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Abstract: The development of sustainable pressure-sensitive adhesives (PSAs) from natural biomass
resources has attracted increasing attention owing to their non-toxic, biocompatible, and biodegrad-
able features. In this study, a bio-based acrylic PSA with tunable adhesion and cohesion was synthe-
sized by a selective chemical modification of isosorbide-5-acrylate (IA) and its copolymerization with
butyl acrylate and acrylic acid through UV-curing crosslinking. During the UV-curing process, the
synthesized isosorbide diacrylate ester (IDAE) served as the crosslinker, effectively improving the
crosslinking degree of PSA. The impact of IA and IDAE on the mechanical properties of PSA was
studied. Moreover, to achieve a balance between adhesion and cohesion, the optimal composition was
identified. The addition of IA significantly enhances the stiffness of PSA. Furthermore, the combined
effect of IA and IDAE improves the overall adhesion properties of the PSA. The optimal bio-based
PSA demonstrates a peel force of 13.9 N/25 mm and a persistent time of 6820 min, promising to
replace traditional petroleum-based PSAs.

Keywords: isosorbide; bio-based pressure-sensitive adhesives; UV-curing; failure mode; cohesion

1. Introduction

Pressure-sensitive adhesives (PSAs) can rapidly adhere to various material surfaces
under minimal external pressure during a short period without water, solvents, or heat en-
ergy [1–5]. PSAs have found extensive applications in label production, medical care, office
automation, electronic device assembly, and automotive and construction industries [6–9].
PSAs are flexible polymers, such as acrylates, rubbers, silicones, and polyurethane, with
permanent tack [10–13]. Among all these PSAs, petroleum-based acrylate is the most
commonly used one.

Due to the continuous demand for sustainability and ever-increasing regulations,
developing sustainable PSAs from natural biomass resources has received massive interest
in recent years [14–16]. For acrylic PSAs, bio-based acrylic monomers are of two types: those
from biological sources, such as acrylic acid (AA) from fermented corn glucose, and those
made by reacting AA with renewable alcohols, such as butanol from sugarcane [17,18]. The
latter’s development employs bio-based monomers from renewable carbohydrate resources,
such as cellulose, starch, and chitin. The resulting monomers are non-toxic, biocompatible,
and biodegradable, making them ideal for the chemical industry. Furthermore, their
complex structures offer substantial potential for manipulation [19–21].

Scheme 1 shows the carbohydrate feedstocks used for preparing bio-based PSAs,
including lactide, pyrone, glucose, and isosorbide. To prepare high-performance PSAs,
lactide with 2-ethyl hexyl acrylate (2-EHA) was used to initiate the polymerization with
lactide and ε-caprolactone [22]. William et al. modified pyrone and copolymerized it with
lauryl acrylate via reversible addition–fragmentation chain transfer (RAFT) polymerization
to create PSAs having ABA triblock structures [23]. Furthermore, modified glucose can form
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segments with high glass transition temperature (Tg) and thus improve the performance of
PSA [24,25].
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Scheme 1. Carbohydrate feedstocks used for preparing bio-based PSAs.

Isosorbide, produced through the dehydration of sorbitol, is a commercially available
carbohydrate that provides stable batch production [26,27]. Compared to lactide and
pyrone, isosorbide is more cost-effective. Additionally, its two hydroxyl groups can be
used to prepare dimethyl isosorbide and isosorbide ester, which are applied as a solvent in
cosmetics and a surfactant, respectively [28–33]. Owing to its two furan units, isosorbide
exhibits high elasticity. The structural advantage renders isosorbide a strong candidate to
replace glucose in bio-based polymer formulations [29,34,35]. Therefore, isosorbide is an
ideal monomer for the production of high-performance bio-based polymers [36].

Isosorbide has also been employed to prepare bio-based PSAs. Jame et al. used isosor-
bide as a raw material to develop bio-based acrylic PSA through RAFT polymerization [37].
However, this adhesive was non-crosslinked and prone to aging, yellowing, and a loss of ad-
hesion, resulting in a shorter service life than crosslinked adhesives. Baek et al. produced a
bio-based PSA with isosorbide via UV-curing using a bifunctional and petrochemical-based
crosslinking agent, which reduced the biomass content of the adhesive [38]. Additionally, a
waterborne PSA was prepared using isosorbide methacrylate monomers through emulsion
polymerization. However, its poor mechanical properties limited its application scope [39].
Although these findings successfully extend the application of isosorbide to PSAs, the
limitations mentioned previously persist.

To address these challenges and expand the application of isosorbide in PSAs, func-
tionalized isosorbide was selected and copolymerized with butyl acrylate (BA) and AA
to synthesize a prepolymer of PSA. Isosorbide diacrylate ester (IDAE) was used as a
crosslinker. Furthermore, a UV-curing process was adopted to create a novel bio-based
PSA. To achieve a balance between adhesion and cohesion, the influence of the copolymer
structure on the adhesion performance was studied via mechanical property tests, gel
fraction analysis, and rheological tests.

2. Materials and Methods
2.1. Materials

BA, AA, and 2,2′-azobisisoheptonitrile (ABVN) used for the synthesis of the prepoly-
mer were procured from Anhui Sunrise Technology Co., Ltd. (Anqing, China). Acry-
loyl chloride used for monomer synthesis was purchased from Heowns Biochem Tech-
nologies, LLC (Tianjin, China). Isosorbide and 2-methyl-4′-(methylthio)-2-morpholino-
propiophenone were acquired from Shanghai Bepharm Science and Technology Co., Ltd.
(Shanghai, China), which were used as a bio-based raw material and a photo initiator (PI),
respectively. Dried tetrahydrofuran (THF), dichloromethane (DCM), and ethyl acetate (EA)
were purchased from Shanghai Titan Scientific Co., Ltd. (Shanghai, China), as solvents for
the reaction. All the above reagents have not been purified.

2.2. Characterization

The chemical structures of IA, IDAE, and the prepolymers were determined using a
Bruker AVANCE AV III-400 NMR spectrometer (Bremen, Germany) with tetramethylsilane
(TMS) as an internal standard in CDCl3.



Polymers 2024, 16, 3178 3 of 15

FTIR (Fourier transform infrared) spectra in the wavelength range of 400–4000 cm−1

were collected using a Bruker Tensor FTIR 27 spectrometer (Coventry, UK) in attenuated
total refraction (ATR) mode.

Gel permeation chromatography (GPC) was measured using a PL-GPC 50 instrument
(Polymer Laboratories, Church Stretton, UK) equipped with a 5 µm guard column, a
5 µm mixed-D column, and a refractive index (RI) detector from Agilent Technology
(Atlanta, GA, USA). THF was used as the eluent at a flow rate of 1 mL/min. The number-
average molecular weight (Mn) and dispersity (Ð) of the prepolymers were assessed at an
injection concentration of 2 mg/mL. Number-average molecular weight and dispersity
were measured using polystyrene (PS) as a standard.

To measure the gel fraction, 0.1 g of PSA was dissolved in 25 mL EA. After standing
for 24 h, the residue was filtered through a 200-mesh copper screen and stabilized in a
well-ventilated environment at room temperature to obtain its weight after desiccation.
The gel fraction was calculated using the following equation:

Gel(%) =
Wb
Wn

× 100% (1)

where Wb is the mass of the PSA specimen, and Wn is the mass of the insoluble residue
after desiccation.

The Tg of PSAs was analyzed using a differential scanning calorimeter (DSC823e, Met-
tler Toledo, Schwarzenbach, Switzerland) in a nitrogen atmosphere. An indium standard
was used for temperature calibration. To erase any prior thermal history, the sample was
initially heated in an aluminum crucible at a heating rate of 20 ◦C/min from 80 ◦C and
held for 2 min at 80 ◦C. After cooling from 80◦ to −80 ◦C at 20 ◦C/min and maintaining at
−80 ◦C for another 2 min, the sample was reheated from −80 ◦C to 80 ◦C at 20 ◦C/min.
The second heating run was used to determine the Tg of PSAs.

The adhesion performance of PSAs was assessed through 180◦ peel force tests, initial
tack assessment, and persistent shear tests. Each test was performed thrice, and the results
were averaged. According to GB/T 2792-2014 [40], the 180◦ peel force test was conducted
to measure the force required to remove the tape from glass and stainless-steel plates at
25 ◦C. PSA was affixed to the test material with an area of 25 mm × 100 mm. A 2 kg rubber
roller was used to roll the tape back and forth to prepare the samples for peel force testing.
These samples were measured using a universal material testing machine (Instron, 3366,
Norwood, MA, USA) at a loading speed of 300 mm/min.

The initial tack of PSA was evaluated according to GB/T 4852-2002 [41] by placing
a steel ball and a polyethylene terephthalate (PET) film on a 20◦ inclined plate. The PET
film was divided into a pre-loaded section (100 mm) and a PSA-coated bonding test section
(100 mm). The initial tack was assessed by determining the maximum steel ball size to
which the PSA effectively adhered.

Persistent shear tests were performed as per GB/T 4851-2014 [42], where PSA was
attached to two standard steel plates pre-cleaned with methanol and subjected to two
passes of a 2 kg rubber roller over a bonding area measuring 25 mm × 75 mm. The steel
plates were mounted vertically, and a standard weight of 1 kg was hung from the free end
of PSA to determine the time before adhesive failure.,

The rheological properties of PSA were tested using a strain-controlled rheometer
(ARES-G2, TA Instrument, New Castle, DE, USA). This experiment investigated the flow
behavior in parallel plate geometry (diameter: 25 mm, thickness: 1 mm) at 25 ◦C. The rheo-
logical behavior was measured when the scanning frequency varied from 0.1 to 100 rad/s.

2.3. Synthesis of Isosorbide-5-Acrylate (IA) and Isosorbide Diacrylate Ester (IDAE)

IA and IDAE were synthesized following established procedures [38], as shown in
Scheme 2a. Initially, 30 g (210 mmol) of IA was dissolved in a mixture containing 20 g
(200 mmol) of triethylamine, 100 mL of dried THF, and 300 mL of DCM. A solution of



Polymers 2024, 16, 3178 4 of 15

acryloyl chloride in 75 mL of DCM was then slowly added to the mixture at 0 ◦C, followed
by stirring at 25 ◦C for 24 h.
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The reaction was quenched with distilled water (75 mL) and extracted thrice with
DCM (300 mL). The combined organic layers were washed with a saturated saline solution
and dried over Na2SO4. After filtering and concentrating under reduced pressure, a crude
product was obtained. Column chromatography (SiO2) was used to purify IA and IDAE in
a mixed solvent containing EA and DCM (volume ratio 1:10).

The chemical structures of IA and IDAE were confirmed via nuclear magnetic reso-
nance (NMR) spectroscopy, as shown in Figure 1.
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IA: 1H NMR (400 MHz, chloroform-d) δ 6.44 (dd, J = 17.3, 1.3 Hz, 1H), 6.12 (dd, J = 17.3,
10.4 Hz, 1H), 5.89 (dd, J = 10.4, 1.3 Hz, 1H), 5.31 (d, J = 3.4 Hz, 1H), 4.65 (t, J = 4.9 Hz, 1H),
4.52 (d, J = 4.4 Hz, 1H), 4.32 (q, J = 5.8 Hz, 1H), 4.08–4.02 (m, 2H), 3.90 (dd, J = 9.5, 6.0 Hz,
1H), 3.58 (dd, J = 9.5, 6.0 Hz, 1H), and 2.24 (s, 1H).

IDAE: 1H NMR (500 MHz, chloroform-d) δ 6.44 (ddd, J = 18.9, 17.3, 1.3 Hz, 2H), 6.14
(ddd, J = 34.6, 17.3, 10.5 Hz, 2H), 5.95–5.83 (m, 2H), 5.32–5.20 (m, 2H), 4.89 (t, J = 5.0 Hz,
1H), 4.54 (d, J = 4.7 Hz, 1H), 4.05–3.99 (m, 2H), and 3.99–3.84 (m, 2H).

2.4. Synthesis of the Prepolymer

The prepolymer was synthesized using a radical polymerization method (Scheme 2b) [43],
and the details of the monomers, initiator, and solvent are listed in Table 1. The selected
monomers were introduced into a 250 mL three-necked, round-bottom flask and subjected
to vacuum pumping to remove the residual gas. The monomers were then degassed with
high-purity nitrogen gas and repeated thrice in a nitrogen atmosphere to ensure complete
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inertness. The reaction proceeded at 65 ◦C for 12 h, after which the solvent was removed
through vacuum distillation.

Table 1. Compositions and polymerization data of prepolymers.

Sample BA (mmol) IA (mmol) AA (mmol) ABVN (mmol) EA (wt%) Mn (kg/mol) Ð

BA-IA0-AA2 156 0 3.1 0.195 65 174 2.68
BA-IA5-AA2 156 7.8 3.1 0.195 65 193 2.66
BA-IA10-AA2 156 15.6 3.1 0.195 65 186 2.74

The resulting prepolymer was designated as BA-IAα-AAβ, where α and β were
expressed as the ten-fold molar ratio of IA to BA and AA to BA, respectively.

2.5. Preparation of PSAs

An appropriate amount of BA was added to a 20 mL plastic cup as a diluent to reduce
the viscosity of the prepolymer during coating and ensure the optimal fluidity of the slurry.
Then, 2-methyl-4’-(methylthio)-2-morpholino-propiophenone and IDEA were introduced
to the polymerization system, which were used as a photo initiator and as a synthetic,
bifunctional crosslinker to enhance the structural integrity of the adhesive, respectively.
Finally, all comments of PSA in the cup were mixed in a Hauschild Speedmixer (DAC 150R,
Hauschild, Hamm, Germany) at a rotation speed of 3000 rpm for 5 min. The resulting
PSA was designated as BA-IAα-AAβ-γ, in which “γ” represented the weight ratio of the
crosslinker to the diluent. Detailed information on these components is provided in Table 2.
Figure 2 shows the synthetic mechanism of PSA.

Table 2. Compositions of PSAs.

Sample Prepolymer (g) Diluent (g) PI (mg) IDAE (mg)

BA-IA0-AA2-0 5 2.5 2.64 0
BA-IA0-AA2-0.5 5 2.5 2.64 12.5
BA-IA0-AA2-1 5 2.5 2.64 25
BA-IA0-AA2-2 5 2.5 2.64 50
BA-IA5-AA2-0 5 2.5 2.64 0

BA-IA5-AA2-0.5 5 2.5 2.64 12.5
BA-IA5-AA2-1 5 2.5 2.64 25
BA-IA5-AA2-2 5 2.5 2.64 50
BA-IA10-AA2-0 5 2.5 2.64 0

BA-IA10-AA2-0.5 5 2.5 2.64 12.5
BA-IA10-AA2-1 5 2.5 2.64 25
BA-IA10-AA2-2 5 2.5 2.64 50
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2.6. UV-Curing

A blend of PSA adhesive solution was applied to a thin PET substrate, whose thickness
was controlled precisely at 65 µm using a precision coating machine operating at a speed of
2 cm/s. After covering another layer of PET film, a PET tape with a stratified “sandwich”
structure was formed. To exclude oxygen and ensure an oxygen-free environment for the
PSA tape, roller compression was applied before the UV-curing. The final cured thickness
of the adhesive layer was approximately 30 ± 2 µm, as shown in Figure 2. PSA tapes were
cured for 4 min at a wavelength of 365 nm on a UV-curing machine (Shenzhen Huafang
photoelectric Co., LTD., Shenzhen, China) equipped with a low-pressure mercury lamp at
room temperature. The UV-curing parameters were monitored using a UV light-energy
meter to ensure experimental consistency (Table 3).

Table 3. UV-curing parameters for PSA curing.

Sample E a (mJ/cm2) PMAX
b (mW/cm2) TMAX

c (◦C)

BA-IA0-AA2-0 1801.2 7.3 29.4
BA-IA0-AA2-0.5 1789.3 7.2 29.3
BA-IA0-AA2-1 1814.6 7.1 29.5
BA-IA0-AA2-2 1844.1 7.3 29.4
BA-IA5-AA2-0 1763.5 7.0 28.7

BA-IA5-AA2-0.5 1712.5 7.2 29.4
BA-IA5-AA2-1 1789.5 7.1 29.1
BA-IA5-AA2-2 1710.3 7.1 29.1
BA-IA10-AA2-0 1713.7 7.0 29.2

BA-IA10-AA2-0.5 1745.4 7.2 29.1
BA-IA10-AA2-1 1715.0 7.1 29.4
BA-IA10-AA2-2 1770.7 7.1 30.2

a The absorption of energy during UV-curing. b The maximum power absorbed during UV-curing. c The
maximum temperature detected during UV-curing.

3. Results and Discussion
3.1. Polymerization of Prepolymers

The chemical structures of the prepolymers were confirmed via NMR spectroscopy.
As shown in Figure 3, the characteristic peak of IA appears in the NMR spectrum of
the prepolymer, whereas the characteristic peak of vinyl disappears, indicating that the
prepolymer was synthesized with a high conversion rate. The molecular weights and
distributions were determined via GPC, as detailed in Table 1 and Figure 4. The molar
quantity of the initiator (ABVN) remains constant throughout the study, resulting in a
prepolymer with a relatively high molecular weight and a uniform molecular weight
distribution (Table 1). FTIR spectroscopy has been widely used to confirm the chemical
structure of adhesives [44–46]. As shown in Figure 5, in the spectrum of IA, a distinct −OH
absorption band appears at 3442 cm−1. For AA, the absorption peaks corresponding to
−COOH and −C=O are identified at 3074 cm−1 and 1700 cm−1, respectively. Additionally,
absorption peaks at 2692 cm−1 and 2875 cm−1 are attributed to the −CH2− and −CH3
groups in the prepolymers BA and IA, respectively. Characteristic peaks for the −C=O
groups appear at 1731 cm−1 in both prepolymers BA and IA. Notably, the C=C peaks
around 1660 cm−1 shown in BA, AA, and IA monomers are absent from the spectra of the
prepolymers, indicating that these monomers underwent copolymerization with a high
conversion rate.
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3.2. Gel Fraction

In this study, several acrylic PSAs exhibit crosslinked structures. In addition, the
crosslinking degree significantly influences the adhesion performance of PSAs. The UV-
curing samples were analyzed via FTIR. As shown in Figure 6, in the crosslinked samples,
the absorption peaks of −OH, −CH2−, CH3, and −C=O appear at 3460 cm−1, 2953 cm−1,
2872 cm−1, and 1722 cm−1, respectively. The absence of C=C peaks for both the crosslinker
(IDAE) and the diluent (BA) is consistent with the reaction of BA with IDAE’s C=C,
indicating that crosslinked networks are formed in the presence of the photo initiator.
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In this work, the crosslinking degree was assessed using a gel fraction test. As shown
in Figure 7, the gel fractions of bio-based PSAs increase from 0% to 48.7%, 50.3%, and
55.2%, respectively, as the crosslinker content increases, i.e., tightly crosslinked networks
with a higher crosslinker content are formed at the same prepolymer condition. When the
crosslinker content remains constant, the gel fractions of the different prepolymers remain
consistent, demonstrating the stability of the UV-curing process. This stability is further
corroborated by data from ultraviolet energy meters (Table 2).
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3.3. Adhesion Performance of PSAs

In this study, 180◦ peel force, initial tack, and persistent shear tests were used to evalu-
ate the adhesion performance of PSAs according to relevant standards. High-performance
PSAs need to exhibit a balance between adhesion and cohesion despite the inherent conflict
between these properties [26,47].

The rolling ball method was used to assess the initial adhesion, as detailed in the
experimental section, revealing that PSAs exhibit initial adhesion to stainless-steel balls.
During the rolling process, the energy loss is primarily due to the work required to disrupt
and re-establish the bonding interface (Wa). According to a theoretical formula, the initial
tack of PSA decreases with a reduction in Wa [48]. The initial tack numbers for PSAs with
the same crosslinker content but different IA contents and those with the same IA content
but different crosslinker contents show that the addition of IA restricts polymer chain
movement. An increase in the crosslinking density reduces the surface fluidity, Wa, and the
initial tack number (Table 4 and Figure 8).

Table 4. Adhesive properties of PSAs.

Sample Persistent Time (min) Tg (◦C)

* BA-IA0-AA2-0 5
* BA-IA0-AA2-0.5 76
* BA-IA0-AA2-1 376 −42.9
* BA-IA0-AA2-2 896
* BA-IA5-AA2-0 21

* BA-IA5-AA2-0.5 4517
BA-IA5-AA2-1 6820 −35.8
BA-IA5-AA2-2 >10,000
BA-IA10-AA2-0 391

BA-IA10-AA2-0.5 6890
BA-IA10-AA2-1 >10,000 −27.1

* Cohesion failure after peeling.
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To conduct a detailed analysis of the peel strength of PSA, this study employed
stainless-steel and glass plates as test substrates to perform 180◦ peel force tests on PSA.
The results in Table 4 and Figure 8 demonstrate that with an increase in the crosslinker
content of the unmodified prepolymer (without IA), the peel force of PSAs gradually
increases on both stainless steel and glass. Six of these samples exhibit cohesion failure after
peeling (Figure 9) because the absence of the rigid unit IA leads to insufficient interatomic
forces [35], which compromises the adhesion in the adhesive material.
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Figure 9. Cohesion failure patterns of BA-IA0-AA2-0 (a), BA-IA0-AA2-0.5 (b), BA-IA0-AA2-1 (c),
BA-IA0-AA2-2 (d), BA-IA5-AA2-0 (e), and BA-IA5-AA2-0.5 (f).

As the amount of crosslinker (IDAE) increases, the interatomic forces of PSA rise
gradually and thus increase the peel force against the steel plate from 6.3 N/25 mm to
10.2 N/25 mm and against the glass from 6.6 N/25 mm to 14.3 N/25 mm, as depicted
in Figure 8. For PSAs containing 5% IA, the 180◦ peel force first increases, followed by a
sharp decline. Notably, in this sample set, PSAs with 0 and 0.5% IDAE display a cohesion
failure mode, whereas the others demonstrate an adhesive failure mode. Regarding BA-
IA5-AA2-0 and BA-IA5-AA2-0.5, their cohesive force remains lower than the adhesive force.
Because IA enhances the rigidity of PSAs, the crosslinker with the concentration of 1 and
2% leads to a transition from cohesion failure to adhesive failure, where the adhesive force
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exceeds the cohesion force on the adhered surface. However, owing to the reduced fluidity
and wetting ability caused by the increased IA and crosslinker contents on the adhered
surface, a downward trend is observed in the 180◦ peel force. Furthermore, when 10% IA is
introduced to this batch of PSAs, the 180◦ peel force decreases as the crosslinker content
increases due to the strong cohesion induced by the adequate IA content. At this juncture,
the magnitude of the cohesion force exceeds that of the adhesive force and PSA manifests
cohesion failure, thereby causing a decrease in the adhesive force with an increase in the
crosslinker content. Furthermore, for PSAs with the same crosslinker content, an increase
in the IA content leads to an initial increase in persistent time, followed by a decline in
the 180◦ peel force (Table 4 and Figure 8). This trend is associated with the increase in Tg
of prepolymers owing to the elevation of the rigid unit (IA) and crosslinking density, as
depicted in Figure 6. During cohesion failure, the incorporation of IA significantly enhances
the peel strength. However, a higher Tg indicates that the chain of PSA is “more rigid” and
less favorable for wetting on the adhesive surface during adhesive failure, giving rise to a
downward tendency in the 180◦ peel force.

A persistent shear test was conducted to assess the holding adhesion of PSAs. This
test measured the time required for the adhesion to fail under a specific weight. The longer
the hanging intervals, the better the adhesion performance. As shown in Table 4, the
non-crosslinked PSA in the control group (BA-IA0-AA2-0) maintains adhesion for only 5
min under a 1 kg load, primarily due to insufficient interatomic forces and thus cohesion
failure. Increasing the crosslinker concentration from 0 to 2% leads to the formation of
a more robust network structure, extending the adhesion time to 896 min. Additionally,
the persistent shear results at the same crosslinker content with varying IA contents (5%
and 10%) show similar trends, and the adhesion times of BA-IA5-AA2-2, BA-IA10-AA2-1,
and BA-IA10-AA2-2 exceed 10,000 min. A higher IA content improves the persistent shear
because rigid IA is favorable for enhancing cohesion. These findings demonstrate that
a higher crosslinking degree and IA content contribute to stronger cohesion and thus
significantly longer adhesion times under stress.

The test results of the initial tack, 180◦ peel force, and persistent shear indicate that
the moderate addition of IA and appropriate crosslinker significantly enhance the adhesion
performance of PSAs. As presented in Table 5, the bio-based PSAs produced in this study
demonstrate superior adhesion properties compared to PSAs modified by cellulose nanocrys-
tal (CNC) and functionalized CNC (fCNC) with 3-methacryloxypropyltrimethoxysilane [49].
Based on the experimental data, BA-IA0-AA2-1, BA-IA5-AA2-1, BA-IA10-AA2-1, and BA-
IA10-AA2-2 exhibit the best balance between adhesion and cohesion, which were selected for
further investigation.

Table 5. Adhesion properties of BA-IA5-AA2-1.

Sample Initial Tack (Times) Persistent Time (min) 180◦ Peel Force (N/25 mm)

BA-IA5-AA2-1 5 6820 13.9
CNC-1 a [49] 24 4020 6.5
fCNC-1 b [49] 27 4200 13.4

a PSA with 1 wt% of CNC. b PSA with 1 wt% functionalized CNC.

3.4. Differential Scanning Calorimetry

Tg is a critical factor in assessing the suitability of a polymer system for PSA appli-
cation; an appropriate Tg tends to enhance the pressure-sensitive properties, particularly
the peel strength. The Tg of PSA depends on its composition. DSC is a useful tool to
determine the Tg of polymeric materials [50–52]. Figure 10 shows the DSC curves of BA-
IA0-AA2-1, BA-IA5-AA2-1, BA-IA10-AA2-1, and BA-IA10-AA2-2. BA-IA0-AA2-1 exhibits a
Tg of −42.9 ◦C, primarily due to the presence of long “soft segments” within the polymer
chains. In contrast, the rigid structure of IA with two furan units tends to increase Tg.
With the addition of 5% IA, the Tg of PSA (BA-IA5-AA2-1) increases to −35.8 ◦C. At an IA
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content of 10%, as the crosslinker concentration increases from 1 to 2% (BA-IA10-AA2-1 to
BA-IA10-AA2-2), the Tg raises from −27.1 to −23.4 ◦C due to the reduction in free volume
and the restriction of molecular chain movement, as well as the decrease in flexibility.
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3.5. Rheological Analysis

The adhesion characteristics of PSAs strongly depend on their viscoelastic properties.
For a PSA, adhesion relates to viscous behavior for generating tack, while cohesion relates
to elasticity for removing clearly from the adherend and sustaining loads [47]. Therefore,
the balance of adhesion and cohesion is crucial in PSA applications.

The viscoelastic behavior of PSAs was evaluated through dynamic mechanical or
rheological testing. PSAs interact with substrates at low frequencies. According to the
“Dahlquist” criterion, PSAs can function when the storage modulus (G′) is less than
3.3 × 105 Pa under operating temperature and low-frequency conditions [53]. Addition-
ally, Chang et al. introduced the “viscoelastic window” concept, estimating the practical
adhesive properties of various PSAs across different environmental conditions [54]. Based
on these approaches, an advanced rheological technique was employed to measure G′

and the loss modulus (G′′), which indicates the elastic and viscous characteristics of the
material, respectively.

As shown in Figure 11a, G′ surpasses G′′ for all PSAs, indicating that their elastic
properties are superior to viscous behaviors. With the incorporation of IA and the enhanced
crosslinking strength, both G′ and G′′ increase, indicating elevated molecular chain rigidity.
Based on the G′ and G′′ values at the corresponding frequencies, the viscoelastic windows
are constructed. As shown in Figure 11b, the viscoelastic window is divided into five
zones, each corresponding to a different type of PSA. The gradual addition of IA improves
the viscoelastic properties of PSAs, resulting in the movement closer to the central region,
which is suitable for general applications. Furthermore, when the IA content remains
constant but the crosslinker concentration increases from 1 to 2%, the viscoelastic window
shifts with a similar trend. In summary, the viscoelastic performance of PSAs can be
effectively enhanced by tuning the IA and crosslinker concentrations and thus meets the
requirements for general PSA applications.
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4. Conclusions

In this study, bio-based acrylic PSAs were successfully synthesized with two isosorbide-
based raw materials, IA and IDEA, which were used as the hard segment and the crosslinker,
respectively. The correlation between the structure and performance of PSAs was thor-
oughly investigated. FTIR results revealed that these components are effectively integrated
into prepolymer chains. The introduction of rigid IA and crosslinkers increases the Tg
of PSAs because the tightly crosslinked networks restrict molecular chain movements.
When adding 5% IA, the Tg of BA-IA0-AA2-1 increases from −42.9 ◦C to −35.8 ◦C. For BA-
IA10-AA2, the Tg increases from −27.1 ◦C to −23.4 ◦C when the IDEA concentration rises
from 1% to 2%. The inclusion of IA and IDEA significantly improves both the peel force
and shear strength. Furthermore, the peel force of PSAs increases in IDEA concentration.
The persistent time of PSAs increases in the concentration of both IA and IDEA. Under
optimal conditions, the 180◦ peel force of BA-IA5-AA2-0.5 reached 25.9 N/25 mm, while
the longest hanging time exceeds 10,000 min. Overall, BA-IA5-AA2-1 with a peel force of
13.9 N/25 mm and a persistent time of 6820 min demonstrates the best balance between
adhesion and cohesion. Due to its excellent performance, the developed bio-based PSA
exhibits considerable potential to replace petroleum-based PSAs.

Author Contributions: J.L.: conceptualization, methodology, formal analysis, data curation, and
writing—original draft. Q.W.: supervision and project administration. H.X.: writing—review and
editing. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Chen, H.; Lin, H.; Sun, Z.; Li, H.; He, C.; Mao, D. An ion-terminated hyperbranched polymer towards multipurpose adhesive

with record-high bonding strength and sensitive stress-sensing. J. Mater. Chem. A 2023, 11, 2443–2451. [CrossRef]
2. Hwang, C.; Shin, S.; Ahn, D.; Paik, H.-J.; Lee, W.; Yu, Y. Realizing cross-linking-free acrylic pressure-sensitive adhesives with

intensive chain entanglement through visible-light-mediated photoiniferter-reversible addition–fragmentation chain-transfer
polymerization. ACS Appl. Mater. Interfaces 2023, 15, 58905–58916. [CrossRef] [PubMed]

3. Ozturk, G.I.; Pasquale, A.J.; Long, T.E. Melt synthesis and characterization of aliphatic low-Tg polyesters as pressure sensitive
adhesives. J. Adhes. 2010, 86, 395–408. [CrossRef]

https://doi.org/10.1039/D2TA08457K
https://doi.org/10.1021/acsami.3c15002
https://www.ncbi.nlm.nih.gov/pubmed/38062761
https://doi.org/10.1080/00218460903418303


Polymers 2024, 16, 3178 14 of 15

4. Park, H.; Lim, D.; Lee, G.; Baek, M.-J.; Lee, D.W. Tailoring pressure sensitive adhesives with H6XDI-PEG diacrylate for strong
adhesive strength and rapid strain recovery. Adv. Funct. Mater. 2023, 33, 2305750. [CrossRef]

5. Webster, I. Recent developments in pressure-sensitive adhesives for medical applications. Int. J. Adhes. Adhes. 1997, 17, 69–73.
[CrossRef]

6. Lee, J.-H.; Lee, T.-H.; Shim, K.-S.; Park, J.-W.; Kim, H.-J.; Kim, Y.; Jung, S. Effect of crosslinking density on adhesion performance
and flexibility properties of acrylic pressure sensitive adhesives for flexible display applications. Int. J. Adhes. Adhes. 2017, 74,
137–143. [CrossRef]

7. Song, H.; Cai, Y.; Nan, L.; Liu, J.; Wang, J.; Wang, X.; Liu, C.; Guo, J.; Fang, L. A rhamnose-PEG-modified dendritic polymer for
long-term efficient transdermal drug delivery. ACS Appl. Mater. Interfaces 2024, 16, 9799–9815. [CrossRef]

8. Wang, G.; Zhou, Z.; Chen, M.; Wang, J.; Yu, Y. UV-curable polyurethane acrylate pressure-sensitive adhesives with high optical
clarity for full lamination of TFT-LCD. ACS Appl. Polym. Mater. 2023, 5, 2051–2061. [CrossRef]

9. Zeng, X.; Liu, C.; Wang, X.; Cao, Y.; He, P.; Li, H.; Wang, L. Versatile underwater pressure sensitive adhesive: UV curing synthesis
and substrate-independent adhesion. ACS Appl. Mater. Interfaces 2024, 16, 41461–41474. [CrossRef]

10. Márquez, I.; Paredes, N.; Alarcia, F.; Velasco, J.I. Adhesive performance of acrylic pressure-sensitive adhesives from different
preparation processes. Polymers 2021, 13, 2627. [CrossRef]

11. Sengsuk, T.; Songtipya, P.; Kalkornsurapranee, E.; Johns, J.; Songtipya, L. Active bio-based pressure-sensitive adhesive based
natural rubber for food antimicrobial applications: Effect of processing parameters on its adhesion properties. Polymers 2021,
13, 199. [CrossRef] [PubMed]

12. Lin, S.B.; Durfee, L.D.; Ekeland, R.A.; McVie, J.; Schalau, G.K. Recent advances in silicone pressure-sensitive adhesives. J. Adhes.
Sci. Technol. 2007, 21, 605–623. [CrossRef]

13. Mapari, S.; Mestry, S.; Mhaske, S.T. Developments in pressure-sensitive adhesives: A review. Polym. Bull. 2021, 78, 4075–4108.
[CrossRef]

14. Heinrich, L.A. Future opportunities for bio-based adhesives–advantages beyond renewability. Green Chem. 2019, 21, 1866–1888.
[CrossRef]

15. Bartlett, M.D.; Crosby, A.J. High capacity, easy release adhesives from renewable materials. Adv. Mater. 2014, 26, 3405–3409.
[CrossRef]

16. Zhu, Y.; Romain, C.; Williams, C.K. Sustainable polymers from renewable resources. Nature 2016, 540, 354–362. [CrossRef]
17. Hermens, J.G.H.; Jensma, A.; Feringa, B.L. Highly efficient biobased synthesis of acrylic acid. Angew. Chem. Int. Ed. 2022, 61,

e202112618. [CrossRef]
18. Veith, C.; Diot-Néant, F.; Miller, S.A.; Allais, F. Synthesis and polymerization of bio-based acrylates: A review. Polym. Chem. 2020,

11, 7452–7470. [CrossRef]
19. Anastas, P.T. Introduction: Green chemistry. Chem. Rev. 2007, 107, 2167–2168.
20. Anastas, P.; Eghbali, N. Green chemistry: Principles and practice. Chem. Soc. Rev. 2010, 39, 301–312. [CrossRef]
21. Tsurkan, M.V.; Voronkina, A.; Khrunyk, Y.; Wysokowski, M.; Petrenko, I.; Ehrlich, H. Progress in chitin analytics. Carbohydr.

Polym. 2021, 252, 117204. [CrossRef] [PubMed]
22. Pu, G.; Dubay, M.R.; Zhang, J.; Severtson, S.J.; Houtman, C.J. Polyacrylates with high biomass contents for pressure-sensitive

adhesives prepared via mini-emulsion polymerization. Ind. Eng. Chem. Res. 2012, 51, 12145–12149. [CrossRef]
23. Sajjad, H.; Tolman, W.B.; Reineke, T.M. Block copolymer pressure-sensitive adhesives derived from fatty acids and triacetic acid

lactone. ACS Appl. Polym. Mater. 2020, 2, 2719–2728. [CrossRef]
24. Nasiri, M.; Reineke, T.M. Sustainable glucose-based block copolymers exhibit elastomeric and adhesive behavior. Polym. Chem.

2016, 7, 5233–5240. [CrossRef]
25. Nasiri, M.; Saxon, D.J.; Reineke, T.M. Enhanced mechanical and adhesion properties in sustainable triblock copolymers via

non-covalent interactions. Macromolecules 2018, 51, 2456–2465. [CrossRef]
26. Droesbeke, M.A.; Aksakal, R.; Simula, A.; Asua, J.M.; Du Prez, F.E. Biobased acrylic pressure-sensitive adhesives. Prog. Polym. Sci.

2021, 117, 101396. [CrossRef]
27. Rose, M.; Palkovits, R. Isosorbide as a renewable platform chemical for versatile applications—Quo vadis? ChemSusChem 2012, 5,

167–176. [CrossRef]
28. Yuan, D.; Xiao, F.; Zhao, N.; Deng, C.; Huang, X.; Zhang, H.; Yang, Q.; Qiao, Y. Mesoporous poly(ionic liquid) solid acid for

sequential dehydration of sorbitol to isosorbide. Chem. Eng. J. 2023, 460, 141780. [CrossRef]
29. Dussenne, C.; Delaunay, T.; Wiatz, V.; Wyart, H.; Suisse, I.; Sauthier, M. Synthesis of isosorbide: An overview of challenging

reactions. Green Chem. 2017, 19, 5332–5344. [CrossRef]
30. Gao, X.; Wang, H.; Luan, S.; Zhou, G. Synthesis and 3D-printing of isosorbide-based poly(aryletherketone) for carbon neutral

manufacturing. Chem. Eng. J. 2023, 477, 146968. [CrossRef]
31. Russo, F.; Galiano, F.; Pedace, F.; Aricò, F.; Figoli, A. Dimethyl isosorbide as a green solvent for sustainable ultrafiltration and

microfiltration membrane preparation. ACS Sustain. Chem. Eng. 2020, 8, 659–668. [CrossRef]
32. Ali, M.K.; Moshikur, R.M.; Wakabayashi, R.; Moniruzzaman, M.; Kamiya, N.; Goto, M. Biocompatible ionic liquid surfactant-based

microemulsion as a potential carrier for sparingly soluble drugs. ACS Sustain. Chem. Eng. 2020, 8, 6263–6272. [CrossRef]
33. Lezama Viveros, L.T.; Rafati, R.; Sharifi Haddad, A. Effectiveness of polysorbate polyester on separation of emulsions made by

green surfactants. Ind. Eng. Chem. Res. 2023, 62, 16729–16745. [CrossRef]

https://doi.org/10.1002/adfm.202305750
https://doi.org/10.1016/S0143-7496(96)00024-3
https://doi.org/10.1016/j.ijadhadh.2017.01.005
https://doi.org/10.1021/acsami.3c17363
https://doi.org/10.1021/acsapm.2c02092
https://doi.org/10.1021/acsami.4c06163
https://doi.org/10.3390/polym13162627
https://doi.org/10.3390/polym13020199
https://www.ncbi.nlm.nih.gov/pubmed/33430498
https://doi.org/10.1163/156856107781192274
https://doi.org/10.1007/s00289-020-03305-1
https://doi.org/10.1039/C8GC03746A
https://doi.org/10.1002/adma.201305593
https://doi.org/10.1038/nature21001
https://doi.org/10.1002/anie.202112618
https://doi.org/10.1039/D0PY01222J
https://doi.org/10.1039/B918763B
https://doi.org/10.1016/j.carbpol.2020.117204
https://www.ncbi.nlm.nih.gov/pubmed/33183639
https://doi.org/10.1021/ie301492v
https://doi.org/10.1021/acsapm.0c00317
https://doi.org/10.1039/C6PY00700G
https://doi.org/10.1021/acs.macromol.7b02248
https://doi.org/10.1016/j.progpolymsci.2021.101396
https://doi.org/10.1002/cssc.201100580
https://doi.org/10.1016/j.cej.2023.141780
https://doi.org/10.1039/C7GC01912B
https://doi.org/10.1016/j.cej.2023.146968
https://doi.org/10.1021/acssuschemeng.9b06496
https://doi.org/10.1021/acssuschemeng.9b07773
https://doi.org/10.1021/acs.iecr.3c01677


Polymers 2024, 16, 3178 15 of 15

34. Matt, L.; Sedrik, R.; Bonjour, O.; Vasiliauskaité, M.; Jannasch, P.; Vares, L. Covalent adaptable polymethacrylate networks by
hydrazide crosslinking via isosorbide levulinate side groups. ACS Sustain. Chem. Eng. 2023, 11, 8294–8307. [CrossRef]

35. Nonque, F.; Sahut, A.; Jacquel, N.; Saint-Loup, R.; Woisel, P.; Potier, J. Correction: Isosorbide monoacrylate: A sustainable
monomer for the production of fully bio-based polyacrylates and thermosets. Polym. Chem. 2020, 11, 7571. [CrossRef]

36. Saxon, D.J.; Luke, A.M.; Sajjad, H.; Tolman, W.B.; Reineke, T.M. Next-generation polymers: Isosorbide as a renewable alternative.
Prog. Polym. Sci. 2020, 101, 101196. [CrossRef]

37. Gallagher, J.J.; Hillmyer, M.A.; Reineke, T.M. Acrylic triblock copolymers incorporating isosorbide for pressure sensitive adhesives.
ACS Sustain. Chem. Eng. 2016, 4, 3379–3387. [CrossRef]

38. Baek, S.-S.; Jang, S.-H.; Hwang, S.-H. Sustainable isosorbide-based transparent pressure-sensitive adhesives for optically clear
adhesive and their adhesion performance. Polym. Int. 2017, 66, 1834–1840. [CrossRef]

39. Badía, A.; Agirre, A.; Barandiaran, M.J.; Leiza, J.R. Removable biobased waterborne pressure-sensitive adhesives containing
mixtures of isosorbide methacrylate monomers. Biomacromolecules 2020, 21, 4522–4531. [CrossRef]

40. GB/T 2792-2014; Measurement of Peel Adhesion Properties for Adhesive Tapes. Standardization Administration of China: Beijing,
China, 2014.

41. GB/T 4852-2002; Test Method for Tack of Pressure Sensitive Adhesive Tapes by Rolling Ball. Standardization Administration of
China: Beijing, China, 2002.

42. GB/T 4851-2014; Measurement of Static Shear Adhesion for Adhesive Types. Standardization Administration of China: Beijing,
China, 2014.

43. Lorandi, F.; Fantin, M.; Wang, Y.; Isse, A.A.; Gennaro, A.; Matyjaszewski, K. Atom transfer radical polymerization of acrylic and
methacrylic acids: Preparation of acidic polymers with various architectures. ACS Macro Lett. 2020, 9, 693–699. [CrossRef]

44. Wu, C.; Yang, H.; Cui, X.; Chen, Y.; Xi, Z.; Cai, J.; Zhang, J.; Xie, H. Performance and morphology of waterborne polyurethane
asphalt in the vicinity of phase inversion. Materials 2024, 17, 3368. [CrossRef] [PubMed]

45. Xie, H.; Li, C.; Wang, Q. A critical review on performance and phase separation of thermosetting epoxy asphalt binders and bond
coats. Constr. Build. Mater. 2022, 326, 126792. [CrossRef]

46. Xie, H.; Zhao, R.; Wang, R.; Xi, Z.; Yuan, Z.; Zhang, J.; Wang, Q. Influence of thermal shock on the performance of B-staged epoxy
bond coat for orthotropic steel bridge pavements. Constr. Build. Mater. 2021, 294, 123598. [CrossRef]

47. Cohen, E.; Binshtok, O.; Dotan, A.; Dodiuk, H. Prospective materials for biodegradable and/or biobased pressure-sensitive
adhesives: A review. J. Adhes. Sci. Technol. 2013, 27, 1998–2013. [CrossRef]

48. Creton, C. Pressure-sensitive adhesives: An introductory course. MRS Bull. 2003, 28, 434–439. [CrossRef]
49. Yu, Q.; Yang, W.; Wang, Q.; Dong, W.; Du, M.; Ma, P. Functionalization of cellulose nanocrystals with γ-MPS and its effect on the

adhesive behavior of acrylic pressure sensitive adhesives. Carbohydr. Polym. 2019, 217, 168–177. [CrossRef]
50. Wu, C.; Yang, H.; Cui, X.; Cai, J.; Yuan, Z.; Zhang, J.; Xie, H. Thermo-mechanical properties and phase-separated morphology of

warm-mix epoxy asphalt binders with different epoxy resin concentrations. Molecules 2024, 29, 3251. [CrossRef]
51. Sun, Y.; Liu, Y.; Gong, J.; Han, X.; Xi, Z.; Zhang, J.; Wang, Q.; Xie, H. Thermal and bonding properties of epoxy asphalt bond coats.

J. Therm. Anal. Calorim. 2022, 147, 2013–2025. [CrossRef]
52. Yin, H.; Jin, H.; Wang, C.; Sun, Y.; Yuan, Z.; Xie, H.; Wang, Z.; Cheng, R. Thermal, damping, and mechanical properties of

thermosetting epoxy-modified asphalts. J. Therm. Anal. Calorim. 2014, 115, 1073–1080. [CrossRef]
53. Paul, R.; John, B.; Sahoo, S.K. UV-curable bio-based pressure-sensitive adhesives: Tuning the properties by incorporating

liquid-phase alkali lignin-acrylates. Biomacromolecules 2022, 23, 816–828. [CrossRef]
54. Chang, E.P. Viscoelastic windows of pressure-sensitive adhesives. J. Adhes. 1991, 34, 189–200. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1021/acssuschemeng.3c00747
https://doi.org/10.1039/D0PY90183K
https://doi.org/10.1016/j.progpolymsci.2019.101196
https://doi.org/10.1021/acssuschemeng.6b00455
https://doi.org/10.1002/pi.5450
https://doi.org/10.1021/acs.biomac.0c00474
https://doi.org/10.1021/acsmacrolett.0c00246
https://doi.org/10.3390/ma17133368
https://www.ncbi.nlm.nih.gov/pubmed/38998448
https://doi.org/10.1016/j.conbuildmat.2022.126792
https://doi.org/10.1016/j.conbuildmat.2021.123598
https://doi.org/10.1080/01694243.2012.696901
https://doi.org/10.1557/mrs2003.124
https://doi.org/10.1016/j.carbpol.2019.04.049
https://doi.org/10.3390/molecules29143251
https://doi.org/10.1007/s10973-021-10630-8
https://doi.org/10.1007/s10973-013-3449-9
https://doi.org/10.1021/acs.biomac.1c01249
https://doi.org/10.1080/00218469108026513

	Introduction 
	Materials and Methods 
	Materials 
	Characterization 
	Synthesis of Isosorbide-5-Acrylate (IA) and Isosorbide Diacrylate Ester (IDAE) 
	Synthesis of the Prepolymer 
	Preparation of PSAs 
	UV-Curing 

	Results and Discussion 
	Polymerization of Prepolymers 
	Gel Fraction 
	Adhesion Performance of PSAs 
	Differential Scanning Calorimetry 
	Rheological Analysis 

	Conclusions 
	References

