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ABSTRACT: Clear viscoelastic films (CVFs) have many applications in the display
industry. Acrylic monomers containing a hydrogen bond (H-monomer) are often used in
the preparation of CVF to increase the cohesion and form favorable interactions with the
display substrate. Common H-monomers face a counterbalance between the glass
transition temperature (Tg) and the hydrogen-bonding association constant (Ka). Strong
hydrogen bonding often leads to a high Tg and high modulus, which are unfavorable in
certain applications such as foldable display. To solve these problems, four types of
hydrogen-bonding (meth)acrylic monomers (carbamate acrylate, carbamate methacry-
late, urea acrylate, and urea methacrylate) with different Ka and Tg were readily
synthesized. Among them, urea acrylates displayed the highest Ka while still maintaining
moderate Tg. These H-monomers were copolymerized with 2-ethylhexyl acrylate (EHA)
and cross-linked to obtain a series of copolymers (H-copolymers) as pressure-sensitive
adhesives. After the characterization of rheology, optics, and peel adhesion, urea-acrylic
H-copolymers showed the best overall performance by combining great optical property (>98% in transmittance, < 1% in haze) and
mechanical performance (8−12 N/25 mm in peel adhesion, 84−92% in creep recovery). This work provides a new path to prepare
acrylic CVF for flexible display application.

■ INTRODUCTION
In recent years, the development of display technology has
made great progress, gradually changing from rigid to flexible
format, such as a foldable display. The display module is a
multilayer device composed of various functional layers and
bonded by the clear viscoelastic film (CVF).1−4 CVF is an
optically clear polymer with balanced viscoelasticity properties,
namely, having sufficient flow (viscosity) to fully wet the
surface of the adherend while having good cohesive strength
(elasticity) to fix the adherend as well. For foldable display,
CVF plays an essential role of enabling a robust flexible display
by optimizing the folding mechanics, as all other functional
layers (e.g., the light source, electrode, and sensor) are usually
hard or brittle materials.1 High transmittance, good bonding,
high recovery, and temperature-stable properties are essential
for foldable CVF application.
(Meth)acrylic polymers are popular in the preparation of

CVF due to their advantages such as weather resistance and
light transmittance.5 A common approach to designing
polyacrylate-based CVF materials is by copolymerizing low-
Tg monomers such as butyl acrylate (BA)6 and 2-ethylhexyl
acrylate (2-EHA)7,8 with acrylates containing hydrogen
bonds,9,10 dynamic chemical bonds,11,12 and coordination
bonds13 to yield the final polymer with both adhesiveness and
elasticity. The former provides the lower modulus and fluidity
required for adhesives; the latter provides energy dissipation,
recovery, and even self-healing,14 shape memory,15,16 and

photothermal reversible properties17−19 by secondary bonding
interactions.
When a hydrogen bond interaction is introduced into CVF,

there is a balance among solubility, hydrogen bond strength
(Ka), and glass transition temperature (Tg). Strong hydrogen
bonds (such as the quadruple hydrogen bond UPy11,17,20,21)
can only be dissolved in a high-boiling-point solvent, which is
not conducive to the preparation of pressure-sensitive adhesive
materials. For commonly used monomers in the market, such
as hydroxyethyl acrylate (HEA),22,23 acrylic acid (AA),7,8 and
acrylamide (ACM),24 there is a conflict between low Tg and
high Ka: low-Tg monomers such as HEA and hydroxy butyl
acrylate (HBA) have weak hydrogen bond strength, which
hardly meet the mechanical and recovery requirements unless
the cross-linking density is improved.23 However, high-Tg
monomers such as acrylic acid and acrylamide with relatively
high hydrogen bond strengths would increase the elastic
modulus or incur phase separation during copolymerization
and impair optical transmittance.
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For foldable display application, it is desirable to develop
CVF with a high hydrogen bond strength for good recovery
and low Tg for wide-temperature application. To address the
conflict of high hydrogen bond strength and low Tg in
commercial acrylic monomers, we synthesized a series of
(meth)acrylic monomers with variable hydrogen bond
interaction and studied their application in foldable CVF
(Figure 1). Specifically, we introduced carbamate and urea
moieties into the (meth)acrylic side chain to adjust the
hydrogen bond strength. Generally, carbamate and urea groups
often exist in main-chain polymers like polyurethane and
polyurea25−27 to improve the toughness and adhesion of
materials.28,29 For polyacrylates with side-chain carbamate or
urea groups, a greatly increased polymerization rate30,31 or self-
healing properties14 have been reported. In addition, Cao et al.
used an acrylic polymer with a carbamate side group to blend
with commercial adhesives, and obtained a kind of adhesive
with self-healing properties and ultrahigh toughness.14 Liu et
al. made an N-allyl thiourea-containing copolyacrylate with
temperature-insensitive viscoelasticity and reported its versatile
usage in water and oil by the hydrogen-bond interaction
between N-allyl thiourea and 2-methoxyethyl group.32 Sada et
al. prepared a side-chain polyacrylate containing a urea group
using the RAFT polymerization method. Using the thermal
reversibility of the urea hydrogen bond, the transmittance was
changed by changing the temperature of the polymer
solution.33 Long et al. prepared a block copolymer of a
methacrylate-containing urea group inside a chain with other
monomers and studied its self-assembly and self-healing
behavior by using the reversibility of the urea hydrogen
bond.34,35

Additionally, Inspired by Weder and Mejier’s work of
introducing a long chain between the hydrogen bond-
containing group and the vinyl group to reduce the glass
transition temperature and improve the solubility,17,18,21

different spacer groups were induced between the (meth)-
acrylic moiety and the carbamate/urea group to reduce their
polymer Tg while preserving their hydrogen-bond interactions.
The hydrogen bond association constants Ka of different
monomers were obtained by the hydrogen titration experiment
via 1H NMR spectra.36,37 The relationship between the
polymer’s Tg and the monomer’s Ka was established.
Copolymers of these (meth)acrylates with variable hydrogen
bond interactions were prepared, and their use as foldable CVF
was studied. To the best of our knowledge, this is the first
report of applying adjustable side-chain hydrogen bond
(meth)acrylates in a foldable display application.

■ RESULTS AND DISCUSSION
As stated earlier, the aim of this article is to obtain a foldable
CVF with high hydrogen bond strength and low Tg. To achieve
this, we synthesized different side-chain carbamate and urea
(meth)acrylates with various spacers between the hydrogen
bond-containing group and the vinyl group (Figure 1). The
polymerization of these side-chain hydrogen bond (meth)-
acrylates and their foldable CVF properties were studied.
All H-monomers in Figure 1 were synthesized successfully

(see Figures S1−S14 for 1H NMR and 13C NMR) and
denoted by abbreviations based on the functional groups they
contain: (1) A and mA stand for acrylate and methacrylate,
and U and C stand for the urea and carbamate groups; (2) the
numbers between A (or mA) and U (or C) or behind U (or
C) represent the atomic number of middle and end groups,
respectively; and (3) because of the asymmetry of the
carbamate groups, C and C′ are used for structure −O−
CO−NH− and structure −NH−CO−O−, respectively.
Taking 2-(2-(3-butylureido)ethoxy)ethyl acrylate (A5(O)U4)
for example, A and U indicate acrylate and urea groups, while
5(O) and 4 stand for the ethoxyethane group (between A and
U) and butyl end group (behind U), respectively.
Polymerization of Side-Chain Carbamate and Urea

(Meth)acrylates. The choice of solvent is important to carry
out the solution polymerization homogeneously, especially
when polymers with high molecular weight are targeted. For
carbamate methacrylate, ethyl acetate (EA) was used as the
solvent. As shown in Figure 2, for urea-containing (meth)-
acrylates, ethyl acetate alone or a mixture of ethyl acetate/
methanol (MeOH) led to gelation or low molecular weight,
while a mixed solvent of ethyl acetate (EA)/N,N-dimethylfor-
mamide (DMF) (7/3 weight ratio) was found to be
appropriate for the homogeneous copolymerization of urea-
containing monomers.
The molecular weight information and the thermal stability

of the synthesized H-copolymers are shown in Table 1. The
subscript numbers of the copolymers represent the molar feed
ratio, and E and H represent the EHA and the HBA
monomers, respectively. Taking the item “A4C410E90H2” in
Table 1 as an example, it indicates that the copolymer is
obtained by polymerization of monomers A4U4, EHA, and
HBA in a molar ratio of 10/90/2. Gel permeation
chromatography (GPC) results showed that the weight-
average molecular weight (Mw) is between 400 and 600 kDa
and polydispersity (PDI) is between 3 and 6 (see Figure S23 in
SI for detailed data). For thermal stability, the decomposition
temperature of Td1% (defined as the temperature at which 1%
of the initial sample mass was lost) was obtained from the

Figure 1. List of (meth)acrylates with variable side-chain hydrogen bond interaction and the schematic synthetic route for making the copolymers
(H-copolymers).
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thermogravimetric analysis (TGA, see SI, Figure S16 for
specific results). Consistent with the previous report,38 the
TGA results showed two stages, with the first one being the
decomposition of the carbamate or the urea moiety (about 280
and 220 °C, respectively), and the second one being the

decomposition of the (meth)acrylate main chain (about 300
°C).
Table 1 also lists the chemical composition of the

copolymers. The composition was calculated by the integral
ratio of the proton on the methylene group of −COO−CH2−
and −CO−NH−CH2− in the 1H NMR spectra. The
representative 1H NMR spectra and chemical structures of
mA2C′4, mA2C4, and mA2U4-based copolymers are shown in
Figure 3. The chemical shift at δ = 3.95 ppm represents the
−COO−CH2−, which exists in both the H-monomers, EHA
and HBA, while the chemical shift of the −CO−NH−CH2−
from δ = 3.05 to 3.55 ppm belongs exclusively to H-
monomers. Then, the composition of the H-monomer in
copolymers can be calculated by the integral area’s ratio of δ =
3.45 ppm (Figure 3a) or δ = 3.15 ppm (Figure 3b,c) for −CO-
NH−CH2− to δ = 3.95 ppm for −COO−CH2−, which are
recorded in Table 1 (H-monomers (mol %)).
Additionally, the chemical shift at δ = 3.65 ppm belongs to −

CH2−OH at HBA and chemical shifts higher than δ = 4.05
ppm represent the −NH−COO−CH2− in carbamate-based
H-monomers (Figure 3a,b). It was found that the composi-
tions of all of the copolymers (see SI for the 1H NMR spectra
of other copolymers, Figures S17−S19) were in good
agreement with the feed ratio.
Calculation of Ka and Its Correlation with Tg. Using 1H

NMR spectroscopy to calculate the hydrogen-bond association
constant (Ka) is a mature method and has been widely
used.34,37,39,40 It assumes that the association of the hydrogen-
bond donor and acceptor will reach an equilibrium, and the
concentration of acceptor−donor dipole will affect the
chemical shift of the protons involved in forming the hydrogen
bond. Based on these assumptions, a formula with a clear
physical meaning can be derived and fitted using experimental
data to get Ka (see Methods Section and Supporting
Information (SI) for specific formulas and derivations).
Using monomer A4U4 as an example (other 1H NMR data
of H-monomers are shown in Figure S20), the chemical shift
change of acrylate-NH-co-NH− was recorded using different
initial monomer concentrations in Figure 4a, and the hydrogen
bond association strength of A4U4 could be calculated by
formula fitting as shown in Figure 4b.36,37 The high correlation
coefficient of R2 = 0.997 indicated that the experimental data
conformed well with the theoretical formula.
The relationship of H-polymer’s Tg and its monomer’s Ka is

shown in Figure 5 (see Figure S15 for Tg measured by DSC,
and Table S1 for Ka calculated by 1H NMR). The Tg and Ka

Figure 2.Mw of urea-methacrylic copolymers (mA4U410E90) obtained
in different solvents. (The number in parentheses on the horizontal
coordinate indicates the mass concentration of the monomers.)

Table 1. Weight-Average Molecular Weight, Polydispersity,
and Chemical Composition of H-Copolymers

copolymersa
Mw

(kDa)b PDIb
Td1%
(°C)c

H-monomers
(mol %)d

A4C410E90H2 532.3 3.02 230 12
mA2C′410E90H2 657.5 5.94 290 10
mA2C410E90H2 584.3 4.86 275 10
mA2U310E90H2 495.6 4.95 236 9
mA2U410E90H2 533.2 3.95 230 10
mA2U610E90H2 407.9 3.57 237 11
A2U410E90H2 468.3 4.00 235 10
A3U410E90H2 556.7 4.46 213 12
A4U410E90H2 626.6 4.96 232 10
A5(O)U410E90H2 476.0 4.23 224 12
aThe numerical subscript represents the mole fraction of each
component. bIt was tested by gel permeation chromatography.
cObtained by thermogravimetric analysis test, where “1%” represents
1% of the lost sample mass, and is defined as the decomposition
temperature. dThe results were calculated by 1H NMR spectroscopy.

Figure 3. 1H NMR spectra of copolymers of (a) mA2C′410E90H2, (b) mA2C410E90H2, and (c) mA2U410E90H2; (d) chemical structures of the
copolymers.
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experimental data of ACM and HBA, which are commonly
used in CVF, were also measured for comparison. As can be
seen in Figure 5, H-monomers containing the urea group had
the highest Ka. Furthermore, the hydrogen-bond association
constant Ka was mainly determined by the type of the
hydrogen bond (>10 L/mol for the urea group and <0.5 L/
mol for the carbamate group). The introduction of ether on
the side group (e.g., A5(O)U4) or methyl group (mA2U3,
mA2U4, mA2U6) on the vinyl group could inhibit the
formation of intermolecular hydrogen bonds and afford lower
Ka.

21 The Tg was mainly determined by the main chain, with
polymethacrylate having a higher Tg than polyacrylate. The
hydrogen bond on the side chain also had some effect on Tg,
and the Tg of the urea-based copolymers was found to be
higher than that of the carbamate-based copolymers.
Furthermore, the flexibility of the spacer between the side-
chain hydrogen-bond group (urea or carbamate) and the
(meth)acrylic ester had a great effect on the Tg. As the
flexibility of the spacer increased, Tg dropped dramatically
from 7 °C (A2U4) to −20.6 °C (A5(O)U4) and from 2.9 °C
(A2C4) to −26.0 °C (A4C4). However, the length of the end
alkyl group (mA2U3, mA2U4, and mA2U6) or the
configuration of the carbamate group (mA2C′4, mA2C4)
had little effect on Tg. Compared with commercially available
monomers that contain strong hydrogen bonds (e.g., ACM),
the synthesized urea acrylate had a higher hydrogen bond
interaction and lower Tg.

Rheology Test. The results of the rheological temperature
sweep and creep recovery test before and after cross-linking of
H-copolymers are shown in Figure 6 and Table 2 and the
subscript number of N in Figure 6 and Table 2 indicates the
mass percentage of N300 added for cross-linking. After cross-
linking, the storage modulus G ’ and creep recovery of H-
copolymers increased, because of the high gel fraction of the
cross-linked network (e.g., > 70% in Table 2). The Tg of the
copolymers was obtained by the peak value of tan δ in Figure 6
and the results are listed in Table 2.
The copolymers of EHA with carbamate-containing

monomers (A4C4, mA4C4, and mA4C′4) displayed one Tg
(Figure 6a). However, phase separation was observed for the
copolymers of the urea-containing monomer. All urea-
containing methacrylic copolymers showed phase separation
(Figure 6c). For urea-containing acrylic copolymers, phase
separation occurred only with A4U4 (Figure 6e). Presumably,
phase separation was the result of reactivity ratio difference. It
has been previously reported that urea monomers have a
higher competition rate in copolymerization.30,31,41 Further-
more, methacrylates typically have higher reactivity ratios than
acrylates.
The creep recovery before and after cross-linking (Figure

6b,d,f and Table 2) showed that cross-linking had a significant
impact on the creep recovery performance especially for
carbamate-containing (weaker hydrogen bond interaction)
copolymers. The urea-containing copolymers with a stronger
hydrogen bond interaction had better creep recovery than
carbamate-containing copolymers before cross-linking.
The cross-linking of the copolymers was studied by the

addition of the N3300 cross-linker. Except for A5(O)-
U410E90H2N0.15, high gel content was obtained. The low gel
content of A5(O)U410E90H2N0.15 agreed with the high tan(δ)
value in the rheology characterization (Figure 6e). Never-
theless, chain entanglement was increased after the addition of
N3300, as evident in the decreased tan(δ) (Figure 6e) and
increased creep recovery (Figure 6f). Both the hydrogen bond
and chemical cross-linking led to increased creep recovery, and
the stronger hydrogen bond of urea contributed more to the
recovery.
According to Dahlquist’s criterion, the adhesive film remains

pressure sensitive when the storage modulus (G′) is below 105
Pa.42 Here, the minimum temperature at which G′ is below the
Dahlquist criterion (<105 Pa) is defined as Tmin, which roughly
indicates the lowest temperature at which the polymer is
pressure-sensitive and can reflect its low-temperature resistance
as a CVF. As shown in Table 2, Tmin correlates well with Tg.

Figure 4. Chemical shift of −HNCONH− in A4U4 monomer with the [A4U4] changing from 0.001 to 2 mol/L, (a) 1H NMR spectra, and (b)
corresponding data plot.

Figure 5. Plot of hydrogen-bond association constant Ka and glass
transition temperature Tg.
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The time−temperature superposition (TTS) frequency
spectra of all un-cross-linked H-copolymers were analyzed by
the WLF equation. The polynomial fitting curves are shown in

Figure 7 (see Figure S21 for raw data) and the apparent flow
activation energy Ea was calculated (Table 2). In Figure 7a−c,
none of the un-cross-linked H-copolymers exhibited the

Figure 6. Variation of (a, c, e) tan δ/storage modulus G′ with temperature and (b, d, f) creep test for (a, b) carbamate-polyacrylate and carbamate-
poly(meth)acrylate, (c, d) urea-poly(meth)acrylate, and (e, f) urea-polyacrylate.

Table 2. Rheology Characteristics and Gel Content Test of Cross-linked H-Copolymers

cross-linked H-copolymers Tg (°C)a creep recovery (%)b Tmin (°C)c Ea (kJ/mol)d gel content (%)e

A4C410E90H2N0.15 −43.9 0.4 → 52.0 −21.6 59.3 82.9
mA2C′410E90H2N0.15 −21.8 48.6 → 85.5 4.3 60.7 90.4
mA2C410E90H2N0.15 −24.0 10.6 → 59.9 1.0 63.3 88.0
mA2U310E90H2N0.15 −37.0/−1.6 76.8 → 87.2 18.7 89.8 93.8
mA2U410E90H2N0.15 −35.6/−5.2 76.2 → 87.0 16.3 69.5 87.4
mA2U610E90H2N0.15 −38.0/−5.9 64.7 → 72.8 10.1 69.8 70.3
A2U410E90H2N0.15 −22.3 63.7 → 91.7 −6.4 64.5 86.5
A3U410E90H2N0.15 −23.6 59.8 → 92.3 4.1 65.7 93.2
A4U410E90H2N0.15 −39.4/−21.4 52.0 → 84.1 −2.9 79.0 81.8
A5(O)U410E90H2N0.15 −32.6 60.1 → 87.4 −6.7 68.7 <5

aObtained by temperature swipe experiment in a rheometer. bObtained by creep recovery experiment in the rheometer before and after cross-
linking. cTmin defined as the minimum temperature where the G′ < 105 Pa in sweep temperature experiment. dEa was calculated via Arrhenius
formula in the time−temperature superposition (TTS) spectra of the frequency scan experiment. eObtained by gel fraction test.
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rheological behavior of the typical Maxwell viscoelastic model.
In addition, most of the copolymers showed G′ > G″ at low
frequency (<0.01 Hz). This was attributed to the uneven
distribution of monomers along the polymer main chain,
together with the large molecular weight (Mw around 500
kDa) and high polydispersity (PDI around 4) of the
copolymers.43 In the study of Mitchell Anthamatten et al., it
was shown that when polymer Mw was low (30 kDa) and PDI
was narrow (around 2), poly(acrylic acid-co-butyl acrylate) and
poly(butyl acrylate) both satisfied the Maxwell viscoelastic
model.32,44 Higher Mw (600 kDa) and broader PDI (around
4) resulted in deviation from the Maxwell viscoelastic model
(See SI, Figure S22), and were shown to follow the Sticky
Rouse model.45−47

Transmittance/Haze and Adhesion Force Test. Co-
polymer films 50 um thick have almost no obvious difference
in transmittance and haze under the naked eye (Figure S24).
The transmittance and haze data of all cross-linked H-
copolymers with a film thickness of 50 μm (μm) are shown
in Figure 8a. High transmittance and low haze were obtained
for all samples, except the urea-containing methacrylic
copolymers, which showed a higher haze. This is mainly due
to microphase separation. In Figure 8b (small-angle X-ray
scattering experiment (SAXS)), the urea methacrylate
copolymer (mA2U410E90H2N0.15) displayed a microphase
separation with a domain size less than 100 nm, which
resulted in a slightly increased haze. This is attributed to the
difference of the monomer’s reactivity in copolymerization.

Figure 7. Polynomial fitting master curves of un-cross-linked (a) carbamate-containing copolymers (polyacrylate and polymethacrylate), (b) urea-
containing methacrylic copolymers, and (c) urea-containing acrylic copolymers.

Figure 8. (a) Transmittance and haze results of all cross-linked H-copolymers and (b) SAXS spectra of poly-E, mA2C410E90N0.15, A2U410E90N0.15,
and mA2U410E90N0.15.
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The greater the difference in polymerization rates between the
H-monomer and 2-ethylhexyl acrylate (EHA), the more likely
phase separation (or microphase separation) is to occur. The
higher reactivity ratio of methacrylate compared to arylate and
the high hydrogen bond strength of the urea moiety lead to
less uniform incorporation of the urea-containing methacrylate
in the copolymerization. As a result, (micro)phase separation is
more likely to occur in the urea-containing methacrylic
copolymers.
The adhesion behavior is directly related to the viscoelastic

properties of the film: high elasticity often leads to the increase
of cohesion stress (τC) in bulk, while high viscosity can
improve the adhesive stress (τA) in the interface between the
adhesives and the adherend.48 The result of the peeling force
test is determined by the relative strengths of τC and τA, which
determines the cohesive failure (τC > τA), adhesive failure (τC
< τA), or mixture failure (τC ≈ τA).49
Figure 9b−d shows the 180° peel adhesion results before

and after the cross-linking (a 0.15 wt % N3300 cross-linker was

used for all cross-linked samples as mentioned above), where
cohesion failure is marked red and adhesion failure is marked
black. Chemical cross-linking led to the increase of τC and the
decrease of τA, as the ability of the adhesive to infiltrate the
interface was weakened (Figure 9a). In general, before
chemical cross-linking, for carbamate-containing copolymers
(Figure 9b) and urea-containing acrylic copolymers (Figure
9d), τC was smaller than τA (τC < τA) and this led to cohesive
failure. After cross-linking, adhesive failure happened (τC > τA).
However, for urea-containing methacrylic copolymers (Figure
9c), the cohesion stress was higher than the adhesion stress (τC
> τA) before cross-linking and no cohesive failure was observed
before and after cross-linking. Overall, urea-acrylic copolymers
had balanced adhesive properties.
Comprehensive Assessment. Optical property (trans-

mittance and haze), mechanical properties (creep recovery,
peel adhesion, recovery properties), and service temperature
(Tmin) of adhesives are important considerations in foldable
CVF. Figure 10 summarizes the comprehensive properties of

Figure 9. (a) Schematic diagram of the peel adhesion test and failure pattern; peel adhesion results of (b) carbamate-containing copolymers, (c)
urea-containing methacrylic copolymers, and (d) urea-containing acrylic copolymers before (square) and after (dot) cross-linking.

Figure 10. Radar chart of comprehensive performance with (a) carbamate-based copolymers, (b) urea-methacrylic copolymers, and (c) urea-acrylic
copolymers. The ranges are Tmin ∈ [−30, 30] °C, creep recovery ∈ [0, 100] %, peel adhesion ∈ [0, 15]N/25 mm, transmittance ∈ [0, 100]%, and
haze ∈ [3, 0]%.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c07566
ACS Omega 2024, 9, 13644−13654

13650

https://pubs.acs.org/doi/10.1021/acsomega.3c07566?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07566?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07566?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07566?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07566?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07566?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07566?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07566?fig=fig10&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c07566?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the four types of H-copolymers with 25 mm width and 50 μm
thickness (carbamate-based copolymers in Figure 10a, urea-
methacrylic copolymers in Figure 10b, urea-acrylic copolymers
in Figure 10c). It shows that carbamate-based copolymers had
acceptable optical performance but poor mechanical properties
(low creep recovery or peeling adhesion). For urea-methacrylic
copolymers, phase separation resulted in increased haze
(∼1.5%) and high Tg yielded high Tmin (>10 °C). In
comparison, urea-acrylic copolymers had good optics, desirable
mechanical properties, and a low Tmin. This was attributed to
the introduction of a strong hydrogen bond while still
maintaining a low glass transition temperature.

■ CONCLUSIONS
In conclusion, different (meth)acrylic monomers forming the
side-chain hydrogen bond were synthesized and their
application in the preparation of CVF for foldable display
was evaluated. The urea acrylate showed a high hydrogen-
bonding association constant Ka and a moderate-low Tg. The
Ka was mainly determined by the hydrogen-bonding group and
the urea group had a higher Ka than carbamate. The glass
transition temperature decreases when increasing the flexibility
of the spacer between the main chain and the hydrogen-bond
site at the side chain. The urea-acrylic copolymers showed the
best overall properties, with a high transmittance (98.4%), low
haze (0.36%), moderate peeling adhesion (8.36N), and high
creep recovery (84.1%). This study provides a general method
for synthesizing novel CVF materials.

■ METHODS
Materials. All the reactants with 97−99% purity and 2,2-

azobis(2-methylpropionitrile) (AIBN) with 98% purity and
anhydrous sodium sulfate (Na2SO4, > 99.0% purity) used for
synthesis and polymerization are purchased from Adamas,
unless otherwise stated specifically. Dichloromethane (99.5%
purity), ethyl acetate (EA, 99.5% purity), Petroleum ether
(60−90 °C boiling point, AR), N,N-dimethylformamide
(DMF, 99.5% purity), were purchased from Greagent
Company. Methyl ethyl ketone (MEK; AR grade) was
purchased from Guangzhou Chemical Reagent Factory.
Tetrahydrofuran (THF; > 99% purity) was purchased from
Thermo Fisher Scientific. Desmodur N3300, a commercial
product containing isocyanate oligomer of hexamethylene
diisocyanate, was purchased from Bayer. All chemicals were
used without further purification.
Synthesis of H-Monomers. A typical synthesis of urea-

and carbamate-containing methacrylic monomers from alkyl
alcohol (butanol) and amine reactants (propylamine, butyl-
amine, and hexylamine) is as follows. A 100 mL round-bottom
flask equipped with a magnetic stir bar was charged with one
equivalent of liquid amine in 20 wt % in ethyl acetate (EA).
One equivalent of 2-methacryloyloxyethyl isocyanate (MOI)
was added dropwise with stirring at 0 °C (for propylamine,
butylamine and hexylamine) or room temperature (for
butanol) for 30 min, and then warmed slowly to room
temperature (for propylamine, butylamine, and hexylamine) or
40 °C (for butanol) and stirred for an additional 12 h. EA was
removed under reduced pressure, yielding a white powder
solid(urea methacrylate) or colorless clear liquid (carbamate
methacrylate) in >90% yield. For the synthesis of mA4C4 the
procedure was the same except that butyl isocyanate was added
dropwise to hydroxyethyl methacrylate.

For the reaction of urea-containing acrylic monomers, taking
3-(3-butylureido) propyl acrylate (A3U4) as an example: n-
butyl isocyanate (9.91 g, 100 mmol) was added at vigorous
stirring to a solution of 3-amino-1-propanol (7.51 g, 100
mmol) in EA/MeOH = 80:20 wt % mixture solvents (45 mL).
The reaction mixture was stirred for one h at 0 °C and another
10 h at room temperature. The resulting solution was
subjected to decreased pressure at 35 °C and washed with a
mixture of EA/PE (petroleum ether) to obtain a white powder.
To a solution of 1-butyl-3-(3-hydroxypropyl) urea (Product 2b
in Figure S8) (8.71 g, 50 mmol) and triethylamine (5.57 g, 55
mmol) in dry dichloromethane (150 mL), acryloyl chloride
(4.98 g, 55 mmol) was added dropwise at 0 °C and stirred for
additional 10 h at room temperature. It was washed by
NaHCO3 (aq) and extracted by CH2Cl2 3 times and dried over
anhydrous Na2SO4, followed by filtration and evaporation to
dryness.
The detailed synthesis and the 1H NMR spectra of all the

above products are provided in the Supporting Information
(SI, Figures S1−S14).
Homopolymerization, Copolymerization, and Cross-

linking of H-Monomers. To obtain the Tg of the H-
monomers, homopolymerizations were carried out. A
representative procedure is as follows: ∼2g of the H-monomer
was first added to the reaction bottle, then 4 mL of solvent
(ethyl acetate or DMF, depending on the monomers) was
added, and nitrogen was bubbled in the bottle at 67 °C for 10
min. Then, 5 mg of azo-initiator among with small amount of
solvent were injected and the mixture was allowed to react for
12 h. After the polymerization, the solution was concentrated
by rotary evaporation, washed in ethanol 3 times and placed in
a 65 °C vacuum oven for one night to obtain a white-thicky or
powder-like polymer.
As for the copolymerization between H-monomers and

EHA, copolymers were prepared by using the conventional
free-radical copolymerization. The following is a representative
procedure: 2-ethylhexyl acrylate (45 mmol) was first placed in
a round-bottom flask. The H-monomer (5 mmol), HBA (1
mmol, 0.14 g) and solvents (EA or EA/DMF mixture, 50−60
wt % to all monomers) were sequentially added, and dry
nitrogen was bubbled through the solution for 10 min under
67 °C at oil bath. After that, AIBN (0.1 wt %, ∼10 mg)
dissolved in 1 mL of EA was injected, and the reaction
proceeded for 4−10 h. The copolymer was purified by
precipitation in ethanol 3 times to yield a sticky white sticky
material.
These copolymers were further cross-linked before the

rheological, mechanical, and optical measurements. Thus, the
copolymer was dissolved in ethyl acetate, followed by adding
Desmodur N3300 (0.15 wt % of the copolymer). After the
subsequent preparation of the membrane (see Transmittance/
Haze and Adhesion Force Test Section), it was put into an
oven at 80 °C for 16 h to obtain the cross-linked copolymer
(reaction between −NCO in Desmodur N3300 and −OH in
HBA).
Fabrication of H-Copolymers Films. The solid content

(wt %) of the copolymer solution was obtained by measuring
the residual mass of the copolymer solution after drying at 80
°C for 10 h. Then, N3300 at 0.15 wt % of copolymer was
added, and the mixture was stirred for 16 h. After that, the film
with a thickness of about 50 μm was obtained using a
homemade lab comma coater with a notch bar and coating
upon a poly(ethylene terephthalate) (PET) release film; the
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thickness between the coated molds (h) could be obtained by
the empirical formula h = L/wt % × 1.5, where L is the target
film thickness of 50 μm. The thickness test was performed
using dial thickness gauges (Mitutoyo, 547−400S). Then,
another PET release film was covered upon the double layers
and formed a sandwiched structure for further transmittance,
haze, and peel adhesion tests.
For rheology characterizations, samples with an approximate

thickness of 1000 μm were made by repeated folding before
full cross-linking.
Characterization. Composition and Thermal Properties.

Molecular weights and molecular weight distributions were
measured by gel permeation chromatography (GPC; Waters
2707) with THF as the eluent (1.0 mL/min) and a refractive
index detector. Nuclear magnetic resonance (1H NMR, 13C
NMR) spectra were used to analyze the structure of H-
monomers and composition of H-copolymers using the Bruker
AV 500 NMR spectrometer. Thermogravimetric analysis
(TGA) measurement was performed by utilizing an alumina
crucible on TGA 5500 (TA Instruments) at a scanning rate of
10 °C/min from 30 to 500 °C under flowing nitrogen (25 mL/
min). The Tg of H-homopolymers was measured via
differential scanning calorimetry (DSC) measurements from
−30 to 120 °C with a heating (cooling) rate of 10 °C/min by
DSC 2500 (TA Instruments) and the Tg was obtained from
the second heating curve.

1H NMR Titration Experiments and Calculation of Ka. Ka
was determined by a dilution titration followed by 1H NMR
spectroscopic analysis. Various concentrations of H-monomers
(U0) and their chemical shift (δsample) of −NH−CO−NH− in
urea or −O−CO−NH− in the carbamate group were analyzed
by the equation below according to the references34,37,39,40.
The δmono and δdimer in the formula are the chemical shifts of
free and completely bonded −NH−CO− in H-monomers (J =
δdimer − δmono). The specific derivation process can be found in
the Supporting Information (SI). All H-monomers, CDCl3,
and glassware were dried before the analysis.
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Transmittance/Haze Measurement and Peel Adhesion
Test. Transmittance and haze measurements were performed
via Haze gard i 4775 (BYK-Gardner, German). All H-
copolymer films with 50 μm thickness were cut into 5 cm ×
5 cm slides, attached to the glass substrate for the
measurement of transmittance/haze at four different sample
sites and normalized by subtracting the signals from the
substrate glass.
The 180° peel adhesion test was performed according to the

ASTM D3330 standard on a Computerized Servo System Peel
Strength Tester (Dongguan Kejian Instrument Co., Ltd.,
China) at a peeling speed of 300 mm/min. The peel adhesion
was defined as the average value of five tests.
Small-Angle X-Ray Scattering Experiment. Copolymer

films with 50 μm thickness were used in the SAXS experiment.
The X-ray diffraction data were recorded at beamline BL16B1
of the Shanghai Synchrotron Radiation Facility (SSRF) at a
wavelength of 1.2398 Å. Beamline BL16B1 is based on a
bending magnet and a Si (111) double-crystal monochromator
was employed to monochromatize the beam. The spot size was
0.39 × 0.48 mm2 and a Pilatus 200 K-A detector was used for
data collection. A silver(I) behenate standard sample was

determined for the d-spacing calibration. The one-dimensional
(1D) circular integrations of two-dimensional (2D) SAXS
patterns were performed using the Igor Pro 6.37 (with Nika
2D SAS macros) software package.
Rheology Characterization (Creep, Temperature Swipe,

Frequency Scan). The viscoelastic behavior of the H-
copolymers was evaluated using a TA Instruments DHR-2
rheometer equipped with an 8 mm diameter parallel round
plate and an ∼1000 μm gap for all rheological experiments.
The creep recovery experiments were performed by applying

a 20 kPa shear force on the samples for 10 min at 25 °C and
then removing the shear force immediately to record the
following 10 min recovery of the sample. The rheology
properties at different temperatures were characterized by
performing temperature ramps from −50 to 120 °C with a
heating rate of 3 °C/min and 0.2% shear force at a frequency
of 1 Hz. Frequency scans were obtained by subjecting the
samples to oscillatory shear rates (500−0.05 rad/s) in the
linear viscoelastic regime (1.0% strain) over the temperature
range of −20 to +80 °C in 10 °C increments. The master
curves at a reference temperature of 30 °C were generated
using time−temperature superposition (TTS) via the
commercially available software package TRIOS (TA Instru-
ments) by using the Williams−Landel−Ferry (WLF) equation.
Gel Fraction Test. The gel fraction, which represents the

degree of cross-linking of the copolymer, was measured by
putting the cross-linked copolymer in toluene for 12 h twice,
and the insoluble gel was then filtered and dried at 80 °C in a
vacuum. The gel fraction was the mass ratio of copolymers
before and after dissolution in toluene.
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