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Abstract   Poly(lactic acid) (PLA) is one of the most important bio-plastics, and chemical modification of the already-polymerized poly(lactic acid)

chains may enable optimization of its material properties and expand its application areas. In this study, we demonstrated that poly(lactic acid)

can be readily dissolved in acrylic acid at room temperature, and acrylic acid can be graft-polymerized onto poly(lactic acid) chains in solution

with the help of  photoinitiator  benzophenone under  254 nm ultraviolet  (UV)  irradiation.  Similar  photo-grafting polymerization of  acrylic  acid

(PAA)  has  only  been  studied  before  in  the  surface  modification  of  polymer  films.  The  graft  ratio  could  be  controlled  by  various  reaction

parameters, including irradiation time, benzophenone content, and monomer/polymer ratios. This photo-grafting reaction resulted in high graft

ratio (graft ratio PAA/PLA up to 180%) without formation of homopolymers of acrylic acid. When the PAA/PLA graft ratio was higher than 100%,

the resulting PLA-g-PAA polymer was found dispersible in water. The pros and cons of the photo-grafting reaction were also discussed.
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INTRODUCTION

Poly(lactic acid) (also known as polylactide, PLA) is currently the
most  important  polymer  in  the  category  of  bio-plastics.[1,2] In
addition  to  its  degradability,  its  monomer  lactic  acid  can  be
mass-  and  cost-effectively  produced via fermentation  from
plant  starch  and  lignocellulose,  making  PLA  a  sustainable
material  from renewable  sources.  More importantly,  poly(lactic
acid)  is  a thermoplastic with processability,  rigidity,  and optical
clarity  in  the  same  range  of  currently  used  polymers  such  as
polystyrene and poly(ethylene terephthalate).[1,2] Consequently,
it  is  regarded  as  one  of  the  most  promising  candidates  to
substitute  these  petrochemically-derived  polymers,  at  least  in
certain application areas such as packaging and textiles.

However, poly(lactic acid) does have certain disadvantages
against  its  wider  applications.  For  example,  the  glass  transi-
tion temperature of  PLA is  around 50−60 °C,  making it  a  bri-
ttle material with low heat deformation temperature.[3] As an-
other  example,  PLA  is  biocompatible  and,  together  with  its
copolymers, it is one of the most extensively used polymers in
biomedical  applications  such  as  drug  delivery,  tissue  engin-
eering,  and  medical  devices.[4] Nevertheless,  PLA  is  hydro-
phobic and has low affinity to cells, resulting in limited range
to adjust  its  biodegradation rate  and often requiring surface
modification  in  practice.[5] Therefore,  chemical  modifications

of  poly(lactic  acid)  represent  an  important  route  to  optimize
its material properties and expand its application areas.

In principle,  poly(lactic  acid)  can be modified through two
routes:  one  is  copolymerization  with  monomers  such  as
glycolide and caprolactone,[6] and the other is  grafting other
polymers  onto  the  already-formed  poly(lactic  acid)  chains.
For  example,  Critchfield et  al.[7] and  Wu et  al.[8] both  repor-
ted  graft  polymerization  of  acrylic  acid  and  other  vinyl
monomers onto polyester chains in the melt state by adding
free  radical  initiators  (i.e.,  benzoyl  peroxide,  BPO).  Ideally,
the  thermally-decomposed  free  radical  initiators  would  ab-
stract  hydrogens  from  the  poly(lactic  acid)  chains  and  result
in polymer free radicals to initiate the graft polymerization of
acrylic  acid.  However,  the  use  of  thermal  initiation  and  con-
ventional initiators will  unavoidably generate acrylic acid ho-
mopolymers.

In  this  study,  we  propose  to  use  the  well-studied  photo-
initiator  benzophenone  (BP)  and  photo-grafting  polymerize
acrylic  acid  (AA)  onto  poly(lactic  acid)  chains  (Scheme 1):  (1)
As a Norrish Type II photoinitiator, the ultraviolet-excited ben-
zophenone  predominately  goes  through  the  hydrogen  ab-
straction process instead of decomposing into two free radi-
cals.[9] In  the  presence  of  poly(lactic  acid)  chains,  the  most
likely  reaction  site  is  the  hydrogen  on  the  tertiary  carbons,
though  hydrogens  on  the  methyl  groups  are  also  possible
candidates.  The hydrogen-abstracting reaction results in PLA
radicals  and  benzophenone  ketyl  radicals.  The  polymer  radi-
cals will initiate the graft polymerization of acrylic acid, while
the  ketyl  radicals,  due  to  its  steric  hindrance,  are  known  un-
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able  to  initiate  polymerization.[10−12] (2)  Compared  with  the
hydrogens on the PLA chains, those on the acrylic acid mono-
mers need much higher energy to be abstracted, which min-
imizes the possibility of chain transfer to monomers and sub-
sequent  initiation of  acrylic  acid  homo-polymerization.[13] (3)
We accidently found out that poly(D,L-lactic acid) can be eas-
ily dissolved in acrylic acid at high concentration (at least 1:1
by  weight)  at  room  temperature,  thus  avoiding  the  use  of
heat throughout the reaction and minimizing the thermal ini-
tiation of acrylic acid homo-polymerization.

It should be noted that photo-grafting of various vinyl mo-
nomers (including acrylic acid) on the poly(lactic acid) materi-
al surface has been extensively studied as an efficient surface
modification technology.[14,15] Nonetheless, to the best of our
knowledge, photo-grafting onto poly(lactic acid) chains in the
bulk solution has not been reported.

EXPERIMENTAL

Materials
Poly(lactic  acid)  (PLA),  composed  of  50%  L-lactide  and  50%  D-
lactide, was used as supplied by Sigma-Aldrich Co., USA. Acrylic
acid (AA), from Shanghai Macklin Biochemical Co., was purified
by vacuum distillation before use. Benzophenone (BP) was used
as  supplied  by  Shanghai  D&B  Biological  Science  and
Technology Co., China.

Synthesis of PLA-g-PAA
In a typical experiment, 200 mg of PLA and 100 mg of BP were
dissolved in  1  g  of  acrylic  acid  at  room temperature.  The solu-
tion  was  transferred  in  a  1-mm-deep  groove  on  a  glass  plate
and  covered  with  3-mm-thick  quartz  glass.  Then,  the  solution
was  placed  as  close  as  possible  under  UV-irradiation  (254  nm,
120 W, CEL-LB70, Zhong Jiao Jin Yuan Co., China) for 1 h. After-
wards,  the sample was washed twice in ethanol  to remove AA
and  BP,  and  dried  for  24  h  in  a  vacuum  oven  at  room  tempe-
rature.  To  study  the  effect  of  different  reaction  parameters  on
the grafting ratio, reactions were carried out with different rea-
ction times (5 min, 10 min, 30 min, 40 min, and 1 h), different BP
contents  (1%,  2%,  5%,  and 10% by weight  of  the AA amount),
and different ratios of AA/PLA (1, 2.5, 5, and 10) in the reaction
mixtures.

Characterizations
1H-nuclear magnetic resonance (1H-NMR), solid-state 13C-nucle-
ar  magnetic  resonance  (ss 13C-NMR),  and  DOSY-NMR  spectro-
scopies  were  used to  confirm the chemical  structures. 1H-NMR

and DOSY-NMR (at 50 °C) tests were conducted on a JOEL JNM-
ECA600 nuclear magnetic resonance spectrometer.  Deuterated
N,N-dimethylformamide  (DMF-d7)  was  used  as  the  solvent.
Analysis  of  the  obtained  spectra  was  performed  using  the
MestReNova software. 13C-NMR analysis was conducted using a
JNM-ECZ600R 13C-NMR spectrometer at 150 MHz.

Molecular  weight  of  PLA-g-PAA  was  determined  using  gel
permeation  chromatography  (GPC,  Shimadzu  Corporation,
Japan),  equipped  with  a  refractive  index  detector  (RID-10A,
Shimadzu  Corporation,  Japan),  a  UV  detector  (SPD-10A,  Shi-
madzu Corporation, Japan), and MZ-Gel SD plus 5.0 μm colu-
mns.  Chromatographically  pure  DMF  containing  50  mmol/L
lithium bromide was  used as  the  eluent  at  a  flow rate  of  1.0
mL/min at 50 °C. The number-average molecular weight (Mn)
was calculated using a calibration curve which was obtained
from polystyrene standards.

Water Dispersibility and Self-assembly of PLA-g-PAA
PLA-g-PAA  (50  mg)  was  dissolved  in  0.5  mL  of  DMF,  and  then
0.01  mL  of  this  solution  was  dropped  into  5  mL  of  deionized
water  with stirring.  pH was adjusted by adding sodium hydro-
xide solution and hydrochloric acid. The radius of the PLA-g-PAA
suspension  particles  was  determined  by  ALV/DLS/SLS-5022F
Laser  Light  Scattering  System  with  the  He-Ne  laser  (λ =  632.8
nm).  The  morphology  of  PLA-g-PAA  suspension  particles  was
observed by transmission electron microscopy (TEM, JEM-2010)
operated at an accelerating voltage of 120 kV.

RESULTS AND DISCUSSION

In the proof-of-concept study, the reaction product mixtures of
3  solutions  (PLA+BP+AA,  PLA+AA,  and  BP+AA),  all  of  which
were irradiated with 254 nm ultraviolet light for 1 h, were dire-
ctly  dissolved in  the  deuterated DMF and characterized by 1H-
NMR (Fig. 1). In the reaction system containing PLA, BP, and AA
(Fig. 1a),  besides  NMR  signals  of  the  initial  reaction  mixtures,
characteristic  signals  of  poly(acrylic  acid)  at  2.5  ppm  (the  me-
thine hydrogens in the PAA main chain) were obvious, indicat-
ing  acrylic  acid  having  been  successfully  polymerized.  In  con-
trast, reaction systems without the photoinitiator BP or the poly-
mer  PLA  only  showed  NMR  signals  of  the  initial  reagent  but
hardly any noticeable signs of poly(acrylic acid), suggesting that
no significant AA homo-polymerization occurred without either
PLA or BP. This is in consistent with the proposed photo-grafting
reaction mechanism (Scheme 1).

The unreacted AA monomers and BP residuals  were easily
removed  by  washing  with  ethanol.  The  purified  products
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Scheme 1    Proposed reaction scheme of photo-grafting poly(acrylic acid) onto poly(lactic acid) chains.
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were then characterized by 1H-NMR, solid state 13C-NMR, and
DOSY NMR spectroscopies (Fig. 2). All the hydrogens and car-
bons in the proposed chemical structures can be clearly iden-
tified in the NMR spectra, especially the quaternary carbon of
PLA-g-PAA in the solid state NMR spectrum (Fig. 2B).  The 1H-
NMR signal at 1.0 ppm is also present in the spectrum of PLA
raw  material.  The  wide  signal  between  3  and  4  ppm  cannot
be  identified,  probably  due  to  the  photo-degradation  pro-
duct of PLA (more discussion on this later).

In  DOSY  NMR  (Fig. 2C)  spectrum,  all  the  PLA  and  PAA  sig-
nals are shown in one diffusion band, indicating that the PAA
chains were chemically bound to the PLA chains and sugges-
ting  that  the  product  was  free  from  homopolymers  of  PAA.
Therefore,  the  grafted  PAA  can  be  quantified  in  terms  of
PAA/PLA  mass  ratio  by  using  the 1H-NMR  signals  represent-
ing  the  methine  hydrogens  in  the  PAA  chain  (signal  e  at  2.5
ppm),  the  methylene  hydrogens  from  PAA,  and  the  methyl
hydrogens from PLA (signals a, b, and d, 1.40−1.75 ppm):

PAA
PLA

ratio =
Ae(Aabd − 2Ae) /3

×
MWAA

MWLA

where  MWAA and  MWLA are  the  formula  weight  of  acrylic  acid
and lactic acid residues, respectively.

In  addition  to  the  grafting  reaction,  photo-degradation
(both chain decomposition and crosslinking) of PLA under UV
irradiation is also known in literature.[16,17] For all the reaction
conditions  tested in  this  study,  little  amount  of  material  was
found  insoluble  in  DMF,  which  is  a  common  solvent  for  PLA
and PAA, suggesting that crosslinking reaction was not signi-
ficant.  We  then  used  GPC  to  characterize  the  apparent  mo-
lecular weight of the PLA-g-PAA products after different irra-
diation times (Table 1). Compared with the PLA raw material,
the apparent molecular weight and the molecular weight dis-

tribution (indicated by PDI in Table 1) of PLA-g-PAA products
did not change much with irradiation. Considering that signi-
ficant  amount  of  PAA  was  grafted  onto  the  PLA  chains  (Fig.
3a), the GPC results suggested that PLA chain decomposition
did  occur  simultaneously  with  the  grafting  reaction.  It  also
should  be  noted  that  what  GPC  actually  characterized  was
the hydrodynamic size of polymer chains in the mobile phase
solvent  (i.e.,  DMF),  so  PLA-g-PAA  with  different  PAA/PLA  ra-
tios  may  have  similar  retention  time  even  though  their  true
molecular weights were different, and vice versa.

We then studied the  effect  of  various  reaction parameters
on the graft ratio (Fig. 3). In principle, graft ratio is affected by
the UV wavelength and intensity, the irradiation duration, the
concentrations of photoinitiator, polymer, and monomer. Be-
sides 254 nm UV, we also tested 365 nm UV irradiation, but no
graft reaction took place in the latter condition. In addition to
the  1-mm-deep  system,  we  also  conducted  the  experiments
with a 3-mm-deep glass groove. Unlike the 1-mm setup, after
UV  irradiation,  the  reaction  mixture  in  the  3-mm  system
showed layered structure: the top layer was opaque and sol-
id-like, while the bottom layer remained liquid. Therefore, we
considered that  3  mm would  be  too thick  to  achieve  homo-
geneous  reaction  and  conducted  all  the  remaining  experi-
ments  with  1-mm  solutions.  The  graft  ratio  continuously  in-
creased with the irradiation time (Fig. 3a),  while it  initially in-
creased with the photoinitiator concentration but levelled off
after  the BP/AA percentage reached 5% (Fig. 3b).  Little  amo-
unt  of  PAA  was  grafted  onto  PLA  chains  when  the  AA/PLA
weight  ratio  in  the  initial  mixture  was  1/1,  which  had  the
highest  viscosity  among  all  the  test  groups.  However,  the
graft ratio was much higher when the AA/PLA ratio increased
to 2.5, and did not increase significantly with further addition
of AA monomers. The reaction yield, which here is defined as
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PLABP
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PLA+AA+BP

BP+AA without PLA

BP

AA

AA

AA

PLA
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Fig. 1    (From top to bottom) 1H-NMR spectra of the reaction mixtures of PLA+AA+BP (initial AA/PLA
weight ratio of 5, BP content of 10 wt% of AA), PLA+ AA without BP (initial AA/PLA weight ratio of 5),
and BP+AA without PLA (BP content of 10 wt% of AA) after irradiated for 1 h under 254 nm UV.
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the  mass  ratio  between the purified  PLA-g-PAA product  and
the initial PLA, was found increasing linearly with the graft ra-
tio (Fig. 3d).

For  all  the  reaction systems tested,  the  highest  graft  PAA/
PLA ratio was found to be 1.8, i.e.,  the product polymer con-
tained more PAA components  than PLA.  We then tested the
water  dispersibility  of  the PLA-g-PAA products  with different

grafting  ratios  by  adding  concentrated  polymer/DMF  solu-
tion  (100  mg/mL)  into  deionized  water.  For  PLA-g-PAA  pro-
ducts with PAA/PLA graft ratio below 1, the polymers formed
large precipitate in the aqueous solution (data not shown). In
contrast, those polymers with higher PAA/PLA ratios (1.1−1.8)
formed homogeneous suspension (without apparent precip-
itating  for  at  least  2  weeks  at  room  temperature),  and  light
scattering characterization showed the average radius of the
suspension  particles  was  200−300  nm  (Fig. 4).  Random  graft
copolymers  are  known  to  self-assemble  into  various  struc-
tures  in  selective  solvents.[18,19] We  further  characterized  the
particle size changes with the solution pH (Fig. 4). The self-as-
sembled particles became smaller as the pH increased from 1
to 13, with a small plateau around pH 5−6, which is near the
pKa of the carboxylic acid groups in poly(acrylic acid). The ob-
served  particle  size-pH  relationship  is  similar  to  that  of  the
well-defined  polystyrene-b-poly(acrylic  acid)  block  copoly-

Table  1    Number-average  molecular  weight  and  molecular  weight
distribution (PDI) of the initial PLA sample and PLA-g-PAA products with
reaction time of 10, 30, and 60 min (200 mg PLA + 100 mg BP + 1 g AA
under 254 nm UV).

Reaction time Mn (Da) PDI

0 (raw PLA) 21041 1.29
10 min 25047 1.21
30 min 21293 1.27
60 min 22103 1.22
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Fig. 2    (A) 1H-NMR spectrum, (B) solid state 13C-NMR spectrum, and (C) DOSY NMR spectrum of PLA-g-PAA. (Initial AA/PLA ratio
of 5, BP content of 10%, after irradiated for 1 h under 254 nm UV.)
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mers,[20] and may be similarly  explained as  follows:  as  pH in-
creases,  the  ionization  degree  of  PAA  graft  chains  increases,
and consequently the increased repulsion among the hydro-
philic PAA chains decreases the aggregation number and the
particle size.

Finally,  we  characterized  the  thermal  stability  of  the  PLA-
g-PAA  polymers  with  TGA  (Fig. 5).  Unlike  PLA,  which  rema-
ined stable until  280 °C and almost  completely  decomposed
at 400 °C, PAA went through continuous decomposition (e.g.,
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Fig. 3    (a) PAA/PLA graft ratios plotted as a function of reaction time (initial  AA/PLA ratio of 5,  BP content of 10%); (b) PAA/PLA graft
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Fig.  4    Particle  size  of  the  PLA-g-PAA  self-assembled  structures  in
water at different pH (PAA/PLA graft ratio of 1.1).
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Fig. 5    TGA curves of PLA, PAA and PLA-g-PAA with PAA/PLA ratio of
0.7, 1.1, and 1.7.
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dehydration/anhydride  formation  and  decarboxylation)  with
heating,  especially  above  its  glass  transition  temperature
around 100 °C.[21] However, at 500 °C, there were more resid-
ual solids from PAA than PLA. PLA-g-PAA products with vari-
ous graft ratios behaved more like PAA than PLA.

CONCLUSIONS

This  study  proved  that  acrylic  acid  could  be  efficiently  graft
polymerized  onto  poly(lactic  acid)  chains via a  photo-grafting
reaction in solution. Similar surface photo-grafting reactions on
the  PLA  films  are  widely  studied  in  literature,  but  the  bulk
solution  reaction  has  not  been  reported  before,  which  was
made possible only after we realized that poly(lactic acid) can be
readily dissolved in the AA monomer at room temperature.

PAA/PLA graft  ratio  in  the PLA-g-PAA products  can be ad-
justed by varying the reaction parameters,  and high graft ra-
tios such as 1.8 could be achieved. Compared with the known
thermally-initiated  graft  reaction,  the  current  photo-grafting
reaction was fast, took place at room temperature, and more
importantly,  resulted  in  little  homo-polymerization  of  acrylic
acid.  On  the  other  hand,  as  for  all  photo-chemical  reactions,
the  light  penetration  depth  limited  the  scale-up  potential  of
this  photo-grafting  reaction,  unless  continuous  operation  is
achieved through specially designed reactors.

The resulting PLA-g-PAA polymers with enough high-graft
ratios  were  found  water  dispersible,  which  potentially  ena-
bles  the  aqueous  processing  of  PLA-based  materials.  More-
over,  PLA-g-PAA  may  be  used  as  a  compatibilizer  for  blend-
ing PLA with other polymers and inorganic materials.[22,23]

It is tempting to expand the photo-grafting reaction to oth-
er vinyl monomer systems. For the photo-grafting reaction to
be effective, there are at least two requirements for the vinyl
monomer: one is that PLA has to be soluble in the monomer
without significant heating, and the other is that there are no
hydrogen  atoms  in  the  monomer  structure  which  are  easier
to  be  abstracted  than  those  in  the  PLA  chains.  Other  vinyl
monomers will be screened in the next step.
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