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Abstract Synthesis of biobased and biodegradable polymers from renewable biomass has attracted much attention in
recent years. Levulinic acid has been deemed as a platform chemical from non-food stuff biomass and some of its
derivatives are starting materials for new polymers. In this paper poly 5-hydroxylevulinic acid-co-L-lactic acid

PHLL was synthesized via melt copolycondensation of 5-hydroxylevulinic acid 5-HLA and L-lactic acid LLA
and characterized with GPC X-ray 'H-NMR FTIR and DSC. The results showed that the copolymers had interesting
olefinic ether branch structures formed wia etherification between carbonyl of 5-HLA and hydroxyl in LLA. The
copolymer was amorphous in a broad composition range and had high glass transition temperature T, ranging from
54.6C to 91.4°C which increased with the increase of 5-HLA content due to the existence of hydrogen bonds in
the 5-HLA moiety of the copolymer. The hydrolytic degradation behavior in deionized water showed that PHLL
readily degraded hydrolytically in aqueous medium and the degradation rate depended on its microstructure. The
amorphous LLA moiety degraded faster than the 5-HLA counterpart.

Keywords Biodegradable Renewable resources Levulinic acid Polycondensation Biomass

traditional nondegradable polymers because they can be
1 INTRODUCTION .

produced from renewable biomass resources and
Biobased and biodegradable polymers are becoming biodegraded in composts and therefore offer great

increasingly attractive in last decades as compared with opportunities in current challenges of resources lack
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and environment concern in polymer industries

Some biodegradable polyesters such as poly L-lactic
acid are produced from foodstuff such as corn” but
more attention needs to be paid to non-foodstuff
biomass resources such as cellulose and lignin not only
because of their abundance and cheapness but more
important  for their non-foodstuff nature. Recent
technical breakthrough in production of levulinic acid
LA from waste cellulose or lignin on large scale and
at low cost® mnot only made it a potential platform
chemical but also a starting material for biobased and
biodegradable polymers '’

In our previous studies we synthesized poly 5-

PHLA

10
das monomer

hydroxylevulinic  acid using  5-
hydroxylevulinic acid 5-HLA which
was synthesized from LA " . The homopolymer PHLA
has unordinarily high glass transition temperature T,
though its molecular weight is low. The high 7', arises
from the existence of hydrogen bonds between carbonyl
and enol in the polymer structure . Since the T,s of
most traditional biodegradable aliphatic polyesters are
usually lower than 60°C  this result may provide a
new way to increase their T,s. With this in mind poly-
PHLL

was synthesized via melt copolycondensation of 5-
5-HLA
LLA . However in this apparent 2-2 bifunctional

5-hydroxylevulinic acid-co-L-lactic acid

hydroxylevulinic acid and L-lactic acid
system branched copolymers PHLLs were obtained.
Aimed at this interesting phenomenon polymerization
mechanism microstructure and properties of products

were discussed in this paper.

2 EXPERIMENTAL

2.1 Materials

5-Hydroxylevulinic acid 5-HLA T, 99 ~ 100°C  was

synthesized from LA as previously reported " .
LA Shuangyu Co.
purified by distillation before use. Stannous chloride

dihydrate  SnClL,- 2H,0

Levulinic acid China  was
and p-toluenesulfonic acid
TSA  with purity over 99% were purchased from
Sinopharm Chemical Reagent Co. China and used as
catalysts without further purification. L-Lactic acid
LLA  diethyl ether and tetrahydrofuran THF were

A . R.grade agents and used as received.

2.2 Melt Copolycondensation

5-HLA and LLA were charged into a flask equipped
with a reflux condenser. The resulting mixture was
stirred with a magnetic stirrer at 130°C  under
atmospheric pressure for 2 h and then dehydrated under

ca .2000 Pa for 8 h.Then a given

amount of catalysts with equimolar ratio SnCl, .2H, 0/

reduced pressure

TSA 1/1 was added. After the pressure was reduced to
300 Pa and the temperature was raised to 170°C the
melt copolycondensation was carried out for another 18
h. When the reaction was finished the product was
dissolved in THF and poured into diethyl ether. The
resultant precipitate was filtered and dried in vacuum
giving a brown powdery copolymer. A series of
copolymers with various compositions were prepared by
changing the monomer molar ratio in the feed.

2.3 Characterization

The molecular weight M, and M, and its
distribution ~ PDI

Waters 1525 type gel permeation chromatography

were determined at 30°C by a

GPC  equipped with a Waters 2414 refractive index
detector. Three Waters styragel columns HR1 HR2 and
HR3 were connected in series. THF was used as
eluant and its flow rate was 1.0 ml/min. The
concentration of the polymer solution was 5 g/1. and the
injection volume was 50 pL. Polystyrene samples with

M, in the range of 160 ~ 20000 were used as

standards .

The X-ray diffraction ~XRD  patterns were
D/max-rA Rigaku Co.
Japan using CuKa radiation in the 20 range of 5 ~

recorded on a diffractometer

60° with a scanning rate of 2 ° /min.

The 'H-NMR 500 MHz spectrum was recorded
on an Advance DMX 500 spectrometer in CDCl

containing 1 vol% tetramethylsilane as the internal
reference.
The FTIR spectrum was recorded with Nicolet 560
infrared spectrometer using a KBr pellet of the sample.
The glass transition temperature T,  was

determined using differential
DSC7 Perkin-Elmer Co. The samples were heated
from 20°C to 200°C in the first run at 20 K/min and

scanning  calorimetry
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then cooled again to 20°C at 80 K/min quickly. Before
and after cooling the temperature was kept constant for
1 and 3 min respectively. In the second run the
samples were again heated from 20°C to 200°C at 20
K/min.The T, was determined from the DSC curve of
the second run.

2.4 Degradation

Powdery samples were placed in a tube containing 30
mL deionized water at 37°C. After incubation for
certain time the samples were washed with water and
dried at 30°C under vacuum oven for 48 h until
constant weight W .Normalized weight W/ W, W, is
the initial weight was calculated. The molecular

weights of the degraded samples were determined with

GPC.

3 RESULTS AND DISSCUSSION

3.1 Synthesis and Microstructure

The change of the molecular weight of the resultant
copolymer  poly 5-hydroxylevulinic — acid- co-L-lactic
acid  PHLL with monomer feed ratio is shown in
Table 1. The molecular weight decreased with the
amount of 5-HLA increasing. This can be explained by
the special structure of 5-HLA . The ¢-hydroxyl and 7-
catbonyl are prone to form a S-number ring wvia
intramolecular hydrogen bond *° and the reactivity of
the &-hydroxyl in 5-HLA for nucleophilic esterification
reaction was depressed. Therefore it is hard for 5-HLA
to polymerize to obtain long chain length. The
introduction of more active LLA to this system will
benefit for the increasing of the chain length of product
as Table 1 showed. However the more active monomer
LLA was prone to homopolymerize in the 5-HLA/LLA
system and the long LLA blocks will be formed which
can be manifested in the GPC spectrum of PHLL in
Fig. 1.The shoulder peak in the GPC curve of PHLL1/
9 can be ascribed to the LLA block formed due to the
difference of reactivity of LLA and 5-HLA. The low
reactivity of 5-HLA is the reason for that the
compositions of product are quite different from feed
ratios. Moreover the intermolecular cyclization of 5-
HLA " also contributes to these differences which can
form 1 6 9 13-tetraxadispiro 4.2.4.2 tetradecane-2
10-dione ® and result in the loss of 5-HLA.

Table 1  Poly 5-HLA-co-LLA synthesized with various 5-HLA/LLA

feed ratios®

S-HLA/  5-HLA/ Yield
Copol M, M, PDI
POV IA LA %

PHLL1/9  10:90 7:92 12470 6510
PHLL2/8  20:80 14:86 5750 3040
PHLL3/7  30:70 21:79 4700 2520 .86 59.8
PHLIA/6  40:60 32:68 3000 1970 .52 58.1

1.92 51.1
1
1
1
PHLLS/5  50:50 37:63 2380 1640 1.45 60.2
1
1
1
1

.89 53.5

PHLL6/4  60:40 42:58 1680 1240 .35 65.4
PHLL7/3  70:30 51:49 1290 980 .31 68.7
PHLLI8/2  80:20 58:42 1370 1050 .30 75.3
PHLL9/1 ~ 90:10 72:28 1780 1060 .68 86.3

* Reaction conditions SnCly 2H,O/TSA=1/1 SnCly 2H,0=0.7 wt%
based on all the monomer 170°C 300 Pa 18 h " 5-HLA/lactate mol

ratio in final copolyester was roughly calculated based on integrate area of

hydrogen  proton peak by "H-NMR S5S-HLA/LLA =

SS-HLA-CI-LZ-CHz + SS-HLA-CH2 4
.
Stacn + SIA-CH3 6
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Fig. 1  GPC curves of PHLLs prepared with different monomer
molar ratios

SnCly 2H,0/TSA =1 SnCly 2H,0=0.7 wt % 170C 18
h 300 Pa

X-ray diffraction patterns XRD see Fig. 2

showed the same results as GPC curves showed. PHLA
is an amorphous polymer with unordinary high glass
T, 85 ~120°C depending on

and PLLA is a semicrystalline

transition temperature
molecular weight
polymer with 7', of 30 ~ 55°C and melting point of 160
~180°C. When the LLA content reaches 90 mol %

PHLL becomes semicrystalline indicating that long
LLA blocks are formed with high LLA feed. The
diffraction peaks of PHLL9/1 located at 20 of 16.0°

18.5° and 22.3° are in good accordance with the

classical crystal structure of PLLA " . PHLL with a
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LLA content less than 80 mol% is amorphous. This
result suggests that the chain structure of the copolymer
is random and the chain regularity is weakened as
compared with PLLA.

_,/J\\ PHLL1/9
_A PHLL2/8

M

PHLLS/5
PHLL7/3
1 1 1 1 1 1 1
0 10 20 30 40 50 60
20(°)

Fig. 2 XRD spectra of PHLLs

To make a clear view of the microstructure of
PHLL both 'H-NMR and IR spectra of PHLLs were
measured which were shown in Fig. 3 and Fig. 4
respectively. Compared with PHLA and PLLA the
signals for —CH; —CH, and —CH attributed to
PHLA and PLLA all appeared in the ' H-NMR spectra
of PHLLs. However it is more complicated than we
expected which means other reaction may occur besides
conventional linear polycondensation. It has been
reported that carbonyl of aldehyde was able to react
with hydroxyl of ¢-butaneol to form olefinic ether
bonds . Moreover in our study of the 5-HLA/diols
system the crosslink phenomenon was observed in this
apparent 2-2 bifunctional system which is also due to
the reaction between ¥-catbonyl of 5-HLA and
hydroxyl of diols ' . Therefore although the reaction of
carbonyl was not found in homopolymerization of 5-
HLA " more reactive hydroxyl groups of LLA may
react with carbonyls of 5-HLA to form olefinic ethers
and result in branched copolymer. This special structure
of PHLL can be manifested from their different
chemical shifts in 'H-NMR spectrum. Seen from
Fig. 3 besides the presence of C—CH of the intrinsic
enol 0 =5.67 of PHLA segment we can also find
the presence of C(=CH of the olefinic ether § =
4.72 . Because of the suwrrounding electronegative

environment changed by formation of olefinic ether

bonds the chemical shift of C=CH appeared in a

higher field. The 'H-NMR spectrum showed that only
partial Y-carbonyl of 5-HLA reacted with hydroxyl
groups of LLA and there still existed Y-carbonyl and
its enol structure in 5-HLA segment. The ascription of
chemical shifts of PHLLS/5 in detail is shown in
Scheme 1.

0
£ 5<%
H," H
a b
b
A CDCly l | Tms
i
PHLLS/5
CDCl, ™S
c L B, ¢ T™S
1 1 1 1 Il Il
10 8 6 4 2 0

Fig. 3 'H-NMR spectra of A PLLA B PHLLS5/5 and C
PHLA

PHLA
WPHLLS/Z
{72 PHLL7/3
WPHLLS/S
PHLL3/7
PHLL2/8
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1 11756 1 1 ll1 32 1093[ 1
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Fig. 4 FTIR spectra of PHLA PHLLs and PLLA

Because of the formation of olefinic ether bonds
the result copolymers are branched polymers with the
branch points in PHLA segments. The branching
reaction also hindered the improvement of the chain
length of copolymers.

According to the above analyses there are two
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main reasons for the lower molecular weight of
copolymers the low reactivity of 5-HLA and the
branching reaction. When the content of 5-HLA was
much higher its low reactivity is the main reason
because the lower content LLA is hard to form more
branch points to block the increasing of molecular
weights of copolymers. On the other hand although the
molecular weights of copolymers were greatly improved
when the content of LLA was much higher the effect of
the branching reaction was also obvious which can
limit the linear increasing of polymer chain to a higher
extent as the homopolymerization of LLA. When the
difference of the content of the two monomers was
little both reasons can’ t be neglected. These analyses
are in accord with the results in Table 1.

Figure 4 shows the FTIR spectra of PHLLs with
compositions.
carbonyls at 1726 ~ 1756 cm™'

samples . Due to the ¥-ketonic ester structure in 5-HLA

various Strong  absorption of ester

appeared for all the

moiety the strong absorption of ester carbonyls changed
from 1756 em™' to 1726 em™' when the 5-HLA content
increased. As compared with PLLA a new absorption
peak appeared at 1625 ¢cm™' and was enhanced with
increasing 5-HLLA content. It is ascribed to stretching
band of C=C in olefinic ether and enol form in 5-
1

HLA moiety. In addition the absorption at 1093 cm”~

and 1132 em™" ascribed to stretching band of C—0 in
ester bonds was weakened with decreasing LLA
content.

3.2 Thermal Properties

The DSC curves of the amorphous PHLLs are shown in
Fig. 5. The T, of PHLLs increases from 54.6°C

PHLI2/8 1091.4°C PHLL8/2 with the variable 5-
HLA content. This result is atiributed to the
intermolecular  hydrogen bonds formed in the

copolymer. The 7Y-carbonyl in 5-HLA is prone to
tautomerize to form an enol form to generate intra- and
the
hydroxyls and the carbonyls in the copolymer chain as

intermolecular hydrogen bonds  between enol
shown in Scheme 1. The intra- and intermolecular
hydrogen bonds enhance the chain or segment rigidity
and lead to high T,.However the partial formation of
olefinic ether destroyed the formation of intra- and

the
hydroxyls and the carbonyls in the copolymer chain.

intermolecular hydrogen bonds between enol
Therefore the T, can be improved obviously only if the
feed ratio of 5-HLA/LLA was over 7/3.

According to the above analysis there are ester

o Q OH
WJ\/OH + HOY\)\/OH N 0 OH Polycondensation
0 0

R

o

fo

g
q e w7 o—H 0
HO v
WOWVOMO 07\
m H
k 1 n n o P [¢] | i m
6] Y 0] .
0 j
T

0 0 J 0]
oA e i oy,

Scheme 1

3.3 Hydrolytic Degradation
The degradation experiments were carried out in

deionized water at 37°C since we found that PHLA

Schematic diagram of the copolycondensation of 5-HLA and LLA and possible microstructure of PHLL

bonds keto enol and olefinic ether branch
microstructure  in  the copolymer. The possible
microstructure is presented in Scheme 1.

I O
R: CH,CCHyCH,Covvr, HC—COO wvwor H
degraded in phosphate-buffered saline PBS became

no longer soluble in THF ' . As expected PHLLs

degraded in water wia hydrolysis. Diffusion and
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Fig. 5 DSC curves second scan of amorphous PHLLs

dissolvation of soluble oligomer formed via degradation
led to weight loss and the cleavage of ester bonds
resulted in decrease in molecular weight as shown in
Figs. 6 and 7 respectively. Due to the low molecular
weights of PHLLs the weight loss and decrease in
molecular  weight happened simultaneously .
Semicrystalline PHLL1/9 exhibited a relatively slow
degradation rate as its crystalline phase hindered the
water molecules from dif fusing and attacking the ester

bonds. With the increasing degradation time the

2 weeks
| week
3 weeks
1 weck

T weeks

amorphous region degraded at first and the crystalline
degree was increased gradually see Fig. 8 which is
in accordance with the result of Li 7 .In comparison

amorphous PHLL3/7 and PHLLS5/5 degraded more
rapidly since the ester bonds in these amorphous
copolymers were easily accessible for water molecules.
In addition the hydrogen bonds in the polymer
structure may also hamper the attack from water as a

result PHLLS/5 degraded slower than PHLL3/7.

1.0 - —G—PHLL1/9
A —O—PHLL3/7
08 - D\n —A—PHLLS/S
06 \n
o T—
- A\\ a
= 04 A\A \D
) \ —a |
02 r \'""O o
00 1 L 1 1 1 1 1

0 1 2 3 4 5 6 7
Degradation time (week)

Fig. 6  Change of normalized weight W/W, of PHLLs
during degradation in deionized water at 37°C
2 weeks
HERS I week
I week 0 week

) week

10° 10 10° 10°
Moulecular weight

Molecular weght

10* 10° 10" 10
Melecular weight

Fig. 7 GPC curves of PHLL during degradation in deionized water at 37°C

a PHLL1/9 b PHLL3/7 ¢ PHLLS/S

The FTIR spectra of PHLLs before and after
degradation are compared in Fig. 9. After degradation
for 7 weeks the stretching band of the C—O in ester
bonds at 1093 cm™" was weakened while the stretching
absorption band of the enol C=C in 5-HLA segments
at 1625 cm™'
examined . This result indicates that the 5-HLA moiety

were enhanced for all the samples

degraded slower than the LLA counterpart. The
difference in degradation rate may also be arisen from

the existence of hydrogen bonds in 5-HLA moiety.

4 CONCLUSIONS

A biodegradable aliphatic copolyester poly 5-
PHLL  was
synthesized via melt polycondensation of 5-HLA and

hydroxylevulinic acid-co-lactic acid

LLA. The molecular weight increases with increasing
LLA content. The interesting branched structure was
formed in the copolymer chain due to the potential third
functional group ——  ¥-carbonyl of 5-HLA. The
thermal properties characterized by DSC indicated that
the T, of the copolymers can be adjusted from 54.6°C
to 91.4°C with different feed ratio of monomers. PHLL
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PHLA3/7 (0 week)
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PHLA1/9 (7 weeks)

2 weeks later

3432
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Fig. 8  XRD spectrums of PHLLI/9 with different Fig. 9  FTIR spectra of PHLL1/9 PHLL3/7 and PHLLS/S5
degradation time before and after degradation for 7 weeks
polymer matrix does not exhibit any crystalline phase degradation behavior in water. The amorphous PLLA

until the PLLA chain/segment of copolyester is long segments were much easier to degrade than PHLA
enough to crystallize. The copolyesters PHLLs showed segments .
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