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The mechanical properties of semicrystalline polymers are closely related to crystallization. For trans-1,4-
polyisoprene (TPI), to explore the possibility of applications as elastomers, crystallization must be sup-
pressed. Previous studies have shown that, although TPI can be crosslinked by sulfur vulcanization or
high-energy radiation, the crystallization of TPl cannot be fully eliminated. In this work, we developed a
two-step method to modify TPI. In the first step, TPI is irradiated with y-ray to obtain crosslinked TPI
(XTPI), which has decreased crystallinity. Then, the crystallinity of xTPI is further suppressed by grafting
n-dodecanethiol to the xTPI chains by thiol-ene click chemistry. The grafted xTPI (g-xTPI) is character-
ized by nuclear magnetic resonance (NMR), differential scanning calorimetry (DSC), and wide-angle X-ray
scattering (WAXS). The effects of the n-dodecanethiol concentration and reaction time on the grafting
degree, crystallization behavior, and mechanical properties are systematically investigated. The results
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show that the crystallinity of g-xTPI decreases with the grafting ratio. The critical grafting ratio for the
“semicrystalline-to-amorphous” transition of xTPI is ~3%. With the increase of the grafting ratio, the strain
recovery of g-xTPI increases from 27.5% to 90%, indicating a transformation from a crystalline polymer to

rsc.li/polymers an elastomer.

defects for crystallization. Therefore, as a general observation,
with the increase of the modification degree, the crystallinity

1. Introduction
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trans-1,4-Polyisoprene (TPI), known as Gutta Percha or
Eucommia ulmoides gum (EUG), is one of the first discovered
natural polymers. Unlike its isomer, cis-1,4-polyisoprene
(natural rubber), TPI is semicrystalline and has been applied
as dental filling materials, medical splints, and damping
materials."™ In recent years, attention has been focused on
the modification of TPI, seeking the possibility of preparing
elastomers.® To this end, the crystallization of TPI has to be
suppressed. Modification of TPI includes chlorination,®®
hydrogenation,® epoxidation,'®™* grafting,">'* and Alder-ene
reaction.'>'® These methods modify the chemical structure of
a certain number of monomers in the TPI chains, which act as
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and melting temperature decrease. Traditional sulfur vulcani-
zation introduces crosslinks that destroy the regularity of TPI,
also resulting in a decrease in crystallinity and melting

temperature.”” ' However, there are shortcomings such as
insufficient  crystallization ~ inhibition’®*° and  poor
21-23

uniformity,
rubber material.

TPI can be effectively cross-linked by high energy radiation,
including y-ray>»** or electron beam.>® Upon increasing the
absorbed dose, the crystallinity of TPI decreased from 34% to
10%.>* With an absorbed dose of 700 kGy, TPI still exhibits a
certain degree of crystallinity (~18%), indicating that the seg-
ments between adjacent crosslinks are still long enough for
crystallization. Further increase in the absorbed dose leads to
unfavorable degradation and a severe decrease in mechanical
properties. In summary, the crosslinking reaction alone is
insufficient to reduce the crystallinity of TPI and further modi-
fication of the cross-linked TPI is required.

Click chemistry is a term that was proposed by Sharpless®”
in 2001 to describe chemical reactions that are high-yielding,
highly selective, environmentally-friendly, and simple to
perform. Among different click reactions, the thiol-ene click
reaction, ie., the hydrothiolation of a -C=C- bond, is often

thus limiting the application of TPI as a
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used in the preparation of functionalized polymers, topologi-
cal polymers, and surface modification of some polymers.?$~%
The thiol-ene reaction generally follows the Michael addition
mechanism or a free radical addition mechanism. The former
refers to the conjugate addition reaction between the electrophilic
conjugate system (electron acceptor) and the nucleophilic nega-
tive carbon ion (electron donor), which is generally reacted under
the catalysis of an alkali,>>*! while the latter is often photochemi-
cally induced. Under such conditions, a thiol is treated with a
photoinitiator under UV light, resulting in a thiyl radical (RS").
Afterward, the RS’ attacks the -C=C- double bond, resulting in
an alkyl radical. Then, the alkyl radical captures a hydrogen atom
from -S-H to form the thiol-ene addition product and another
thiyl radical. Thereby, the reaction occurs continuously.?>3*4%43
Specifically, the thiol-ene reaction has been applied in the modi-
fication of semi-crystalline polymers. For example, Gao et al. pre-
pared an unsaturated copolyester with butanediol succinate and
butanediol itaconic acid and modified these copolymers with tri-
methylolpropane-3. It was found that with the increase of itaconic
acid content, the crystallinity of the copolymer decreased
significantly.**

In this work, we designed a two-step methodology to tune
the crystallization and physical properties of TPI. The advan-
tages of this new method are (i) separated control of cross-
linking and grafting degrees, (ii) tunable physical properties in
a broad range, and (iii) high efficiency with no side products.
As depicted in Fig. 1, TPI was irradiated with y-ray to generate
crosslinks (referred to as XTPI). Then, XTPI was swollen in its
good solvent (toluene). Subsequently, n-dodecylmercaptan was
grafted onto the segments between crosslinking points in XTPI
by the thiol-ene reaction to obtain grafted xTPI (referred to as
2-XTPI). The effects of the reaction time, n-dodecanethiol con-
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Fig. 1 Experimental design of the present study and the chemical reac-
tion of TPI grafting.
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centration, and thermal treatment on the crystallization and
mechanical properties of the modified TPI were systematically
studied. The results show that the two-step grafting method
tunes the crystallization and mechanical properties of XTPI in
a wide range. In particular, the strain recovery of the material
was greatly improved, making the modified TPI suitable for
applications as elastomers.

2. Experimental section

2.1 Materials and sample preparation

The TPI used in this study was kindly provided by Qingdao
Junxiang Technology Co., Ltd and had a Mooney viscosity of
59. The TPI was crosslinked by y-ray radiation using a Co>’
source at room temperature under the protection of nitrogen.
The absorbed dose was 100-1000 kGy and the dose rate was
100 Gy min~". The irradiated TPI was designated as xTPL.
N-Dodecanethiol was purchased from Beijing Inokay
Technology Co., Ltd, with a purity of 98%. Photoinitiator 819
(phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide) with a
purity of 99% was purchased from Jiangsu Juming Huagong
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Fig. 2 (a) The gel content of irradiated TPl under an N, atmosphere
with different absorbed doses; (b) change of crosslinking density and
monomer numbers between crosslinking points as a function of
absorbed dose.
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Technology Co., Ltd. Toluene, chromatographic grade, was
purchased from Concord Technology Co., Ltd. The chemicals
were used as received without further purification.

About 500 mg of xTPI was added to a glass test tube con-
taining 50 mL of toluene and 10 mg of photoinitiator 819. The
thiol was added to the test tube and kept for 24 h under dark
condition. The residual air in the test tube was evacuated and
the tube was filled with nitrogen. Then, the sample was irra-
diated with UV at a wavelength of 365 nm, and the distance
from the sample to the light source was 15 cm.

The mole ratio of the double bond (-C=C-) and thiol bond
(-S-H) (referred to as the S/D ratio) can be calculated by eqn (1):

V m
s/p=-L) "¢
MSH MXTPI

(1)

where M,rp; is the molecular weight of the TPI monomer; mg is
the mass of the XTPI sample; and Msy, V, and p are the mole-
cular weight, the volume, and the density of n-dodecanethiol,
respectively. Two series of experiments were carried out to
investigate the influence of the S/D ratio or reaction time: (i)
the S/D ratiowas setas 1:3,1:2,1:1,2:1,3:1,and 4:1 and
the reaction time was fixed at 2 h; and (ii) the reaction time
was set to 0.5 h, 1 h, 2 h, 3 h, and 4 h, while the S/D ratio was
fixed at 2: 1.
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Fig. 4 The grafting degree of g-xTPI as a function of (a) S/D ratio and
(b) reaction time.
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Fig. 3 (a) The *H-NMR spectra of the modified xTPI vary with absorbed doses (fixed S/D 3:1, reaction time 2 h); (b) magnified spectrum of xTPI
with absorbed dose = 100 kGy; (c) the grafting ratio of the modified xTPI as a function of absorbed dose.
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After the reaction, the g-xTPI samples were taken out and
washed in toluene for 5 minutes. Afterward, the samples were
washed in ethanol for 5 minutes and this was repeated 3
times. Then, the samples were placed in a fume hood for 24 h
to evaporate the solvent and finally placed in a vacuum oven at
40 °C for 24 hours to fully dry the samples.

The crosslinking density was calculated from equilibrium
swelling experiments as described in detail in our previous
work>* (ESI, section 17).

2.3 Characterization methods

2.3.1 'H-NMR. The "H-NMR spectra of the samples were
recorded using a Bruker NMR spectrometer (AVANCE III 400,
350 MHz). The g-xTPI and the initial XTPI were swollen in deu-
terium chloroform. The data collection number was 64.

2.3.2 Gel content and the crosslinking density (V). The
irradiated XTPI samples were extracted using a Soxhlet extrac-
tor at 85 °C with chloroform for 24 h. The undissolved fraction
was first placed in a fume cupboard to evaporate the majority
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of the solvent, and then vacuum dried at 40 °C for 24 h to
remove the residual solvent. The gel content was calculated by
the following formula:

Gel content(%) = (%) x 100% (2)

0

where W, is the initial weight and W, is the weight of the dried
sample. The values of gel content were the average of three
parallel tests.

The xTPI was swollen in toluene for 72 h at room tempera-
ture to reach equilibrium. According to the Flory-Rehner*
equation, V. can be determined by the equilibrium swelling
ratio:

[11’1(1 - Vr) + Vi +){Vr2]

_—
¢ Vo(Vi13 — V;/2)

3)

where y is the Flory-Huggins polymer-solvent interaction para-
meter (0.36 for TPI/toluene),*>*” V, is the molar volume of
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toluene (106.2 cm® mol™), and V; is the volume fraction of
xTPI, which can be calculated according to Bala et al.*®

_ my/py
"= my/py + (my —my)/py )

where m; and p; are the weight of the swollen sample and the
density of solvent (0.866 g cm™>), respectively, and m, and p,
are the weight of the dried sample and the density of TPI
(0.945 g cm™?), respectively.

2.3.3 Differential scanning calorimetry (DSC). DSC tests
were carried out on a TA Q2000 calorimeter (TA Instruments). The
instrument was calibrated with indium before measurements. The
samples were protected under N, atmosphere to avoid oxidation
and degradation. The heating/cooling rate was 10 °C min ™.

2.3.4 Wide-angle X-ray scattering (WAXS). The WAXS
measurements were performed on a Xeusss 2.0 SAXS/WAXS
system (Xenocs SA, France), equipped with a microfocus CuKa
source and a Pilatus 300K semiconductor detector. The wave-

(b)

View Article Online

Paper

length of the X-ray was 1.54 A. The exposure time was 600 s.
The background from air scattering was subtracted from the
samples using standard procedures. The two-dimensional
images were converted into one-dimensional intensity profiles
using the Foxtrot software. All the WAXS tests were carried out
at room temperature. The treated sample was first heated to
120 °C at 10 °C min~" and held for 5 min to erase the thermal
history. Then the sample was cooled to —40 °C at 10 °C min™,
and held for 5 min before heating to room temperature.

The degree of crystallinity was calculated by:*°

Acr

Xe=-—9
ACT + Aam

x 100% (5)

where A.; and A,,, are the integrated area of the crystalline and
amorphous signals, respectively. The fitting of the WAXS
profile is illustrated in Fig. S1 (ESI¥).

2.3.5 Mechanical tests. The samples were cut into mini-
tensile bars with a pneumatic cutter. The size of the tensile bars
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Fig. 6 The DSC curves of g-xTPI with different reaction times and a fixed S/D ratio (2 : 1): (a) the first heating, (b) cooling, and (c) the second heating

curves. (d) T, Tc and AH,, as a function of reaction time. The heating/cooling rate is 10 °C min
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was 25 mm in length and 8 mm in width at both ends. The
middle parallel region was 4 mm in length and 3 mm in width.
The samples were stretched on a universal material testing
machine (Instron 3365) at 22 = 3 °C. The opening speed of the
clamps was 100 mm min ", corresponding to an initial strain rate
of 25 min~'. The results were the average of three parallel
experiments.

To measure the strain recovery performance, the specimens
were stretched to a strain of 300% at a crosshead speed of 4 mm
min~" (1 min~" based on the initial gauge length). Then the cross-
head moved backward at the same speed till the stress decreased
to 0. The strain recovery was calculated according to the formula:>

Eapp — Erec

Strain Recovery(%) = x 100% (6)

€app

where &, is the applied strain (i.e., 300% in this case) and e
is the unrecovered strain.
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3. Results and discussion
3.1 Crosslinking of TPI

It has been confirmed in our previous study** that TPI belongs
to the irradiation cross-linking type polymer. As shown in
Fig. 2a, the gel content and crosslinking density of the
samples increase with the absorbed dose. As for semi-crystal-
line polymers, the crosslinking reaction mainly occurs in the
amorphous region. However, there are still chain segments
that are sufficiently long for crystallization. Fig. 2b shows the
crosslinking degree and number of repeating units between
the crosslinks (N.) under different absorbed doses, the latter
of which was calculated by the following formula:**

N, :Pl/(MOVe) (7)

where M, is the molecular weight of the TPI monomer
(68 g mol™), p, represents the density of TPI (0.945 g cm™),

(b)

5 10 15 20 25 30
2theta (°)

(d)

Intensity (a.u.)

2theta (°)

Fig. 7 WAXS of the modified xTPI: (a) and (c) samples with the varied S/D ratio and fixed reaction time (2 h); (b) and (d) samples with different reaction
times and fixed S/D ratio (2: 1). The thermal history of the samples is different: (a) and (b) are as prepared samples; (c) and (d) are samples that melted at
120 °C and cooled to —40 °C at 10 °C min™ (for details, see the Experimental section). All the WAXS curves were taken at room temperature.
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and V. represents the crosslinking density of TPI after
irradiation.

3.2 Grafting of x-TPI: the effect of the crosslinking degree

As shown in Fig. 1, the methodology needs a network struc-
ture. The first parameter to consider is the crosslinking degree
of XTPIL. Two factors must be considered. First, the gel content
should be high so that during the second step, the weight loss
of XTPI is low. Second, the network should not be too dense to
hinder the diffusion of thiol. Fig. 3 shows the '"H-NMR spectra
of the modified TPI. Three resonance peaks were found in the
"H-NMR spectrum of the initial XTPL. According to the pre-
vious studies,">">* the peak at 5.14 ppm corresponds to the
proton in =C-H, marked as a. The peaks at 2.07 ppm and
1.99 ppm for the proton in —-CH,-, marked as b and c, are
slightly different in chemical shifts. The peak at 1.61 ppm
corresponds to the proton in -CHj3, marked as d as shown in
Fig. 3a.

After the grafting reaction, new resonance peaks appear at
0.89 ppm, 1.28 ppm, 1.45 ppm, 1.69 ppm, 2.52 ppm, and
2.69 ppm, marked as e, f, g, h, i, and j, respectively, which can
be assigned to the protons in the grafted monomers (inset of
Fig. 3a and b). Fig. 3b shows the magnified spectrum of
¢-XTPI, highlighting peaks g, i, and j. With the increase of
the concentration of thiol, the intensity of the new peaks
increased accordingly. The grafting degree of g-xTPI can be cal-
culated by:

Ac
6

Degree of grafting% = x 100% (8)

L4
6 a

where A, is the area of peak e, a summation of the protons in
the grafted thiol-terminated methyl group and the methyl
group on the saturated single bond (0.88 ppm), and 4, is the
area of peak a, corresponding to the unsaturated double bond
(5.14 ppm). The results show that the grafting degree slightly
increases in the beginning and then decreases with the
absorbed dose. The sample with 300 kGy has the highest graft-
ing degree while maintaining a high gel content. Therefore, in
the following sections, XTPI with 300 kGy was selected.

3.3 Grafting of x-TPI: the effect of the concentration of thiol
and the reaction time

"H-NMR spectra were applied to characterize the influence of
the concentration of thiol and the reaction time on the graft-
ing degree (Fig. S2, ESIt). Two sets of experiments were carried
out: (i) change of the S/D ratio with a fixed reaction time of
2 h; (ii) change of the reaction with a fixed S/D ratio (2:1). As
shown in Fig. 4, the grafting degree of XTPI increases with the
increase of the S/D ratio. Meantime, with the increase of the
reaction time, the grafting degree also increases. The red line
labels the critical value of the grafting degree as will be shown
in the following sections. The g-xTPI samples exhibit similar
thermal stability, as shown in Fig. S3 (ESIY).

This journal is © The Royal Society of Chemistry 2023
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3.4 Crystallization and melting behavior of g-xTPI

Fig. 5 shows the DSC curves of g-xTPI with different S/D ratios,
together with three control samples, ie., TPI, XTPI, and
XTPI-UV. XTPI-UV has nearly the same treatment as g-xTPI but
without the addition of thiol. In the first heating curve
(Fig. 5a), XTPI-UV shows the highest melting temperature (7Ty,),
even higher than TPI and xTPI. This is because of its solution
crystallization history. In the subsequent cooling and second
heating runs (Fig. 5b and c), TPI shows the highest crystalliza-
tion temperature (7.) and T, as expected. XTPI-UV shows
lower T. and comparable Ty, as compared to XTPI. The T, and
T of g-xTPI are lower than the control samples and decrease
with the S/D ratio. As summarized in Fig. 5d, 7. gradually
decreases from 22.8 °C for the initial TPI to —10 °C for g-xTPI
with S/D = 1:1. With a further increase in the S/D ratio, no
crystallization and melting of XTPI can be observed by DSC.
The results indicate that the grafting degree for the S/D ratio =
2:1 is a value for the transition from crystalline to amorphous.
In Fig. 3c, the critical grafting ratio for the transition is labeled
as a dotted line (~3%).
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Fig. 8 The crystallinity of the modified xTPI (without heat treatment):

(a) samples with the varied S/D ratio and fixed reaction time (2 h); (b)
samples with different reaction times and a fixed S/D ratio (2 : 1).
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To explore the effect of the reaction time on the crystallization
behavior of XTPI, DSC measurements were carried out on samples
with different reaction times and a fixed S/D ratio (Fig. 6). Similar
to the results shown in Fig. 5a, the melting behavior in the first
heating curves is strongly influenced by the thermal history, evi-
denced by the fact that g-XTPI with a reaction time of 0.5 or 1 h
shows a higher T,,, as compared to XTPIL The cooling and second
heating curves reflect the real crystallization and melting behavior
of the samples. As shown in Fig. 6b and c, the T}, and T, of the
samples decrease with the reaction time. No crystallization or
melting signal was detected when the reaction time was longer
than 2 h. The results are summarized in Fig. 6d.

3.5 Crystallization structure and crystallinity of g-xTPI

TPI mainly exhibits two crystal forms, namely, the stable o
form and the metastable p form.>®>® Fig. 7a and b show the
WAXS curves of the as-prepared modified XTPI with different S/D
ratios (fixed reaction time) and different reaction times (fixed S/D
ratio). The initial XTPI sample is mainly composed of the o form
because of the appearance of characteristic reflection peaks of
(100), (110), (111), (111), (200), and (210). Along with the DSC
results, because of the thermal history of the as-prepared
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samples, the WAXS curves of XTPI with S/D ratios of 1:3 to 1:1
(Fig. 7a) and xTPI with a reaction time of 0.5 or 1 h (Fig. 7b) were
similar to those of the initial XTPI. Significant drops in diffraction
intensities were observed with S/D ratio higher than 1:1 or with a
reaction time longer than 1 h. With a further increase in the S/D
ratio or reaction time, the intensity of the diffraction peaks of the
modified XTPI decreases to ~0. In the previous study, we found
that XTPI crystallizes into the p form after melting and recrystalli-
zation.”* Fig. 7c and d show the WAXS curves of recrystallized
samples. The characteristic peaks of  form were observed: (120)
and (200). Under this condition, g-xTPI with a S/D ratio higher
than 2 :1 or with the reaction time longer than 2 h are completely
amorphous.

In order to further study the change of crystallinity of modi-
fied xTPI with S/D, we calculated the crystallinity by integrating
the crystal peaks. When the grafting degree is low (S/D =
1:3-1:1) and (reaction times 0-1 h), the crystallinity changes
little, as shown in Fig. 8. When the S/D ratio exceeds 1:1 or
reaction times more than 1 h, the crystallinity drops remark-
ably, and this result is consistent with that shown in Fig. 5
and 6. When the S/D ratio exceeds 2:1, the crystallinity was
close to 0. The results also indicate that the grafting degree for
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Fig. 9 The engineering stress—strain curves of g-xTPI with (a) different S/D ratios with a fixed reaction time (2 h) and (b) different reaction times
with a fixed S/D ratio (2 : 1). The plots of elongation at break and tensile strength as a function of (c) S/D ratio and (d) reaction time.
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the S/D ratio = 2: 1 is a critical value, for a transition from crys-
talline to amorphous.

3.6 Mechanical properties of g-xXTPI

Fig. 9a and b show the engineering stress-strain curves of the
modified xTPI. The tested samples are in their as-prepared
state; therefore, the crystalline structures are reflected in
Fig. 11a and b. With the increase of the S/D ratio, the tensile
strength of g-xTPI decreased from 28.3 MPa to 1.3 MPa
(Fig. 9¢). xTPI and g-xTPI with a S/D ratio of 1:1 exhibit clear
yielding behavior. With the increase of the S/D ratio, no yield
point appears, and g-xTPI exhibits a rubber-like behavior. The
decrease in stiffness with the grafting degree is in line with the
decrease in crystallinity. When the S/D ratios were 3:1 and
4:1, the mechanical properties of the samples no longer
changed. Fig. 9b shows the engineering stress-strain curves of
g-XTPI with a fixed S/D ratio and different reaction times. The
results show that with the increase of the reaction time, the
tensile strength of the sample decreases from 28.3 MPa to 1.2
MPa (Fig. 9d), similar to the effect of the increasing S/D ratio.
When the reaction time was longer than 1 h, the yield point
disappeared and the stiffness decreased significantly. No

—_

—TPI
xTPI

View Article Online
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change in tensile strength or elongation at break was observed
when the reaction time was longer than 3 h.

Tensile recovery is a key property of elastomers. As shown
in Fig. 10a and c, the initial elastic recovery of XTPI was
~27.5%. The elastic recovery of g-xTPI significantly increased.
When the S/D ratio was 1:1, the elastic recovery already
reached 90%. Interestingly, the strain recovery of the samples
does not change with further increasing the S/D ratio. Similar
results were observed in Fig. 10b and d, where the strain recov-
ery increases with the reaction time. The strain recovery of
¢-XTPI was about 90%, which is a relatively high value com-
pared to other elastomers such as olefin block copolymers
(OBCs, ~75%)>° and polybutadiene elastomer (~87%),** and is
close to styrene-butadiene rubber (~92%),>® natural rubber
(~94%)°°°> and polyolefin elastomers (POEs, ~92%).%
However, the tensile recovery of the sample shows a slight
decrease, from 90% to 87%, when the reaction time was
increased from 2 to 4 h. According to Carstensen,®® this may
suggest that the UV reaction caused the degradation of xTPI,
causing a decrease in strain recovery.

The physical properties of g-xTPI are closely related to its
microstructures. The crosslinks provide a permanent network,
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where the junctions are defects for crystallization. As shown in
the monodisperse polyethylene glycol network, the melting
temperature decreases with the length of strands.®® A similar
effect is known in ethylene copolymers where commoners
such as butene or octane act as defects that shorten the crystal-
lizable sequence length.°® In analogies to the comonomer
content, the grafting degree is the fundamental parameter for
the physical properties of g-xTPI. T,,, AH,,, tensile strength
and X, were plotted as a function of grafting degree, as shown
in Fig. 11. Those physical quantities decreased in a roughly
similar trend. As compared to the crosslinks, the advantage of
grafting chains is that they shorten the crystallizable sequences
while keeping the density of the network to maintain
stretchability.

4. Conclusion

In this work, we studied the modification of TPI for potential
applications as elastomers. TPI was crosslinked first by y-ray
radiation to form a permanent network. Then, the chains
between crosslinks were grafted by a thiol-ene reaction. In this
way, the regularity of TPI was destroyed, while maintaining an
appropriate crosslinking density that enables the polymer to
exhibit good stretchability. The influence of reagent concen-
tration and reaction time was systematically studied. The
results showed that the crystallinity of the modified TPI
decreased significantly with the grafting ratio. For TPI with an
absorbed dose of 300 kGy, a critical grafting degree of 3% was
identified for a transition from a semicrystalline plastic to an
amorphous rubber. Interestingly, the strain recovery increases
from 27.5% to 90%, indicating a promising improvement in
elasticity.
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