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Abstract The development of photo-controlled adhesives can over-
come the problems associated with daily lives and industrial
applications. Adhesion is a multidiscipline field of engineering, physics,
and chemistry. The solid-to-liquid transformation of light-controlled
adhesives can be used for direct bonding onto diverse surfaces. Here, a
photoresponsive azobenzene compound is developed for photo-
controlled adhesion. The azobenzene compound 4, 4’-hexyl diacry-
late-3-methylazobenzene (M1) exhibits photoinduced solid-to-liquid
transition due to trans—cis photoisomerization. The prepolymer coating
based on the azobenzene compound M1 is prepared on an adhesive
surface. After UV irradiation, the solid coating was quickly transformed
into liquid for adhesion. This photo-controlled adhesive has strong
adhesion to different surfaces.

Key words azobenzenes, photoinduced solid-to-liquid transition,
prepolymer coating, photo-controlled adhesives

Introduction

Many adhesives are liquids,' including water-soluble
adhesives,? solvent-based adhesives,> emulsion adhesives,*
and so on. For industrial applications, the glue coating
process is often needed, which is time-consuming and
causes bonding loss due to improper sizing. Therefore,
there is an urgent need for more convenient adhesives in
practical applications. The design of smart surfaces with
switchable adhesive properties has remained a challenge
in adhesion science and materials engineering.”> Light-
controlled adhesives® have some advantages, such as
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noncontact stimulus response, cleanliness, and conve-
nience of light energy, which will be the trend for the
development of adhesives.’

Azobenzene is a switchable compound with reversible
cis-trans photoisomerization abilities.® Photoresponsive azo-
benzene compounds have been used for applications in
information storage,® lithography,'® solar energy storage,'!
actuators,'? and so on. At present, azobenzene molecules are
widely studied. Some azobenzene compounds are solids in the
trans-state with a melting point higher than room tempera-
ture!'>'4; however, when irradiated with UV light, they can be
transformed into liquids in the cis-state with a melting point
lower than room temperature. Photoisomerization of some
azobenzene small molecules can reversibly convert the
compounds from solids to isotropic liquids.' In this study, a
photoinduced solid-liquid transition adhesive prepolymer
coating was prepared based on the special properties of
azobenzene compounds. After UV irradiation, the solid coating
was quickly transformed into liquid for adhesion. This kind of
photo-controlled adhesive coating brings great convenience
for industrial and daily-life applications.

Results and Discussion

We prepared an azobenzene compound that is effective
for photoinduced solid-liquid phase transition. The solid-to-
liquid phase transition is one of the most fundamental
phenomena in materials science. It is a process in which
the intermolecular forces, such as van der Waals, present in
the solid state weaken at a certain temperature or
pressure. However, little attention has been paid to the
“photo-melting” phenomenon'® despite a rich functionality
of these photo-melting compounds. In our study, we found
that azobenzene compound M1 (synthesis and 'H NMR
spectra of the azobenzene compound MT1; Supporting
Information, Figures S1 and S2) can undergo a solid-to-liquid
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Figure 1 (a) Chemical structure and photoisomerization of azobenzene
compound M1. (b) Photographs of photoinduced solid-to-liquid tran-

sition of azobenzene M1 (UV for 3 min; visible light for 5 min). (c)

Optical microscopy images of photoinduced (365 nm, 55.6 mW cm 2,

10 min) solid-to-liquid transition of M1.

transition under UV light at room temperature (Figure 1).
In Figure 1a, we selected a rod-shaped molecule with double
bonds at the ends, and introduced a methyl group at the 3-
position. These asymmetric molecules have been carefully
discussed in a study by Akiyama et al.!” The introduction of
thisasymmetric methyl can weaken the m-minteractionin the
molecule, which weakens the compactness of the molecular
packing.'® The introduction of this asymmetric methyl also
weakens the H-aggregation in the molecules.® The introduc-
tion of long alkyl chains at both ends increases the flexibility
of azobenzene molecules, and makes azobenzene molecules
more prone to photoisomerization.?° Under UV irradiation,
the lattice structure of small molecules is broken, then
isomerizes to a cis-structure and quickly changes to liquids.
Under irradiation of visible light or keeping itin the dark, it can
be restored to a trans-form, which is solid.

The trans—cis photoisomerization behavior of the azo-
benzene compound induces macroscopic motions and phase
changes of materials.?! As shown in Figure 1b, the compound
M1 begins to liquefy at 30 s under UV irradiation at an
intensity of 55.6 mW cm2, and can be completely trans-
formed into liquid after 3 min of irradiation. Compound M1
returned to the solid state after 5 min of visible light
irradiation. After irradiation with UV light again, compound
M1 becomes liquid again, and it can also return to the
solid state by spontaneous thermal relaxation in the dark.
Compound M1 showed an interesting photoinduced
solid-to-liquid transition. Under an optical microscope, M1
powders were illuminated with 365 nm UV light (Figure 1c).
UV illumination changed the irregularly shaped M1 powders
into drops, showing photo-liquefaction. This observation
indicates that UV illumination induced liquidation of the
compound.
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Figure 2 UV-vis absorption spectra of M1 before irradiation, after UV
irradiation (365 nm, 43.6 mW cm 2, 3 min), and subsequent visible
light irradiation (530 nm, 13 mW a2 3 min).

UV-vis absorption spectroscopy showed that a thin film
of M1 exhibits reversible cis-trans photoisomerization
(Figure 2). The azobenzene groups in the as-prepared film
were in the stable trans-state and exhibited a m—m* band at
385 nm. Upon UV irradiation, the n—m* band of the cis-isomer
at 465 nm increased. Subsequently, the film was irradiated
with visible light, which switched it back to the trans-state,>?
resulting in the recovery of the absorption peak at 455 nm. The
sample can also be restored to the trans-structure by keepingin
the dark at room temperature (Figure S3). The absorbance of
M1 before irradiation was lower than that of M1 after
irradiated with visible light because the stacking and orienta-
tion of the azobenzene groups changed.?* Despite the in-depth
study of azobenzene adhesives in recent years,2* 2% the
bonding strength has not been greatly improved, which
cannot meet the needs of industrial applications. The
prepolymer coating we prepared includes both azobenzene
as a light-responsive switch and a reinforced resin, which can
be used to prepare a high-strength photo-controlled adhesive.
The prepolymer coating was prepared on an aluminum plate
by UV-induced solid-to-liquid phase transition of M1. The
prepolymer coating includes the switchable molecule M1,
reinforced resin polyurethane-acrylate (PUA), hydroxypropyl
methacrylate (HPMA), accelerants 1-acetyl-2-phenylhydra-
zine (APH) and saccharin (SAC), anaerobic initiator cumene
hydroperoxide (MSDS), and polymerization inhibitor hydro-
quinone (HQ). The mass ratio of each component is shown
in Table 1. In the composition of the adhesive, PUA and
HPMA provide adhesion through copolymerization, MSDS
initiates polymerization, and azobenzene compound M1 acts
as a light switch.

The prepared prepolymer coating is solid at room
temperature and can be rapidly transformed into liquid
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Table 1 Mass ratio of azobenzene adhesives @
1 2 3 4

(b)
M1 (wt%) 96.5 86.5 76.5 46.5

3.5 2.928 40 2.984
HPMA (wt%) 0 5 10 20 301 sass | 25 351 2928
PUA (Wt%) 0 5 10 20 €25 £ 2‘5’
APH (wt%) 0.4 0.4 0.4 0.4 g1 ' £20

= 1.54 =
SAC (wt%) 0.6 0.6 0.6 0.6 £ ﬁ:: S o
MSDS (wt%) 2 1 2 2 05 o5
HQ (wt%) 0.5 0.5 0.5 0.5 IRy 865 765 56.5 O uminamSteel ABS  Phenolic resin

by UV irradiation, which can be used for anaerobic
polymerization and bonding with another substrate. In
the process of polymerization and bonding, the lack of
oxygen in the bonding interface leads to the production of
free radicals of the anaerobic initiator?® MSDS, which leads
to the anaerobic polymerization of the bonding system to
form tough bonding. As shown in Figure 3a, the prepolymer
coating can be liquefied in 3 min by irradiating it with UV
light. In the whole process, azobenzene monomer M1 is
used as a switch for optically controlled solid-to-liquid
conversion. This photoinduced solid-to-liquid transition can
also be clearly observed in the optical microscope photo-
graph (Figure 3b). Finally, we tested the adhesion based on
the prepolymer coating. The prepolymer coating was
liquefied immediately after being illuminated by UV light.
Another substrate was pressed onto the adhesive to create
an anaerobic environment. In the absence of oxygen and the
presence of APH and SAC, MSDS produces initial free
radicals to initiate chain growth, which are then cross-
linked and cured. The adhesion model is shown in Figure 4a.
We used the tensile shear strength test model to measure

UV 3 min
—_—

Figure 3 Photoinduced (365 nm, 38.9 mW cm~2, 3 min) solid-to-
liquid transition of (a) adhesive coating under the macroscopic state
and (b) under an optical microscope (56.5 wt% azobenzene compound
M1).

Different adhesive substrates

The content of azobenzene compounds (wWt%)

Figure 4 Adhesion experiment of adhesive coating. (a) Schematic
diagram of adhesion test. (b) Different ratios of adhesive-to-aluminum
bonding strength. (c) Azobenzene adhesive adhesion to different
substrates (56.5 wt% azobenzene compound M1).

the adhesion (tensile shear strength using universal testing
machine, Figure S4).

As shown in Figure 4b, we tested the shear strength of
adhesive bonding aluminum plates with different contents
of azobenzene compound M1, and then determined the
optimal binder composition ratio. When the system
contained only the azobenzene compound M1, the shear
strength of the adhesive aluminum plate was 1.704 MPa. In
the bonding system, M1 was used as the switch for the
photo-controlled solid-liquid transition. The shear strength
was mainly provided by the reinforced resin PUA and
polymerized HPMA. With the decrease of M1 content and
the increase of PUA and HPMA contents, the shear strengths
increased. When the mass ratio of azobenzene monomer
M1 was 56.5 wt% and the mass ratios of PUA and HPMA
were 20%, the shear strength of the aluminum plate reached
2.928 MPa. In order to prove the stability of the adhesive
prepared by us in the daylight, we first stick aluminum
plates with the photo-controlled adhesive (56.5 wt% M1),
and then leave it in the daylight for 3 days to test the
adhesion force. The corresponding tensile curve is shown
in Figure S5, and the shear strength can reach 2.77 MPa. It is
proved that the adhesive has good stability.

To demonstrate the universality of this light-controlled
adhesive, the shear strength of the adhesive to the
aluminum plate, steel plate, ABS resin, and phenolic resin
was tested. Our photo-controlled adhesives can bond steel
plates, ABS resin, and phenolic resin.

Conclusions

In conclusion, we prepared photo-controlled adhesives
based on an azobenzene compound, M1. We prepared the
adhesive substrate using a prepolymer coating. Based on
the photoinduced solid-to-liquid transition of M1, the
prepolymer coating can be liquefied immediately by UV light
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irradiation, and then adhered to the other substrate by
anaerobic polymerization. In our work, azobenzene molecules
asakind of optical switch give the photo-controlled properties
of the adhesive, and the bonding strength is mainly provided
by reinforced resins and monomers. Our light-controlled
adhesive can show powerful adhesion performance and
excellent adhesion to different interfaces.

Experimental Section

Reagents

0-Cresol, 4-aminophenol, and 6-chloro-1-hexanol were
purchased from Shanghai Adamas Reagent (Shanghai,
China). Triethylamine, acryloyl chloride, and sodium nitrite
were supplied by Adamas Reagent (Shanghai, China).
Hydrochloric acid (HCI), sodium hydroxide (NaOH), potas-
sium carbonate (K,COs3), and potassium iodide (KI) were
purchased from Xilong Scientific Co., Ltd. (Shantou, China).
The purified water used in the experiments was deionized
water, which was prepared with a water purification
system. Reinforced resin PUA was supplied by Dongguan
Juncheng Chemical (Dongguan, China). HPMA, APH, SAC,
MSDS, and HQ were purchased from Shanghai Adamas
Reagent (Shanghai, China).

Apparatus

A 365 nm UV light source (Mightex, BLS-LCS-0365-13-
22) was purchased from Chengdu TaiMeng Software Co.,
Ltd. (Sichuan, China). A UV-vis spectrometer (Lambda 365,
PerkinElmer instrument Co., Ltd.; Waltham, United States)
was used to measure absorption spectra of the samples. A
universal testing machine (UTM4000, San Si Zong Heng
Technology Co., Ltd.; Shenzhen, China) was used to test the
adhesion. The photographs were recorded using a micro-
scope (XP-300C, Shanghai Caikon Optical Instrument Co.,
Ltd.; Shanghai, China).

Procedures

Synthesis of azobenzene compound M1: The synthetic
process of M1 is shown in Figure S1. First, a solution of
sodium nitrite(3.31 g)inwater (2 mL)was added dropwise to
a magnetically stirred solution of 4-aminophenol (4.36 g) in
dilute hydrochloric acid (2.4 N, 50 mL) at 0 °C. The mixture
wasstirred at 0 °Cfor 30 minand added dropwise toa solution
ofo-cresol (4.32 g)insodium hydroxide solution (20%,15 mL)
at 0 °C. After complete addition, the mixture was allowed to
warm to room temperature and stirred for 5 h. After the
reaction, diluted hydrochloric acid was added and the

products appeared as precipitates. The mixture was acidified
with dilute hydrochloric acid. The brown solid was filtered,
washed with water, and dried. The crude material was
purified by column chromatography on silica gel (eluent:
ethyl acetate/petroleum ether = 1:4) to give 4,4’-dihydroxy-
3-methylazobenzene (5.02 g brown crystalline solid;
yield: 55%).

'H NMR (400 MHz, acetone-d6): & = 8.94 (s, 1 H), 8.87
(s,1H),7.84-7.73(m,2H),7.69(d,] = 2.4 Hz,1 H), 7.62 (dd,
J =85, 2.5 Hz, 1 H), 7.04-6.92 (m, 3 H), 2.29 (s, 3 H).

Next, a solution of 4,4’-dihydroxy-3-methylazobenzene
(2 g), 6-chloro-1-hexanol (2.81 mL, 2.4 equiv), potassium
carbonate (2.9 g, 5.0 equiv), and potassium iodide (0.02 g,
0.01 equiv) in N,N-dimethylformamide (40 mL) was heated
with stirring at 110 °C for 12 h. The product was
precipitated from saturated salt water, then extracted
with ethyl acetate. The solvent was removed by rotary
evaporation after drying with anhydrous sodium sulfate.
The solid product was purified by column chromatography
on silica gel (eluent:ethyl acetate/petroleum ether = 3:2) to
give 4,4’-dihexanolyloxy-3-methylazobenzene (2.97 g yel-
low crystalline solid; yield: 79%).

'H NMR (400 MHz, chloroform-d): § = 7.97 (d, ] = 8.4

Hz, 2 H),7.90-7.80(m, 2 H),6.99(d,] = 8.5 Hz,2 H),6.91 (d,
J=87Hz1H),4.06(q,] = 6.4 Hz,4H),3.68(t,] = 6.5 Hz,4
H), 2.29 (s, 3 H), 1.88-1.82 (m, 4 H), 1.66-1.43 (m, 12 H).

Lastly, 4,4’-dihexanolyloxy-3-methylazobenzene (1.5 g)
was dissolved in 50 mL of tetrahydrofuran. Triethylamine
(1.17 mL) and acryloyl chloride (2.7 g, 30 mmol) were
added to the solution and stirred at 0 °C for 2 h. Then the
solution was filtered to remove the solvent, and the solid
product was purified by column chromatography using
silica gel (eluent:ethyl acetate/petroleum ether = 1:4) to
give M1 (1.41 g orange crystalline solid; yield: 75%).

'H NMR (400 MHz, chloroform-d): § = 8.09 (d, ] = 8.5

Hz, 2 H), 8.03-7.92 (m, 2 H), 7.03-6.98 (m, 2 H), 6.93 (d,
J=87Hz,1H),641(d,J=17.3,1.5,0.6 Hz, 2 H), 6.13 (d,
J=17.2,104,0.7 Hz,2H),5.82(d,] = 10.5,1.5,0.8 Hz, 2 H),
419 (td, ] = 6.7, 1.2 Hz, 4 H), 4.12-4.01 (m, 4 H), 2.30 (s, 3
H), 1.86 (q, J = 16.9, 6.5 Hz, 4 H), 1.78-1.68 (m, 4 H),
1.58-1.41 (m, 8 H).

Sample preparation for UV-vis absorption spectroscopy
test: For UV-vis absorption spectroscopy, a sandwiched cell
containing the azobenzene compound M1 between two
quartz plates was prepared. The sample was heated to 120 °C
and then cooled to room temperature.

Preparation of prepolymer coating for light-controlled
adhesive: Azobenzene compound M1, HPMA, APH, SAC,
MSDS, and HQ were dissolved in 1 mL of dichloromethane.
After mixing, the mixture solution was coated on the
substrate. The prepolymer coating was obtained after
vacuum drying to remove the solvent.

UV-vis absorption spectroscopy sample preparation: A
sandwiched cell containing the azobenzene compound M1

© 2020. The Author(s). Organic Materials 2020, 2, 362-366
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between two cover glasses was prepared. The sample was
heated to 120 °C and then cooled to room temperature.
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