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ABSTRACT: We have demonstrated the validity of a new type of
pressure-sensitive adhesion system using block copolymers containing
a poly(2-ethylhexyl acrylate) (P2EHA) segment as the low glass
transition temperature polymer and a poly(tert-butyl acrylate) (PtBA)
or poly(isobornyl acrylate) (PIBoA) segment as the reacting polymer
in the presence of a photoacid generator (PAG). This adhesion system
can be easily debonded because of a change in the polymer properties
of the adhesives by acid-catalyzed deprotection uniquely occurring
during the photoirradiation followed by postbaking. We investigated
the transformation of PtBA and PIBoA into poly(acrylic acid) using IR
spectroscopy and a thermogravimetric analysis in the presence of p-
toluenesulfonic acid and the PAGs. The block copolymers with a well-
defined molecular structure were then synthesized by atom transfer
radical polymerization, and their adhesive properties were evaluated using the 180° peel test. The block copolymers showed
superior adhesion property than a random copolymer and polymer blends, due to the microphase separation of the block
copolymers. A drastic change in the adhesive strength of the block copolymers was observed in response to the dual external
stimuli consisting of UV irradiation and the subsequent heating.

KEYWORDS: pressure-sensitive adhesive, living radical polymerization, dismantlable adhesion, block copolymer, photoacid generator,
acrylic polymer

■ INTRODUCTION
Acrylic polymers with a low glass transition temperature are
used as pressure-sensitive adhesives in various application fields,
such as electronics, automobiles, office automation, packing,
and daily necessities.1 High-strength pressure-sensitive adhe-
sives are often used when a high-strength and long-term
adhesion is required, but the debonding process becomes more
difficult at the same time. Recently, dismantlable adhesion, a
new kind of on-demand dismounting technology and materials,
has attracted attention because of saving materials and
energy.2−9 For dismantlable adhesive materials, their adhesive
property instantaneously changes in response to any external
stimulus as the trigger for dismantling, for example,
heating,10−14 UV irradiation,15 induction heating,16 electricity,17

and chemicals.18 A change in the physical properties of
adhesives is important for dismantling in many cases, but
chemical reactions are expected to sharply change the polymer
properties.15,18 In a previous paper,19 we reported a
dismantlable adhesion system using linear and network
polyperoxides, which contain peroxy bonds in the main-chain
repeating units or at the cross-linking points. The degradation
of the polyperoxides rapidly occurs via a radical chain reaction
mechanism,20−23 resulting in a significant change in their

molecular weight and physical properties. The dismantlable
adhesion using the polyperoxides is responsive to heat or UV
irradiation and leads to a drastic change in the adhesion
properties, but the polyperoxide adhesion system has some
problems for use in certain application fields, for example,
thermal stability, long pot-life, and safety during handling. Easy
debonding is inconsistent with the adhesive properties in order
to guarantee the quality and safety of the products during use.
We now propose a dual-locked type of adhesion system,

requiring two different kinds of triggers for dismounting, in
order to avoid the trade-off relationship of stability during use
and high sensitivity to stimuli upon dismantling. In this system,
the adhesive polymers with a protected functional group are
stable during use even when a single external stimulus of either
UV irradiation or heating is applied, but their properties quickly
change in response to UV irradiation and postbaking as the
dual stimuli. We have determined the adhesive properties of the
acrylate polymers during which the side chain is transformed
into a carboxylic acid upon heating by acid-catalyzed
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deprotection, and demonstrated the validity of the dual-locked
adhesion system using a block copolymer as the pressure-
sensitive adhesive in the presence of a photoacid generator
(PAG). The transformation of some protected functional
groups into the corresponding unprotected groups using PAGs
is widely used in a chemically amplified photoresist process,
which was first proposed by Ito and co-workers in 1982.24,25

This process includes a large number of repeated chemical
transformations induced by a single photochemical event in the
photoresist polymers, resulting in a highly efficient polymer
reaction. It consists of photoirradiation producing a small
amount of active species (proton) for chemical reactions and
the subsequent heating of the exposed resist materials
(postbaking) for the diffusion of the protons and the
occurrence of many reaction cycles.
In this study, we investigated the thermal decomposition

behavior of poly(tert-butyl acrylate) (PtBA) and poly(isobornyl
acrylate) (PIBoA) in the presence of p-toluenesulfonic acid
(TsOH) as the acid or bis(cyclohexylsulfonyl)diazomethane
(BCD) and N-trifluoromethylsulfonyloxy-1,8-naphthalimide
(NIT) as the PAGs to produce poly(acrylic acid) (PAA) with
the evolution of isobutene26−28 and camphene29−31 from PtBA
and PIBoA, respectively (Scheme 1). PtBA and PIBoA were

used as the adhesive polymer materials in combination with
poly(2-ethylhexyl acrylate) (P2EHA) with a low glass transition
temperature (Tg). The block copolymers consisting of P2EHA
as the low-Tg polymer segment and PtBA or PIBoA as the
reactive polymer segment with a well-controlled structure, such
as the molecular weight, molecular weight distribution, and
composition, were then synthesized by atom transfer radical
polymerization (ATRP), and their adhesion properties were
investigated in the presence of the acid and the PAGs.

■ EXPERIMENTAL SECTION
General Procedure. The NMR spectra were recorded using a

Bruker AV300 spectrometer in chloroform-d or acetone-d6 as the
solvents. The FT-IR spectra were recorded using a JASCO FT/IR 430
spectrometer. The number- and weight-average molecular weights (Mn
and Mw) were determined by size exclusion chromatography (SEC) in
tetrahydrofuran (THF) as the eluent using a Tosoh CCPD RE-8020
system and calibration with standard polystyrenes. The thermogravi-
metric and differential thermal analyses (TG/DTA) were performed
using a Seiko TG/DTA6200 at the heating rate of 10 °C/min in a
nitrogen stream at the flow rate of 200 mL/min. The differential
scanning calorimetric (DSC) analysis was performed using a Seiko
EXSTAR6200 at the heating rate of 10 °C/min. Atomic force
microscope (AFM) images were observed using a NanoScope IIIa

system (Digital Instruments/Veeco) with a cantilever (OMCL-
AC240TS-C2, Olympus, spring constant 2 N/m, resonant frequency
70 kHz) in height and phase modes. The samples for AFM
measurement were prepared on a paper on which the adhesive
polymer with and without PAG in acetone was coated and dried
overnight under reduced pressure at room temperature.

Materials. The acrylate monomers, tert-butyl, 2-ethylhexyl,
isobornyl, and cyclohexyl acrylates (tBA, 2EHA, IBoA, and CHA,
respectively) were purchased from Tokyo Chemical Industry
Corporation, Ltd., and distilled before use. Bornyl acrylate (BoA)
was synthesized from acryloyl chloride and (−)-borneol. The
commercially available TsOH (99.0%, Wako Pure Chemical Industries
Corporation, Ltd.), BCD (98.0%, Wako Pure Chemical Industries
Corporation, Ltd.,), NIT (99%, Sigma-Aldrich Co.), CuBr (99.9%,
Wako Pure Chemical Industries Corporation, Ltd.), methyl 2-
bromopropionate (MBP) (97.0%, Tokyo Chemical Industry Corpo-
ration, Ltd.), and dimethyl 2,6-dibromohenptanoate (BDH) (97%,
Sigma-Aldrich Co.) were used as received. All the solvents were
distilled before use. Tris(2-(dimethylamino)ethyl)amine (Me6TREN)
was synthesized according to a method described in the literature.32

Polymerization. Typical procedures for the polymerization are as
follows.33 In a 50 mL Schlenk flask, tBA (9.0 g, 70 mmol), Me6TREN
(0.078 mL, 0.29 mmol), 7.4 mL of toluene, and 3.5 mL of acetone
were charged, and the solution was degassed by a freeze−thaw
technique (three times), then the argon was purged. After CuBr (42.0
mg, 0.29 mmol) was added and stirred for 15 min at room
temperature, MBP (0.13 mL, 1.2 mmol) was added. After the
polymerization at 60 °C for 1 h, an aliquot was analyzed by 1H NMR
spectroscopy and SEC in order to determine the conversion,
molecular weight, and its distribution. The polymerization mixture
was passed through a short silica gel column with acetone in order to
remove the catalyst, and then the acetone and the unreacted monomer
were removed under reduced pressure at 40 °C for 12 h. The Mn,SEC
and Mw/Mn values of the isolated PtBA were 4400 and 1.13,
respectively. The conversion was 50.1%. The functionality of the ω-
chain end was 0.98.

In order to obtain a block copolymer, the PtBA macroinitiator (0.78
g), 2EHA (3.57 g, 19.4 mmol), Me6TREN (0.026 mL, 0.096 mmol),
and 1.45 g of ethyl acetate were charged, then the solution was
degassed by a freeze−thaw technique (three times), followed by argon
purging. After CuBr (13.9 mg, 0.097 mmol) was added and stirred, the
polymerization was carried out at 60 °C for 25 min. The conversion of
2EHA was 93.8%. The polymerization mixture was passed through a
short silica gel column with acetone in order to remove the catalyst.
The recovered solution was concentrated and poured into a mixture of
methanol and water (80/20 in volume ratio), the block copolymer was
isolated by decantation, and then dried under reduced pressure at 40
°C for 12 h. The Mn,SEC and Mw/Mn values of the isolated PtBA-block-
P2EHA were 18 600 and 1.23, respectively. The degrees of
polymerization (DP) were 30 and 95 for the PtBA and P2EHA
segments, respectively.

Other macroinitiators and block copolymers were similarly
synthesized.

Adhesion Test. The adhesion tests were performed according to
the standard test method for the peel adhesion of pressure-sensitive
tape (ASTM D3330) using a Tokyo Testing Machine (TTM)
universal testing machine, LSC-1/30, with a 1 kN (at maximum) load
cell. The adhesive polymers (30 wt %) with or without a determined
amount of PAG or TsOH in toluene or acetone were coated with a
thickness of 100 μm on a poly(ethylene terephthalate) (PET) film (50
μm thickness) using a film applicator, and dried overnight under
reduced pressure at room temperature. The thickness of the adhesive
layer was approximately 30 μm after drying. A strip of the PET film (2-
cm width) coated with the adhesive polymers was placed to a stainless
steel plate (SUS430, 50 mm × 150 mm × 0.5 mm), and then pressed
using a 2-kg hand roller. The UV irradiation, heating, and 180° peel
test were carried out after the specimen was left to stand over 30 min
at room temperature. For the UV irradiation, the test piece was placed
at a distance of 10 cm from the UV source (Toshiba SHL-100UVQ-2)
at room temperature. For the thermal treatment, the test piece was

Scheme 1
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placed in a preheated oven for a predetermined time, removed from
the oven, and then naturally cooled to room temperature. All the
adhesion tests were performed at 23 °C. The average value of three
measurements was typically recorded.

■ RESULTS AND DISCUSSION
Acid-Catalyzed Deprotection of PtBA. The elimination

of isobutene from the side chain of PtBA to produce PAA in
the presence of TsOH as the acidic catalyst was investigated by
IR spectroscopy and a TG analysis. The PtBA films containing
5 mol % of TsOH versus the tert-butyl group were heated at
various temperatures for 10 min or 1 h (Figure 1). After

heating, the intensity of the peaks due to the C−H deformation
of the methyl group at 1392 and 1367 cm−1, the C−O
stretching of the tert-butoxyl group at 1150 and 1256 cm−1, and
the O−C−C out-of-plane deformation of the same group at
846 cm−1 decreased and a broad peak due to a carboxylic acid
appeared around 3000 cm−1. At the same time, the peak due to

the carbonyl stretching at 1729 cm−1 shifted to 1710 cm−1. The
heating at 120 °C for 10 min or 100 °C for 1 h resulted in the
PAA formation at a high conversion (>95%). On the other
hand, no change was seen in the spectrum after heating at 150
°C for 1 h in the absence of TsOH. It was also confirmed that
when the PtBA was heated at 200 °C, the acid anhydride was
produced based on the appearance of the peaks at 1802 and
1757 cm−1. This indicated that PtBA is thermally stable even at
150 °C, while the reaction is drastically accelerated by the
addition of the acid.
The amount of isobutene evolved from the side chain of

PtBA during the deprotection was determined by a TG analysis.
Figure 2 shows the TG curves of PtBA in the presence of
various amounts of TsOH. The onset temperature of the
isobutene elimination, i.e., the 5 wt % weight-loss temperature
(Td5), the maximum decomposition temperature (Tmax), the
end-point temperature of the first-step decomposition (Tend),
and the weight-loss values (X) for the olefin elimination during
the first-step reaction accompanying a rapid weight-loss are
determined and summarized in Table S1 (see the Supporting
Information). The Td5 value for PtBA decreased from 171 °C
(0.1 mol % of TsOH) to 82 °C (6.0 mol % of TsOH)
according to the amount of added TsOH. When PtBA contains
no TsOH, the weight loss started over 200 °C (Td5 = 232.7 °C
and Tmax = 235.0 °C) and the weight-loss value was 46.3% at
246.5 °C after the rapid olefin elimination. The magnitude of
the weight loss was greater than the theoretical value (43.8%)
for the quantitative elimination of isobutene from PtBA. At a
temperature over 200 °C, dehydration further occurs between
the carboxylic acid moieties to produce the acid anhydride via
intra- and intermolecular reactions (see also Figure 1). In
Figure 2a, the TG traces in a temperature range higher than
280 °C were the same, in contrast to a drastic change in the
isobutene elimination behavior depending on the added TsOH
amount. The observed weight-loss value (51.7% at 280 °C) was
higher than the theoretical weight-loss value (50.8%) for the
complete anhydride formation due to the occurrence of other
decompositions.
The acid-catalyzed deprotection of the tert-butyl ester group

of PtBA occurs via a diffusion-controlled reaction mechanism
and the reaction behavior significantly depends on the Tg of the
polymers. The Tg value of PtBA was 39 °C, which was slightly

Figure 1. (a) IR spectra of PtBA films containing 5 mol % TsOH
versus the tert-butyl group (i) before and (ii−v) after heating at (ii) 80,
(iii) 100, and (iv) 120 °C for 10 min, and (v) 100 °C for 1 h (7 mol %
TsOH). (vi) Commercial PAA as the film, after heating at (vii) 150
and (viii) 200 °C for 1 h in the absence of TsOH. (b) Expanded.

Figure 2. (a) TG curves for PtBA in the presence of TsOH (0.1, 0.2, 0.5, 1.0, 1.5, 4.0, and 6.0 mol % versus the tert-butyl group) (solid curves) and
in the absence of TsOH (dash curve) at the heating rate of 10 °C/min in a nitrogen stream. (b) Relationship between the Td5 value and the ratio of
isobutene elimination (X) during the first-step decomposition evaluated based on the magnitude of the rapid weight-loss during the first-step
reaction process in the TG curves.
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lower than the value (55 °C) reported in the literature34 due to
difference in the molecular weight. A readily mobile proton
effectively functions as the chemically amplifying catalyst in the
polymer in a temperature range over the Tg, but the reaction is
suppressed at the glassy state below the Tg. In this study,
therefore, the X value was drastically reduced (Figure 2b) when
the Td5 was lower than the Tg of the PAA, which was reported
to be 103 °C.35,36 The temperature and magnitude of the rapid
weight-loss due to the isobutene elimination depended on the
TsOH amount as was already described. The slope of the
weight-loss curve was very high in the absence of TsOH, while
an increase in the amount of the added TsOH resulted in the
broader TG curves due to the suppression of the reaction as
shown in Figure 2a.
Acid-Catalyzed Deprotection of PIBoA. The thermal

and acid-catalyzed deprotection behaviors of polyacrylates with
a secondary alkyl ester group were also investigated. The TG
curves for PIBoA and PBoA in the absence and presence of
TsOH are shown in Figure 3 (see also Figure S1 in the

Supporting Information). The thermal decomposition (i.e.,
olefin elimination) of PIBoA started from ca. 220 °C (Td5 =
224.1 °C and Tmax = 251.7 °C) and the weight-loss value was
71.4% after the first-step reaction accompanying the
eliminations of camphene and H2O from the ester groups.
The calculated weight-loss values are 65.4 and 69.7% for the
quantitative camphene elimination and the subsequent
dehydration, respectively, leading to the formation of an acid
anhydride moiety as the ideal final product. The observed
weight-loss value was larger than the expected one because of
the other random decomposition of the polymers, although the
anhydride group was partially produced but not all. The
decomposition temperature for PIBoA was similar to that for
PtBA and much lower than those for PCHA and PBoA, of
which the Td5 and Tmax values were over 270 and 340 °C,
respectively. When TsOH as the acid was added to the
polymers, the Td5 values significantly decreased. The olefin
elimination from the PIBoA side-chain occurs in a temperature
range below 100 °C in the presence of TsOH (5 mol %),
similar to the reaction of PtBA. The decomposition of PBoA
and PCHA was accelerated by the addition of TsOH, but the
weight loss occurred at a higher temperature and the slope of
the weight-loss curve was lower.
In general, the olefin elimination readily occurs for the tert-

alkyl esters to produce acid products in a quantitative yield,

while only partially for the sec-alkyl esters, and such
deprotection reactions are accelerated in the presence of an
acid catalyst.24,27 The decomposition behavior of the isobornyl
ester is similar to that for the tert-alkyl esters, and quite different
from those for the other secondary alkyl esters including the
bornyl ester.29−31 The high reactivity of the isobornyl ester can
be accounted for by the easy elimination of the leaving group at
the more favorable conformation, which is fixed by the ring
structure of the ester alkyl group. In fact, a broad peak due to
the O−H stretching of the carboxylic acid appeared at 2500 to
3600 cm−1 and the CO stretching at 1733 cm−1 shifted to
the shorter wavenumber region in the IR spectra of the PIBoA
films containing 6 mol % of TsOH after heating at 100 °C for 1
h, but the ratio of the decomposition was much lower than the
decomposition of PtBA under similar conditions (see Figure S1
in the Supporting Information). The decomposition of the
thermally stable PIBoA partly occurred under severe conditions
such as the heating at 150 °C for 1 h. The thermal resistance of
PIBoA is determined by the bulky and hydrophobic ester,
judging from the Tg value being lower than the reaction
temperature.

Deprotection of PtBA Using PAG. In this study, the
commercially available BCD37 and NIT38−40 were used as the
PAGs, which are often used as a catalyst for the photoinduced
cationic polymerization,41 UV curing,42 and photoresist24,25

processes. The mechanisms for the photodecomposition of
BCD and NIT are shown in Schemes 2 and 3, respectively. The

UV light irradiation with a short wavelength (less than 300 nm)
induces the elimination of N2 from BCD, resulting in the
formation of a carbene compound that further undergoes Wolff
rearrangement and provides a sulfonic acid. NIT directly
provides the acid by photodecomposition. As described in the
literature,37−40 proton-donating compounds such as water
contained in a reaction system participate in the reactions for
the acid formation. The results of the TG analysis for the PtBA
films containing 5.0 mol % BCD after preirradiation of a UV
light for a given time are shown in Figure 4a and Table 1. As a
result, the Td5 value decreased to 165 °C in the presence of
BCD without photoirradiation, and the UV irradiation
accelerated the isobutene elimination. The onset temperature
of the decomposition depended on the photoirradiation time,
i.e., the amount of the sulfonic acid formed during the
photoirradiation. The conversion of the BCD decomposition
was monitored by IR spectroscopy. A peak due to the CN
stretching of BCD at 2115 cm−1 decreased and a broad peak
due to the O−H stretching appeared at 2500−3600 cm−1 in the

Figure 3. TG curves for (a) PIBoA and (b) PBoA in the absence
(solid curves) and presence (dash curves) of TsOH (5 mol %) at the
heating rate of 10 °C/min in a nitrogen stream.

Scheme 2

Scheme 3
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IR spectrum during photoirradiation. As shown in Table 1,
almost all of the diazo group decomposed during the 16-h
photoirradiation. In contrast to the facile photodecomposi-
tion, BCD was thermally stable and no change was detected in
the IR spectrum even after heating at 80 °C for 7 h in the dark.
Figure 4b shows the results for the TG analysis of PtBA in the
presence of NIT. The Td5 value decreased from 211 to 149 and
74 °C depending on the amount of the generated trifluoro-
methane sulfonic acid during the photoirradiation. The NIT
more effectively functioned as the PAG with a high sensitivity,
and therefore, the reaction conditions such as the small amount
of PAG (1 mol % versus the tert-butyl group) and short
irradiation time (within 1 h) were enough to induce the
quantitative acid-catalyzed deprotection of PtBA (Table 1).
This facile reaction using NIT under the conditions of 1 mol %
content and 50-min irradiation is comparable to the results
when using a greater amount of BCD (5 mol %) under a much
longer photoirradiation (16 h).

Preparation of Block Copolymers. Block copolymers
including both the reactive and the low-Tg polymer segments
with a well-defined chain structure were prepared by ATRP.32

A macroinitiator was first synthesized by the polymerizations of
tBA and 2EHA using MBP and BHD as the mono- and
difunctional initiators, respectively (Schemes 4−6). The CuBr
was used as the catalyst in combination with Me6TREN in a
mixture of toluene and acetone (70/30 wt %) at 60 °C. The
PtBA macroinitiators with different molecular weights (Mn,NMR

= 4.0−12.2 × 103) and narrow molecular weight distributions
(Mw/Mn = 1.08−1.13) were obtained by changing the
polymerization time (i.e., conversion) and the monomer/
initiator ratio (see Table S2 in the Supporting Information for
the detailed results of the polymerization). The degree of
polymerization (DP) was determined by the ratio of the peak
intensities due to the methoxy group in the terminal group at
the α-chain end and the methine hydrogen of the repeating unit
in the chain for PtBA in the 1H NMR spectrum (see Figure S2

Figure 4. TG curves for PtBA with PAG at the heating rate of 10 °C/min in a nitrogen stream. (a) In the presence of BCD (5.0 mol %) (solid
curves) and in the absence of BCD (dash curve). The photoirradiation times, 0, 1, 4, 9, and 16 h. (b) In the presence of NIT (1.0 mol %) (solid
curves) and in the absence of NIT (dash curve). The photoirradiation times, 0, 10, and 50 min.

Table 1. Photochemical Acid-Catalyzed Deprotection of PtBA in the Presence of PAG

PAG (mol %) irradiation time (min) decomposition ratio (%) Td5 (°C) Tmax (°C) Tend (°C) weight loss (%) X (%)

none 0 0 232.7 235.0 246.5 46.3 ∼100
BCD (5.0) 0 0 164.6 173.0 191.4 45.4 ∼100

60 12 154.8 167.4 187.4 44.8 ∼100
240 53 125.0 144.2 169.1 42.4 96.8
540 73 106.1 122.7 143.8 34.0 77.7
960 88 98.5 113.7 133.1 29.9 68.3

NIT (1.0) 0 a 210.7 219.2 235.6 47.1 ∼100
10 a 149.2 172.0 186.3 42.4 96.8
50 a 73.6 105.4 160.3 34.0 77.6

aNot determined.

Scheme 4
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in the Supporting Information). The functionality of the ω-
chain end ( f) was determined based on the peak intensity due
to the CH hydrogen of the terminal tBA unit at the ω-chain
end versus the intensity of the characteristic peak at the α-chain
end. The f values were greater than 0.9 at the 90% conversion,
but they decreased during further polymerization and reached
0.75 at the 98.6% conversion due to the bimolecular
termination occurrence. The P2EHA macroinitiators with
well-controlled chain structure was similarly synthesized using
MBP and BHD as the initiators; Mn,NMR = 6.4−10.7 × 103 and

Mw/Mn = 1.16−1.19 (see Table S2 in the Supporting
Information).
The PtBA and P2EHA macroinitiators were used for the

subsequent block copolymer synthesis by ATRP using a second
monomer (2EHA, tBA, or IBoA) in ethyl acetate at 60 °C. In
this study, three kinds of block copolymers, i.e., PtBA-block-
P2EHA, PtBA-block-P2EHA-block-PtBA, and P2EHA-block-
PIBoA were prepared as shown in Schemes 4−6. The SEC
peak shifted to the high molecular weight region while
maintaining a narrow molecular weight distribution after the

Scheme 5

Scheme 6

Table 2. Molecular Characteristics and Peel Strength of the PtBA-block-P2EHAs in the Presence of TsOH as the Dismantlable
Adhesives upon Heatinga

peel strength (N/m)

adhesive Mn,SEC × 10−3 tBA content (mol %) Tg (°C) before heating after heatingb

PtBA30-block-P2EHA95 (B-1) 18.6 24.0 −69 4.4 1.9
PtBA61-block-P2EHA68 (B-2) 20.0 47.3 −70 3.7 1.4
PtBA61-block-P2EHA34 (B-3) 12.6 64.2 55
PtBA94-block-P2EHA50 (B-4) 19.5 65.2 310 ∼0c

PtBA94-block-P2EHA36 (B-5) 18.5 72.3 −59, 1 d ∼0
P(tBA-co-2EHA) (random) 19.8 50.0 −42 2.9 2.3
PtBA61/P2EHA52 (blend) 8.4/8.4 54.0 −75(−58e) f

a180° peel test using the test specimen of a PET film and a stainless steel plate bonded by PtBA-block-P2EHAs as the pressure-sensitive adhesive in
the presence of 5 mol % TsOH. Peel rate, 30 mm/min. b100 °C for 1 h. cAfter UV irradiation for 8 h and the subsequent heating at 100 °C for 1 h in
the presence of BCD (5.0 mol %) (See also Table 3). dNot determined because of strong stick−slip failure. eSee ref 34. fNot determined because of
a very low strength.
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second-step polymerization (see Figure S3 in the Supporting
Information). These results indicated that the block copolymers
are of a highly controlled molecular weight, distribution,
sequence, and chain-end structures (see Table S3 in the
Supporting Information).
In the DSC curves of the PtBA-block-P2EHAs, the Tg due to

the P2EHA segments was observed at −70 to −59 °C,
depending on the tBA contents of the block copolymers (Table
2). These values were slightly higher than the Tg value (−75
°C) for the homopolymer of 2EHA. The Tg due to the PtBA
segment was observed at 1 °C for PtBA94-block-P2EHA36 (B-5)
with a 64.4 wt % tBA content, but no transition was detected
for the PtBA segments in the other block copolymers with
lower tBA contents. All the Tg values for the P2EHA segments
observed in this study were lower than those in the literature.34

This is due to the low molecular weight. The random
copolymer gave a single intermediate Tg at −42 °C, as
expected. Microphase separation between the PtBA and
P2EHA segments of the block copolymers was directly
confirmed by AFM observation. Figure 5 shows the height

and phase images for the block copolymer including NIT as the
PAG before and after the UV irradiation and postbaking. This
indicates that the polymer has a flat and microphase-separated
structure based on the height and phase images, respectively.
The microphase separation was more clearly observed after the
UV and heat treatment because of the formation of the
hydrophilic and high-Tg PAA domain.
180° Peel Test. The adhesion strength was investigated

using the test specimen of a PET film and a stainless steel plate
as the substrates and the acrylate block copolymers as the
pressure-sensitive adhesive. The PET film with a 20-mm width
was peeled at the rate of 30 mm/min. This peel rate is one-
tenth of the standard rate described in ASTM and JIS, due to
avoidance of stick−slip failure based on the sticky adhesive
properties of the used materials. The cohesive force of the
adhesives sensitively depended on the copolymer composition,
as shown in the peel strength of the adhesives in Table 2; The
peel strength of the PtBA-block-P2EHA increased to 310 N/m
when the tBA content was 65 mol % (B-4). The stick−slip

failure was observed even under the conditions using the low
peeling rate for the PtBA-block-P2EHA with a higher tBA
content (B-5). The Tg value of the PtBA segments is higher
than those for the conventional pressure-sensitive adhesives,
and therefore, stick−slip failure tends to readily occur. In
general, peel strength significantly depends on a peel rate when
the cohesive failure is dominant. The peel rate dependence was
checked for several block copolymers in the present study; The
polymer with the large amount of the high-Tg PtBA and PIBoA
segments led to stick−slip failure even at a low peel rate, while
the polymers containing the large amount of the low-Tg
P2EHA segment showed no stick−slip behavior and the peel
strength significantly depended on the peel rate. For example,
the peel strength values increased to 100 and 190 N/m at the
peel rates of 200 and 300 mm/min, respectively, during the
peel strength measurement using poly(2EHA57-block-PIBoA29).
For most of the adhesive polymers used in this study, cohesive
failure was predominant because of the weak intermolecular
interactions between the polymer chains with a relatively low
molecular weight and the nonpolar ester groups in the side
chain.
We investigated the change in the peel strength after heating

in order to evaluate the properties of the polymers as the
dismantlable adhesives in the presence of TsOH. As a result, a
greater decrease was observed in the strength for the adhesives
using the block copolymers than when using a random
copolymer (Table 2). This suggests that the phase-separated
polymer structure of the adhesives plays a role in the change of
the adhesion properties during the debonding process, i.e., the
block copolymer structure has superior dismantlable adhesion
properties due to greater changes in the polymer morphology
and surface structures of the adherent. The blend of PtBA and
P2EHA showed only poor characteristics as adhesives,
providing too low a peel strength to be determined under
these conditions. We also examined the adhesion property of
two types of blends of the block and homopolymers, PtBA-
block-P2EHA/PtBA and the PtBA-block-P2EHA/P2EHA con-
taining the 60−70 mol % of the total P2EHA segment, but they
showed very low peel strength and insensitive response to
heating for dismantling. The blend with a lower P2EHA
content was not tacky and could not be tested as the adhesive,
being different from the favorable results for the block
copolymers with a similar composition. This result supports
the superiority of the use of block copolymers over polymer
blends.
Table 3 summarizes the results for the dual-locked

dismantlable adhesion tests using various block copolymers
by combination with BCD or NIT. The typical peel strength-
displacement curves are shown in Figure 6. No change was
observed in the peel strength after heating at 100 °C without
any photoirradiation, but the UV irradiation reduced the peel
strength to one-fifth of the original strength in the presence of
BCD due to the evolution of N2 gas (Scheme 2). During either
heating or irradiation process, no change in the polymer
chemical structure occurred, as shown in the NMR spectra of
the adhesive polymers recovered after heating at 100 °C for 1 h
or photoirradiation for 8 h (Figure 7). In contrast, the adhesive
properties of the polymers completely disappeared after the UV
irradiation and the postbaking, and the PET films sponta-
neously peeled off the stainless steel plate. The changes in the
polymer solubility and the NMR and IR spectra revealed the
quantitative hydrolysis of the block copolymers after treatment
with dual external stimuli, i.e., the UV irradiation and the

Figure 5. AFM images of the adhesive polymer film surface (PtBA94-
block-P2EHA36, B-5, NIT 0.2 mol %) in height and phase modes. (a)
Before and (b) after UV irradiation for 1 h and postbalking at 100 °C
for 1 h. Observation area 1 μm × 1 μm.
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postbaking. When NIT was used as the PAG, both an improved
tolerance to each single stimulus and easy debonding by the
sequential dual stimuli were satisfied. No damage was observed
in the adhesive qualities during the heating for 1 h, or UV
irradiation for 1 h, but spontaneous dismantling was realized by
the combination of the dual stimuli of heating and irradiation
(Figure 6b). A quicker dismantling was possible with less than
10 min irradiation and heating, although the peel strength was
not zero and some adhesive force remained. A high-
temperature dismantlable adhesion system was also proposed
using P2EHA-block-PIBoA as the adhesives. The PIBoA
segments showed much better heat resistance than the PtBA
segments; The P2EHA-block-PIBoAs showed no change in
their chemical structure and properties even after heating at 150
°C for 1 h. A higher temperature and greater amount of NIT
were needed for the complete dismantling when P2EHA-block-
PIBoA was used (Table 3). This result indicates that a balance
between the tolerance and sensitivity can be changed by the
combination of the protected ester groups (tert-butyl or
isobornyl ester) and the PAG (BCD or NIT, and their amount
contained in the polymers).

■ CONCLUSIONS

We have proposed the new concept of a dual-locked
dismantlable adhesion system in which the side-chain ester
groups of the adhesive polymers are deprotected due to the
dual external stimuli consisting of photoirradiation and
postbaking by the action of PAG, leading to a drastic change
in the adhesive properties. It was revealed that the well-defined
block copolymers consisting of PtBA and PIBoA as the reactive

Table 3. Peel Strength of the PtBA-block-P2EHAs, PtBA-
block-P2EHA-block-PtBA, and P2EHA-block-PIBoA as the
Dual-Locked Dismantlable Adhesives Using BCD or NIT as
the PAGa

stimuli

polymer
PAG

(mol %) UV heating
peel strength

(N/m)

PtBA94-block-P2EHA50 BCD none none 310 ± 50
(B-4, tBA content 65.2
mol %)

(5.0) none 100 °C,
1 h

250 + 45

8 h none 60 + 20
8 h 100 °C,

1 h
∼0

PtBA27-block-P2EHA33-
block-PtBA27

NIT none none 53 + 2

(B-6, tBA content 62.1
mol %)

(0.2) none 100 °C,
1 h

61 + 14

1 h none 75 + 10
1 h 100 °C,

1 h
∼0

P2EHA57-block-PIBoA29 NIT none none 14.4b

(B-7, IBoA content 33.7
mol %)

(0.2) none 150 °C,
1 h

8.5b

1 h none 20.3b

1 h 150 °C,
1 h

5.7b

P2EHA57-block-PIBoA29 NIT none none 17 + 3
(B-7, IBoA content 33.7
mol %)

(0.5) none 150 °C,
1 h

11 + 3

1 h none 17 + 2
1 h 150 °C,

1 h
∼0

aPeel rate, 30 mm/min. bSingle measurement.

Figure 6. Peel strength-displacement curves during the 180° peel test
using the test specimen of a PET film and a stainless steel plate
bonded by (a) PtBA94-block-P2EHA50 (B-4) in the presence of 5.0 mol
% BCD and (b) P2HEA-block-PIBoA (B-7) in the presence of 0.5 mol
% NIT. (blue) before UV irradiation and heating, (orange) after
heating, (purple) after UV irradiation, and (red) after UV irradiation
and the postbake. See Table 3 for the detailed conditions for
dismantling.

Figure 7. 1H NMR spectra of the adhesive polymer (B-4) including
5.0 mol % BCD as the PAG before and after any treatment by external
stimuli. (a) Before UV irradiation and heating, (b) after heating at 100
°C for 1 h, (c) after UV irradiation at room temperature for 8 h, and
(d) after UV irradiation at room temperature for 8 h and the
postbaking at 100 °C for 1 h. The spectra shown in a−c were recorded
in CDCl3, and d in acetone-d6 at room temperature.
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segment and the P2EHA as the low-Tg segment prepared by
ATRP showed excellent dismantling properties due to their
phase-separated microstructures. In this study, we demon-
strated that the dual-stimuli system is indispensable for
achieving both tolerance to an external stimulus for the stability
during use and reliable response to stimuli for the on-demand
dismantling. We are now continuing the further modification of
this dual-locked dismantlable adhesion system for a quicker
dismantling and investigating the dynamic properties of the
adhesive polymers and the failure mechanism, i.e., the cohesive
and interfacial failures.
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