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Abstract: Random copolymers of poly(lactic acid-co-glycolic acid-co-e-caprolactone) (PLGA-CL) based on lactic acid
(LA), glycolic acid (GA), citric acid (CA), and e-caprolactone (CL) were synthesized and characterized. '"H NMR spectra
showed that the polymerization conversion of various monomers was high under the experimental conditions, and the
degree of polymerization of the polycaprolactone (PCL) segment increased with the growth of CL content. The content
of CL has a remarkable effect on the decrease of glass transition temperature (7,) of the copolymers. The adhesive prop-
erties of random copolymers as pressure-sensitive adhesive (PSA) were evaluated. With the increase of CL content, 180°
peel strength, the shear strength and loop tack decreased. When CL content was 16.7 wt%, 180° peel strength was 4.76

N/25 mm, and loop tack was 8.45 N/25 mm.

Keywords: poly(lactic acid-co-glycolic acid), e-caprolactone, glass transition temperature, pressure-sensitive adhesive

property.

Introduction

Pressure-sensitive adhesive (PSA) is a kind of viscoelastic
material which could make the adhesive immediately to bond-
ing any smooth surface within low pressure."* Most traditional
press-sensitive adhesives are acrylate polymers. They have
been widely used in all walks of life,** and their production
accounts for more than 65% of PSA. However, they are poly-
mer materials that cannot be easily biodegraded.

Recently, adhesive based on several biodegradable materials
has been extensively studied.”” Poly(lactic acid-co-glycolic
acid) (PLGA) is a kind of good biodegradable material with
high biocompatibility and non-toxicity, which is widely used in
medical engineering materials, pharmaceutical, and industrial
fields.*!" Studies have shown that the higher the glycolic acid
content of PLGA, the faster the degradation rate of PLGA.
When the molar ratio of lactic acid to glycolic acid is about
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1:1, the degradation only costs two months.'? In general, the
PLGA is in a glassy state at room temperature because its glass
transition temperature (7}) is about 30 °C. Therefore, the per-
formance of PLGA is in urgent need of modification.
Polycaprolactone (PCL) is a semi-crystalline polymer with
high biocompatibility, organic polymer compatibility, and bio-
degradability, which is one of the most widely studied aliphatic
polyesters for a wide variety of uses.”*'” Because of its rel-
atively low T, it can be used to decrease the 7, of PLGA. Lan-
do'® used trimethylolpropane as the trifunctional central
molecule to form a new biodegradable binder with lactic acid
(LA) and &-caprolactone (CL). They found that the 7, of the
copolymer decreased after CL monomer united into the back-
bone of poly lactic acid (PLA), but its glass transition tem-
perature was above room temperature. Liu" synthesized
random copolymers of poly(d,l-lactide-co-glycolide-co-¢-
caprolactone) (PLGC) by the ring-opening polymerization of
d,l-lactide (DLLA), glycolic acid (GA), and CL. They copo-
lymerized lactide, glycolide, and &-caprolactone directly to get
a copolymer that appeared as rigid materials to rubber. The
copolymer is not suitable for PSA because of its high molec-
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ular weight and no viscosity at room temperature. Therefore,
we hope to synthesize low molecular weight PLGA and add
CL to improve its performance, while controlling the content
of CL to provide it with appropriate adhesive properties. PCL
and PLGA are complementary in terms of adhesive properties
and glass transition temperature, and would lead to more
effectiveness if combined.

In this paper, low molecular weight PLGA was synthesized
from LA, GA, and citric acid (CA). By adding different
amounts of CL, the copolymers with low 7, were synthesized.
Then we studied the conversion of CL monomer and the
degree of polymerization of PCL segment, as well as the glass
transition temperature and water contact angle. Finally, 180°
peel strength, shear strength, and loop tack of PSA tapes were
investigated to reveal their pressure-sensitive bonding prop-
erties.

Experimental

Materials. Glycolic acid (GA, 70%) was supplied by Jiangsu
Taixing Water Chemical Co., Ltd (Jiangsu, China). Lactic acid
(LA, 88%) was purchased from Henan Jindan Lactic Acid
Technology Co., Ltd (Henan, China). Citric acid (CA) was
supplied by Shanghai Lingfeng Chemical Reagent Co., Ltd
(Shanghai, China). e-Caprolactone (CL) was purchased from
Hunan Juren Chemical New Material Technology Co., Ltd
(Hunan, China) and stannous octoate was supplied by Shang-
hai Zhengui New Materials Technology Co., Ltd (Shanghai,
China). All other reagents were of analytical grade and used
without further purification.

Synthesis of Poly(lactic acid-co-glycolic acid-co-¢-
caprolactone) (PLGA-CL). GA (4.08 mol, 443.3 g), LA
(3.35 mol, 342.7 g) and CA (0.41 mol, 78.3 g) were mixed in
a three-mouth flask, which was then placed in a heat-collecting
magnetic stirrer for oil bath heating and turned on magnetic
stirring. Firstly, it was heated at 120 °C and kept for 90 min.
After that, Sn(Oct), (0.041 mmol, 16.8 g) was added in while
heating up to 180 °C. Vacuum to 100 Pa, and the reaction
ended in 12 h. The prepared PLGA was placed in a beaker for
further characterization.

The prepared PLGA and CL monomer were then mixed
with different mass ratios (5:1,5:2,5:3,5:4,5:5), with a total
reactant amount of about 100 g. Then placed them in a flask,
heated up to 150 °C with an absolute pressure of 400 Pa, and
the reaction lasted 6 h. PLGA-CL with different mass ratios
were obtained.

Characterization. Infrared Spectral Characterization (Fourier
Transform Infrared Spectroscopy, FTIR): The Nicolet5700
type infrared spectrometer (USA) was applied to record the
FTIR spectra of the polymer films. The range of 4000 to
400 cm™ and the resolution is 4 cm™.

Nuclear Magnetic Resonance Spectrometer ("H NMR):
An appropriate amount of polymer was dissolved in CDCI,
containing 0.03% TMS, and the polymer was characterized by
AVANCE 1IT 400 (Bruker, Switzerland).

Gel Penetration Chromatography (GPC): The molecular
weight and distribution of the polymers were determined by a
GPC (Waters, USA) with a Waters Model 1515. In the test
process, the flow rate was 0.5 mL/min with polystyrene (PS)
as internal standard at 40 °C. Tetrahydrofuran (THF) was used
as the solvent.

Differential Scanning Calorimetry (DSC): The thermal
properties of the polymers were recorded with DSC (Model
8500, China) measurements. The heating temperature ranged
from -70 °C to 60 °C, at a rate of 10 °C/min in a nitrogen
atmosphere.

Water Contact Angle (WCA): The polymer was heated to
55 °C. After softened, the polymer was coated on a 25 mm
wide poly(ethyl terephthalate) (PET) film with the wet film
preparation device, and a 40 um thick viscous film was
obtained. The water contact angle on the polymer film was
determined by an automatic contact angle goniometer
(JC2000D2, Shanghai, China). A drop of deionized water,
which was used as a testing liquid (5 pL), was dripped on the
surface of the polymer film. Measurement result was given as
the mean value of WCA.

Pressure-Sensitive Adhesive (PSA) Testing?®?': The
polymer was heated to 55 °C and then coated on a 25 mm
wide PET film with a wet film preparation device, and a 40
pum thick viscous film was obtained. MTS Exceed E42.503
electronic universal tensile testing machine (China) was used
to evaluate 180° peel strength, shear strength and loop tack.

For the 180° peel test, films coated with adhesive were lam-
inated against the stainless steel plate using a rubber roller.
After 30 min, peeled from the substrate at the speed of 300
mm/min. The average force required to peel the film was
recorded as 180° peel strength.

For shear holding force, the films were laminated against the
stainless steel plate using a rubber roller, and the contact area
was 25 mm’. After placing for 30 min, the stainless steel plate
was vertically fixed on the instrument, and 1 kg load was sus-
pended at the other end. The time when the strip was com-
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pletely separated from the stainless steel plate was recorded as
the shear holding force.

For the loop tack test, the strip was formed into a loop with
the adhesive side facing outwards. Inserted both ends of the
strip into the upper grip of the tester. A stainless steel plate was
placed on the lower grip. The upper grip moved down at the
speed of 300 mm/min until the strip had an area of approx-
imately 25 mm’ in contact with the stainless steel plate. Then
moving the upper grip upward at the same speed while record-
ing the force required to separate. The maximum separation
force was recorded as loop tack.

The average of the five parallel test results was taken as the
final experimental result.

Results and Discussion

Synthesis and Characterization of PLGA. The chemical
structures of PLGA were characterized by FTIR. FTIR spectra
of PLGA are shown in Figure 1. It is observed that FTIR spec-
tra exhibit the stretching vibration of -OH and C=0 at 3525.2
and 1743.3 cm™ respectively. The absorption peaks at 2930.4
and 2850.3 cm™ are the stretching vibration of C-H (CH,). At
1164.8 and 1085.7 cm’, there are asymmetric and symmetric
stretching vibration peaks of C-O bond respectively, indicating
the presence of an ester group. The infrared spectra confirmed
the synthesis of PLGA.

Scheme 1 presents the molecular structure of PLGA and
Figure 2 is the ' H NMR spectra of PLGA. There is the peak
at 5.21 ppm, due to the proton of LA’s methine group, the pro-
tons of GA’s methylene group, appearing at 4.83 ppm, the pro-
tons of the methyl group of LA, at 1.58 ppm and the protons
of the methylene group of CA, at 3.03 ppm.
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Figure 1. FTIR spectra of PLGA.
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Scheme 1. The molecular structure of PLGA (R}, R,, R;, R, are co-
oligomers of LA and GA).
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Figure 2. 'H NMR spectra of PLGA.

The peak area intensity is shown in Table 1, and we can cal-
culate the copolymerization ratio in the polymer through the
peak area. When the feeding ratio [GA]/[LA]/[CA] = 1.22:1:
0.12, the molar ratio of the copolymer is calculated by using
the date in the Table 1. [GAJ/[LAJ/[CA] = [I(3)/2]:[I(1)]:[1(4)/
2], the result is about 1.26:1.00:0.10, which is approximately
consistent with the feed ratio.

Figure 3 presents GPC chromatograms of PLGA. Two peaks
appeared in GPC, which may be due to the uneven degree of
polymerization of four functional groups on CA. The polydis-
persity index is 1.82 and the relative molecular weight of the

Table 1. Chemical Shift and Peak Area of Each Proton Peak
in PLGA

1 _CH-* 5.21 1.00
2 -CH,-* 1.58 2.92
3 -CH,-" 4.83 2.53
4 -CH,-¢ 3.03-3.09 0.20

“Lactic acid. *Glycolic acid. ‘Citric acid.
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Figure 3. GPC chromatograms of PLGA.

Scheme 2. The molecular structure of PLGA-CL.
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Figure 4. '"H NMR spectra of PLGA-CLI.

prepared polymer measured by GPC is 1401.

'"H NMR and FTIR Analysis of PLGA-CL. A typical 'H
NMR spectra is shown in Figure 4 and the molecular structure
of PLGA-CL are shown in Scheme 2. The peaks at 4.6-4.9 are
the characteristic absorption peaks of GA’s methylene group.
The peak at 5.1-5.3 is the absorption peak of the methane
group in LA. The characteristic absorption peaks at 4.0-4.2 and
2.3-2.5 are the absorption peaks of -OCH, and -CH,COO in
the structure of CL respectively. The peak area intensity is
shown in Table 2.

In order to have a further analysis on the results of 'H NMR
spectra, it is necessary to determine the attribution of the peak.
The known reactants in the reaction system are PLGA, CL

monomer, and Sn(Oct),, among which the possible existing
substances after the reaction are: copolymer, CL monomer,
Sn(Oct),. The chemical shifts of hydrogen atoms in CL and
PCL are shown in Table 3 and the molecular structure of CL
is shown in Scheme 3. For PSA properties, the monomer con-
version during the polymerization process should be as high as
possible to prevent small molecules from interfering with the
bonding process.”? Therefore, we can calculate the conversion
rate of CL by calculating the proportion of the remaining CL
and the copolymer composition in the "H NMR spectra. In Fig-
ure 3, PLGA did not have a peak between 2.62-2.66, while the
peak at 2.65 of the copolymer in Figure 4 indicated that CL
was not completely transformed during the process of copo-
lymer reaction. Theoretically, the conversion rate of CL can be
obtained by the ratio of the peak area intensity of CL to the
copolymers.” The formula is: o(CL)=[I(PCL)-I(CL)}/I(PCL)

Scheme 3. The molecular structure of CL.

Table 2. Chemical Shift and Peak Area of Each Proton Peak
in PLGA-CL1

Number  Growp eSSt T
1 -CH- 521 1.00
2 -CH;-* 1.58 3.08
3 -CH,- 4.83 2.49
4 -CH,- 3.03-3.09 0.21
a -CH,C00-“ 2.24-2.49 0.78
b -CH,-“ 1.45-1.54 0.80
c -CH,- 1.39-1.45 0.79
d -CH,-“ 1.60-1.69 0.80
e -OCH,- 4.03-4.23 0.80

“Lactic acid. *Glycolic acid. ‘Citric acid. “s-caprolactone.

Table 3. Chemical Shift of Each Proton Peak in CL and PCL

CL a' b ¢ d e’

S (ppm) 2.62-2.66 1.70-1.87 4.22-4.26
PCL a bcd e

S (ppm) 231 1.38-1.65 4.07
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=[I(a)-I(a")])/I(a); where a is the monomer conversion rate and
I is the integrated intensity of each proton peak. The con-
version rate of CL in PLGA-CL1 was 98.71%. The other thing
to notice is that PCL is a semi-crystalline polymer, when the
degree of polymerization is greater than 5, PCL segment will
show crystallinity. CA has three carboxyl groups and one
hydroxyl group, we can calculate the theoretical degree of
polymerization of PCL segment on the single-arm with the
molar concentration of PCL and the starting agent CA in the
copolymer. The formula is: DP=[PCLJ/4[CA]=[I(a)]/4[1(4)].
By calculating, the theoretical degree of polymerization of CL
in PLGA-CL1 was 0.93.

'H NMR spectra of PLGA-CL with different content of CL
were presented in Figure. 2, which clearly showed that, with
the growth of the content of CL, the peak areas of 1.38-1.76,
2.3-2.5 and 4.0-4.2 also increased. After calculating the for-
mula, monomer conversion and theoretical degree of polym-
erization of PLGA-CL are shown in Table 4. It is worth noting
that the conversion rate decreased slightly with the increase of
the content of the CL. According to the results, the overall con-
version rate change trend was over 94%. All the synthesized
copolymers have high monomer conversion levels.

The chemical structure of copolymers was characterized by
FTIR spectra. The FTIR spectra of PLGA-CL with different
content of CL are shown in Figure 6. As we can see from the
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Figure 5. '"H NMR spectra of PLGA-CL with different content of
CL.
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Figure 6. FTIR spectra of PLGA-CL with different content of CL.

figure, all FTIR spectra show similar peaks. However, com-
pared with the spectra of PLGA, the spectra of PLGA-CL
copolymers showed a wider peak between 2991.1 cm™ and
2836.8 cm’! as the content of CL increased. This is, because
with the increase of CL, the number of -CH, groups in the sys-
tem increases and C-H produces stronger absorption. In fact,
CL reacts with PLGA to form ester bonds after ring-opening,
and the number of free C=0 in the system decreases. There-
fore, compared with PLGA, the carbonyl group peak of
PLGA-CL in the copolymer shifts to a lower wave-number.

DSC Analysis. The performance of PSA will be affected by
T,. It is well known that PSA with 7, values below room tem-
perature is preferred and shows good end-use performance.?*

DSC curves of PLGA with different content of CL are com-
pared in Figure 7. DSC curves show that PLGA-CL ter-
polymer has only one T,, which indicates that the obtained
copolymer is a random copolymer. In general, the 7, of a poly-
mer depends on many factors. The addition of comonomers to
the reaction mixture can be used to change the 7, of the poly-
mer. The monomer with a higher 7, value is used to enhance
the cohesion of the adhesive, while the monomer with a lower
T, value provides viscosity and flexibility.”* Figure 7 shows
that the 7, of PLGA is 17.64 °C. And the T, of PCL is about
-60 °C in general, so 7, of the copolymer can be kept within
an ideal range by controlling the feeding amount of CL. In

Table 4. Monomer Conversion and Theoretical Degree of Polymerization of PLGA-CL

Sample PLGA-CL1 PLGA-CL2 PLGA-CL3 PLGA-CL4 PLGA-CLS
a(CL) 98.71% 97.42% 96.98% 95.63% 94.86%
Dp 0.93 1.42 2.12 2.40 3.48

Zan, A)4548 A45, 20213
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fact, as can be seen from Figure 7, T, of all PLGA-CL samples
are below 0 °C, ranging from -33.66 to -0.36 °C. With the
increase of the content of CL, the T, of the polymer is -0.36,
-11.36, -21.72, -26.21, and -32.66 °C respectively, and the
number decreases gradually. This can be attributed to the fact
that with CL entering into the system for single-ring reaction,
the flexible chain segment of the polymer grows, and the
incorporation of CL improves the free motion of the polymer
chain, thus reducing 7,. Another noteworthy phenomenon is
that, with the increase of CL content, the melting point of the
copolymer appeared near 32 °C. In the previous 'H NMR
spectra calculation, the degree of polymerization of PCL seg-
ment on the single-arm in PLGA-CL was all below 5. For
PLGA-CL1, the polymer was an amorphous structure, and
DSC curve had no crystallization peak. The degree of polym-
erization of PCL segment in PLGA-CL2 was about 1.42, and
a small peak appeared at 32 °C. This might be due to the
uneven distribution of chain segments, resulting in the length
of some PCL segments exceeding 5. With the growth of CL
content, the degree of polymerization of PCL segment in
PLGA-CL3, 4, and 5 increased, and the polymers showed
obvious crystallization. This phenomenon agreed with the cal-
culation of theoretical degree of polymerization in 'H NMR
spectra.

Copolymerization is a reaction in which different com-
pounds come together to form a copolymer. For random copo-
lymers, Fox derived the following eq. from the glass transition
temperature of each homopolymer: 1/T,= W\/Ty + W,/Ty.
Where W, and W, are the weight fractions of PLGA and CL
monomer units in the copolymer, and 7, and T, are the Ty(K)s
of PLGA and PCL homopolymers. For a typical example, the
weight fraction of PLGA-CL1 is W, =0.833 and W,=0.167.

PLGA-CLS

PLGA-CL4
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21.72°C .
H ' PLGA-CL2
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Figure 7. DSC graph of PLGA-CL with different content of CL.
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Their 7, values are T, = 17.64 °C (290.64 K) and T, = -63.8
°C (209 K)."” Substituting the Fox eq. the theoretical 7, is
-0.52 °C, which is approximately consistent with the actual
measured T, value. The experimental results are in good agree-
ment with the theoretical model, which indicates that the com-
position of copolymer is consistent with the feed ratio.

Water Contact Angle (WCA) Analysis. Wettability is one
of the most important surface properties affecting material
properties. It is characterized by the static contact Angle. The
hydrophilicity of polymer materials can be evaluated by depos-
iting water droplets on the film surface. The composition of the
polymer film will change the value of the contact angle.” Sig-
nificantly, the more hydrophilic the membrane surface is, the
lower the water contact angle becomes. In the use of PSA, the
wettability of PSA should be studied, and in the process of
coating, it also needs to determine the wettability of PSA on
the substrate surface, which will affect the adhesion of PSA.

WCA results are shown in Figure 8 by testing the contact
angles of polymers with different content of CL, it is obvious
that the WCA of the polymers is below 90 °C, indicating that
the polymers are hydrophilic. This phenomenon is resulted
from the polymerization with CA as the starting agent, and a
large number of carboxyl groups at the end of the polymer
make the polymer hydrophilic properties. Another noteworthy
phenomenon is that with the increase of the content of CL, the
WCA of polymer films with different content of CL increased
from 69.00 to 73.25°. This is because PCL is a hydrophobic
material. The introduction of CL into the ring-opening polym-
erization resulted in a slight decrease in the hydrophilicity of
the polymer.

Adhesive Properties Analyses. The experimental results

Polym. Korea, Vol. 45, No. 4, 2021
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Figure 9. Adhesive properties of PSA with different content of CL:
(a) 180° peel strength; (b) shear strength; (c) loop tack.

of 180° peel strength, shear strength, and loop tack are shown
in Figure 9. For PSA properties, the adhesion and cohesion
required by PSA are very important.® Since PLGA prepared
by us is non-viscous at room temperature, PLGA is not pres-
sure-sensitive viscous when the addition of CL is 0. As can be
seen in the figure, the copolymers are pressure-sensitive vis-
cous with the addition of CL. This phenomenon is due to the

Zan, A)4548 A45, 20213

addition of CL into the system makes the polymer's molecular
chain flexible and long, while the molecular weight and inter-
molecular force increase, the 7, of the copolymer decreases.
On the other hand, when the CL content is the lowest, the
copolymer 180° peel strength, loop tack, and shear strength are
the highest. This is, because with the increase of CL content,
the degree of polymerization of PCL segment increases, and
the copolymer shows crystallinity, which may lead to the
decrease of polymer viscosity. Interestingly, it can be con-
cluded from Figure 9(a) that the peel strength of PSA
decreases with the increase of CL content. This is because
PCL is a semi-crystalline polymer that is not viscous. When
the CL content increases, the degree of polymerization of some
PCL chain segment gradually exceeds 5 and shows crystal-
linity, which leads to the decrease of the peel strength. On the
other hand, the wettability of materials also affects the adhe-
sive of PSA. With the increase of CL content, the hydro-
philicity of the polymer decreases, which leads to the peel
strength decreases. As can be seen from Figure 9(b), as
expected, the shear strength of PSA gradually decreases with
the increase of CL content. This is because, with the increase
of CL, the molecular flexible chain segment becomes longer,
the cohesion strength of PSA decreases, and the failure type
changes into cohesion failure, which leads to the decrease of
shear strength. As shown in Figure 9(c), the loop tack is very
similar to the peel strength with the change of CL content.
Therefore, the above hypothesis explains the peel strength
should also be applicable to the change of loop tack. When CL
content was 16.7 wt%, 180° peel strength was 4.76 N/25 mm
and loop tack was 8.45N/25 mm. The experimental results
showed that loop tack was similar to that of the self-cross-
linking fluorinated polyacrylate pressure-sensitive adhesive
prepared by Fang,”* and the peel strength was about half of that
of the self-crosslinking fluorinated polyacrylate pressure-sen-
sitive adhesive. We found that by controlling the content of CL
to control 180° peel strength and shear strength of the copo-
lymer, so as to obtain the appropriate mechanical properties.

Conclusions

PLGA-CL were synthesized by the copolymerization of
PLGA and CL. PLGA based on LA and GA as raw material,
CA as the starting agent and Sn(Oct), as the catalyst was syn-
thesized by copolymerization. The main conclusions are as fol-
lows:

(1) FTIR spectra confirmed that the required PLGA was
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synthesized, and CL participated in polymerization to form
copolymers with PLGA. The relative molecular weight of the
prepared polymer measured by GPC was 1401. The desired
low molecular weight PLGA was obtained.

(2) '"H NMR spectra indicated the synthesis of PLGA-CL.
The conversion rate of CL in copolymer is more than 94%,
and the degree of polymerization of PCL segment increases
with the content of CL increases.

(3) With the increase of the content of CL in the copolymer,
T, of PLGA-CL decreased. Due to the increase in the degree
of polymerization of PCL segment, the copolymer gradually
showed crystallinity. By controlling the content of CL, the
polymer in the ideal 7, range was obtained, which ensured that
the material showed good end-use performances at room tem-
perature.

(4) WCA shows that the copolymers synthesized in different
proportions are hydrophilic. Moreover, with the increase of the
content of CL, the hydrophilicity of the polymer decreases
slightly.

(5) With the addition of CL, the copolymer became viscous.
Meanwhile, with the increase of CL content, the peel strength,
the shear strength, and loop tack decreased gradually. It is
found that by controlling the amount of CL, the composition of
the polymer can reach a balance and obtain an appropriate peel
strength and shear strength.
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