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ABSTRACT: PHB macromonomers and methyl methacrylate were copolymerized by atom transfer radical
polymerization (ATRP) methods. Kinetic studies are reported and compared to ones obtained for
conventional free radical polymerization (FRP). Graft copolymers produced by ATRP were of lower
polydispersity (ca. 1.2) than the ones prepared by FRP (1.6—2.1), but also of lower molecular weight (ca.
20 000 for ATRP, 31 800—84 100 for FRP). With both techniques, the addition of PHB macromonomers,
compared to MMA, was faster on a propagating chain with an MMA active center at low molar feed ratio
of PHB macromonomers. The gradual decrease of PHB macromonomers reactivity compared to the one
for MMA, with increasing proportion of macromonomers in the comonomer feed, affected the microstruc-

tures of the graft copolymers produced by ATRP.

Introduction

Poly(3-hydroxybutyrate), PHB, is a carbon reserve
material in bacterial cells which accumulates when an
essential nutrient is limited.? This 100% isotactic
biopolyester can represent up to 90% of the cell dry
weight.? Since depolymerase enzymes excreted by some
bacteria and fungi were shown to degrade PHB to
water-soluble oligomers subsequently used as nutrients
by the microorganisms, PHB is a sustainable material.!
Furthermore, its monomeric degradation product,
D(—)-3-hydroxybutyric acid, is found in human blood as
a normal metabolite, and PHB was shown to be bio-
compatible, with no cytotoxic effect.l:2 Since 1962, when
Baptist proposed the use of PHB as an absorbable
suture, it has been considered as potentially useful
material in the field of medicine.? The combination of
PHB, which hydrolyzes slowly in vivo,%4-6 with PMMA
could have potential applications as material for ortho-
pedic surgery. The most obvious use is in bone cements* 6
since PMMA is their main constituent.”

Blends of bacterial, high molecular weight PHB and
PMMA, PHB/PMMA, were found to be partially mis-
cible, with a solubility limit of 20 wt % PHB.8 However,
when mixed with graft copolymers of PMMA in the
backbone and atactic PHB grafts, at 67 mol % hydroxy-
butyrate content in the copolymer, the ductility of PHB/
PMMA blends increased significantly.? For bone cement
formulations, a copolymer of bacterial PHB and PMMA
is therefore expected to show improved mechanical
properties compared to cements with a PMMA/PHB
blend, while bringing enhanced biocompatibility. In
addition, as PHB would partially and progressively
erode in vitro, bone cells could grow around and into
the created channels in the cement, thereby reducing
loosening of the cement.*%

Graft copolymers containing PHB blocks were re-
ported using either the “grafting onto” or the “grafting
from” technique. Low-molecular-weight bacterial PHB
was grafted on chitosan and cellulose acetate by cou-
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pling reactions.l® Isoprene, styrene, 2-hydroxyethyl
methacrylate, and acrylic acid were grafted on bacterial
PHB by radiation-induced polymerization.!1:12 To our
knowledge, the only examples of graft copolymers of
PMMA and PHB were also obtained by “grafting from”
methods: PMMA-graft-atactic PHB, with the side chains
randomly distributed along the methacrylate backbone,
was produced by anionic grafting of racemic S-butyro-
lactone on poly(methyl methacrylate),'® and PHB-graft-
PMMA was obtained by radiation-induced graft polym-
erization of MMA on bacterial PHB.1*

Bacterial PHB macromonomers can be copolymerized
with methyl methacrylate to obtain graft copolymers of
PMMA and isotactic PHB. This synthesis approach is
called the “grafting through” or macromonomer method
and is the third main technique to yield graft copoly-
mers. Compared to the other methods, the benefit is a
more controlled structure, as the macromonomer size
can be chosen prior to the polymerization, and their
distribution along the main graft copolymer chain is
defined by the comonomer reactivity ratios.!>~17 This
system has been increasingly studied,!® especially after
1975, with macromonomers of a wide range of repeat
unit and polymerizable end groups.

Among the different polymerization methods, free
radical polymerization (FRP) allows a wide range of
monomers, is relatively tolerant to impurities, and is
extensively used in industry.1?20 The conventional FRP
in solution of methyl methacrylate with methacrylic
macromonomers of PHB to yield PMMA-graft-PHB was
reported in a previous paper.2! This method inherently
produces a poorly controlled polymer structure,??23 e.g.,
molecular weights are usually unpredictable, and poly-
dispersity indexes are rather broad. Over the past
decade or so, controlled or “living” free radical polym-
erization techniques have been developed,?*25 such as
nitroxide-mediated polymerization (NMP),?8 reversible
addition—fragmentation chain transfer (RAFT),2” and
atom transfer radical polymerization (ATRP).19.20,22,23
The latter was shown to polymerize methacrylate
monomers in a controlled fashion.19:2223

The present work reports kinetic studies on the
polymerization of methacrylic PHB macromonomers
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with MMA, using ATRP in comparison with conven-
tional FRP. The reactivities of PHB macromonomer and
MMA in the copolymerizations will be discussed.

Experimental Section

Materials. High molecular weight bacterial PHB (refer-
enced 16M) was obtained from Biomer Inc. (Forst-Karsten-
Strasse 15, D-82152, Krailing, Germany) and used “as re-
ceived”. Number-average molecular weight, M,, and poly-
dispersity index, PDI, were measured by gel permeation
chromatography (PMMA standards) and were 242 500 and 1.4,
respectively. 2-Hydroxyethyl methacrylate, HEMA (Aldrich,
97%), was distilled under reduced pressure and stored at —20
°C. N,N'-Dicyclohexylcarbodiimide, DCC (Aldrich, 99%), was
dried under vacuum for at least 2 days. Methylene chloride,
CH.Cl; (Fisher, HPLC grade), was dried over calcium hydride
for over 2 days and quickly filtered just before use as solvent
for the preparation of PHB macromonomers. MMA (Aldrich,
99%) was stirred over calcium hydride, distilled under reduced
pressure, and stored at —20 °C. Copper(I) bromide, CuBr
(Aldrich, 98%), was purified by stirring and washing with
glacial acetic acid (Fisher) and then washed with anhydrous
ethyl alcohol (Commercial Alcohols Inc.) and anhydrous diethyl
ether (Fisher). The reagent was then kept under a nitrogen
atmosphere. 4-(Dimethylamino)pyridine, DMAP (Aldrich, 99%),
was used as received. 1,1,4,7,10,10-Hexamethyltriethylene-
tetramine, HMTETA (Aldrich, 97%), and ethyl 2-bromoisobu-
tyrate (Aldrich, 98%) were stored at 3 °C and used without
further purification. 2,2'-Azobis(isobutyronitrile), AIBN (BDH
Chemicals Ltd.), was recrystallized from methanol and stored
at 3 °C. Anisole (Aldrich, anhydrous, 97%) was washed with
a 2 M sodium hydroxide aqueous solution and then with
distilled water and was dried over calcium chloride. The
solvent was then distilled under reduced pressure from barium
oxide and stored at —20 °C. Tetrahydrofuran, THF (EMD
Chemicals, Omnisolv grade), used for gas chomatography
analyses was used “as is”. For the recovery and purification
of products, methanol, CH3;OH, and methylene chloride (both
from Fisher, HPLC grade) were not further purified.

Measurements. Gas Chromatography (GC). The measure-
ments were obtained with a Hewlett-Packard 5890A gas
chromatograph equipped with a J&W Sci. DB-200 column (30
m, 0.53 mm id., 1 um thickness) and a flame ionization
detector. The injector and detector temperatures were respec-
tively 150 and 250 °C; the oven temperature was kept at 26
°C for 5 min, raised to 160 °C at 5 °C/min, then to 220 °C at
20 °C/min, and finally kept at 220 °C for 2 min. The injection
volume was 1 uL.

Gel Permeation Chromatography (GPC). The analyses were
performed at room temperature with chloroform as eluent, at
a flow rate of 1.0 mL/min, using two Waters Styragel columns
HR3 and HR4 connected in series. A Hewlett-Packard refrac-
tive index HP 1047 RI was the detector used. If not mentioned
otherwise, calibration was performed using poly(methyl meth-
acrylate) standards (Polymer Laboratories for molecular
weights, MW, 254 100, 11 100, 5200, and 1310 and Poly-
sciences for MW 74 000 and 33 500).

Proton Nuclear Magnetic Resonance ('H NMR). '"H NMR
experiments were carried out with a Varian Unity 500 MHz
at room temperature, with deuterated chloroform CDCl; as
solvent. The internal standard was tetramethylsilane.

Preparation of PHB Macromonomers. PHB oligomers
with carboxylic acid and unsaturated (crotonate-type) end
groups were obtained according to a pyrolysis procedure: high
molecular weight bacterial PHB (130 g) was thermally de-
graded at 200 °C for 5 h to yield oligomers (after purification:
49 g, M,(‘H NMR) = 1860, PDI(GPC) = 1.4).26?° The oligomers
were esterified with HEMA, using DCC and DMAP,% in a
PHB:HEMA:DCC:DMAP molar ratio of 1:3:3:0.3, with anhy-
drous CH:Cl; as solvent to yield methacrylic PHB macromono-
mers, PHB* (M,,("H NMR) = 2010, PDI(GPC) = 1.2, function-
ality F = 100%).2

Preparation of PMMA-graft-PHB. Atom Transfer Radi-
cal Polymerizations. PHB* (0.560 g, 0.279 mmol), CuBr (0.040
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g, 0.278 mmol), MMA (2.88 g, 28.8 mmol) (0.96 mol % PHB*
in the comonomer feed ratio), and HMTETA (77.0 uL, 0.283
mmol) were placed in a round-bottom flask, and the suspension
was purged with argon (Ar). Anisole (8.2 mL) was transferred
under Ar to the reaction flask, which was purged back with
Ar. After the initiator, ethyl 2-bromoisobutyrate (42.0 L), was
transferred to the reaction flask, a sample of the reaction
medium (300 uL) was taken under Ar (time = 0). The reaction
flask was then placed in a 70 °C hot bath and kept there for
45 h under magnetic stirring. Samples of the reaction medium
(300 uL) were taken at regular intervals (2, 4, 6, 24, 30, and
45 h) under Ar. For each sample, 50 uL. was diluted in THF
(total volume 1.00 mL) and then analyzed by GC, with three
injections per sample, with anisole as internal standard; the
remaining 250 uL, was transferred to a 10 mL beaker equipped
with a magnetic stirrer, and 2.5 mL of methanol was added
dropwise to the liquid, under magnetic stirring. The obtained
suspension was rinsed three times with methanol and centri-
fuged, and the clear supernatant was removed. The obtained
solid was then vacuum-dried to constant mass. After 45 h, the
reaction flask was removed from the hot bath and cooled with
cold tap water, and the reaction medium was transferred to
an Erlenmeyer flask. Methanol (volume ratio: reaction medium:
CH30H:1:10) was added dropwise under magnetic stirring.
The obtained suspension was filtered, and the final, solid
product was dried under vacuum to a constant mass. It was
then purified by dissolution in methylene chloride and pre-
cipitation in methanol (volume ratio: CHyClo:CH3OH:1:7),
followed by filtration and vacuum-drying.

Copolymerizations with PHB* to MMA molar feed ratios of
3, 5, 7, and 10 mol % and homopolymerizations of MMA in
anisole were carried out using this procedure, with the
following molar ratios: ([MMA], + [PHB*]o)/[initiator]o = 100/1
and [CuBr]/[HMTETA]/[initiator], = 1/1/1. The initial con-
centration of PHB* was kept at ca. 0.050 g/mL.

Free Radical Polymerizations (FRP) Initiated by AIBN. The
procedure was identical to the ATRP one, except that CuBr
and HMTETA were not used, and the initiator was AIBN
((IMMA], + [PHB*]o)/[AIBN], = 200/1) instead of ethyl 2-bro-
moisobutyrate. AIBN was charged in a vial with a cap
equipped with a septum, purged with Ar, dissolved with a
portion of anisole, and purged again with Ar.

Results and Discussion

ATRP System Used in the Copolymerization of
PHB* and MMA. In ATRP, initiation should occur
rapidly and quantitatively, at least at an apparent rate
constant similar to the one of propagation, but an
excessively fast initiation would generate a large num-
ber of radicals which would undergo irreversible termi-
nation.’ An initiator containing a carbon—halogen
bond, activated for radical generation by electronic and
steric effects, and having a chemical structure resem-
bling the one of the polymer dormant chains is therefore
recommended.?? Hence, ethyl 2-bromoisobutyrate, with
its ester function stabilizing the initiator radical pro-
duced, was used to initiate ATRP of methacrylates?? and
MMA in particular.2231.32 Shinoda and Matyjaszewski
also used it for the ATRP of macromonomers of meth-
acrylic poly(lactic acid) with methyl methacrylate.33 The
catalyst system, or reversible termination agent CuBr/
HMTETA, which are two commercially available re-
agents, was shown to polymerize MMA rapidly and in
a controlled manner.?* In general, this monomer is
polymerized in solution, using a solvent that keeps the
PMMA formed in solution.!® Anisole, which dissolves
PHB oligomers and macromonomers at 70 °C in the
concentration used for the copolymerizations, was re-
ported as solvent for the ATRP of MMA, using CuBr/
HMTETA as catalyst system,?* and therefore was used
in the polymerizations reported in this paper.
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Figure 1. 'H NMR spectrum (500 MHz, CDCl;) for ATRP
copolymerization of MMA and PHB* (M,, = 2010, PDI = 1.16,
F = 100%) at 2.8 mol % of PHB* in the comonomer feed.
Polymerization conditions: ethyl 2-bromoisobutyrate as initia-
tor, [PHB*]y, = 2.49E-2 mol L' (0.0500 g mL™1), [MMA]y/
[PHB*]/[CuBr]o/[HMTETA]/[initiator]o = 98.9/2.8/1.3/1.0/1.0.

PMMA-graft-PHB Copolymers. Figure 1 shows an
example of the TH NMR spectrum of PMMA-graft-PHB
copolymers, obtained by ATR copolymerization with 2.8
mol % PHB* in the comonomer feed. Peaks correspond-
ing to methyl methacrylate and PHB macromonomer
repeat units, with end groups derived from the initiator
ethyl 2-bromoisobutyrate, were observed. The PHB
peaks corresponded to the ones of a typical spectrum of
the PHB macromonomers used,?! except for the ones of
the methacrylate end group. The absolute M, of the
PHB macromonomers after copolymerization (inserted
in the graft copolymers or unpolymerized) could be
calculated from the average integral ratio of the croto-
nate end group protons to the repeat unit protons
corresponding to peaks h and i in Figure 1. The M,, value
was found to be close to the one of the macromonomers
before copolymerization, with an average discrepancy
of 5%, for all the copolymerizations. Therefore, the
crotonate end group protons did not undergo any
reaction during the copolymerization reaction. The
presence of unpolymerized PHB macromonomers was
detected with the peaks for the protons of the meth-
acrylate end CHy=C(CHj3)—C(O)O—(CHg)2— (peaks q
and r in Figure 1), appearing at ca. 6.1 and ca. 5.6 ppm.
Their average peak integral represented only 3% of the
one for the crotonate end protons (peaks k and 1 in
Figure 1). The four methylene protons at the methacry-
late end CHy=C(CHj3)—C(O)O—(CH3)2—, appear in one
very small peak at 4.3 ppm, and the two multiplet peaks
at 4.15 and 4.25 ppm can be attributed to these
methylene protons (peaks f and g in Figure 1) in
macromonomers inserted in graft copolymers. Their
differentiation in the polymerization product spectrum,
along with the methacrylate peak integrals considerably
reduced (peaks q and r in Figure 1), would show that
most of the PHB macromonomers, more precisely 97%,
copolymerized with MMA. The conversion of PHB

Macromolecules, Vol. 38, No. 2, 2005

10 11 12 13 14 15 16 17 18 19 10 11 12 13 14 15 16 17 18 19

Elution time (min) Elution time (min)

Figure 2. GPC curves for copolymerizations of MMA and
PHB* (M,, = 2010, PDI = 1.16, F = 100%) by ATRP and FRP
at 2.8 mol % of PHB* in the comonomer feed. ATRP condi-
tions: ethyl 2-bromoisobutyrate as initiator, [PHB*]y = 2.49E 2
mol L1 (0.0500 g mL1), [MMA]y/[PHB*]¢/[CuBr]o/[HMTETA]y/
[initiator]ly, = 98.9/2.8/1.3/1.0/1.0. FRP conditions: AIBN as
initiator, [PHB*]o = 2.51E72 mol L ! (0.0504 g mL™1), [MMA]/
[PHB*]o/[AIBN], = 196/5.7/1.

macromonomers into the graft copolymers was calcu-
lated by the integral ratio of the methacrylate end
protons peaks to the ones of the crotonate end, taking
into account the macromonomer functionality.2! The
small peak at 4.0 ppm is an artifact produced by the
instrument, while the one at 1.6 ppm corresponds to the
traces of urea from the macromonomer synthesis.

The evolution of the molecular weight of the copoly-
mer in ATRP and conventional FRP is shown on the
GPC curves displayed in Figure 2 for the copolymeriza-
tions with 2.8 mol % PHB* in the comonomer feed. For
both polymerization methods, an increase of molecular
weight of the product accompanied by macromonomer
peak disappearance indicated that PHB* was inserted
in the polymer chains, producing graft copolymers. In
the case of ATRP, molecular weights increased with a
polydispersity kept relatively low (1.2 or less), which
indicates that most of the polymer chains are growing
at the same time, as expected for a controlled polym-
erization method. In addition, PHB* traces were more
reduced than the ones for FRP after 2 h of polymeriza-
tion time but disappeared more progressively than in
conventional FRP afterward, which would produce a
copolymer with a gradient of PHB grafts along the
polymer chains. For conventional FRP, the product trace
appears at high molecular weight already after 2 h of
polymerization time, indicating fast propagation. Its
broadening with time on the lower molecular weight
side would show late formation of small polymer chains,
possibly due to chain transfer and termination.

Results of the different ATR and conventional FRP
copolymerizations are shown in Table 1, with homopo-
lymerizations of MMA in the same conditions as refer-
ences. The molecular weights given were obtained by
GPC, with a refractometer as detector. The values are
therefore relative to the polymer standards used (linear
PMMA), and most probably underestimated, as the
hydrodynamic volumes of graft copolymers are generally
smaller than the ones of linear polymers of same molar
mass.!8 With ATRP, molecular weights and PDI were
rather low, respectively around 20 000 g/mol and 1.2 or
less. Values up to 84 100 for M, and 2.1 for PDI could
be obtained at low PHB* content with conventional FRP
using AIBN as initiator. Graft copolymer compositions
were derived from 'H NMR and GPC analyses. The
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Table 1. Synthesis of PMMA-graft-PHB Copolymers by Atom Transfer Radical Copolymerization

comonomer conversion

copolymer® (after purification)

feed ratio MMA:PHB*¢ total MMA:PHB* MMA:HB

no. mol (wt)? MMA¢ PHB*d monomer M, (GPC) PDI (GPC) mol (wt)? mol/

1 100:0 90 90 18 300 1.1 100:0 100:0
(100:0) (100:0)

2 99.0:0.96 90 98 91 20 300 1.2 99.0:1.0 82:18
(84:16) (83:17)

3 97.2:2.8 84 91 87 23 200 1.2 96.3:3.7 55:45
(63:37) (57:43)

4 95.4:4.6 78 75 77 23 100 1.2 94.9:5.1 46:54
(51:49) (48:52)

5 93.5:6.5 57 47 51 15 000 1.2 92.0:8.0 36:64
(42:58) (37:63)

6 91.0:9.0 52 41 45 16 400 1.2 90.6:9.4 32:68
(33:67) (32:68)

a PHB*: PHB macromonomer, M, = 2010, PDI = 1.16, F = 100%. ® MMA:PHB* means molar fraction (%) of monomer MMA: molar
fraction (%) of macromonomer PHB*, the values given in parentheses being weight fractions. ¢ Calculated from GC analyses on the
copolymer before purification. ¢ Calculated from the NMR spectrum on the copolymer before purification. ¢ Polymerizations were performed
in anisole at 70 °C, for 45 h, with [PHB*]y ca. 0.050 g/mL, (IMMA], + [PHB*]o)/[initiator]o = 100/1, and [CuBr]|/[HMTETA]y/[initiator]o
= 1/1/1. ' MMA:HB means molar fraction (%) of repeat unit MMA: molar fraction (%) of repeat unit HB.
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Figure 3. Kinetic plot for the copolymerization of MMA and
PHB* (M,, = 2010, PDI = 1.16, F = 100%) by ATRP. White
diamonds: MMA; black squares: PHB*. Conditions: [MMA]o
= 3.46 mol L1, [MMA]/[PHB*]¢/[CuBrlo/[HMTETA](/[initia-
tor]o = 100/0.97/0.97/0.99/1.0. Initiator: ethyl 2-bromoisobu-
tyrate. [PHB*]o = 2.44E~2 mol L ! (0.0492 g mL™). [M], and
[M]; are respectively the initial monomer concentration and
the one at time ¢.

determinations of PHB macromonomer molar content
in the copolymers?! and of the molar ratio of 3-hydroxy-
butyrate (HB) to methyl methacrylate were obtained
from the 'H NMR analyses of the purified copolymers.
The weight ratio in the purified copolymers of PHB* was
calculated from both 'TH NMR and GPC and is only
indicative, due to the probable underestimation of the
molar masses by GPC. The presence of free PMMA
polymers was not evidenced by GPC, where only one
peak for the product, with in some cases the macro-
monomer peak, was observed.

Copolymerization Kinetics. Each sample taken
from the polymerization medium was analyzed for
comonomer conversion and molecular weight. MMA
conversion was calculated from GC analyses, whereas
PHB* conversion was determined from 'H NMR. The
kinetic plot for the copolymerization with a 0.96 mol %
of PHB* in the comonomer molar feed ratio by ATRP is
shown in Figure 3. PHB* was consumed rapidly, and
faster than MMA, during the early stages of polymer-
ization, reaching ca. 80% conversion after 2 h and 98%
conversion after 24 h. For comparison, MMA was
converted at 53% after 2 h and 86% after 24 h.

The reactivity ratio for MMA comonomer, ryya, was
derived using the method of Mayo and Lewis simplified
by Jaacks.17~18:33.35 The Mayo—Lewis equation for co-

polymerization, in steady-state conditions, is the fol-
lowing:

1+ [MMA]
dMMA] ' 'MMAJPHB¥| W
dIPHEY | [PHEY]
'pyps+ [MM A]
where

_ kMMA,MMA _ kPHB*,PHB*
rvva =7 and rpggs =g ———
kMM_A,PHB* kPHB*,MMA

The propagation rate constant k;; corresponds to the
reaction of a propagating chain ending in monomer i
which reacts with a monomer j, i and j being MMA or
PHB*.

In the case where the ratio [MMA]/[PHB*] is very
large during the copolymerization, this eq 1 reduces to

d[MMA] [MMA]

[~ - 2
d[PHB*]  MMATPHB#] @

The integration of this equation gives
In[MMA], In[PHB*], 3)

In[MMA], ~ "MMA T, [PHB#],

In the ATR copolymerization with 0.96 mol % of PHB*
in the comonomer feed, the excess of MMA compared
to PHB* was large enough: [MMA]/[PHB*], at 103,
and since PHB* was converted faster than MMA (Figure
3), this ratio remained large throughout the copolym-
erization. The value of ryna was therefore obtained by
the slope of the plot of In[MMA]y/In[MMA]; as a function
of In[PHB*]¢/In([PHB*];, until PHB* reached 98% con-
version, and found to be 0.52 + 0.14. The relative
reactivity of the PHB macromonomers, defined as
1/rvma, 271733 was therefore 1.9, i.e., the rate constant
of the addition of PHB* to a propagating chain with a
MMA active center (kymaprap:) was 1.9 times the rate
constant of the homoaddition of MMA to the same
propagating chain (Eyma mma)-

Figure 4 shows the dependence of the molecular
weight (measured by GPC, PMMA standards) with the
total monomer conversion for three of the ATR copoly-
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Figure 4. Molecular weight trend with total monomer
conversion for the ATRP of MMA and PHB* at 0.96, 4.6, and
9.0 mol % PHB¥* in the comonomer feed. Black squares: 0.96
mol % PHB¥; white diamonds: 4.6 mol % PHB¥*; gray
triangles: 9.0 mol % PHB*. Conditions: [MMA], + [PHB*]y/
[CuBr]o/[HMTETA]/[initiator]o = 100/1/1/1, initiator: ethyl
2-bromoisobutyrate, [PHB*], ~ 0.050 g mL.

merizations. M, of graft copolymers increased linearly,
with increasing slope for higher PHB* content in the
comonomer feed ratio. PDIs were low throughout the
polymerizations (1.10—1.27). This would indicate that
there is little chain transfer during the polymerizations.
The M, values reported for 0% monomer conversion
corresponded to the macromonomers, unpolymerized at
polymerization time 0. They are lower than the y-
intercepts of the M, curves, which could arise from the
change in polymer architecture and nature: linear
macromonomer at 0 conversion, which is a PHB homo-
polymer, and branched structure for graft copolymers
of PMMA and PHB after. This will induce a change in
hydrodynamic volumes and in M, values since molec-
ular weights were measured by GPC and given relative
to a calibration with linear PMMA standards.

With conventional free radical copolymerization meth-
ods using AIBN as initiator, PHB* was also consumed
faster than MMA, with 100% PHB* conversion and 95%
MMA conversion after 24 h. In the first 6 h of polym-
erization, both comonomers were converted less rapidly
with conventional FRP than with ATRP. The Jaacks
method was used for the conventional free radical
copolymerization of PHB* with MMA at 1.0 mol % of
PHB* in the comonomer feed ([MMA]y/[PHB*]y at 99,
and stayed high, since PHB* was consumed faster than
MMA). An ryma value of 0.59 £ 0.09 was found, which
is rather close from the one found with our ATRP
experiments, and gives a relative PHB* reactivity,
U’"MMA, of 1.7.

The M, of the graft copolymers tended to decrease
with total monomer conversion after ca. 20% of conver-
sion (Figure 5), along with PDI values increasing during
the polymerizations (up to 2.36). These trends are
typical for conventional free radical polymerizations,
where termination and transfer lead to molecular
weight distribution broadening.

The reactivity ratios ryma obtained for the copoly-
merizations of MMA and PHB* by ATRP and FRP were
rather close to each other, with the one for FRP higher
than the one for ATRP (0.52 £ 0.14 for ATRP, 0.59 +
0.09 for FRP). For relative comparison, in copolymeriza-
tions of MMA with methacrylic poly(L-lactic acid) (PLLA),
of M,, 2800, in a mixture of xylene and diphenyl ether
at 90 °C, Shinoda and Matyjaszewski obtained a ryma
value of 0.57 &+ 0.02 with ATRP and 1.09 £ 0.05 in the
same conditions with conventional free radical polym-
erization using benzoyl peroxide as initiator.3? Eguiburu

Macromolecules, Vol. 38, No. 2, 2005

200000

150000 - N
5}
[+%
< 100000 u
=

o
50000 Bop o [ |
ap
0 B—A ' T "

0 20 40 60 80 100

conversion (%)
Figure 5. Molecular weight trend with total monomer
conversion for the conventional free radical copolymerization
of MMA and PHB* at 1.0, 4.8, and 8.6 mol % PHB¥* in the
comonomer feed. Black squares: 1.0 mol % PHB¥*; white
diamonds: 4.8 mol % PHB*; gray triangles: 8.6 mol % PHB*.
Conditions: [MMA], + [PHB*]¢/[AIBN], = 200/1, [PHB*], ~
0.050 g mL%.

and co-workers determined a reactivity ratio for MMA
at 1.01 & 0.17 in the conventional free radical copolym-
erization of methacrylic PLLA (M, 4500) and MMA,
with AIBN as initiator, in dioxane at 60 °C.}6 These
values for FRP were significantly higher than the one
that we found; however, the copolymerizations con-
ducted were performed in solvents and reaction tem-
peratures different than the ones of the copolymeriza-
tions reported here.

Reactivity ratios of MMA in copolymerizations with
small comonomers of structures resembling the one of
the methacrylate end of PHB* are only given here as
indications, since these data were obtained from poly-
merizations performed in different conditions (solvent,
temperature). Eguiburu et al. reported an ryma = 0.85
+ 0.01 in the conventional FRP of 2-acetoxyethyl
methacrylate with MMA, performed in the same condi-
tions as for the copolymerizations of PLLA with MMA.16
In the ATR copolymerization of MMA with HEMA,
Shinoda and Matyjaszewski reported an ryma = 0.67 +
0.02 with the same conditions as the ones for PLLA
macromonomers and MMA, except the solvent was
different (100% xylene instead of diphenyl ether/xylene/
1/1.7/w/w), and the initial concentration of MMA was
doubled.3? Grassie and co-workers derived an ryma of
1.09 + 0.01 for the conventional bulk free radical
copolymerization of MMA with ethyl methacrylate at
60 °C.36

When monomer conversions of MMA and PHB* were
compared with each other, for each copolymerization,
it was found that for both polymerization methods the
increase of PHB* fraction in the comonomer feed ratio
slowed down PHB* conversions compared to MMA ones.
Up to 2.8 mol % PHB* in the comonomer feed, the
macromonomers were polymerized faster than MMA.
Above 4.6 mol % PHB* in the comonomer feed, PHB*
conversions reached a maximum value after 24 h of
polymerization, while MMA was still being converted.
During the first hours of polymerization, the comono-
mers conversions were nearly identical at 4.6—7.1 mol
% PHB* in comonomer feed, whereas MMA was con-
verted faster than PHB* at 8.6—9.0 mol % PHB* in
comonomer feed. In the final graft copolymer products,
as the reaction time was the same for all polymeriza-
tions, PHB* final conversion values decreased with
increasing PHB* fraction in the comonomer feed (Table
1). Hence, with 2.8 mol % PHB* in the feed ratio or
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Table 2. Synthesis of PMMA-graft-PHB Copolymers by Conventional Free Radical Copolymerization

comonomer conversion

copolymer¢ (after purification)

feed ratio MMA:PHB*¢ MMA:PHB* MMA:HB

no. mol (wt)? MMA¢ PHB*d total monomer M, (GPC) PDI (GPC) mol (wt)? mol/

18 100:0 90 90 55 600 1.8 100:0 100:0
(100:0) (100:0)

28 99.0:1.0 95 100 96 84 100 2.1 99.0:1.0 82:18
(83:17) (83:17)

3 97.2:2.8 93 98 95 63 000 1.6 97.5:2.5 62:38
(63:37) (66:34)

4 95.2:4.8 85 82 83 44 200 1.6 93.1:6.9 37:63
(50:50) (40:60)

5 92.9:7.1 80 73 76 31 800 1.7 90:10 29:71
(40:60) (31:69)

6 91.4:8.6 77 67 71 40 600 2.0 87:13 23:77
(35:65) (25:75)

« PHB*: PHB macromonomer, M, = 2010, PDI = 1.16, F = 100%. ® MMA:PHB* means molar fraction (%) of monomer MMA: molar
fraction (%) of macromonomer PHB¥, the values given in parentheses being weight fractions. ¢ Calculated from GC analyses on the
copolymer before purification. ¢ Calculated from the NMR spectrum on the copolymer before purification. ¢ Polymerizations were performed
in anisole at 70 °C, for 45 h, with [PHB*], ca. 0.050 g/mL, (IMMA], + [PHB*]o)/[AIBN], = 200/1. f MMA:HB means molar fraction (%) of
repeat unit MMA: molar fraction (%) of repeat unit HB. € Polymerizations 8 and 9 were respectively stopped after 25 and 24 h of reaction

time due to the high viscosity of the reaction medium.

Table 3. Proposed Microstructures for PMMA-graf¢t-PHB
Copolymers Synthesized by Atom Transfer Radical
Copolymerization

PHB* molar content

in comonomer feed Proposed graft copolymer microstructure

0.96,2.8

4.6,6.5

more, free PHB* could be detected, in increasing amount
with higher proportion of PHB* in the comonomer feed.
MMA final conversions also decreased, but to a lesser
extent than the ones of PHB* (Table 1).

Graft copolymer microstructures, i.e., the distribution
of the grafts in the copolymer chains, could therefore
be derived for the different PHB* contents in the feed
for the ATR copolymerizations, as they were shown to
have little chain transfer. The microstructures are
shown in Table 3. For comonomer feed content of PHB*
at 0.96 mol % and also, but less markedly, at 2.8 mol
%, the graft copolymers would be spontaneous gradient
copolymers. At the intermediate PHB* feed contents of
4.6 and 6.5 mol %, the copolymers would have polymer
grafts regularly located along most of the backbones
and, at one end, a PMMA segment. At 9.0 mol % PHB*,
chains with a gradient of PHB* branches, less concen-
trated at the start, with the other end being a PMMA
block.

The decrease of macromonomer reactivity with in-
creasing PHB* content may be explained by some
incompatibility between the macromonomer chain and
the propagating comonomer chain. The latter is related
to thermodynamic repulsive interactions!’-23:37 and in-
fluences the degree of interpenetration of the two types
of polymer chains!”37 and therefore the concentration
of the macromonomers around the propagating chains.!”
The large size of the macromonomer compared to the
comonomer can also affect the macromonomer reactiv-
ity, particularly when the macromonomer fraction in the

9.0 |

comonomer feed is increased. In the conventional free
radical copolymerization of methacrylic PMMA macro-
monomers and MMA, Radke and Miiller observed a
decrease in macromonomer reactivity compared to the
one for MMA.3® The macromonomer and comonomer
used there were of same chemical structure, so the
incompatibility effect was annulled. For a given macro-
monomer size, at low initial polymer concentration, it
was found that the macromonomer reactivity decreased
with increasing the macromonomer fraction in the
comonomer feed ratio.?8 The composition of the propa-
gating chains toward the terminal polymerizable unit,
and not only the terminal unit, seems therefore to alter
the copolymerization by excluded-volume effects be-
tween the propagating chains and the macromonomers.
Since the graft copolymers compositions were similar
to the comonomer feed ratios, even at higher PHB*
contents in the feed, the incompatibility and excluded-
volume effects should vary with comonomer feed com-
position and affect monomer conversions as well as their
reactivities.

The diffusion control effect, which is also another
major factor, is related to the high molecular weight of
macromonomers compared to traditional monomers and
reported to increase with higher concentrations of
macromonomers.3338 In this report, since PHB* initial
concentrations were kept constant, this factor would
reduce the macromonomer reactivity to the same extent
in all the copolymerizations.

Conclusions

Graft copolymers prepared by ATRP were less poly-
disperse than the ones prepared by free radical polym-
erization and also of lower molecular weight. At low
molar feed ratio of PHB macromonomers, with both
techniques, the reactivity of PHB macromonomers was
higher than for MMA. From the evolution of the
comonomer conversions with time, and product compo-
sitions, it was observed that the reactivity of PHB
macromonomers decreased compared to the one for
MMA with increasing proportion of macromonomers in
the comonomer feed. This could be explained by the
incompatibility between the macromonomer chain and
the propagating comonomer chain having a major
influence on their degree of interpenetration as well as
excluded-volume effects around the terminal polymer-
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izable group of the growing chains. The change in
polymerization behavior of PHB* and MMA comono-
mers with comonomer feed composition would lead to
variable microstructures of the graft copolymers pro-
duced by ATRP.
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