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As a common electronic adhesive, ultraviolet (UV) curing polyurethane acrylate adhesive has both flex-
ibility and wear resistance of polyurethane, excellent weather resistance and optical properties of acry-
late. Despite the extensive applications, it is still difficult to solve the problems caused by the shrinkage
of adhesive. Here, a new type of photosensitive adhesive for bonding electronic components based on

supramolecular interaction was designed and synthesized. The supramolecular interaction of cyclodex-
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trin and adamantane moieties introduced into the adhesive polymer entitles the viscosity of the adhesive
to rise rapidly during use, thereby preventing adhesive loss and dislocation of electronic components.
UV light could further cure the adhesive and position the electronic components. The adhesive shrunk
<2% when cured by UV light, so it can be used for electronic packaging and high-resolution, defect-free

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

UV curing adhesives are receiving increasing attention for their
use in precision bonding, particularly in the electronics indus-
try [1-9]. The assembly of electronic products requires precise
positioning of multiple parts at room temperature, which is of-
ten time-consuming and sensitive to moisture and solvents. These
needs have prompted the use of UV curing adhesives [10-14].
UV curing adhesives are mainly divided into epoxy type [15] and
polyurethane acrylate type [16] according to reactive functional
groups. They achieve curing based on the epoxy ion ring-opening
mechanisms and free-radical chain reactions of olefinic groups, re-
spectively. In general, epoxy-based adhesives have good adhesion
to metals, but their brittleness and weak impact strength make
them less suitable for silicon-based electronics [17-28]. In con-
trast, polyurethane acrylate adhesives can be used on many oc-
casions due to their good flexibility and weather resistance [29-
35]. A variety of polyurethane acrylates have been developed and
used in electronic packaging. However, most polyurethane acrylate
adhesives are still limited in two important ways. First, the vis-
cosity of the adhesive before UV curing cannot be controlled pre-
cisely. The low viscosity of adhesive facilitates wetting on silicon-
based surfaces, but since the bonding work is often carried out on
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non-horizontal surfaces and not for short periods of time, loss of
adhesive due to flow is unavoidable. Secondly, rapid free-radical
polymerization of olefins during the curing process produces single
bonds that leads to adhesive shrinkage and inaccurate or even mis-
alignment of electronic components [36,37]. Although the incorpo-
ration of specific additives [38] and expanding monomers [39] can
help reduce adhesive shrinkage, this often involves tedious molec-
ular design or complicated system.

Here, we develop a supramolecular interaction mediated UV
curing adhesive, enabling low volume shrinkage after curing.
The main components of this adhesive are two prepolymers,
polyurethane adamantane (PCL-AD) and polyurea-cyclodextrin
(PEA-CD), which are stored separately until use (Scheme 1). The
ends of both prepolymers contain triacrylate groups, while other
ends of PCL-AD and PEA-CD are adamantane (AD) and cyclodex-
trin (CD), respectively. The curing process includes two steps:
Supramolecular pre-curing and UV-driven curing. In the pre-curing
step, the host-guest interaction between CD and AD promotes the
thorough mixing of the two prepolymers to form a supramolecu-
lar assembly and to increase the viscosity significantly, thus pre-
venting adhesive loss and making preliminary positioning. Subse-
quently, the triacrylate at both ends of the supramolecular assem-
bly and the additive thiol would undergo thiol-ene "click" polymer-
ization under UV irradiation to complete curing. The supramolec-
ular pre-organization during pre-curing presets the internal net-
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Scheme 1. Schematic illustration of UV curing adhesives.

work of the adhesive, reducing the space for further shrinkage.
Moreover, different from other UV curing adhesives, the thiol-ene
“click” reaction is a stepwise polymerization process that reduces
the shrinkage stress. Therefore, the volume shrinkage rate of the
adhesive is <2 % after curing. More importantly, the photosensitive
adhesive endows excellent UV lithography performance, which can
realize high-volume lithography.

The two prepolymers (PCL-AD and PEA-CD) were synthesized
from polycaprolactone (PCL, My, =1000) and polyetheramine (PEA,
My =400) respectively, to ensure the flexibility and mechanical
strength of the adhesive. The terminal hydroxyl and amino groups
of the PCL and PEA were first reacted with excess isophorone
diisocyanate (IPDI) to introduce isocyanate groups at both ends.
Next, 1-amantadine or amino-modified CD was added by peri-
staltic pump to condense with isocyanate groups. Finally, the re-
maining isocyanates are subjected to end capping reaction with
triacrylate (Scheme S1 in Supporting information). The synthesis
process was initially monitored with FTIR (Fig. S8 in Supporting
information). The characteristic peak of the isocyanate group at
2267 cm™! was observed after introduction of IPDI in PCL and PEA,
and it was disappeared when interacted with 1-adamantanamine,
amino-modified CD and pentaerythritol triacrylate, indicating suc-
cessful end-capping of the terminal isocyanate group. The NMR
spectra also revealed the successful synthesis of the prepolymers
(Figs. S4-S7 in Supporting information). For example, characteristic
resonances of terminal allyl groups at the end of both prepolymers
can be observed at around 6ppm on the '"H NMR spectra (Figs.
S4 and S6). On the 13C NMR spectra of PCL-AD, the peaks at 29.4
and 36.6 ppm revealed the fusing with adamantane (Fig. S5), while
the characteristic peaks of CD were also observed on the 13C NMR
spectra of PEA-CD (Fig. S7).

Before use, the two prepolymers were separately mixed with
functional additives to make stock solutions and stored individ-
ually. Stock solution A contains PEA-CD (1.2g), diluent n-butyl
acrylate (n-BA, 0.5g) and photoinitiator 1173 (0.04g). Stock solu-
tion B contains PCL-AD (1.0g), diluent n-BA (0.5g) and thiol for
subsequent photopolymerization. Two different thiols, pentaery-
thritol tetra(3-mercaptopropionate) (PETMP) and dipentaerythritol
hexakis(3-mercaptopropionate) (DPMP) were systematically stud-
ied with the dosage of 0.2, 0.4, 0.6, 0.8, and 1.0 g, respectively.

The two stock solutions are thoroughly mixed and evenly
coated in a petri dish with a diameter of 60 mm. After standing
for 28 min, the mixture was irradiated under 365 nm for 3 min. UV
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cured polymer films were obtain for various performance tests. The
combinations using PETMP and DPMP were hereinafter denoted as
P-n and D-n (n=0.2, 0.4, 0.6, 0.8, 1.0), respectively (Table 1, Tables
S1 and S2 in Supporting information).

The curing efficiency was initially determined by testing the
solid content of the films (Fig. 1a). The solid content of the P-series
reached the maximum (97 %) when 0.4 g of thiol was added, be-
cause the crosslinking density of the adhesives initially enhanced
as increasing the thiols. In contrary, excess thiols enhanced the
opportunity that both ends of the prepolymers were end-capped
by thiols, thereby reducing the cross-linking density and hinder-
ing the UV curing of the system. When the hexafunctional thiol
(DPMP) was used, the highest solid content was achieved with
0.2 g of thiol because the hexafunctional thiol possesses more re-
active groups than the tetrafunctional thiol (PETMP). These obser-
vations indicated that fine-tuning the ratio of each component has
a great impact on material properties. The mechanical properties
of the films were also investigated via tensile tests (Fig. 1b and
Fig. S9 in Supporting information). P-0.4 and D-0.2 achieved the
maximization of both the tensile strength and elongation at break
in the P-series and D-series respectively, which was aligned with
the trend of curing efficiency. Moreover, all films were found to
possess good heat resistance and water resistance (Figs. S10 and
S11 in Supporting information). Their temperature at 5% weight
loss (Tsy) during thermogravimetric analysis measurement reached
around 300 °C, while the water absorption rate in boiling water for
8h were <10%. Compared with other literature reports, the com-
bined host-guest interaction and thiol-ene click chemistry signifi-
cantly enhanced the thermal stability of the adhesive (Fig. S12 in
Supporting information). Notably, the highest Tsy and lowest wa-
ter absorption of the P-and D-series were obtained when 0.4g of
PETMP and 0.2g of DPMP were adopted respectively (Tables S1
and S2), which was in good consistent with their curing efficiency.
These properties provided basic conditions for the application of
photosensitive adhesives in the bonding of electronic components.

Subsequently, the bonding performance of photosensitive adhe-
sives was further investigated through the peak shear strength of
the glass block bonding with the adhesive (Fig. 1c¢). The stock so-
lutions A and B of the photosensitive adhesive were evenly spread
on the surface of one glass block that has been cleaned with alco-
hol, covered with another glass block and pressed lightly to make
the adhesive immersed in the glass blocks. Then, the adhesive was
cured under UV light for 3 min. As shown in Fig. 1c, the shear
strength reaches a maximum of 1.72 MPa when the film contains
0.4¢g of the tetrafunctional thiol, which can meet the bonding re-
quirements of most electronic components. For the hexafunctional
thiol system, the adhesive strength of the photosensitive adhesive
gradually decreases with the increase of thiol addition. A higher
crosslinking density makes the film harder and resist slippage bet-
ter when the film is subjected to shearing, so as to carry more
force. As more thiol was used, the prepared layer was softer and
weaker, and the shear strength showed a decreasing trend due to
the effect of excess thiol plasticization.

The shrinkage rate of adhesives is particularly important for
the positioning effect when electronic components are bonded. We
characterized the shrinkage rate of the P- and D-series of the pho-
tosensitive adhesives after UV curing. As illustrated in Fig. 2a, all
the adhesives demonstrated here possess excellent low shrinkage
performance. With increasing the thiol addition, the curing shrink-
age of the adhesive decreased as low as ca. 1.2%, because excess
thiol improved the adaptability of the polymer chain and was ben-
eficial to release of the entire system. Nevertheless, the optimized
mechanical properties and low shrinkage rate could be achieved by
controlling thiol addition. The excellent low UV-curing shrinkage of
the two series of adhesives is likely to come from the supramolec-
ular interaction between the two prepolymers. It is probable that
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Table 1
Formulation of various adhesives.
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Entry (P or D) Solution A (PEA-CD/n-BA/1173) (g)

Solution B (PCL-AD/n-BA/PETMP) or (PCL-AD/n-BA/DPMP) (g)

0.2 1.2/0.5/0.04 1.0/0.5/0.2
0.4 1.2/0.5/0.04 1.0/0.5/0.4
0.6 1.2/0.5/0.04 1.0/0.5/0.6
08 1.2/0.5/0.04 1.0/0.5/0.8
1.0 1.2/0.5/0.04 1.0/0.5/1.0
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Fig. 1. (a) Solid content and (b) the tensile strength of UV-cured films with different formulations. (c) Shear strength of photosensitive adhesives with different formulations.
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Fig. 2. (a) Volume shrinkage of photosensitive adhesives with different formulations. (b) Partial *C NMR spectra of (i) 1-acetamidodamantane, (ii) PCL-AD, (iii) the mixture
of PCL-AD and PEA-CD, and (iv) PEA-CD in DMSO-dg, Storage and loss modulus of (c) the mixture of PCL-AD, PEA-CD and 0.5g n-BA, and (d) viscosity of various mixture.
(e) The conversion rate of thiol and ene in P-0.4 with irradiation time. (f) The curve of relaxation time T, of P-0.4 with gelation process.

the adamantane and cyclodextrin in the two prepolymers com-
plexed through host-guest interaction when no UV light is applied
at the initial stage, thereby forming supramolecular cross-linked
network in the adhesive. This pre-curing process increased the vis-
cosity of the adhesive and built up the framework of the system,
ensuring the low shrinkage when irradiated with UV light.

The complexation between the CD and AD moieties was pre-
liminarily verified with 3C NMR measurement (Fig. 2b). The char-
acteristic peak of AD at 36.6 ppm was partially up-field shifted to
36.2ppm in the mixture of PCL-AD and PEA-CD in DMSO-dg due
to the shielding effect, suggesting the considerable host-guest com-
plexation of PCL-AD and PEA-CD even in a high-permittivity or-
ganic solvent. In addition, the supramolecular interaction in the
adhesive mixture was further investigated via rheological tests. As
shown in Fig. S13a (Supporting information), the storage modu-
lus and loss modulus after mixing PCL-AD and PEA-CD in DMF

intersect with each other at approximate 70 min without any ex-
ternal stimulation, indicating gradual gelation of the system. This
observation strongly suggests the supramolecular interactions be-
tween the AD and CD moieties in the system. Adding diluent n-
BA in the above mixture can greatly shorten the gelation time
to ca. 28 min (Fig. 2c). This is because the diluent decreases the
viscosity and promoted molecular motion, which is conducive to
the supramolecular interaction in the system. We explored the dif-
ference of gelation behavior by changing the amount of diluent
added. When the amount of diluent is 0.3 g for each of the two
components, the gelation degree was accelerated and maintained
at a high rate at the initial stage, but the final gelation degree be-
came lower, which cannot guarantee the lower shrinkage rate in
the UV-curing process. When the amount of diluent was increased
to 0.8g, the gelation time was further prolonged, and it needed
to wait for 37 min, which raised the time cost (Figs. S13b and c in
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Fig. 3. SEM images of templated films with (a) a single channel, (b) pores, and (c)
bulges.

Supporting information). In the presence of other additives (i.e., the
cross-linker DPMP and the photo-initiator 1173), the photosensi-
tive adhesive D-0.4 (before UV irradiation) shows unchanged gela-
tion speed (Fig. S13d in Supporting information), indicating that
the gelation time is only related to the viscosity of the system and
the supramolecular interaction between PCL-AD and PEA-CD. Fig.
2d displayed that the viscosity of P-0.4 and D-0.4 before UV irra-
diation was much higher than the mixture of n-BA and DPMP. The
viscosity of the latter mixture was as low as 0.01Pa s and barely
changed with time. Addition of PCL-AD in the mixture slightly in-
creased the viscosity. When both PCL-AD and PEA-CD existed in
the system, the viscosity gradually increased to around 100,000-
fold within ca. 40 min, indicating supramolecular interaction be-
tween the prepolymers.

The conversion kinetics of subsequent thiol-ene click reaction
in P-0.4 was determined by real-time FTIR (Fig. 2e). Under the
UV light, the curing reaction could be completed within 2 min,
and the reaction degree of ene (95%) was higher than that of
thiol (88%) due to the competitive reaction of double bond self-
polymerization. Furthermore, the relaxation time of different pro-
cesses of the P-0.4 was measured. It can be seen from Fig. 2f
that the relaxation time of the adhesive became shorter with the
change of time, indicating that the cross-linking density of the sys-
tem changed and showed a trend of gradual increase.

The low shrinkage of the photosensitive adhesive makes them
potentially useful in performance (Figs. S14 and S15 in Support-
ing information). The mixture according to the P-0.4 was carefully
spread on PDMS template and cured after UV irradiation. The mi-
crostructure of the obtained film showed a single channel with
neat edges, demonstrating the good lithographic performance of
the adhesive (Fig. 3a). Furthermore, both groove and projection
lithography in a large area can be achieved as well (Figs. 3b and
c). The imprints showed excellent regularity and uniformity, con-
firming the excellent low shrinkage characteristics of the adhesive
after UV curing.

In conclusion, we designed a series of polyurethane photosen-
sitive adhesives based on the supramolecular interaction of cy-
clodextrin and adamantane. The supramolecular interaction was
systematically confirmed with 3C NMR measurement and rheolog-
ical test. The prepared photosensitive adhesive possesses good heat
resistance and water resistance after curing. All systems have very
low volume shrinkage rate (<2%) and outstanding lithographic
performance (with excellent regularity and uniformity), which is
expected to be used in adhesives for electronic positioning and
packaging.
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