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Abstract Directly starting from lactic acid (LA) and
trimesic acid (TMA), novel biodegradable material poly
(lactic acid-trimesic acid) (PLT), a modified polylactic acid
(PLA) with terminal carboxyl, was synthesized via melt
copolycondensation. The optimal synthetic conditions,
including catalyst kinds and dosage, prepolymerization
time, copolymerization temperature and time, were dis-
cussed. When L-lactic acid (L-LA) and TMA as molar feed
ratio n(L-LA)/n(TMA) 120/1 was prepolymerized for 8 h at
140°C, the copolycondensation catalyzed by 0.9wt %
SnCl, at 190°C for 8 h gave PLT with the biggest intrinsic
viscosity ([77]) 1.91 dL g ', and the corresponding weight-
average molecular weight (My) was 14,100 Da. Serial
L-PLTs at different molar feed ratios were synthesized and
characterized with FTIR, 'H NMR, GPC, DSC, and
XRD. Increasing n(L-LA), M,, increased first, and the
biggest M,, was 17500 Da at n(L-LA)/ n(TMA) 240/1,
then decreased. Using D,L-lactic acid (D,L-LA) instead of
L-LA, the influences of LA stereochemical configuration
were investigated. The peak phenomenon of M,, was
similar, but the biggest M, was 23,100 Da at n(D,L-LA)/n
(TMA) 320/1. The serial L-PLTs had a certain crystallinity
(10.2%~23.0%), while all D,L-PLTs were amorphous.
These differences may be in touch with the reaction
mechanism of direct melt copolycondensation. The meth-
od was simple and practical for the synthesis of PLA
biomedical materials applied in drug delivery carrier, and
vessel substitution material.
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Introduction

For its excellent biocompatibility, biodegradability and
bioabsorbability, polylactic acid (PLA) has been widely
applied in biomedical fields, including surgical suture, bone
fixation material, drug delivery carrier, and tissue engineer-
ing scaffold materials [1-5]. However, the familiar PLA
was linear, and the linear polylactic acid (LPLA) has some
drawbacks in properties, including lower thermal stability at
high temperature and higher glass transition temperature
(Tg), which limited its more possible applications. Thus, the
star-shaped polylactic acid (SPLA) that could offset some
drawbacks of LPLA, is being highlighted [6, 7].

In the published papers, multifunctional hydroxyl com-
pounds were usually used as the core in the synthesis of
SPLA [6—13]. And there are few reports on the synthesis
of SPLA using multifunctional carboxyl compounds as
the core. This may be related to the limitation of
preparation methods for SPLA. In most cases, SPLA
was synthesized via traditional ring-opening polymeriza-
tion (ROP) of lactide usually using hydroxyl compounds
as initiator [7]. Compared with hydroxyl group, organic
acid could accelerate the ROP of lactide, but the activity of
carboxyl group is too low to initiate the ROP of lactide
[14-16].

On the other hand, when SPLA was synthesized via the
direct melt copolycondensation of lactic acid (LA) with
other multi-functional carboxyl compounds, there is only a
few papers reported, and the limited researches showed that
the molecular weight of product is lower. For example,
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when directly starting from L-lactic acid (L-LA) and citric
acid, the biggest weight-average molecular weight (M,,) of
the copolymer synthesized via direct melt polycondensation
was only 5378 Da, and polydispersity index (PDI) My/M,
was 2.96 [17-19]. When directly starting from D,L-lactic
acid (D,L-LA) and sebacic acid, the biggest M,, of the
copolymer synthesized via direct melt copolycondensation
was 15,500 Da, but in most cases M,, was less than
9,700 Da and the biggest PDI (M,,/M,,) was 2.18 [20, 21].

However, the synthesis of PLA copolymer using
carboxyl compounds as starting materials can make the
surface of PLA biomaterials have more acidic groups,
which is beneficial for the PLA materials with pendant
carboxyl to improve their cell affinity and control the speed
of materials degradation [19, 22], or to be a hopeful
material for vessel substitution with good blood compati-
bility [23]. Therefore, Wang’s group prepared the function-
alized biodegradable copolymer poly(L-lactide-co-malic acid)
via a longer route with five steps including the preparation of
different cyclic intermediates, the ROP of L-lactide and the
deprotection of benzyl [22, 24].

In fact, even only for the preparation of lactide, which
has usually been prepared from LA, or the derivative of
LA, the synthetic process was also lengthy and trouble-
some, and the yield was low. At the same time, to
synthesize higher molecular weight PLAs, the intermediate
lactide must be recrystallized several times before they are
used; this process is repetitious and consumes a lot of
organic solvents [1]. Thus, how to use a simple method to
obtain PLA material (e.g. SPLA) with acidic surface or
terminal carboxyl group is worth exploring.

In recent years, there are more and more reports on the
direct syntheses of PLA [25-27] or its copolymers [28, 29]
using LA as starting material, especially via melt homo-
[30—40] /co- [41-50] polycondensation of LA, the novel
simple one-step method instead of the traditional two-step
method using lactide as an intermediate. However, there is
no report on the synthesis of SPLA via direct melt
copolycondensation using trimesic acid (TMA) as the core.
At the same time, only in a few papers [28, 39, 51-53] the
mechanism of direct melt polycondensation was discussed,
even the mechanism of direct melt copolycondensation was
seldom mentioned before.

In this paper, based on our previous work [7], especially
the researches on the direct melt homo-/co- polycondensa-
tion of LA, and the application in drug delivery [54-59],
we respectively used L-LA and D,L-LA as starting
materials, investigated their copolycondensation with
TMA (Scheme 1). A novel SPLA with terminal carboxyl
group, copolymer poly(lactic acid-trimesic acid) (PLT) was
successfully synthesized and systematically characterized
by FTIR, '"H NMR, GPC, DSC and XRD. Based on the
analysis of the influences of different molar feed ratio and
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LA stereochemical configuration, for the first time the peak
phenomena of molecular weight were reported when
increasing the molar feed ratio n(LA)/ n(TMA), and the
possible mechanism of direct melt copolycondensation was
proposed.

Experimental

Materials

L-LA was purchased from Wako Pure Chemical Industries,
Ltd. (Tokyo). TMA was purchased from Alfa Aesar China
(Tianjin) Co., Ltd. Other chemical reagents, including
stannous chloride (analytic reagent), D,L-LA (analytic
reagent), were purchased from Guangzhou Chemical
Reagent Factory (Guangzhou, China). All these materials
were used without further purification.

Instrumental analysis and measurements

"H NMR spectra were recorded with a Varian NMR system
400 MHz (USA) with CDCl; as the solvent and TMS as
internal standard. IR spectra were obtained from an FTIR
spectrometer (Bruker Vector 33, Ettlingen, Germany) by the
KBr salt slice method.

The intrinsic viscosity ([7]) of PLT was determined with
Ubbelohde viscometer (Cannon-Ubbelohde, State College,
PA) using CHCI; as solvent at 25°C. According to
literatures [60—62], the relative molecular weight and
molecular weight distribution of the polymer were deter-
mined by gel permeation chromatography (Waters 1515
pump, Torrance, CA) with tetrahydrofuran as solvent at
35°C and a flow velocity 1 mL min '. Three Styragel
HR columns from Japan covering a molecular weight
range of 1x10°-10°Da were used and calibrated using
five polystyrene narrow standards from BF Goodrich
(Richfield, Ohio). Molecular weight distributions for the
samples were calculated using the Millennium 2010
software from Waters and were reported as polystyrene
equivalent values. As a comparative reference, the relative
molecular weight was also tested via the titration method
[51, 63].

DSC was performed with Perkin-Elmer DSC7 thermal
analyzer (Perkin-Elmer, Cetus Instruments, Norwalk, CT)
at a heating rate of 10°C min~' under a nitrogen atmo-
sphere (flow velocity, 20 mL min™") and the transition
temperature was calculated from the second run. With a
wavelength of 1.5406x107'm and a scanning scope of 26
from 1°~40° with Cu K, radiation, a Rigaku D/max-
2000X X-ray diffractometer (Dandong, China) was used to
investigate the crystallinity of PLT.
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Prepolymerization Results and discussion

According to the previous work on melt homo-/co- polymer-
ization of LA [54-59], LA and TMA should be prepoly-
merized before copolymerization. After LA and TMA were
uniformly mixed as preplanned molar feed ratio, the mixture
was directly dehydrated for 4-12 h at 140°C under 4,000 Pa
in a flask equipped with mechanical stirring and thermometer.

Melt copolymerization

After prepolymerization, the selected catalyst was added in
according to the weight percent (w¢ %) of dehydrated
reactants. The melt copolymerization was carried out at a
certain temperature (140-200°C) and an absolute pressure
of 70 Pa for 4-12 h. When the reaction finished, the
purification via the dissolution in CHCI; and the subse-
quent precipitation by CH;OH ordinarily produced a white
powder after drying in vacuo.

Recently, increasing importance has been attached to the
direct melt homo-/co- polycondensation of LA for its simple
process, high efficiency and low cost [30-50]. Thus, in this
paper, the novel biodegradable material PLT was synthesized
via direct melt polymerization. And in most cases, L-LA has
been used more extensively than D,L-LA. Therefore,
selecting L-LA as the starting material, the optimal synthetic
conditions for the synthesis of PLT were first investigated.

Optimal synthetic conditions

The influences of catalyst kinds and dosage, prepolymeri-
zation time, copolycondensation temperature and time on
the synthesis of PLT were investigated. The results in
Table 1 showed that the effect of catalyst was in touch with
metal kinds. In terms of molecular weight of the copolymer,
though the appearance of all products was white powder
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Table 1 The influences of catalyst kind on the reaction

Table 3 The influences of prepolymerization time on the reaction

Run Catalyst Appearance of [n] /(dL-g " Yield / %
product

1 SnO White powder 0.67 61

2 SnCl, White powder 1.20 55

3 ZnO White powder 0.79 57

4 TSA White powder 1.10 51

5 ZnCl, White powder 1.16 51

All runs were polymerized with a molar feed ratio n(L-LA)/n(TMA)
of 120/1, a prepolymerization temperature of 140°C, a prepolymeri-
zation time of 8 h, a polycondensation temperature of 160°C, a
polycondensation time of 8 h, and a catalyst quantity of 0.5wz %

and the catalyst SnO where the biggest yield (61%) for PLT
was observed, SnCl, was the best catalyst among the five
for its biggest [n] (Run 2).

The influences of catalyst SnCl, quantity on [r] of PLT
are shown as Table 2. When the quantity of SnCl, was 0.9
wt %, [n] reached a maximum (Run 5), too much or less
was not appropriate. When the catalyst dosage was too
small, the reaction was so insufficient after a certain time
that [n] was not big. When the quantity of SnCl, was
excessive, short-chain molecule was apt to be formed
through the degradation of polymer, which also was
catalyzed by SnCl,, so [n] was not big too.

The influences of prepolymerization time on [7] of PLT
are shown as Table 3. It was obvious that [n] reached a
maximum after the reaction lasted for 8 h (Run 3). When
the time was too shorter, prepolymerization was insuffi-
cient. However, once the reaction time was longer than 8 h,
the oxidation and thermal degradation of polymer became
serious. So, [n] dropped. Thus, the appropriate prepolyme-
rization time should be 8 h.

When the melt copolycondensation was carried out
respectively at different temperatures and the results are
shown as Table 4. The higher reaction temperature was
advantageous for the melt copolycondensation. However,
when the temperature was 200°C, [n] markedly decreased.

Table 2 The influences of catalyst quantity on the reaction

Run Catalyst dosage/wt % [71/(dL-g™") Yield/%
1 0.1 0.85 47
2 0.3 1.11 43
3 0.5 1.20 55
4 0.7 1.23 47
5 0.9 1.28 51
6 1.1 1.26 49

All runs were polymerized with a molar feed ratio n(L-LA)/n(TMA)
of 120/1, a prepolymerization temperature of 140°C, a prepolymeri-
zation time of 8 h, a polycondensation temperature of 160°C, a
polycondensation time of 8 h, and SnCl, as the catalyst
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Run Time/h [n)/(dL-g " Yield/%
1 4 0.80 55
2 1.02 67
3 1.28 51
4 10 1.12 43
5 12 0.99 41

All runs were polymerized with a molar feed ratio n(L-LA)/n(TMA)
of 120/1, a prepolymerization temperature of 140°C, a polyconden-
sation temperature of 160°C, a polycondensation time of 8 h, and 0.9
wt % SnCl, as the catalyst

At the same time, the yield was the lowest of all, and the
appearance of product was not white as other cases, for the
side reactions such as oxidation and thermal degradation
markedly took place at 200°C. So, the appropriate
temperature was 190°C (Run 6).

The influences of melt copolycondensation time on [7]
of PLT are shown as Table 5. It was obvious that [7]]
reached a maximum after the reaction lasted for 8 h (Run 3).
Therefore, when the molar feed ratio n(L-LA)/n(TMA) was
120/1, the optimal synthetic conditions for PLT were as
follows: prepolymerization time 8 h, catalyst 0.9wt % SnCl,,
and the melt copolycondensation at 190°C for 8 h. Under
these conditions, the biggest 1] was 1.91 dL g ', and GPC
determination showed that the corresponding M, was
14,100 Da.

Under the above optimal synthetic conditions, serial
L-PLTs at different molar feed ratio were synthesized with
the yield of 23%~40% (Table 6).

Structure characterization of PLT

The structure of PLT was characterized with FTIR. Though
the molar feed ratio n(LA)/n(TMA) was different, the IR data
of the serial PLTs were almost same. As a representative, the
data of PLT synthesized at molar feed ratio n(L-LA)/n(TMA)
120/1 were listed as follows. IR (KBr, cm '): 3444 (terminal
COOH); 2996 and 1408 (saturated C—H, including CH3 and
CH); 1760 (C=0); 1629, 1560 and 1459 (benzene ring
skeleton); 1186, 1133 and 1091 (C—O—C in ester group); 871
(1,3,5-trisubstituted benzene ring).

The structure of PLT was also characterized with 'H
NMR (CDCl; as solvent and TMS as internal standard).
Similarly, the chemical shift data of PLT with different
molar feed ratio n(LA)/n(TMA) were almost same. Using
PLT synthesized at molar feed ratio n(L-LA)/n(TMA) 120/1
as a representative (Fig. 1), the data of '"H NMR were
showed as follows. "H NMR (§, ppm): 1.52 (CH3 in LA
chain segment, H;), 4.38 (CH in terminal LA unit), 5.18
(CH in LA chain segment, H.), 5.79 (terminal COOH, H,, a
low and broad peak for the exchange of active hydrogen
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Table 4 The influences of

copolycondensation temperature Run Temperature/°C Appearance of product [n/dL-g™ Yield/%
on the reaction

1 140 White powder 0.62 57
All runs were polymerized with 2 150 White powder 0.73 49
a molar feed ratio n(L-LA)/n 3 160 White powder 1.28 51
(TMA) of 120/1, a prepolyme- 4 170 White powder 1.41 03
rization temperature of 140°C a .
prepolymerization time of 8 h, a 5 180 White powder 1.42 39
polycondensation time of 8 h, 6 190 White powder 1.91 31
and 0.9wt % SnCl as the 7 200 Off-white powder 1.20 29

catalyst

with the solvent CDCl3), 8.95 (Ar-H in TMA segment
[64], H,).

Therefore, the structure of PLT was basically demon-
strated by FTIR and 'H NMR as expected (Scheme 1(1)).
However, the following analysis of PLT molecular weight
showed that in some cases the structure of PLT was not a
simple star-shaped polymer that only embedded a TMA
core as Scheme 1(1).

Influences of different molar feed ratio on L-PLT molecular
weight

It was also shown in Table 6 that the influences of different
molar feed ratio on PLT molecular weight. Obviously, the
biggest [n] was 2.35 dL g~ at n(L-LA)/n(TMA) 240/1, and
the corresponding My, determined by GPC was 17,500 Da,
the biggest M, of all with the biggest PDI 3.07 also (Run 4).
Of course, most of PDI was more than 2.0. However, there
are many literatures on PLA materials with PDI 2.0~4.5,
involving in the different synthetic methods, such as the
ROP of lactide [9, 14, 22, 65-67], and the direct melt
polymerization of LA [17, 21]. In our experiments, the
phenomenon of the bigger PDI may be related to the
formation of multi-core structure in the copolymerization.
At the same time, most of M, was more than 10,000 Da,
and the smallest was 7,100 Da (Table 6, Run 1). Usually,
when the PLA polymers were used as drug delivery
material, their molecular weights were no more than

Table 5 The influences of melt copolycondensation time on the
reaction

Run Time/h [7l/(dL-g™") Yield/%
1 0.87 47
2 6 1.08 43
3 8 1.91 31
4 10 1.49 37
5 12 1.05 43

All runs were polymerized with a molar feed ratio n(L-LA)/n(TMA)
of 120/1, a prepolymerization temperature of 140°C, a prepolymeri-
zation time of 8 h, a polycondensation temperature of 190°C, and 0.9
wt % SnCl, as the catalyst

30,000 Da [55, 68]. As reported in the literatures, the
PLA materials with molecular weight of 1,800 Da could be
applied in drug delivery, even the PLA polymers with
molecular weight of only 900 Da could be used as drug
delivery carrier [41, 69]. Therefore, the molecular weight of
PLT synthesized here via direct melt copolycondensation
meets the requirement for drug delivery application at the
least.

In Table 6, Mypmr (the molecular weight calculated from
"H NMR measurement, based on the integral of H, and H,)
in most cases was less than the molecular weight as
theoretical molar feed ratio for the escape of LA out of
the reaction systems as lactide during the melt copolycon-
densation (in fact, this is also the reason why the yield of
PLT usually was low), and the change regularity of Mywmr
was not in consistent with that of number-average molec-
ular weight (M,,) determined by GPC. In order to look for
more reference, titration method [51, 63], a chemical
analysis method, was also used to test the molecular weight
of PLT for the existence of its terminal carbonyl as
Scheme 1(1). And the calculated results of molecular
weight (M) were also showed in Table 6.

Obviously, Mt had greater difference from the results
from GPC, it was markedly lower than the corresponding
M, in most cases, and only My at molar feed ratio n(LA)/n
(TMA) 640/1 was closer each other (Run 7). This may be
related to the calculation method of M. The formula of Mt
was based on the premise that PLT was a simple star-shaped
polymer as Scheme 1(1), and one polymeric molecule only
had three carboxyl groups. Thus, once a molecule had more
than three carboxyl groups, the factual Mt would be bigger
than the corresponding calculated M in Table 6.

Therefore, supposing that some terminal carboxyl groups
were changed into anhydride groups (Scheme 1(2), an
anhydride group was equivalent to two carboxyl group in
the titration), a relatively reasonable explanation may be given
out as the following. Except for n(LA)/n(TMA) 640/1, there
were multi-core phenomena in other cases. In other words,
not only one TMA core was embedded in the polymer
(Scheme 1(2) and (3)). Referring to the corresponding M,, of
the serial PLTs, the approximate number of TMA core may
be 5, 3,5, 4, 2,2 and 1, respectively, with the increase of n
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Table 6 The influences of different molar feed ratio on molecular weight of L-PLT

Run n(L-LA)Yn(TMA) [n/(dL-g™") Mymr Da M, /Da M,/Da M./M, M;"/Da Yield/%
1 30/1 1.09 3400 3900 7100 1.82 800 40
2 60/1 1.64 4200 3900 10100 2.59 1400 30
3 120/1 1.91 4100 5900 14100 2.39 1000 31
4 240/1 2.35 6100 5700 17500 3.07 1400 29
5 320/1 1.84 5400 4200 10500 2.50 2600 27
6 500/1 1.90 4200 4400 11800 2.68 2100 23
7 640/1 1.81 12500 4000 10400 2.60 4300 32

All runs were polymerized with a prepolymerization temperature of 140°C, a prepolymerization time of 8 h, a polycondensation temperature of
190°C, a polycondensation time of 8 h, and 0.9wt % SnCl, as the catalyst

2 Calculation from ' H NMR measurement using 100 Da as unit

® Test results of titration using 100 Da as unit

(LA) in Table 6. The formation of multi-core structure and its
change regularity of basically gradual reduction may be
related to the mechanism of the direct melt copolycondensa-
tion, which will be specially discussed in the later.

Influences of different molar feed ratio on thermal
properties and crystallinity of L-PLT

The serial L-PLTs were characterized with DSC, and the
results were listed in Table 7. Compared with the linear
poly(L-lactic acid) (LPLLA, T, 50.0°C, T, 134.1°C [56])
synthesized via the direct melt polycondensation, the L-
PLTs data of T, were lower in most cases, which showed
that the introduction of the core TMA lowered the T, in
some degree. But the data of T,, were higher in all cases,
which showed that the introduction of the core TMA had a
certain effect on thermal properties. However, the melting
heat (AH) of L-PLT was obviously lower than that of

Lol

14 12 10 8 6 4 2 0
& /ppm

Fig. 1 The 'H NMR spectrum of L-PLT synthesized at n(L-LA)/n
(TMA) 120/1
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LPLLA (46.7 J g ' [56]), indicating that the crystallinity of
the star-shaped polymer was decreased for the introduction
of TMA, and this conclusion was further confirmed by the
results of XRD characterization (Table 8).

The crystallinity of polymers has an important effect on
their physical and biological properties, especially their
degradability which is crucial for biomaterials. The results
showed that the position of the XRD absorption peak of all
L-PLTs was basically the same as the position of LPLLA
(using PLT synthesized at molar feed ratio n(L-LA)/n
(TMA) 120/1 as a representative, Fig. 2). However,
compared with the crystallinity of LPLLA (45.1% [56]),
the crystallinity of serial L-PLTs was markedly lowered
(Table 8) because of the introduction of TMA as the core.
For the same reason, the crystallite size of L-PLTs markedly
became bigger than that of LPLLA (Do 143.4x 10_1°m,
Doz 69.5% 10 °m [56]).

Table 7 The DSC characterization results of serial L-PLTs

Run  n(L-LA)/n Ty°C T,/°C AH/J- g")  Crystallinity/%
(TMA)
1 30/1 49.7 136.7 215 229
2 60/1 50.4 139.1 213 227
3 120/1 47.6 139.4 324 34.6
4 240/1 35.1 1355 230 24.5
5 320/1 45.0 136.7 119 12.7
6 500/1 50.5 140.7 285 30.4
7 640/1 49.3 1434 258 27.5

All runs were polymerized with a prepolymerization temperature of
140°C, a prepolymerization time of 8 h, a polycondensation
temperature of 190°C, a polycondensation time of 8 h, and 0.9wr¢ %
SnCl; as the catalyst

#The crystallinity was estimated by referring to the crystallization heat of
completely crystalline poly(L-lactic acid), 93.7 J-g' [70]
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Table 8 The XRD characteriza-

tion results of serial L-PLTs Run  n(L-LAYn(TMA) 20/ Crystallinity/%  Crystallite size/10'°m
Face 110 Face 020 Diio Do2o
1 30/1 16.5 18.8 222 195.1 198.2
2 60/1 16.5 18.9 17.4 156.3 173.2
All runs werg po~lymerized with 3 120/1 16.5 18.7 20.8 201.6 1359
a prepolymerization temperature 4 240/1 16.5 18.9 21.1 193.7 213.1
of 140°C, a prepolymerization
time of 8 h, a polycondensation 3 320/1 16.5 18.6 10.2 199.1 212.4
temperature of 190°C, a poly- 6 500/1 16.6 19.0 20.7 194.2 132.2
condensation time of 8 h, and 7 640/1 16.4 18.7 15.6 1745 178.2

0.9wt % SnCl, as the catalyst

Influences of different LA stereochemical configuration
on PLT

Using D,L-LA instead of L-LA, we also synthesized serial
D,L-PLTs under the same synthetic conditions. Though the
data of D,L-PLT structure characterization by FTIR (using
PLT synthesized at molar feed ratio n(D,L-LA)/n(TMA)
320/1 as a representative, Fig. 3) and '"H NMR were almost
similar with those of L-PLT, the other influences of
different LA stereochemical configuration on PLT were
different, and shown as Table 9.

The GPC results showed that the biggest M,, was
23,100 Da at n(D,L-LA)/n(TMA) 320/1 with the biggest
PDI 3.21 also (Table 9, Run 5), even bigger than the
biggest M, of L-PLT. It is well known that D,L-LA is more
inexpensive than L-LA. Thus, starting from D,L-LA and
TMA, the direct melt copolycondensation may provide a
low-cost way to synthesize the PLA materials with higher
molecular weight.

Similarly, based on the analyses of the molecular
weights tested by different methods (Table 9), it could be
found that there were multi-core phenomena still. With the
increase of n(D,L-LA), the approximate number of TMA
core in the serial D,L-PLT may be 5, 5, 2, 2, 4, 4 and 2,
respectively. At the same time, the change regularity that
the core number in D,L-PLT gradually decreased was
basically similar with that of L-PLT also. However, the

Fig. 2 The XRD spectrum

of L-PLT synthesized
at n(L-LA)/n(TMA) 120/1

molar feed ratio at the biggest M, was different. Therefore,
though different LA starting material could be copolymer-
ized via the similar reaction mechanism, a little difference
resulted from the different LA stereochemical configuration
may be existed still.

The serial D,L-PLTs were tested by DSC and XRD, and
the corresponding data were listed in Table 9 (neither the
melting peak on DSC curve nor the absorption peak on
XRD spectra was detected, so there was no data on T,,,, AH
or crystallinity). Compared with linear poly(D,L-lactic acid)
(LPDLLA, T, 54.6°C, Tm 120.0°C and crystallinity 20.8%
by XRD method) synthesized via the direct melt polycon-
densation [56], the introduction of TMA not only affected
the thermal properties of D,L-PLT (T, was obviously
lowered), but also altered D,L-PLT’s crystallinity to be
completely amorphous. However, all serial L-PLTs were
partially crystalline still (Tables 7 and 8). These indicated
that the LA stereochemical configuration had a greater
effect on the crystallinity of polymer, which may be
connected with the mechanism of the direct melt copoly-
condensation also.

Possible mechanism of direct melt copolycondensation
of LA and TMA

The direct melt copolycondensation of LA with TMA was
the dehydration condensation via the esterification of

-16.49

-1871

281°
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Fig. 3 The FTIR spectrum of
D,L-PLT synthesized
at n(D,L-LA)/n(TMA) 320/1

2985.507
3644.927

2818.340

771.561

1374.941 ~
1089.510

1754.312

1486.946

4000 3000

carboxyl (-COOH) and hydroxyl (-OH) [28, 39, 51-53].
TMA molecule containing three carboxyl groups can react
with the hydroxyl of LA molecule to form three polyester
(PLA) arms containing terminal carboxyl each one. Then,
when n(LA) was big enough, the continuing esterification
of arms with other LA gave a star-shaped polymer with one
TMA as the core (Scheme 1(1)). In this case, the Mn of
GPC was basically in line with My, that of the titration
(Table 6, Run 7).

However, this was only the main reaction; the side
reaction of the formation for the anhydride structure also
via the dehydration between different PLA arms was
inevitable because of the terminal carboxyl (Scheme 1(2)).
Once two or more polymeric molecules were connected
each other, the molecular weight of the product would be
drastically increased, at least be doubled. Thus, even at the
molar feed ratio n(L-LA)/ n(TMA) 640/1, the PDI was so
big (M,,/M,, 2.60, Table 6, Run 7).

Similarly, because of the competition between the
normal esterification and the inevitable formation of
anhydride under the same reaction conditions, once the
molar feed ratio n(LA)/n(TMA) was not big enough, the

Table 9 The test results of serial D,L-PLTs

2000 1500 1000 500

Wavenumber / cm™

multi-core structure may be apt to emerge as the form of
macromolecular anhydride. And the more TMA, the more
chance for producing anhydride, therefore the more cores
embedded in (Scheme 1(3)). Of course, the anhydride also
could take part in the esterification with the hydroxyl of LA
(Scheme 1(4)). So, in other words, increasing n(LA) could
reduce the core number, which is indeed as the experiments
showed, no matter what the LA stereochemical configura-
tion is.

Obviously, the molecular weight of the product was
simultaneously dependent on two factors, the core number
and the arm length. With the increase of n(LA), the
approximate core number was gradually reduced, but the
arm length was becoming longer (Scheme 1(4)). Therefore,
the increase of M,, was not a simple linear growth. The
biggest M,, was related to the multi-core structure and
bigger PDI, and there was a peak phenomenon of My,. This
conclusion will be helpful for the synthesis of PLA
biodegradable materials via the direct melt copolyconden-
sation of LA with multifunctional compounds.

Due to the different reactivity and reaction characteristic
of LA [56], L-LA was more apt to yield the longer L-PLA

Run n(D,L-LA)/n(TMA) [n)/(dL-g™") M, /Da M,, /Da M./M, M“/Da Yield/% T, /°C
1 30/1 1.06 4200 8900 2.12 900 42 32.8
2 60/1 1.01 4700 9800 2.09 1100 40 46.0
3 120/1 1.17 3800 7600 2.00 1900 37 36.2
4 240/1 1.25 4500 9700 2.16 2500 19 40.8
5 320/1 1.89 7200 23100 321 1800 21 39.5
6 500/1 1.86 6300 18800 2.98 1600 17 43.6
7 640/1 1.08 3800 7000 1.84 2700 29 37.0

All runs were polymerized with a prepolymerization temperature of 140°C, a prepolymerization time of 8 h, a polycondensation temperature of
190°C, a polycondensation time of 8 h, and 0.9wz % SnCl, as the catalyst

# Test results of titration using 100 Da as unit
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arms with better tacticity than D,L-LA in the main reaction
(Scheme 1(1)), while the shorter D,L-PLA arms produced
from D,L-LA was more apt to be amorphous. The quick
elongation of L-PLA arms was not advantageous for the
formation of anhydride (Scheme 1(2)), but was further
beneficial to the formation of the polymer with better
tactility. Therefore, compared with D,L-PLT, the multi-core
structure of L-PLT disappeared faster when n(LA) was big
enough (Scheme 1(4)). At the same time, L-PLT kept
partial crystallinity still, while D,L-PLT was amorphous for
the more multi-core structure and the worse stereoregularity
of D,L-PLA arms.

Conclusion

Directly using TMA and LA as starting monomers, PLT
was synthesized via melt copolycondensation. The novel
PLA copolymer with terminal carboxyl group or acidic
surface may be an important potential biodegradable material
applied in the biomedical fields, including drug delivery
carrier, and vessel substitution material [19, 22, 23]. The
biggest My, of L-PLT was 17,500 Da, far bigger than that of
the reported polymer synthesized via the direct melt
copolycondensation of LA with other multifunctional organic
acid, e.g. citric acid [17-19] and sebacic acid [20, 21]. Even
using cheaper D,L-LA instead of L-LA, the biggest My, of D,
L-PLT was 23,100 Da.

The synthetic method is practical for its simpler process,
higher efficiency and lower cost. At the same time, the
direct melt copolycondensation of LA is very suitable for
the starting material containing carboxyl, such as TMA,
which could not be directly utilized in the ROP of lactide
for the reactivity of carboxyl group [14-16]. More impor-
tantly, based on the analyses of the influences of different
molar feed ratios and LA stereochemical configuration, the
peak phenomena of M,, were found for the first time. These
explorations may be valuable for the synthesis of more PLA
biodegradable materials via the direct melt copolycondensa-
tion of LA with other multifunctional compounds.
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