical
calculations predict a significantly larger activation energy for
rotation (36.2 kcal mol ') as compared to inversion (24.9 kcal
mol ™ ').>” Thus, the rate of thermal isomerization of AB in the
non-polar solvent is faster than that in the polar solvent.
Certainly, verifying this interpretation needs further investiga-
tion, and a full understanding of this effect requires extensive
theoretical and experimental work.

So far, we have seen that the thermally induced isomeriza-
tion could be monitored quantitatively by the THz-TDS method,
although the heat-responsive conversion time is long. As such,
we explored the catalytic effect of Au NPs upon the thermally
induced cis-to-trans isomerization of AB. As shown in Fig. 4(e),
it can be found that the THz absorption peaks of cis-AB at 0.6,
0.9, 1.26 and 2.22 THz gradually decrease and then completely
disappear after 6.5 h. Meanwhile, the absorption peaks of trans-
AB at 1.74 and 1.39 THz appeared and reached their maximum
at 6.5 h. The quantitative relationship between the content of
cis-AB and isomerization time was also investigated in Fig. 4(f).
The content of cis-AB decreases with increasing thermal-
isomerization time under Au NP catalysis and is almost down
to 0 after 6.5 h. The measured results show clearly that the rate
of thermal cis-to-trans isomerization of AB is significantly
accelerated in the presence of Au NPs. Compared to that in
the absence of Au NPs, a nearly 6-fold acceleration in the
thermal cis-to-trans isomerization of AB is achieved. It is
ascribed to the participation of Au NP-mediated electron trans-
fer in the thermal isomerization of AB, in which Au NPs
mediate electron transfer in the isomerization, followed by AB
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radical cation formation and rotation about an activated N—N
bond.*®*?* It is worth noting that the effect of Au NPs in
different solvents on catalysis is not given here because the
as-prepared Au NPs are hardly dispersed and were inclined to
agglomerate together in other solvents.

Photoinduced isomerization of AB from cis-to-trans at room
temperature

The photoinduced cis-trans isomerization of AB irradiated with
visible (445 nm laser) light in polar (ethanol and acetone) and
non-polar (hexane and CCl,) solvents at room temperature was
studied. Fig. 5(a) shows the THz absorption spectra of the
vis-induced cis-to-trans isomerization in ethanol solution. It
can be seen that the THz absorption peaks of cis-AB at 0.6,
0.9, 1.26, and 2.22 THz decreased with increasing irradiation
time and meanwhile the absorption peaks of trans-AB at 1.74
and 1.39 THz emerged at 45 min and then increased gradually
with increasing irradiation time. Subsequently, the absorption
peak of cis-AB at 0.9 THz vanished, and the absorption peak at
1.26 THz was obscured by the peak of ¢trans-AB at 1.39 THz at
around 90 min. After 90 min, the THz absorption spectra have
no obvious changes and the irradiation of the cis-AB in ethanol
solution produced the photo-stationary state composed of
mixtures of cis- and ¢rans-AB, as shown in Fig. 5(a). Fig. 5(f)
depicts the corresponding changes in the content of constituent
cis-AB at different irradiation times: 94% at 15 min, 62% at
30 min, 43% at 45 min, 29% at 60 min, 20% at 90 min and 19%
at 150 min.

Furthermore, Fig. 5(b) shows the THz absorption spectra of
the photo-isomerization process of AB in acetone solutions.
Likewise, the THz absorption peaks of cis-AB decreased and the
absorption peaks of trans-AB appeared and increased with
irradiation time. After 90 min, the absorption peak at 0.9 THz
of cis-AB disappeared, and the THz absorption of 0.6, 1.39 and
1.74 THz were invariant and photo-isomerization of AB reached
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the photo-stationary state. In addition, the THz absorption spectra
of the photo-isomerization process of AB from cis-to-trans in non-
polar solvents (hexane and CCl,) were plotted in Fig. 5(c and d),
respectively. Similarly, the whole THz absorption spectra of the AB
were almost invariant after 90 min of irradiation. Compared to
that in polar solvent, the photoinduced conversion of AB from
cis-to-trans shows no significant difference in non-polar solvents.
The quantitative relationship between the content of cis-AB and
irradiation time is given in Fig. 5(f). We observed that the content
of the cis-AB decreased and then approached asymptotically the
same photo-stationary composition (20 + 5% of cis-AB) with
increased irradiation time in the four solvents at room tempera-
ture. It means that the same photo-isomerization equilibrium is
established between the cis- and trans-isomers in different polarity
solvents, which indicated that the effect of solvents on photo-
isomerization of AB from cis-to-trans is almost negligible.'>**
Additionally, studies of Au NP catalysis on the photoinduced
isomerization of AB from cis-to-trans in ethanol solution at
room temperature were carried out. As shown in Fig. 5(e), with
Au NPs, the overall THz absorption spectra of the AB display
very similar behaviors to those without Au NPs, as well as the
quantitative relationship between cis-AB content and reaction
time (Fig. 5(f)). Therefore, the cis-AB content during the photo-
isomerization process, in the absence or presence of Au NPs,
was coincident and the Au NPs do not play a catalytic role in the
photo-isomerization process. According to the literature,** the
catalyst is not responsible for the photo-isomerization of AB.

Photoinduced isomerization of AB from cis-to-trans under
heating

The THz absorption spectra of the photo-isomerization process of
AB from cis-to-trans irradiated with visible light at 50 °C in the
above four solvents were also measured. Fig. 6(a) gives the THz
absorption spectra of the isomerization process of AB from cis-to-
trans in ethanol solution. It can be seen that the THz absorption

This journal is © the Owner Societies 2018

peaks of cis-AB at 0.6, 0.9, 1.26 and 2.20 THz decrease and
meanwhile the peaks of trans-AB at 1.39 and 1.74 THz emerged
and increased gradually with time. The whole THz absorption
spectra of the AB became invariant after 90 min of irradiation
under heating. Fig. 6(b—d) show the isomerization of AB from
cis-to-trans in acetone, hexane and CCl, solutions at 50 °C, respec-
tively. Similarly, the THz absorption peaks of cis-AB at 0.6, 0.9, 1.26
and 2.20 THz decrease and meanwhile the peaks of trans-AB at
1.39 and 1.74 THz emerged and increased gradually with increasing
isomerization time. The THz absorption spectra of the AB are
invariant after 90 min of irradiation. To further confirm the effects
of temperature on the photoreaction rate and the photo-stationary
state of AB, we prolong the irradiation time of cis-AB in hexane
solution to 26 h at 50 °C, as shown in Fig. 6(c). It can be seen that
the THz absorption spectrum of the AB under irradiation for 26 h
is consistent with that under 90 min. This indicates that the photo-
isomerization of AB from cis-to-trans can establish a photo-
stationary state after 90 min. The quantitative relationship
between the content of cis-AB and isomerization time was plotted
in Fig. 6(e). It can be found that the cis-AB content decreased and
then approached asymptotically the same photo-stationary com-
position (20 £ 5% of cis-AB) with increasing irradiation time in the
four solvents at 50 °C. Compared to the photo-isomerization at
room temperature, we found that the temperature has no signifi-
cant influence on the photoreaction rate and the photo-
isomerization equilibrium of AB, which was due to the tempera-
ture coefficient of the photochemical reactions being relatively
small (close to 1).**** Therefore, in our presented cases, the
heating effect is quite slight in photoinduced isomerization of AB.

Conclusions

We have presented herein how the THz-TDS technique could
quantitatively monitor the thermally induced and photoinduced
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isomerization processes of AB. By utilizing THz-TDS, we demon-
strate that the rate of thermal cis-to-trans isomerization of AB in
non-polar solvent is faster than that in polar solvent; and Au NPs
as a catalyst can effectively promote the thermal cis-to-trans
isomerization of AB; we also provide evidence that the solvent
polarity, temperature and Au NPs as a catalyst don’t affect the
photo-isomerization of AB obviously. THz-TDS enables quantita-
tive distinguishing of the conversion state from one isomer to the
other that occurs in response to light or heat and thus offer new
insights into the isomerization processes. Given the extraordinary
sensitivity of this technology, we believe the decisive and non-
destructive THz-TDS provides exciting possibilities for investiga-
tions and better understanding of the conformational dynamics of
molecules.
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