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ABSTRACT: The photochemical grafting HEMA onto
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) PHBHV films
using benzophenone (BP) or H,O, as initiator was investi-
gated to develop a route of grafting restricted to the surface.
The effect of various parameters, such as monomer concen-
tration, initiator, and reaction time, on grafting yield was
studied and compared with results obtained when using
benzoyl peroxide (BPO) as initiator. The morphology and
structure of grafted films were characterized by Fourier
Transform Infrared spectroscopy with attenuated reflexion,
scanning electron microscope and Energy Dispersive X-ray

Analysis. The results show that BP and H,O, are very effi-
cient for the grafting on the surface PHBV. The process is
very fast and easy and the results are reproducible in a wide
range. Photoinitiation grafted only on the surface in compari-
son with BPO, where the grafting is located in all the bulk of
film. The films grafted by UV in presence of H,O, are totally
biodegradable when the graft level was low (less than 10%).
© 2009 Wiley Periodicals, Inc. ] Appl Polym Sci 116: 288-297, 2010
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INTRODUCTION

Polyhydroxyalkanoates (PHAs) are biodegradable
and biocompatible polymers that are produced by a
wide of microorganism.'™* These polymers are under
study for medical applications because of their bio-
compatibility and non toxicity to living tissues.
Among potential applications, PHAs could be used
to make matrices for in vitro cells proliferation.””
PHAs are quite inert and hydrophobic, and present
no physiological activity, which restricts their appli-
cations as cell colonizing materials. Therefore, sur-
face functionalization was required to increase as
well as the cellular or bacterial adhesion. Control of
the films surface properties, such as wettability,
adsor?tion, chemistry, charge, roughness, and rigid-
ity'®!! is important when polymeric material is in
contact with cells. To trigger the cell-matrix adhesion
on polymer surfaces, several surface modification
techniques have been recently applied, including
alkaline hydrolysis,'>"® implantation,'* gamma irra-
diation,'® oxygen plasma treatment,'® UV,Y or
ozone'® followed by chemical grafting."” Surface
modification of polymer films offers versatile means
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for incorporating new functionalities. Furthermore,
grafting has been considered generally favored over
physical treatments because the chemical grafting
methods lead to higher amount of incorporated
functional groups and show a superior stability;
local motions of polymer segments are hindered.”’
Most of these methods are based on a “grafting-
from” process, where radicals are formed along the
polymer backbone, followed by a free radical poly-
merization of vinyl monomers. By careful selection
of polymer support and monomer, it is possible to
control the hydrophilic/hydrophobic balance of the
surface support. We chose 2-hydroxyethyl methacry-
late (HEMA) grafted on poly(3-hydroxybutyrate-co-
3-hydroxyvalerate) PHBHYV films as support materi-
als because PHBHV films possess good chemical
stability and mechanical strength, PHEMA is bio-
compatible,”! and the formed grafted layers have
enough hydrophilicity to modify the hydrophobic/
hydrophilic balance of PHBHV.*

We have previously reported the grafting of
HEMA on PHBHYV films via free radical-initiated
process using benzoyl peroxide (BPO), as free radi-
cal initiator.” The results show that grafting pro-
ceeds not only on the surface but also in the bulk of
polymer, and the chemical and/or physical integrity
of the bulk polymer is not well preserved. In the
case of PHAs grafted film, biodegradability is modi-
fied limiting temporary biomedical or environmental
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applications. Consequently, it is important to de-
velop a chemical modification restricted to the
surface.

An alternative method is to use photografting. The
UV irradiation mild conditions should restrict the
modification to the surface.”> Several methods for
“photografting-from” are now well known, such as
the use of benzophenone (BP) as photoinitiator,
which after UV exposition and hydrogen abstraction
create initiator radicals on the base polymer for het-
erogeneous graft polymerization.”*° Several possi-
bilities were described in the literature: using a BP-
monomer mixture, preadsorption of BP onto the
polymer surface’” > or solvent free photografting
technique.®®*" All these processes have been estab-
lished as a very selective and efficient approach, but
generally no pre-functionalization has been achieved
and the grafting was achieved in one step. Ulbricht
et al. and Ma et al. have developed a process in two
stages with pre-functionalization.”***** This process
in two separate steps should take over better control
of surface modification in comparison with free radi-
cal method developed previously because it can be
considered as a “quasi-living” polymerization via
recombination and photocleavage of semipinacol
radical.*>*

We have chosen to apply this procedure to
PHBHYV for grafting PHEMA either with BP as pho-
toinitiator or H,O, to create photolabile functions on
the polymer surface. Then in a second step, the func-
tionalized films were put in contact with the mono-
mer solution to achieve UV-initiated graft copoly-
merization. The effects of various parameters, such
as initiator, monomer concentration, and reaction
time, on graft yield were studied. The morphology
of the PHEMA grafts on the film was determined by
scanning electron microscopy (SEM) and energy dis-
persive X-rays analysis (EDX) that was compared
with results obtained by free radical polymerization.
The effect of PHEMA grafting level on PHBHV bio-
degradation was also investigated.

EXPERIMENTAL SECTION
Materials

Polymer used in this study was PHBHV with 12%
of 3-hydroxyvalerate purchased from Good Fellow.
HEMA and BPO were supplied by Acros Chemical.
BPO was purified twice recrystallized in a chloro-
form/ethanol mixture before use.

BP and hydrogen peroxide (H,O,) were purchased
from Aldrich and used as received. Chloroform,
ethanol, anhydrous diethyl ether, chloroacetyl chlo-
ride, and triethylamine were obtained from Sigma-
Aldrich. All solvents and chemicals were used as
received except for HEMA (Aldrich), which was

passed through the ready-to-use inhibitor removing
column (Aldrich).

Preparation of PHBHYV film

The PHBHV was first purified by dissolution in
chloroform in reflux for 2 h (20% w/v) and preci-
pitation in ethanol to remove citric ester used as
plasticizer. Films were prepared by casting the chlo-
roform solution on a glass plate. Samples were cut
in 3.5 x 2.2 cm® pieces. Films with an average thick-
ness of 70 pm were obtained for H,O, procedure
and 100 um for BP procedure.

Free radical grafting procedure®

All reactions were heterogeneous and involved
PHBHV films. In all cases the PHBHV film was
attached with Teflon linkages on a glass slide and
placed in a 100 mL round-bottom flask containing
an aqueous HEMA monomer solution purged with
nitrogen for 30 min. For all experiments, the total
volume was 50 mL. The required concentration of
BPO was dissolved in 2 mL of acetone and added
into the polymerization vessel. The vessel was
placed in an oil bath adjusted to the polymerization
temperature (80°C). The reaction was carried out
under nitrogen atmosphere. After the reaction time
the film was removed from the polymerization ves-
sel and then purified from the unreacted monomer
and residual homopolymer (PHEMA) by washing it
in 100 mL of boiling ethanol for 3 h. The washing
ethanol was changed once to completely remove the
homopolymer from the film. The film was finally
dried to constant weight in vacuum at 40°C
overnight.

Photografting procedures

UV irradiation was carried out with a high-pressure
mercury light (Eurolabo, 400W and 250W) equipped
with UV light with a wavelength range of 230-
500 nm. The distance between the light and the film
was 25 c¢cm. All reactions were heterogeneous and
involved PHBHV films. Experiments were carried
out under an extractor hood. Temperature was kept
to 30 = 2°C.

Surface functionalization and grafting in presence
of benzophenone

PHBHYV films were soaked in acetone BP solution
and dried to constant weight at room temperature to
remove acetone. Then, the films with BP adsorbed
were put under the UV light. The preirradiated films
were immediately lowered into monomer solution
purged with argon for 30 min and the UV exposition
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was repeated. After photografting polymerization
the films were washed in ethanol to remove residual
BP, or monomer. The grafted films were dried to
constant weight at room temperature.

Surface functionalization and grafting in
presence of H,0,

The PHBHYV film was attached with Teflon linkages
on a glass slide to facilitate the manipulation. Films
were put into H,O, solution 30% (10 or 20 mL) and
placed under the UV light. The preirradiated films
were taken from H>O, solution and washed with
water to remove excess of H,O, and were immedi-
ately lowered into monomer solution purged with
argon for 30 min and the UV exposition was
repeated. After photografting polymerization the
films were washed in ethanol to remove residual
monomer and free homopolymer. For both proce-
dures the grafted films were dried to constant
weight at room temperature. The graft yield was cal-
culated as a ratio of the increase in weight of the
PHBHYV film divided by the starting weight of film
according the following equation:

%G ="7"Wi 100
060G =———X
W;

Where Wy is the weight after the grafting and extrac-
tion and Wi; is the initial weight.

Characterization

Fourier transformed infrared spectroscopy

FTIR spectra were recorded on a spectrometer (Ten-
sor 27, Bruker). The spectra of the film surface were
obtained with ATR equipment using diamond crys-
tal. The ATR-FTIR spectra were recorded at a resolu-
tion of 4 cm ™' and an accumulation of 32 scans. The
spectra were normalized to the intensity of the car-
bonyl stretching band at 1720 cm .

Scanning electron microscopy

The surface morphologies of the polymer samples,
before and after grafting, were observed by SEM. All
observations were carried out with JEOL 6460LV
SEM (JEOL, Tokyo Japan). The voltage was kept at
15 kV and the sample was kept at an average dis-
tance from the electron gun of about 10 nm. Samples
were mounted on aluminum stubs and coated for
120 s at 20 mA with gold using a sputter coater
(Edwards Pirani 501, U.K). To observe films in cross
section, samples have been incorporated into a low
viscosity methacrylate resin blend (Metafix, Strauer)
described previously.** They were polished by a se-
ries of grinding (silicon carbide grinding paper
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P320-P1200) with water as the lubricant. Then, pol-
ishing was performed with progressively finer abra-
sives with two grades of diamond polishing grit
suspensions (9 pm and then 3 pm), then alumina
(0.05 pm). The polished specimens needed to be
sputter-coated with a thin film of conductive mate-
rial (such as carbon).

Energy dispersive X-rays analysis (EDX)

To assess the localization of the grafted PHEMA
onto the PHBHV film, the hydroxyl groups of the
PHEMA were esterified with chloroacetyl chloride
to observe the element chlorine. A grafted film was
immersed in 20 mL of anhydrous diethyl ether con-
taining 2 mL chloroacetyl chloride and 1 mL of trie-
thylamine. The mixture was stirred for 24 h at room
temperature. The reacted film was washed in etha-
nol for 2 h, and dried in vacuum at 40°C. Samples
were coated with carbon using a sputter coater.
Analysis of the elements was carried out by EDX
analysis using an OXFORD INCA 300 system. To
determine their distribution, Smart Map acquisition
was used. Smart Map performs the simultaneous ac-
quisition of X-ray data from each pixel on the image
area. A blank experiment was performed with un-
grafted PHBHV and chloroacetyl chloride. Absence
of chlorine on the surface of the ungrafted PHBHV
showed that the chloroacetyl chloride could only
react in presence of PHEMA.

Biodegradation test

The EN 13,432 Biodegradation tests were carried out
from Sturm test. The biodegradation tests of PHBHV
and grafted PHBHYV films were realized in triplicate.
Biodegradation was calculated according to the fol-

lowing equation:>>*°

Q (Coaneasured ) _ Q (Coglank)

% Biodegradation = Q(COPe)

x 100

where Q(COReasured) was the CO, amount accumu-
lated in presence of the material to degrade,
Q(CObnk) was the compost CO, amount pro-
duced without any material to degrade, and
Q(COE}“’O) was the theoretical maximum CO,
amount, which could be produced by the material.

RESULTS AND DISCUSSION

Two routes have been used to introduce graft chains
onto the surface of PHBHYV films, proceeding by the
“grafting-from” method initiated by UV irradiation.
Both procedures were carried out by a two-step
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Thermal Free Radical Grafting: 1 step procedure
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Scheme 1 Schematic diagram of the photografting procedure.

method using either BP or H,O, under UV irradia-
tion (scheme 1). The first step is the formation of re-
active surface via abstracting hydrogen atoms from
the film surface. It is well known that excited BP can
abstract hydrogen in the absence of monomer to
form surface with semipinacol groups.”>*>3

In presence of H,O,, hydroperoxide functions
were generated directly on the PHBHV film via UV
treatment in the presence of oxygen. Several authors
have reported that hydroxyl radicals formed under
UV irradiation have the ability to abstract hydrogens
from the backbone of polymer producing macroradi-
cals, which can react with the monomer to initiate
grafting during the second step.””*®

In a second step, the surface initiates the graft po-
lymerization under UV irradiation in presence of
HEMA monomer. No homopolymerization occurred
with BP procedure because of the very short lifetime
of semipinacol radicals.”* However, with hydroper-
oxide linkages, grafting onto the polymer surface is
accompanied by the formation of polymer in the so-
lution surrounding the polymer surface. Reactions
were carried out at room temperature to compare
with the previous work when BPO was used as ther-
mal initiator at 80°C.** This process was carried out
by a one step method. All grafting procedures were
occurred under heterogeneous conditions. The for-
mation of radicals is not easily achieved, especially
because of high cristallinity of PHBHV films and the
room temperature used for both photografting
processes.

It is known for longer time that the UV irradiation
generates radicals on the film surface'” and/or can
also initiate HEMA polymerization. We have dem-
onstrated that 20 min of irradiation (native PHBHV
film immersed in a monomer solution 5% v/v)
didn’t occurred grafting of PHEMA onto PHBHV.
Furthermore, it was demonstrated that a maximum
irradiation of 30 min didn’t cause dramatic degrada-
tion of the PHA films. Therefore, the polymerization
does not have to exceed 20 min and the total dura-
tion of exposure to UV (functionnalization and poly-
merization) does not have to overtake 30 min. These
previous experiments allow to valid grafting process
described in scheme 1.

Grafting with H,0,

The study was carried out on PHBHV films, with a
thickness close to 50 pm. The influence of the func-
tionalization time (first step) on the graft yield was
studied. The results are reported in Table I. The
graft copolymerization time and the HEMA concen-
tration were maintained identical to the preceding
study, which were respectively 20 min and 5% v/v.
The functionalization time (first step) did not
affect in a notable way the graft yield. Similar graft
yields were obtained with various volumes of H,O,
(10 and 20 mL). The solution of H,O, (30% v/v)
strongly absorbs photons. In spite of the very broad
spectrum of the employed UV light, it is difficult to
suppose that photons reach the surface of film to
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TABLE I
Influence of the Volume of H,0, and Functionalization
Time. [H,0,] = 30% (v/v)

10 mL H202 20 mL H202
t (mm) G% G%
10 99 = 1.6 <5
20 11.3 = 4.3 9+ 17
30 9.8 =35 -
40 nd® 10.6 * 4

([HEMA] = 5% v/v, polymerization time = 20 min, film
~ 90 pum).
® degraded film.

abstract hydrogen and to create radicals. It could be
more probable that the irradiation created radicals
HO?®, able to abstract hydrogen, thus generating rad-
icals on the surface. This assumption could explain
the identical results obtained with different volumes
of H,O,. The weak graft yield observed for 20 mL of
H,0, and 10 min of irradiation can be explained by
insufficient time to allow the HO® radicals formed to
diffuse to the film. In the case of short time reaction,
the volume reduction of the solution on the top of
film would make easier the diffusion of the radicals
HO®. Higher reaction times were not possible to
increase the graft yield but induced a more impor-
tant degradation. Consequently, the first step will be
maintained to 10 min with 10 mL of H,O,.

To control and modulate the graft yield of
PHEMA, the influence of the polymerization time
and the monomer concentration were studied. The
results obtained are reproducible and show that the
percentage of graft yield increased with the poly-
merization time [Fig. 1(A)]. Beyond 30 min of poly-
merization, the graft yield reached a maximum
value close to 20%; this saturation can be explained
by the precipitation of free PHEMA that covers the
surface blocking the access to the monomer. When
compared to the thermal radical grafting procedure,

304
25+
* L
204
£
= 154
o . L
104
LT .
0‘* T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0
Polymerization Time (hours)
A

G (%)
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the graft yield was higher than the photografting ini-
tiated by H,O, [Fig. 1(B)], with a lower monomer
concentration. We previously demonstrated that
very high graft yield could be reached (>100%) with
the thermal radical grafting. This could be explained
that BPO was very fast and widespread grafting
path.

The influence of the monomer concentration [Fig.
2(A)] shows that the graft yield increased with the
HEMA concentration as it was previously reported
with BPO [Fig. 2(B)]. For graft yields higher than
20%, the films became very deformed and rigid.
This modification of the mechanical properties was
due to the PHEMA, which is a hard material at am-
bient temperature (T, ~ 80°C). Monomer concentra-
tion led to an increase in viscosity of the monomer
solution resulting that the monomer diffused with
difficulty in the solution to the surface of polymer.
Similar results were reported by Hu et al.* who
grafted PHEMA onto polypropylene membranes,
high HEMA concentration led to a viscous gel for-
mation of PHEMA that was difficult to eliminate
from the film. For the optimal monomer concentra-
tion of 5% (v/v) the graft yield can be easily modu-
late by the reaction time in a reproducible way.

Grafting with benzophenone

The photografting in presence of BP was based on a
method described by previous studies.”’** The pro-
tocol generally followed was a direct grafting, where
the polymer support, monomer, and BP were intro-
duced together and were reacted in one step. This
process was associated with grafting but also with
homopolymerization in solution. We chose to use a
sequential process (scheme 1) to avoid homopolyme-
rization of the monomer in solution.

To determine the optimal concentration of BP for
the functionalization step, several concentrations in
BP were studied. Figure 3 displays the effect of BP

250
B [HEMA] = 1.20% viv
200 | 4 [HEMA] = 0.48% viv
[ |
150 +
100 — n
50 - L] &
'
&
° -q T T T 1
0 1 2 3 4
Polymerization Time (hours)
B

Figure 1 Variation of the graft yield with the polymerization time. (A) photoinitiated in presence of H,O,, functionaliza-
tion time = 10 min, [HEMA] = 5% v/v, HEMA solution V = 20 mL, (B) thermal initiated by BPO, [BPO] = 1.9 x 1072

mol L1
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B

Figure 2 Variation of the graft yield with the HEMA concentration. (A) photoinitiated in presence of H,O,, functional-
ization time = 10 min, polymerization time = 30 min, HEMA solution V = 20 mL, (B) thermal initiated by BPO, [BPO] =

1.9 x 1072 mol L%

concentration and immersion times on graft yield.
The results show a similar evolution of the graft
yield of two different immersion times indicating a
fast BP adsorption. The graft yield increased with
the BP concentration and then stabilized around
22.5%. This result was correlated with a larger quan-
tity of BP adsorbed on film and thus it was possible
to generate more semipinacol groups.

The influence of the functionalization time on the
graft yield was then studied (Fig. 4). The results
show that the functionalization time did not affect
the graft yield. The reaction of the radicals resulting
from the decomposition of the semipinacol groups
appears consequently very fast. Therefore, a func-
tionalization time of 5 min was optimal time and
kept constant in the rest of the study. Results con-
firmed the influence of the BP concentration on the
graft yield.

The grafting can be controlled in a reproducible
way according to the concentration in monomer
[Fig. 5(A)]. However it is important to note that for
a concentration higher than 10% of HEMA, the films

254 o
. E
204 .
= 10 .
5] o ) 0 Immersad in BP solution for 30 min
L] & Immersed in BP solution overnight
immersion
0-* T T T T T 1
0.0 0.5 1.0 15 20 25 3.0
[BP] mol.L”

Figure 3 Variation of the graft yield with the benzophe-
none concentration and immersion time in benzophenone
solution. BP solution V = 30 mL. Functionalization time =
5 min. [HEMA] = 5% (v/v). Volume HEMA = 20 mL.
Polymerization time = 20 min.

become brittle. When compared to the thermal radi-
cal grafting, the graft yield was higher with a lower
monomer quantity.

The graft yield increased with the polymerization
time [Fig. 5(B)] until reaching saturation after
15 min. Test experiments carried out without prelim-
inary functionalization i.e. with a concentration of
BP = 0 mol L', show that polymerization led to a
mass variation lower than 3%. These results confirm
the reaction pathway presented in scheme 1, namely
that the grafting onto the PHBHV was initiated by
the cleavage of the reactive groups created during
the first step.

Comparison of different grafting procedures

The possibility to graft PHEMA, by photochemical
way, on films of PHBHV has been previously dem-
onstrated. This method offers the important advant-
age of working at room temperature. Consequently,
the grafted film was not deformed during the graft-
ing procedure that explains the lower graft yield
observed for both photografting procedures. How-
ever, the major difference between both grafting pro-
cedures is based on the initiator radicals formation.
In free radical process, initiator radicals formation

e [BP]=0.1 moll
F O [BP]=1 malL
©

& [BP]=2.5 molL
=] - o O

0 T T T 1
o 5 10 15 20
Functionnalization tme (min)

Figure 4 Variation of the graft yield with functionaliza-
tion time. BP solution = 30 mL. [HEMA] = 5% (v/v). Po-
lymerization time = 20 min.
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Figure 5 Photografting in presence of BP. (A) Variation of the graft yield with the monomer concentration. (B) Variation
of the graft yield with the polymerization time. Functionalization time = 5 min. [HEMA] = 5% (v/v). Volume HEMA =

20 mL.

and polymerization proceed in a single step,
whereas the formation of radicals is achieved in a
separate step in photochemical way. According to
the results it can be assumed that the efficiency of
radicals formation is higher in free radical process
that explain higher G% with lower monomer con-
centration. But it is important to note that the aim of
this work is to restrict the grafting to the surface of
the film not to obtain high graft yields.

Table II summarizes the effect of various experi-
mental parameters on grafting under the different
procedures. The results showed that the grafting by
hydrogen peroxide depends mainly on the monomer
concentration as observed with BPO, whereas with
BP, the grafting depends on the BP concentration
and monomer concentration. For all processes, the
reaction time allows an easier control of the grafting.
The most important difference between the both
photochemical processes results in the absence of
homopolymerization in solution in presence of BP,
making this procedure particularly attractive.

Characterization of grafted films

The resulting grafted films were characterized by
ATR-FTIR spectroscopy, SEM, and EDX. The charac-
terizations were achieved by comparing systemati-
cally grafted films by photografting at room temper-
ature and thermal grafting initiated by BPO.

The occurrence of grafting has been illustrated by
ATR-FTIR analysis. Figure 6 showed ATR-FTIR
spectra of grafted film with H,O, (G% = 19%) and
thermal free radical grafting (G% = 15%). FTIR-ATR
spectra of PHBHV grafted and native PHBHV are
similar with new absorption bands appeared at 3400
cm ! due to the —O—H stretching vibration gradu-
ally enhanced as the grafting degree increased, indi-
cating the presence of PHEMA on PHBHV films.
But, from similar graft yields the films prepared by
photografting and thermal free radical polymeriza-
tion showed different profiles in ATR-FTIR spectra.

Journal of Applied Polymer Science DOI 10.1002/app

The peak corresponding to the v(—OH) vibration
from the photografted PHEMA was clearly seen.
However, in free radical conditions the spectra
revealed a small hydroxyl peak. Concerning the car-
bonyl stretching (Fig. 7), the grafted film via irradia-
tion UV became much broader compared with pure
PHBHYV, showing the carbonyl of the PHEMA and
the PHBHV one, whereas the widening of the car-
bonyl peak was not visible for free radical grafting.
The enlargement of the ester carbonyl band was
shown for higher graft yield.”* This result suggested
that under free radical grafting process the polymer-
ization occurred in the surface but also in the bulk
of the film, whereas the photografting procedure led
to grafted chains principally located on the surface
of the film. ATR-FTIR spectra of films grafted with
BP were similar to those obtained with H,O, (results
not shown). For PHBHV grafted by UV, ATR-FTIR
analysis showed that both faces are different. The
characteristic of PHEMA was detected on the only
face exposed at the UV lamp. The spectrum of the
untreated face was similar to the original PHBHV.
This indicated that the PHEMA 1is preferentially
located on the surface.

Morphological modifications of the film surfaces
were achieved by SEM. SEM micrographies of films
surfaces with different graft yield were taken (Fig.
8). As can be seen from Figure 8(A), the native
PHBHYV film used in this study shows relatively low

TABLE II
Comparison of the Different Graft Procedure

BPO H,0, BP
Homopolymerization yes yes no

Influencing graft yield factors
Initiator amount no no yes
Functionalization time n/a no no
Polymerization time yes yes yes
Monomer concentration yes yes yes

n/a: none applicable, no functionalization was needed.



SURFACE FUNCTIONALIZATION OF PHBV BY HEMA GRAFTING 295
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Figure 6 FTIR-ATR spectra enlargement between 3000
and 3800 cm™'. (A) PHBHV unmodified, (B) PHBHV-g-
PHEMA G = 15% grafted by BPO, (C) PHBHV-g-PHEMA
G = 19% photografted by H,O,.

porosity. Figures 8(B,C) exhibit the surface of free
radical grafted films with grafting degree of 40 and
300%, respectively. The difference between microgra-
phies of the PHBHV unmodified and the PHBHV
grafted PHEMA G = 40% [Fig. 8(B)] was not nota-
ble. This result indicated that the grafting led to
short lengths chains or although the grafting could
occur as well on the surface of film but also inside
film. For a rate of high grafting of G = 300% [Fig.
8(C)], micrography SEM revealed a significant
change on the surface. The chains of PHEMA were
very dense and led to an increase in the roughness
of surface. In the case of grafting in the presence of
H,0,, roughness appeared at low graft yield [Fig.
8(D)]. However, from a threshold this roughness
decreased as the surface was covered with PHEMA
[Fig. 8(E)]. The grafting in the presence of BP modi-
fied the surface by decreasing the porosity of surface
at low graft yield [Fig. 8(F)]. For higher graft yield
[Fig. 8(G)], a roughness of surface appeared.

Free radical grafting led to a random distribution
of the grafts on the surface. Thus to determine if the
PHEMA grafts were distributed in a homogeneous

1900 0o "o o
em1
Figure 7 FTIR-ATR spectra enlargement between 1600
and 1900 cm™'. (A) PHBHV unmodified, (B) PHBHV-g-
PHEMA grafted by BPO G = 15%, (C) PHBHV-¢-PHEMA
photografted by H,O, G = 19%, (D) PHEMA homo-
polymer.

way on the surface of the PHBHYV, i.e. if there was
any not grafted zone, the PHEMA hydroxyl groups
were marked to detect them in microanalysis X
(EDX). The hydroxyl groups were esterified in the
presence of chloroacetyl chloride to mark the grafts
using chlorine atoms, which can be detected by
EDX; thus it was possible to locate PHEMA on the
surface of material. The yellow pixels revealed
the presence of chlorine thus the PHEMA (Fig. 9).
The PHBHV film grafted in the presence of BPO
with a graft yield of G = 15% grafting present
PHEMA as well at surface of film but also in the in-
ternal layers of the PHBHV. The density of chlorine
present inside film increases with the rate of grafting
attesting of the presence of grafts of PHEMA inside
film. These results confirm the assumption of a

F G=10%

G G=40%

Figure 8 SEM micrographies of (A) PHBHV unmodified
PHBHV-¢-PHEMA grafted by BPO, (B) G = 40%, (C) G =
300% PHBHV-g-PHEMA photografted by H,O,: (D) G =
10%, (E) G = 40% PHBHV-¢g-PHEMA photografted by BP:
(F) G =10%, (G) G = 40%.
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Figure 9 Cross-section of SEM micrographies and the
respective EDX maps of PHBHV grafted by BPO (A et B
G% = 15%, C et D 60%) et photografted by H,O, (E et
F G% = 2%; G et H G% = 48%) et photografted by BP (I
et ] G% = 49%).

grafting in depth of films of PHBHV. The grafting
localization can be explained by the temperature.
Indeed, the glass transition of the PHBHYV is close to
3°C. However, the thermal grafting was carried out
at 80°C, a temperature largely above T, PHBHV. The
temperature increased the chains mobility, which is
probably sufficient to facilitate diffusion of reactant,
such as monomer and initiator into the film. The
grafting in the film bulk can also explain the higher
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graft yield compared to photografting. Indeed by
grafting inside the film the surface of the grafted
film could increase that led to graft yield over 150%.

Concerning the grafting by irradiation UV in the
presence of H,O, or in the presence of BP, analysis
EDX indicated an asymmetrical distribution of chlo-
rine what is in agreement with the presence of grafts
PHEMA on only one face, as we had previously sug-
gested from the study by IR. The increase in the
graft yield increased the thickness of the layer of
grafts without penetrating into the film in opposition
to the grafting in the presence of BPO. Thus the
zone of localization of the chlorine of PHEMA is
extremely dense what probably corresponds to a
layer of relatively homogeneous composition made
up of grafts PHEMA. The porosity of the grafted
zone, which appears very clearly on the Figure 9(G)
can be explained with the drying of film after the
stage of extraction in ethanol. The density of grafting
the films H and ] are different but graft yield were
similar. It can be explained by thickness different of
PHBHV films. The grafted films with BP were
thicker than this treated with H,O,. This analysis
confirms that both photografting procedures led to a
grafting only localized on the surface. It can be sup-
pose that the photons cannot reach in-depth film (a
part being absorbed by the solution of HEMA). In
addition, the temperature of grafting, to the maxi-
mum equal to 35°C did not lead to the penetration
of the monomer into the film.

Biodegradation of grafted films

PHBHYV is a natural ?olyester, biodegradable in nat-
ural environment.***' As a synthetic non-biodegrad-
able polymer was grafted onto PHBHV, biodegrad-
ability of the resulting material must be altered and
concerns only the polyester skeleton. It was impor-
tant to study the influence of PHEMA on the biode-
gradability of grafted PHBHV. The biodegradability
was evaluated according the standardize method
based on the “Sturm biodegradability test”.*>>® This
test evaluates the aerobic biodegradability of organic
compounds by measuring inorganic carbon produc-
tion (CO,) in sealed vessels. As indicated in Figure
10 biodegradation of grafted film was lower than the
native PHBHV. Biodegradation gradually decreased
as the grafting degree increased, indicating PHEMA
inhibited the biodegradability of modified PHBHV
films. However, the films prepared from UV treat-
ment with graft yield lower than 10% were totally
biodegradable as native PHBHV. The inhibited effect
of PHEMA is more apparent with films grafted by
thermal free radical polymerization, which sup-
ported the previous results about the internal loca-
tion of PHEMA that decreased attack by microor-
ganisms present in the compost inoculum.
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Figure 10 Comparison of the biodegradation of the
PHBHYV grafted by BPO and by H,0O..

CONCLUSION

PHEMA was successfully grafted onto PHBHV films
at room temperature by photografting polymeriza-
tion despite the high degree of crystallinity and non-
active chemical structure of PHBHV. The procedure
was very simple and results were reproducible. In
this study, PHBHV films were prefunctionalized
with BP or H,0,, and then PHEMA was polymerized
from the reactive sites introduced during the func-
tionalization step. Therefore, the grafting degree
could be controllable in a wide range. The graft
yield was influenced by the reaction time, the mono-
mer concentration, and the concentration of BP. For
both procedures, we have demonstrated by SEM
and EDX investigations that the location of grafting
was restricted to the surface compared with thermal
grafting process, where PHEMA are located on the
surface but also inside the film. The use of BP with
sequential procedure appears more attractive
because of no HEMA homopolymerization in solu-
tion occurred that makes easier purification. Further-
more, the procedure can be easily transposed to
films with higher sizes.

A comparison of the enzymatic degradability dem-
onstrated that the presence of PHEMA affected the
degradability of the grafted PHBHV films. The
restriction of grafted PHEMA to the surface appears
as an important advantage for promoting the degrad-
ability of the grafted films. Only low grafting on sur-
face is expected to give a complete degradation.

These photografting copolymers may be useful to
regulate cell adhesion. The grafting of various mono-
mers is currently in progress to examine the influ-
ence of chemical surface modification on the bacte-
rial adhesion and the enzymatic degradability.
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