Cohesive Force Change Induced by
=| Polyperoxide Degradation for Application to
¥ Dismantlable Adhesion

Eriko Sato,* Hiroshi Tamura, and Akikazu Matsumoto

Department of Applied Chemistry and Bioengineering, Graduate School of Engineering, Osaka City University,
Sugimoto, Sumiyoshi-ku, Osaka 558-8585, Japan

ABSTRACT Polyperoxides containing peroxy bonds as the main-chain repeating units are a new class of degradable polymers because
of significant changes in their molecular weight and physical properties during a degradation process. In this study, the application
of linear and network polyperoxides to dismantlable adhesion was investigated. When the linear polyperoxide obtained from methyl
sorbate and oxygen (PP-MS) was used as a pressure-sensitive adhesive (PSA), its shear holding power and 180° peel strength
immediately decreased upon heating at 70 °C or under UV irradiation. Low-molecular-weight products, which were generated by the
degradation of PP-MS, behaved as a plasticizer to effectively reduce the cohesive force. The adhesive properties of two types of
polyperoxides-based network polymers, the cross-linking point and main-chain degradable network polymers, were evaluated. A
cross-linking point degradable network polymer was produced by the oxygen cross-linking of dienyl-functionalized poly(ethylene
glycol). A main-chain degradable network polymer was formed by the diisocyanate cross-linking of a hydroxy-functionalized
polyperoxide. Both network polymers showed a higher adhesive strength than PP-MS due to their three-dimensional network structure.
Noteworthy, the adhesive strength of the main-chain degradable network polymer was varied from the level of PSA to structural
adhesives by increasing the added amount of the diisocyanate cross-linker. After heating at 110 °C, the cohesive and adhesive strengths
significantly decreased. The linear and network polyperoxides are shown to be promising materials for dismantlable adhesion.

KEYWORDS: degradable polymer ® network polymer ® dismantlable adhesion ® cohesive properties ® chain degradation

INTRODUCTION
n dhesive strength strongly depends on the properties

of the adherend surface, such as wettability and

roughness. The chemical and physical treatments of
adherend surfaces, such as annealing and plasma treatment,
are widely used in order to modify the adhesion properties
of the substrates (1—5). Adhesives consisting of polymer
materials can also be treated after adhering. For example,
post curing affects not only the cohesive force, but also the
adhesive strength, i.e., surface interaction between the
adhesive and adherend. The degradation of adhesives during
use under various conditions, such as exposure to sunlight,
moisture, and an oxidative atmosphere, is usually identified
as an unfavorable deterioration.

The degradation of polymers accompanies changes in not
only their molecular weight and chemical structure, but also
their physical and mechanical properties. There are two
types of positive applications of degradable polymers. One
directly utilizes the degradability, i.e., biodegradable con-
tainers and absorbable surgical materials (6, 7). The other
utilizes the secondary effect of degradation, i.e., a structural
change caused by degradation that further induces another
change in the properties of the materials. For instance,
positive resist materials use the increased solubility of a
degraded polymer to obtain a patterned surface (8). The
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degradation of polymers also changes their viscoelasticity,
rigidity, and polarity, which affect the polymer-to-polymer
and polymer-to-substrate interactions. The adhesion strength
is sensitive to changes in the cohesive force and interaction
between an adhesive layer and substrates (9). Degradable
polymers are the one of the best candidates as dismantlable
adhesives because their degradability and changes in their
properties induced by the degradation are tunable. Beside
degradable polymers, several materials based on different
strategies have been studied as adhesives that change their
adhesion properties corresponding to thermal stimulation.
For instance, the reversible Diels—Alder reaction, shape
memory polymers, and morphology change of a hot-melt
polymer were used as a key reaction or material to reversibly
change the adhesive properties (10—13). In general, the
polymers used for dismantlable adhesives are required to
response to external stimuli that do not deteriorate the
adhered materials.

Polyperoxides have been classified into a new type of
degradable polymer due to their characteristic degradation
via the radical chain mechanism. In the other words, the
polyperoxides can change their properties in response to
many stimuli over a short time period. We previously
reported that the polyperoxides are synthesized by the
radical alternating copolymerization of 1,3-diene monomers
with oxygen (14, 15). It was revealed that sorbic esters
underwent a regiospecific 5,4-propagation and the resulting
polyperoxides readily degraded by homolysis of the peroxy
bond followed by fS-scission to form low-molecular-weight
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degradation products (Scheme 1) (15—17). Various func-
tional polyperoxides, such as water-soluble, cross-linkable,
and reactive polyperoxides, were synthesized by the intro-
duction of a functional group into the 1,3-diene monomers
(16, 18, 19). We also reported the facile synthesis of dienyl-
functionalized precursor polymers using so-called dienyla-
tion agents (20, 21). Dienyl-functionalized precursor poly-
mers including telechelic type polymers undergo oxygen
cross-linking. In this case, the cross-linking point degradable
network polymers are formed. The polyperoxides containing
hydroxy groups, such as the polyperoxide from 2-hydroxy-
ethyl sorbate (HES), undergo cross-linking by bifunctional
isocyanates, and main-chain degradable network polymers
are formed (21). Because of a facile synthetic route, the
polyperoxides have started to attract much attention as
functional materials, and we have extensively studied ap-
plication of the polyperoxides in the field of morphology
control, drug delivery systems, etc. (22—24).

In this study, the adhesion behavior and dismantlability
of polyperoxides were investigated using several adhesion
tests, such as shear holding power, lap-shear strength, and
180° peel strength measurements. Three types of polyper-
oxides, i.e., linear, cross-linking point degradable, and main-
chain degradable network polyperoxides, were examined as
dismantlable adhesives. The effect of the degradation on the
adhesion strength, i.e., a cohesive force and an interaction
between the polyperoxide adhesive layer and the substrate
surface is discussed.

EXPERIMENTAL SECTION

Materials. 2-Hydroxyethyl sorbate (HES) (21) and di-
ene-terminated telechelic poly(ethylene glycol) (PEG-D) (M,
= 1100) (20) were prepared according to the methods
described in the literature. Methyl sorbate (MS) was distilled
under reduced pressure. 2,2’-Azobis(4-methoxy-2,4-dimeth-
ylvaleronitrile) (AMVN) was recrystallized from methanol.
The polyperoxides, PP-MS (M, = 3100, My/M, = 1.7) and
PP-HES (M, = 4600, M,/M, = 1.7), were prepared by the
radical alternating copolymerization of sorbic esters (MS and
HES) with oxygen initiated by AMVN in 1,2-dichloroethane
at 30 °C (15, 21). Tolylene 2,4-diisocyanate (TCI, >98.0 %)
was used as received. All other commercial chemicals were
used as received without further purification.

Measurements. The number- and weight-average mo-
lecular weights (M, and M,,) were determined by gel perme-
ation chromatography (GPC) with tetrahydrofuran (THF) as
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the eluent using a Tosoh CCPD RE-8020 system and calibra-
tion with standard polystyrenes. The NMR spectra were
recorded using a Bruker AN300N spectrometer. The ther-
mogravimetric and differential thermal analyses (TG/DTA)
were performed using a Seiko EXSTAR6000 at the heating
rate of 10 °C/min in a nitrogen stream at the flow rate of 30
mL/min. The differential scanning calorimetric (DSC) analy-
sis was performed using a Seiko EXSTAR6000 at the heating
rate of 10 °C/min.

The adhesion tests were performed according to “ASTM
D1002, standard test method for apparent shear strength
of single-lap-joint adhesively bonded metal specimens by
tension loading (metal-to-metal)”, “ASTM D3654, standard
test methods for shear adhesion of pressure-sensitive tapes”,
and “ASTM D3330, standard test method for peel adhesion
of pressure-sensitive tape” methods, using a Tokyo Testing
Machine (TTM) universal testing machine, LSC-1/30, with a
1 KN (at maximum) load cell and MSC-10/500, with a 10 kKN
(at maximum) load cell. The polyperoxide-based adhesive
materials were applied to a surface of the specimen and
were treated under the conditions described below. Glass
(26.0 x 76.0 x 1.0 mm?) and nonblasted aluminum (25.0
x 100.0 x 1.5 mm?) plates were used as the rigid speci-
mens. The adhered area was fixed at 325 mm? (12.5 x 26.0
mm? for glass and 13.0 x 25.0 mm? for aluminum). Speci-
mens were cleaned by ultrasonication in acetone for 15 min
and in 2-propanol for 15 min. A PET film (50 um thickness)
was used for the 180° peel test. All the adhesion tests were
performed at 25 °C. The average value of three measure-
ments was used.

Preparation of Joint Bonded by PP-MS. Typically,
PP-MS (100 mg) was dissolved in chloroform (0.2—0.3 mL),
and then applied on the specimen. The specimen was dried
in vacuo for 3 h in the dark, and the mating surfaces were
pressed together. The specimen was clamped and kept at
room temperature for 3 h in the dark.

Preparation of Joint Bonded by PP-network
PEG-D. Typically, to PEG-D (200 mg, 2.0 x 107* mol) in
the vessel, which was degassed and charged with oxygen
three times, AMVN (12 mg, 4.0 x 107° mol) was added and
mixed. If necessary, the mixture was hand warmed to soften
it. The mixture was applied on the specimen, then the
mating surfaces were pressed together. The specimen was
clamped and heated at 40 °C under an oxygen atmosphere
in the dark for 12 h for the reaction of PEG-D and oxygen to
form the PP-network PEG-D (Scheme 2).

Preparation of Joint Bonded by Network PEG-D.
Typically, to PEG-D (200 mg, 2.0 x 10™* mol) in the vessel,
which was degassed and charged with nitrogen three times,
AMVN (12 mg, 4.0 x 107> mol) was added and mixed. If
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necessary, the mixture was hand warmed to soften it. The
mixture was applied on the specimen, then the mating
surfaces were pressed together. The specimen was clamped
and heated at 40 °C under a nitrogen atmosphere in the dark
for 12 h to form the network PEG-D without peroxy bonds.

Preparation of Joint Bonded by Network PP-
HES. Typically, to 0.2—0.3 mL of acetone, PP-HES (200 mg,
1.06 x 107° mol of OH group), and TDI (184 mg, 1.06 x
107> mol) were added. The mixture was applied on the
specimen, then acetone was removed under vacuo in the
dark for 1 h. The application and drying process was
repeated 3—5 times and the mating surfaces were then
pressed together. The specimen was clamped and kept at
room temperature under vacuo for 12 h in the dark for the
reaction of PP-HES and TDI to form the network PP-HES
(Scheme 3).

Thermal Treatment and UV Irradiation of
Test Joint. For the thermal treatment, the test joint without
a clamp was placed in a preheated oven. After a predeter-
mined time, the joint was removed from the oven and was
naturally cooled to room temperature. For the UV irradiation,
a test joint without a clamp was placed at a distance of 10
cm from the UV source (Moritex MUV-250U-L, 500 W) at
room temperature.

RESULTS AND DISCUSSION

Linear Polyperoxide as Pressure-Sensitive Adhe-
sives. The representative lap-shear strength-displacement
curve of a glass joint bonded by PP-MS showed the typical
behavior of pressure-sensitive adhesives (PSAs), i.e., a steep
rise in the lap-shear strength followed by a gradual decrease
due to stringing was observed (Figure 1). The average of the
lap-shear strength was 13.5 & 4.0 kN/m?. The value of the
lap-shear strength ranged between those of office tape
(= 35—70 kN/m?) and a sticky note (= 0 kN/m?) (25). After
heating the joint at 110 °C for 2 h, the lap-shear strength
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FIGURE 1. Representative lap-shear strength-displacement curve of
glass joint bonded by PP-MS.
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FIGURE 2. Shear holding power of glass joint bonded by PP-MS after
heating at each temperature for 1 h.
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FIGURE 3. Shear holding power of glass joint bonded by PP-MS after
heating at 70 °C.

could not be determined due to too weak an adhesion
strength (26). In order to investigate the detailed change in
the adhesion strength after heating, the shear holding power
test was carried out. The time to failure (T against 100 g of
weight was determined at each temperature after heating
for 60 min (Figure 2). No decrease in the T; value was
observed by heating to 40 °C. The heating at 30 °C resulted
in a higher T; value than the one without heating. It is
expected that contact between the PP-MS and substrate was
improved due to the improved diffusion of the PP-MS during
the heating (27). Above 40 °C, the T; values significantly
decreased and were less than 10 s after heating at 70 °C.
The decreases in the T;value can be attributed to the thermal
degradation of PP-MS in addition to the plasticizing effect
of the degradation product as described later. The effect of
the heating time at 70 °C was also investigated (Figure 3).
The Ty value was rapidly decreased after an induction period
of ca. 5 min. The induction period is due to the low heat
conduction of PP-MS during the thermal treatment. The
onset temperature of decomposition (Tini) of PP-MS was 114
°C (15), which was determined by a TG analysis at the
heating rate of 10 °C/min. The Tin; value of PP-MS is much
higher than the temperature in which a significant reduction
in the shear holding power was observed (50—100 °C). The
changes in the weight loss of PP-MS, M, and M,,/M,, and Ty
values after heating at 70 °C are summarized in Table 1. The
weight loss was 1.5% after 10 min and 6.6 % even after 60
min of heating. The decrease in the M, value was low (25 %
reduction after a 30-min heating relative to the initial value).
These results suggest that most of the polymer chains still
exist without degradation after heating at 70 °C. In our early
work, it was reported that when one peroxy bond of the
polyperoxides undergoes homolysis, the resulting oxygen-
centered radicals undergo further successive f3-fragmenta-
tion forming low-molecular-weight degradation products
(15, 28). It is considered that the degradation products act
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Table 1. Property Changes of PP-MS after Heating
at 70°C

time (min) weight loss (wt %) M, My IM,, Ty (°C)
0 0 3100 1.71 —13
10 1.5 2800 1.68 “
30 3.9 2300 1.67 “
60 6.6 “ @ =27

“ Not determined.

1000
800

600 ~

1% (sec)

400 -

200 -

0Lt I I *
0 10 20 30 40 50 60

UV irradiation time (sec)

FIGURE 4. Shear holding power of glass joint bonded by PP-MS after
UV irradiation at room temperature.

as a plasticizer and the degradation of a small number of
chains resulted in an effective decrease in the shear holding
power. In fact, the Ty value decreased from —13 to —27 °C
after heating at 70 °C for 60 min.

To clarify the durability of PP-MS, the test specimen was
kept at 25 °C for 7 days then the shear holding power
measurement was carried out. The values of T; and M,
decreased from 530 4+ 260 to 130 &30 s and 3100 to 2700,
respectively. This result shows that the degradation of PP-
MS gradually proceeds even at room temperature and the
shear holding power deteriorates. The values of Tt and M,
after 7 days are close to those after 10—20 min at 70 °C.
This fact suggests that the shear holding power is affected
by the extent of the degradation of PP-MS and not by the
degradation conditions. Considering that the shear holding
power of PP-MS is reduced under mild conditions, PP-MS is
suitable for mild application such as rework processes and
temporary bonding and not for adhesives requiring a long
stability.

In general, the peroxy bond is labile to UV irradiation (29),
and we reported that the degradation of the polyperoxides
occurs due to UV irradiation (28). The effect of the UV
irradiation on the shear holding power was also investigated
(Figure 4). Contrary to the thermal treatment results, the Tt
values started to decrease just after the UV irradiation and
the shear holding power was almost lost in 60 s. The shear
holding power was reduced much faster by the UV irradia-
tion than heating under the conditions used in this study.
Although the UV light intensity used in this study is much
stronger than that of sunlight, it is expected that a gradual
decrease in the shear holding power occurs when PP-MS is
applied on a transparent substrate and exposed to sunlight.

As already mentioned, PP-MS behaved like PSAs. To
evaluate the peel strength, the 180° peel test was carried
out. Although the peel rate was relatively low (30 mm/min)
(30), the typical stick—slip failure (27, 31) was observed
before the thermal treatment (Figures 5a and 6a). The Ty
value of PP-MS was —13 °C, being higher than those for the
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FIGURE 5. Representative peel strength-displacement curves of the
test specimen during the 180° peel test bonded by PP-MS (a) before
and after heating at 70 °C for (b) 10, (c) 20, and (d) 60 min.

common PSAs (25, 32), and stick—slip failure was occurred.
After 10 min of heating at 70 °C, the peel strength obviously
decreased and the stick—slip failure was still observed
(Figure 5b). Stick—slip failure was no longer observed after
20 min of heating, (Figure 5c¢), whereas a further decrease
in the peel strength was observed after 60 min of heating
(Figures 5d and 6b). In all cases, cohesive failure was
observed. These results clearly showed that the cohesive
force decreased with the increasing heating time, in other
words, with the increasing amount of low-molecular-weight
products as a plasticizer. The value of the 180° peel strength
strongly depends on the experimental conditions such as the
peeling rate, therefore the value of the 180° peel strength
of PP-MS was compared to that of commercially available
office tape measured under the same conditions. The office
tape resulted in an ca. 200 N/m 180° peel strength at the
peeling rate of 30 mm/min. Although stick—slip failure was
observed, before heating, the maximum 180° peel strength
of PP-MS was more than twice that of the office tape. After
heating at 70 °C for 60 min, the value of the 180° peel
strength decreased to less than one-tenth that of office tape.
It can be concluded that the changes in the adhesive strength
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caused by the thermal degradation of PP-MS is significant
when considering practical applications.

Cross-Linking Point Degradable Network Polyper-
oxides. Polyperoxide-based network polymers are ex-
pected to show a higher cohesive force than the linear
polyperoxides, such as PP-MS. We previously reported that
precursor polymers having more than two dienyl groups per
chain, i.e., the dienyl-functionalized precursor polymer, are
cross-linked by oxygen in a solution in the presence of a
radical initiator (20, 33). Dienyl-functionalized precursor
polymers are also expected to undergo cross-linking by
oxygen in bulk and can be used as curable adhesives. The
telechelic type dienyl-functionalized poly(ethylene glycol)
(PEG-D) with the M, of 1100 was used as a precursor
polymer because low-molecular-weight PEGs showed a good
processability in a nonsolvent process (Scheme 2). After the
oxygen cross-linking in bulk, the gel, which is insoluble in
chloroform, was obtained in 18 wt % yield. The TG/DTA
analysis of the isolated gel showed the presence of peroxy
bonds, i.e., an exothermic heat evolution was observed and
the Tin value was determined to be 80 °C by DTA (see the
Supporting Information). Contrary to that of PP-MS, a marked
weight loss did not occur with heat evolution because the
degradation product was mainly nonvolatile poly(ethylene
glycol) (20).

The lap-shear strengths of glass and aluminum joints
bonded by the PP-network PEG-D were measured. The
failure mode of both joints was a combination of adhesive
and cohesive failures (see the Supporting Information). The
representative lap-shear strength-displacement curves and
the average values of the lap-shear strength are shown in
Figure 7 and Table 2, respectively. The value of the lap-shear
strength was higher than that of PP-MS. The results can be
attributed to an increase in the cohesive force becaue of the
three-dimensional network formation. The aluminum joint
resulted in a higher lap-shear strength than the glass joint.
These results suggested that the PP-network PEG-D exhibits
a stronger adhesion force on aluminum. After heating the
joints at 110 °C for 2 h, the lap-shear strength value
decreased. The failure mode was again the combination of
adhesive and cohesive failures (see the Supporting Informa-
tion). It is clear that the cohesive force decreases by the
degradation of the peroxy bond at the cross-linking point.
Interestingly, the lap-shear strength of the aluminum joint
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FIGURE 7. Representative lap-shear strength-displacement curves
of (a) glass and (b) aluminum joints bonded by PP-network PEG-D
before (—) and after (---) heating at 110 °C for 2 h.

Table 2. Results of Lap-Shear Strength Test
lap-shear strength (kN/m?)

relative
network before after lap-shear
polymer strip heating heating” strength®
PP-network glass 67.4+£5.2 32.0+22 0.47
PEG-D aluminum 2769 £22.5 449 +5.7 0.16

network PEG-D  glass 585+ 188 1258 £23.7 2.15

“At 110 °C for 2 h. ® The value obtained after heating at 110 °C
for 2 h relative to that before heating.

decreased to as low as that of the glass joint, i.e., the extent
of the decrease was more pronounced on the aluminum
joint.

As a control experiment, PEG-D was reacted in the
absence of oxygen, and the lap-shear strength was mea-
sured. Dienyl compounds undergo radical homopolymeri-
zation in the absence of oxygen (14) and the network PEG-D
having a nondegradable carbon-to-carbon bond at the cross-
linking point is formed. After heating, the lap-shear strength
increased by a factor of about two (Table 2). It was expected
that the remaining dienyl groups in PEG-D further reacted
to form additional cross-linking points during the heating.
The newly formed cross-linking point causes an increase in
the lap-shear strength. As described later, the reaction of the

Sato et al. www.acsami.org



Table 3. Effect of Heating Conditions on the
Results of the Lap-Shear Strength Test of Glass
Specimen Bonded by PP-Network PEG-D

lap-shear strength  relative lap-shear

temperature (°C)  time (h) (KN/m?) strength®
b b 67.4+52 1.00
80 0.5 702 £9.2 1.04
80 1 622+ 172 0.92
80 2 91.7+13.8 1.36
110 0.5 70.2 £ 15.4 1.04
110 1 47.7 £19.7 0.71
110 2 32.0+22 0.48

“The value obtained after heating relative to that before heating.
b Specimen before heating.

remaining dienyl groups also competes with the thermal
degradation of the peroxy bond. It should be mentioned that
the network PEG-D showed a lap-shear strength value as
high as that of the PP-network PEG-D before heating. This
fact suggests that the lap-shear strength is mainly controlled
by the nature of the precursor polymer and the chemical
structure of the cross-linking point has a negligible effect.
This means that the properties of the adhesives are adjust-
able based on the choice of the precursor polymers.

The dependence of the lap-shear strength on the heating
conditions was investigated in detail (Table 3). Heating at
80 °C resulted in an increase in the lap-shear strength values
with the increasing heating time. At 110 °C, a similar
increase was observed after 0.5 h and a gradual decrease
was observed after 1 h. These results suggest that the
frequency of the aforementioned cross-linking by the re-
maining dienyl groups exceeds the decross-linking by the
thermal degradation of the peroxy bond at 80 °Cand at 110
°C for a short time. Furthermore, the side reactions of the
peroxy radicals such as hydrogen-abstraction followed by
coupling result in the formation of new cross-linking points
(21). Contrary to the case of PP-MS, heating at 110 °C for
2 h is required to effectively reduce the lap-shear strength
for a glass joint bonded by the PP-network PEG-D. The PP-
network PEG-D contains a peroxy bond only at the cross-
linking points and the physical properties of the adhesive
layer are less sensitive to the degradation than for the main-
chain degradable PP-MS. Furthermore, the PP-network PEG-D
releases the linear PEG chains as the degradation product,
which does not act as a plasticizer.

Main-Chain Degradable Network Polyperoxides.
The network PP-HES was formed by the reaction of the
hydroxy functionalized PP-HES and bifunctional isocyanate,
TDI, and was investigated as main-chain degradable network
polymers (Scheme 3). In our previous study, it was revealed
that the main-chain degradable network polyperoxides are
more readily degraded than the cross-linking point degrad-
able network polyperoxides (21). Moreover, the urethane
group formed by the reaction of PP-HES and TDI results in
hydrogen-bonding with another urethane group and/or alu-
minum substrate, and thus a high lap-shear strength is
expected. Figure 8 and Table 4 show the representative lap-
shear strength-displacement curves and lap-shear strength

www.acsami.org

VOL. 2 « NO. 9 ¢ 2594-2601 « 2010

-
(=2
(=3
=]

3000

2000

1000

Lap-shear strength (kN/m?)

0 | |:' | |
0 01 02 03 04 05

Displacement (mm)

FIGURE 8. Representative lap-shear strength-displacement curves
of aluminum joints bonded by network PP-HES; [~OH]:[-NCO] =
100:100 before (—) and after (---) heating at 110 °C for 2 h.

Table 4. Results of Lap-Shear Strength Test of
Aluminum Specimen Bonded by Network PP-HES

lap-shear strength (kN/m?)

before after relative lap-shear
[—OH]:[-NCO] heating heating® strength®
100:100 4180 £ 1380 890 £ 250 0.21
100:50 4310 £ 1540 1260 + 180 0.29
100:25 2030 £ 520 >3080°¢ >1.52
100:10 580 % 170 n.d.?
100:100¢ 3690 £ 580 1140 &£ 150 0.31

@At 110 °C for 2 h. ” The value obtained after heating at 110 °C
for 2 h relative to that before heating. “ The measurement was
carried out using a 1 kN (at maximum) load cell with one test joint.
4 Not determined due to too weak an adhesion strength. ¢ Glycerol
was added; [-OH in PP-HES]:[—OH in glycerol] = 73:27.

of aluminum joints bonded by the network PP-HES, in which
the stoichiometric TDI, i.e., [~OH]:[—NCO] = 100:100, was
used (34). The obtained lap-shear strength (= 4180 £ 1380
kN/m? was as high as that of the hot-melt adhesive
(= 3500—7000 KN/m?) (25). The failure mode was the
combination of adhesive and cohesive failures (see the
Supporting Information). The network PP-HES was not
swollen in chloroform. This suggests that the degree of cross-
linking was very high. After heating at 110 °C for 2 h, the
value of the lap-shear strength decreased and the adhesive
failure became the major failure mode (see the Supporting
Information). Concurrently, a marked decrease in the effec-
tive adhered area was observed. The tandem action of the
thermal degradation of the polyperoxide and the decreased
adhered area effectively decreased the lap-shear strength.
It was expected that the decrease in the adhered area is due
to the reduced interaction between the adhesive layer and
aluminum during heating. It was reported that the unreacted
isocyanate group does not participate in the cross-linking
during the thermal degradation (21), and thus volume
shrinkage due to further cross-linking by the remaining
hydroxy and isocyanate group can be ruled out.

In our previous study, it was shown that the higher degree
of cross-linking resulted in an adverse degradation by heat-
ing due to side reactions such as cross-linking (21). To
decrease the degree of cross-linking, a lower stoichiometric
amount of TDI was used (Table 4). The result of the lap-shear
strength test obtained at [~OH]:[—NCO] = 100:50 was very
similar to that obtained at [—OH]:[—NCO] = 100:100 (see
the Supporting Information). In contrast, at [—~OH]:[—-NCO]
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Table 5. Effect of Heating Conditions on the
Results of the Lap-Shear Strength Test of Aluminum
Specimen Bonded by Network PP-HES

lap-shear strength  relative lap-shear

temperature (°C)  time (h) (KN/m?) strength®
b b 4180 £ 1380 1.00
80 0.5 3750 + 1510 0.90
80 1 3420 + 280 0.82
80 2 3200 £ 1380 0.77
110 0.5 2060 + 710 0.49
110 1 1020 £+ 250 0.24
110 2 890 £+ 250 0.21

“The value obtained after heating relative to that before heating.
b Specimen before heating.

= 100:25, the network PP-HES behaved as PSAs before
heating due to the low degree of cross-linking (see the
Supporting Information). After heating, the lap-shear strength
had increased. Interestingly, no significant decrease in the
adhered area was observed after heating (see the Supporting
Information). The lower TDI content resulted in a low degree
of cross-linking and more remaining hydroxy groups which
interact with the surface of the aluminum plate which
prevents the aggregation of the adhesive layer during heat-
ing. It is deduced that under the conditions of [—OH]:
[-NCO] = 100:25, the lap-shear strength is not simply
decreased by the thermal degradation. In the presence of a
small amount of TDI, i.e., [~OH]:[-NCO] = 100:10, the
network PP-HES also behaved as PSAs and the adhesive
strength was effectively decreased after heating. Again, no
significant decrease in the adhered area was observed after
heating. In this case, the adhesive strength was effectively
decreased by the favorable degradation of the polyperoxide
without any decrease in the adhered area. The values of the
lap-shear strength (= 580 =+ 170 kN/m?) before heating was
much higher than that of the linear PP-MS due to the
moderately cross-linked structure. This value is lower than
acrylic foam tape (= 1400 kN/m?) and higher than office tape
(35—70 KN/m?) (25). As another approach to reduce the
degree of cross-linking, a reactive diluent, glycerol, was
added. A result similar to the cases of [~OH]:[—NCO] = 100:
100 and 100:50 was obtained. It seems that above a certain
degree of cross-linking threshold, the network PP-HESs show
a strong adhesive strength, which is effectively reduced by
heating, whereas below the threshold level, the network PP-
HESs act as PSAs, in which the adhesion properties after
heating depend on the amount of the cross-linker.

The dependence of the lap-shear strength of aluminum
joints bonded by the network PP-HES obtained in the
presence of a stoichiometric amount of TDI, i.e., [-~OH]:
[-NCO] = 100:100, on the heating conditions was investi-
gated (Table 5). Contrary to the case of PP-network PEG-D,
with an increasing heating time at 80 °C, a gradual decrease
in lap-shear strength value was observed. More pronounced
decreases were observed at 110 °C, and a 1 h heating was
sufficient to effectively decrease the lap-shear strength. As
expected, the main-chain degradable network PP-HES is
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more readily degraded than the cross-linking point degrad-
able PP-network PEG-D by heating.

CONCLUSIONS

Three types of readily degradable polyperoxides, linear
and network polyperoxides, were applied to dismantlable
adhesion and their adhesive behavior was investigated in
detail. The linear polyperoxide, PP-MS, behaved as a PSA
because of its low Ty. The shear holding power and 180° peel
strength immediately decreased upon heating at 70 °C,
which is much lower than the initial degradation tempera-
ture of PP-MS. It was revealed that the low-molecular-weight
products from PP-MS behaved as a plasticizer and the
degradation of a small portion of PP-MS resulted in a
significant decrease in the cohesive force. UV irradiation also
decreased the shear holding power of PP-MS. The PP-
network PEG-D, which has peroxy bonds at the cross-linking
points, showed a higher adhesive strength than PP-MS due
to its three-dimensional network structure. To effectively
decrease the adhesive strength of the PP-network PEG-D,
heating at 110 °C for 2 h was required. The network PP-
HES, which has peroxy repeating units in the main-chain,
showed a much higher lap-shear strength than that of the
PP-network PEG-D by a factor of more than ten. The lap-
shear strength of the network PP-HES more readily de-
creased than the case of the PP-network PEG-D. The adhe-
sive behavior of the network PP-HES depended on the
addition amount of the cross-linker. The polyperoxides
investigated in this study showed potential for use in dis-
mantlable adhesion.

Supporting Information Available: Additional informa-
tion as noted in the text. This material is available free of
charge via the Internet at http://pubs.acs.org.
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