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Synthesis of polystyrene-grafted cellulose
acetate copolymers via nitroxide-mediated

Guillaume Moreira,® Elisabetta Fedeli,? Fabio Ziarelli,°> Donatella Capitani,©
Luisa Mannina,““ Laurence Charles,? Stéphane Viel,? Didier Gigmes?® and

Catherine Lefay*®

Cellulose acetate-g-polystyrene (CA-g-PS) grafted copolymers have been synthesized by nitroxide-
mediated polymerization (NMP) under homogeneous conditions by using the 1,2-intermolecular radical
addition (1,2-IRA) methodology to introduce the SGIl-based alkoxyamine BlocBuilder MA (BB) on the
polysaccharide backbone. A preliminary study conducted on model sugar-based alkoxyamines proved that
whatever the position of the alkoxyamine on the sugar unit, the number of sugar units and the presence

of OH groups, one could expect a controlled/living polymerization process. This was confirmed by the
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Introduction

Cellulose is the most abundant raw material on earth." Despite
all its well-established and interesting properties such as bio-
compatibility and biodegradability, cellulose suffers from
inherent drawbacks. To circumvent its poor solubility in usual
organic solvents, one method consists in chemically modifying
cellulose into cellulose derivatives. Cellulose acetate, for
instance, offers the advantage of being soluble in THF and DMF.

To improve the mechanical properties (like thermoplasticity
and dimensional stability) of cellulose and cellulose deriva-
tives, different strategies of cellulose grafting have been
studied: the “grafting from” method based on the growth of
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graft polymerization of styrene from the BB-modified cellulose acetate backbone with two different graft-
ing ratios (3 and 20%) and different grafted chain lengths (40 000 and 80 000 g mol™ targeted M,). The
grafted copolymers were carefully analyzed, in particular, by DOSY NMR to confirm their grafted

synthetic polymer chains from the polysaccharide backbone
and the “grafting to” method, which consists of coupling pre-
synthesized and functionalized synthetic polymer chains onto
the polysaccharide backbone.”? The first method is currently
the most employed one because it allows higher grafting den-
sities to be reached due to a lower steric hindrance as com-
pared to the “grafting to” strategy. In addition, different
methods of graft (co)polymerization of synthetic monomers
have been reported, which can be divided into three groups: (i)
free radical polymerization, (ii) living ionic and ring-opening
polymerization and (iii) controlled/living radical polymeriz-
ation (CLRP).

The recent advent of CLRP techniques such as nitroxide-
mediated polymerization (NMP),* atom-transfer radical
polymerization (ATRP)>® and reversible-addition fragmenta-
tion chain transfer (RAFT),” which are compatible with a large
range of (functional) monomers, has opened new prospects in
the polysaccharide-based material area. By controlling the
grafting density, the length and the composition of the grafted
chains, new hybrid materials with finely tuned properties are
now available that enlarge the range of sustainable materials.
In particular, for cellulose (and polysaccharides in general),
ATRP® has been the most employed CLRP technique. To our
knowledge, only Daly et al.® used NMP in a grafting approach
to modify a cellulose derivative, hydroxyisopropyl cellulose, by
using the 2,2,6,6-tetramethyl-1-piperidinyloxy radical (TEMPO)
as a control agent and Barton ester intermediates to initiate

This journal is © The Royal Society of Chemistry 2015
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the polymer chains from the backbone. Nevertheless, NMP is
nowadays maybe one of the most convenient CLRP techniques
since it is a monocomponent initiating system that does not
require any catalyst. Among the nitroxides developed for NMP,
the acyclic p-phosphorylated nitroxide N-(2-methylpropyl)-N-(1-
diethylphosphono-2,2-dimethylpropyl)-N-oxyl named SG1 by
Tordo et al.>"® is now recognized as the most potent one since
it can be used to control the polymerization of styrenics, acry-
lates, acrylic acid and methacrylates (in the presence of a small
amount of acrylonitrile or styrene).'’™® We have recently
reviewed'? that the 1,2-intermolecular radical addition (1,2-
IRA) of the SG1-based BlocBuilder MA alkoxyamine (BB) deve-
loped by Arkema onto activated olefins is an efficient method
to introduce the SG1 nitroxide onto polymers. This method
allows elaboration of complex architectures such as block or
star copolymers as well as chitosan-based grafted copolymers.
In particular, chitosan-g-poly(methyl methacrylate-co-acrylo-
nitrile) and chitosan-g-poly(styrene sulfonate) graft copolymers
were synthesized by our group under heterogeneous con-
ditions."® More recently, Cunningham et al.*® reported the syn-
thesis of chitosan-g-poly(butyl acrylate) copolymers under
homogeneous conditions. They also reported the synthesis of
chitosan-g-polystyrene copolymers but these precipitated
during the polymerization. In conclusion, cellulose derivatives
and, in particular, cellulose acetate have never been modified
by polystyrene chains synthesized by a SG1-based NMP graft-
ing from method under homogeneous conditions.

In regard to the literature, the main aim of this work was
first to prove that the 1,2-IRA is a powerful functionalization
method to elaborate under homogeneous conditions cellulose
acetate-g-polystyrene grafted copolymers by NMP (Scheme 1).

Another challenge here was to reach, via this grafting methodo-
logy, reasonable M,, values (>10 000 g mol™') at a reasonable
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Scheme 1 Synthesis of cellulose acetate-g-polystyrene grafted copoly-
mers by SGl-based nitroxide-mediated polymerization via 1,2-inter-
molecular radical addition of BlocBuilder MA. The grafting has been
arbitrarily represented on the Cg but other grafting positions are possible
(on C, or C3).
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conversion (>20%). The last goal of this work was to give a
convincing proof of the grafted character of the cellulose
acetate-g-PS copolymers by using the DOSY NMR technique.
After a preliminary study on sugar and BB-based alkoxy-
amines to determine the influence of several parameters on the
activation energy (E,c-ony) of the homolytic dissociation of the
alkoxyamines, we showed that the 1,2-IRA was an efficient
method to finely control the grafting density of the alkoxy-
amine moieties onto the cellulose acetate backbone. The sub-
sequent NMP of styrene enabled the synthesis of well-defined
cellulose acetate-g-polystyrene copolymers with different
grafted synthetic chain lengths and grafting ratios. DOSY NMR
experiments (recorded under high resolution magic angle
spinning conditions) clearly proved the grafted structure of the
copolymers, whereas the grafting ratio was determined by
solid-state NMR. Finally, the SEC analysis of the PS chains
after hydrolysis of the polysaccharide backbone proved the
controlled/living character of the polymerization.

Experimental part

Materials

Triethylamine (Et;N, Aldrich, 99+%), cellulose acetate (Aldrich,
degree of substitution (DS) of 2.45, average M, 30 000 g mol™"),
acryloyl chloride (Aldrich, 97+%), p-glucose (Aldrich, 99.5%),
p-cellobiose (Alfa Aesar, 98+%), lithium chloride (LiCl, Aldrich,
99+%), lithium bromide (LiBr, Aldrich, 99+%), sodium per-
chlorate (NaClO,, Aldrich, ACS reagent >98%), tetrabutyl-
ammoniumhexafluorophosphate (TBAPF,, Fluka, 98+%),
(2,2,6,6-tetramethylpiperidin-1-ylJoxyl (TEMPO, Aldrich, 98%),
styrene (Aldrich, 99+%), N,N-dimethylformamide (DMF, SDS,
analytical grade), N,N-dimethylacetamide (DMA, Aldrich, 99.5+%),
sodium chloride (NaCl, Carlo Erba), ethyl acetate (EtOAc,
Carlo Erba), pentane (SDS, technical grade), methanol (MeOH,
SDS, technical grade), dichloromethane (CH,Cl,, Carlo Erba),
anhydrous ethanol (EtOH, Carlo Erba), glacial acetic acid
(Carlo Erba), chloroform (CHCl;, Carlo Erba), diethyl ether
(Et,O, Aldrich), pyridine (Alfa Aesar), triethyl phosphite
(P(O)(OEt)3, Aldrich, 99+%), tert-butylbenzene (¢BuPh, Aldrich,
99%), trityl chloride (Aldrich, >97%), acetic anhydride
(Aldrich, >99%), hydrogen bromide (Aldrich, 33 wt% in acetic
acid), di-tert-butyl dicarbonate (Aldrich, >99%), acetyl bromide
(Aldrich, 99%), silver carbonate (Alfa Aesar, 99.5%), 1,4-
dioxane (Aldrich, >99%), acetone (Aldrich), perchloric acid
(Aldrich), potassium hydroxide (VWR), sodium carbonate
(Aldrich), sodium hydrogen carbonate (VWR), sodium hydrox-
ide (Carlo Erba), and magnesium sulfate (Aldrich) were used
as received. The SG1 nitroxide and BlocBuilder MA alkoxy-
amine were kindly supplied by Arkema. Tetrahydrofuran (THF,
SDS, Purex for analysis) was distilled over sodium before use.

Analytical techniques

Solid-state NMR was performed on a Bruker Avance 400 MHz
spectrometer (magnetic field 9.4 T) operating at '*C and
3P resonance frequency of 101.6 MHz and 162.1 MHz,

Polym. Chem., 2015, 6, 5244-5253 | 5245


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5py00752f

Open Access Article. Published on 16 June 2015. Downloaded on 10/16/2025 8:54:39 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

respectively. All experiments were performed with a commer-
cial Bruker double-bearing probe with zirconium dioxide
rotors of 4 mm outer diameter.

For the C CPMAS experiment, the CP technique was
applied during Magic Angle Spinning (MAS) of the rotor at 9
kHz. To obtain the best quantitative results, the contact time
was optimized at 3 ms and a ramped 'H-pulse starting at
100% power and decreasing until 50% was used during the
polarization transfer. To improve the resolution, a dipolar
decoupling GT8 pulse sequence was applied during the acqui-
sition time. A good signal-to-noise ratio in the *C CPMAS
experiment was obtained with 8 K scans using a recycle delay
(2.5 s) that was set to 5 times the "H spin-lattice relaxation time.

Quantitative *'P NMR spectra were obtained with a Single
Pulse Experiment (SPE) using a recycle delay (40 s) that was
equal to five times the longest *'P spin-lattice (7}) relaxation
time. To optimize the quantification, about 20 mg of the
sample were placed in the active central volume of 4 mm zirco-
nium rotors by using two PTFE inserts, and spun at a magic
angle spinning rate of 10 kHz. The number of scans was set
between 128 and 400, depending on the alkoxyamine concen-
tration. The "*C chemical shifts were referenced to tetramethyl-
silane and calibrated with the glycine carbonyl signal
(176.5 ppm); the *'P chemical shifts were referenced to 85%
aqueous phosphoric acid (0 ppm).

HRMAS and HRMAS DOSY experiments were performed at
300 K using a BRUKER AVANCE-I liquid-state spectrometer
from Bruker BioSpin GmbH (Rheinstetten, Germany), and
operating at 600.1 MHz for the 'H Larmor frequency. A com-
mercial BRUKER 4 mm double-resonance *C/"H High Resolu-
tion MAS (HRMAS) probe head was used, which was equipped
with a ?H lock channel and a magnetic field gradient coil
(aligned along the magic angle spinning axis). All HRMAS
experiments were conducted at a spinning rate of 4 kHz. For
HRMAS experiments, 4 mm (external diameter) zirconia rotors
equipped with Teflon inserts were used. This ensured that the
active volume of the NMR coil of the HRMAS probe head (20
pL) was the same as the volume of the sample that was effec-
tively analyzed. The rotors were capped with a Kel-F drive tip.
The presence in the HRMAS probe head of a gradient coil
allowed the use of a gradient pulse for coherence selection and
solvent signal suppression. The proton 90° RF pulse was 8 us
for the HRMAS probe head. Diffusion NMR experiment
(DOSY) spectra were recorded using the bipolar gradient longi-
tudinal eddy current delay pulse sequence. The gradient coil
of the HRMAS probe head was calibrated to be 6 G ecm™ A™*."®
The diffusion time and the gradient pulse durations were
optimized to achieve a decay in the signal intensity at the
highest gradient strength of at least 95%. Typically, 16 gradient
values were used from 2% to 95% of the maximum gradient
strength.

The size-exclusion chromatography (SEC) analyses were per-
formed by using an EcoSEC system from TOSOH equipped
with a differential refractometer detector. THF was used as an
eluent with 0.25 vol% toluene as a flow marker at a flow rate of
0.3 mL min " after filtration on Alltech PTFE membranes with
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a porosity of 0.2 pm. The column oven was kept at 40 °C, and
the injection volume was 20 pL. One ResiPore pre-column
(50 mm, 4.6 mm) and two ResiPore columns (250 mm,
4.9 mm) from Polymer Laboratories were used in series. The
system was calibrated by using polystyrene standards in the
range 100-400 000 g mol ™", purchased from Agilent.

Differential scanning calorimetry (DSC) was carried out on
a TA DSC Q20 using a heat/cool/heat cycle from 50 to 250 °C.
After the cooling cycle, samples were kept at 50 °C for 1 min
before being heated to 250 °C. The heating and cooling rates
were respectively 10 °C min~" and 5 °C min~". Only the second
heating cycle was used to compare the different polymer
samples.

Methods

Synthesis of acrylated cellulose acetate (CA-=). Cellulose
acetate was acrylated with acryloyl chloride in the presence of
Et;N in THF. The degree of functionalization was governed by
the quantity of acyl halide and Et;N. To obtain a derivative
with a degree of substitution (DS, the number of acrylates
introduced for one glucose unit of cellulose acetate) of 0.03,
cellulose acetate (10 g, 37.7 mmol, molar mass (unit) =
265.13 g mol™") was dissolved in THF (180 mL) at room temp-
erature for 45 min under an argon atmosphere and thereafter
Et;N (1.3 mL, 9.3 mmol) was added and acryloyl chloride
(0.6 mL, 7.4 mmol) was introduced dropwise at 0 °C. After
30 min at 0 °C, the mixture was then heated at 40 °C for 17 h.
After cooling at room temperature, the mixture was added
dropwise in hydrochloric acid solution (4 L, pH = 3-4). After
filtration, the resulting solid was dissolved in THF (350 mL)
and the solution was poured into water. This process of purifi-
cation by precipitation was repeated in sodium carbonate solu-
tion (pH = 10) and HCI (pH = 3-4). The resulting solid was
dissolved in anhydrous THF (350 mL) and MgSO, was added
under stirring at room temperature. After filtration, the solu-
tion was added dropwise in pentane. A white solid was col-
lected by filtration and dried under vacuum at 45 °C for five
hours. Yield = 75%. The same procedure was employed to
obtain the acrylated cellulose acetate with a degree of substi-
tution of 0.2 using 10 g of cellulose acetate (37.7 mmol),
8.6 mL of Et;N (62 mmol), and 4 mL of acryloyl chloride
(49.3 mmol); the pure product was isolated as a white solid
(yield = 80%). See the ESIT for NMR characterization.

Synthesis of BlocBuilder MA-cellulose acetate (CA-BB). Acrylated
cellulose with a DS of 0.03 (2 g, 7.49 mmol of glucose residues
or 0.225 mmol of acrylate functions, molar mass (unit) =
266.75 g mol ') was dissolved in 40 mL of THF and then Bloc-
Builder®MA (1.72 g, 4.51 mmol) was added. The solution was
poured into a Schlenk tube, deoxygenated by argon bubbling
for 20 minutes at room temperature and then heated at 100 °C
for 1 h 15 min. After cooling, 20 mL of THF were poured
into the solution to dilute it. After precipitation in Et,O and
filtration, the resulting solid was dissolved in 60 mL of
THF before another precipitation step in a hydrochloric acid

This journal is © The Royal Society of Chemistry 2015
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solution (600 mL, pH = 3). To finish, the resulting solid was
dissolved in anhydrous THF (150 mL) and dried over MgSO, at
room temperature for 45 min. After filtration, a part of THF
(100 mL) was evaporated under reduced pressure and the
resulting solution (V = 50 ml) was added dropwise to 400 mL
of Et,O. A white solid was recovered by filtration and then
dried under vacuum at room temperature for five hours and
lyophilized for four days (yield 70%). The analogous com-
pound with DS 0.2 was obtained following the same procedure
using acrylated cellulose with a DS of 0.2 (2 g, 7.12 mmol of
glucose residue or 1.45 mmol of acrylate functions, molar
mass (unit) = 266.75 g mol™'), BlocBuilder MA (11.5 g,
30.06 mmol), and 265 mL of THF (yield 80%). See the ESIT for
NMR characterization.

Synthesis of cellulose acetate grafted polystyrene copolymers
(CA-g-PS). The polymerization of styrene initiated by the
macromolecular multialkoxyamine (CA-BB) was performed at
120 °C under vacuum in sealed ampoules in DMF and in the
presence of 5 mol% of free SG1. The amount of styrene was
calculated by targeting 40 000 g mol™" and 80 000 g mol™* (at
100% conv.). The macroinitiator, the free SG1 and the styrene
monomer were dissolved in DMF. The solution was poured
into glass prescored ampoules and was degassed by three dry/
freeze cycles. Each ampoule was sealed under vacuum and
introduced into an oil bath at 120 °C. The time of the reaction
was varied from 30 minutes to 24 h in order to study the
polymerization kinetics. The reaction was stopped by cooling
and breaking the ampoule. The solution was poured into
cold methanol and the precipitated CA-g-PS copolymer was col-
lected by filtration and dried under vacuum for several hours.
The monomer conversion was measured by "H NMR and the
PS molecular weight was determined by SEC after hydrolysis of
the cellulose acetate backbone. The typical NMR characteriz-
ation of the grafted CA-g-PS copolymer is given in the ESL.{

Basic hydrolysis procedure. 6 mL of a KOH/EtOH solution
(at 2.1 mol L") were added to 100 mg of CA-g-PS previously
poured into 20 mL of THF. The resulting solution was then
heated at 65 °C for 15 h. The solution was concentrated to
1 mL under reduced pressure before precipitation in cold
methanol. The solid was collected after centrifugation. This
procedure was repeated twice leading to a white solid corres-
ponding to the cleaved polystyrene chains. The PS chains were
finally analyzed by SEC and NMR (see the ESIf). These hydro-
lysis conditions have already been used to cleave the PEO part
of PEO-b-PS diblock copolymers. ESI and MALDI analyses of
well-defined copolymers (i.e. DP of both PS and PEO blocks
carefully predetermined) proved that under such conditions,
the PS block was not affected by alkaline hydrolysis."”

Results and discussion

Influence of the alkoxyamine structure on its homolytic bond
dissociation activation energy (E,)

Since it was impossible to know whether each hydroxyl func-
tion (OH group on carbon 2, 3 or 6, Scheme 1) was acetylated

This journal is © The Royal Society of Chemistry 2015
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in the commercially available cellulose acetate polysaccharide,
it was consequently impossible to determine which residual
hydroxyl function would be modified into an acrylate function
and then modified by the 1,2-IRA of BB. The homolytic dis-
sociation rate constant (k,) of alkoxyamines is governed by the
structure of the alkyl moiety, with a combination of polar,
steric, and stabilization effects."®'® This means that depend-
ing on how the alkoxyamine is linked to the polysaccharide
backbone, it could be possible to obtain different kq values,
i.e., different activation energy values. Thus, before performing
the 1,2-IRA of BB units onto acrylate-functionalized cellulose
acetate chains, we investigated the influence of several para-
meters on the homolytic bond dissociation energy Eacon) Of
glucose-based model alkoxyamines, namely (i) the position of
the SG1 in the sugar-based alkoxyamine (i.e. acrylation of a
primary or secondary hydroxyl function), (ii) the influence of
the presence of an unprotected hydroxyl function that can
influence the polarity of the alkyl moiety and (iii) the influence
of the number of sugar units (glucose or cellobiose-based
alkoxyamines).

It has been shown that, for a given monomer and nitroxide,
the dissociation rate constant of the initiating alkoxyamine
determines the degree of control over the polymerization.?®**
If all the alkoxyamine units (on a given multialkoxyamine com-
pound) exhibit distinct E, values (hence distinct bond dis-
sociation rates), it will be impossible to obtain a controlled
polymerization process because all the polymer chains will not
be initiated at the same time.

To study the influence of the alkoxyamine structure onto
the E,c.on value, four acetylated glucose-based alkoxyamines
(Fig. 1) have been prepared from p-glucose. The synthesis and
NMR characterization of the alkoxyamines 1, 2, 3 and 4 are
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Fig. 1 BB and glucose-based alkoxyamine.
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described in the ESL{ The ESR analysis®* of the first two alkoxy-
amines gave the same E,c.on (123-124 kJ mol™") proving that
the alkoxyamine position on the sugar unit (i.e., mimicking
the coupling of the acryloyl chloride onto primary and second-
ary alcohols respectively) had no influence on the kinetics of
the homolytic bond dissociation. The number of sugar units
in the alkoxyamine (alkoxyamines 2 and 3) as well as the pro-
tection or not of the hydroxyl functions by acetylation (alkoxy-
amines 3 and 4) did not affect the E,con) value either
(123-124 kJ mol ™).

It is here worth noting that these E,c.on) values are signifi-
cantly higher than those corresponding to the free BlocBuilder
MA (112 kJ mol™)* and are in good agreement with those
measured in the case of the 1,2-IRA of the BB onto n-butyl acry-
late (125 kJ mol ™).

In conclusion, even though it is not possible to control the
position of the SG1-based alkoxyamine onto the sugar units or
along the polysaccharide chain, and the number of free
hydroxyl functions on the cellulose acetate-based macro-
molecular multialkoxyamine, this should not be detrimental
to the success of the further NMP process and the elaboration
of well-defined grafted copolymers.

Whatever the position, the bond dissociation energy
E,(c-on of all the grafted alkoxyamines is close to 123-124 kJ
mol~". This point is of prime importance to achieve a con-
trolled/living nitroxide-mediated polymerization process. This
conclusion should be valid whatever the polysaccharide used,
provided the grafting of the alkoxyamine occurred via 1,2-IRA
onto acrylate functionality.

Synthesis of the macromolecular multiinitiator cellulose
acetate-BB (CA-BB)

Two macromolecular multialkoxyamines CA-BB with two
different SG1 grafting ratios have been prepared by a two-step
procedure: (i) acrylation of the hydroxyl functions to introduce
activated olefin onto the polysaccharide backbone (CA-=) and
(ii) 1,2-IRA of the BB alkoxyamine onto the so-grafted acrylate
functions to give CA-BB (Scheme 1). This method is based on
the decomposition of the starting BB alkoxyamine to generate
alkyl radicals that will then add onto an activated double bond
(here an acrylate function) that is then trapped irreversibly by
the in situ generated SG1 nitroxide. The final secondary alkoxy-
amine is therefore more stable than the starting tertiary one at
the temperature used to perform the 1,2-IRA as shown in
Scheme 2. In this study, two acrylated ratios have been pre-
pared, namely 3 and 20%, which means that 3 and 20 acrylate
functions have been grafted per 100 sugar units respectively.
Since the cellulose acetate we used in this work has a
degree of substitution (DS) of 2.45, this means that the sugar
unit is at 55% diacetylated and at 45% triacetylated. The
highest activated olefin functionalization degree that could be
obtained is then 55%. We decide not to target such a high
grafting ratio to avoid problems of steric hindrance when poly-
merizing. The acrylate grafting ratio has been measured by *C
solid state NMR by integrating the two vinylic carbons (C=C at
130 ppm) versus the anomeric carbon C; of the polysaccharide
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Scheme 2 Mechanism of the 1,2-intermolecular radical addition.

at 100 ppm (Fig. 2a and c). The peaks at 70-80, 60 and 20 ppm
correspond respectively to the carbons C, 5, Cs and CH; of the
initial cellulose acetate. The precise peak assignment of acry-
lated cellulose acetate (CA-=) and BlocBuilder-modified cellu-
lose acetate (CA-BB) is given in the ESL¥

The acrylated cellulose acetate with a grafting ratio of 3%
has been prepared with an excess of acryloyl chloride
(7.4 mmol) and Et;N (9.3 mmol) compared to the theoretical
value for such a grafting ratio, namely 1.1 mmol for 10 g of CA
(DS of 2.45). With a DS of 2.45, the molar mass of one sugar
unit of the initial cellulose acetate was evaluated to be 265 g
mol~". Once the experimental conditions have been set up for
the 3% acrylated degree, conditions to obtain a 20% grafting
ratio were obtained by multiplying the previous acryloyl chlor-
ide and Et;N excesses by the corresponding ratio (i.e. 20/3).

The 1,2-IRA of the BB onto the acrylate functions gave the
corresponding CA-BB macromolecular multialkoxyamines with
a yield close to 100% as measured by "*C solid state NMR by
integrating one carbon of the BB versus the anomeric carbon
C; of the cellulose acetate (Fig. 2b and d). This methodology
based on the 1,2-IRA is therefore an efficient synthesis method
to precisely control the functionalization degree of cellulose
acetate chains and the number of BB-based alkoxyamines per
polysaccharide chain. Such a control is necessary in order to
prepare grafted copolymers with a well-controlled architecture
by NMP. It has to be noted that, within experimental precision,
there was a total consumption of the vinylic functions, which
is required to avoid cross-linking of the polymer chains.

The 1,2-IRA method is thus an efficient method to prepare
macromolecular multialkoxyamines with different grafting
ratios and after several purification steps, **C solid NMR is a
method of choice to properly characterize the synthesized
macroinitiators.

NMP of styrene initiated by the macromolecular
multialkoxyamine CA-BB. Synthesis of the cellulose
acetate-g-polystyrene grafted copolymers

The synthesis and characterization of cellulose and cellulose
derivative grafted copolymers under homogeneous conditions
by CLRP techniques are not straightforward. To our knowl-
edge, only Daly et al.® reported the grafting of PS chains by
NMP under homogeneous conditions onto a cellulose deriva-
tive, namely hydroxyisopropyl cellulose. The authors used

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 3C solid state NMR of cellulose acetate with a grafting ratio of (a) 3% of acrylate functions; (b) 3% of SG1 moieties; (c) 20% of acrylate func-
tions and (d) 20% of SG1 moieties. The red numbers correspond to the integration values. The integration value of the anomeric carbon C; of the

polysaccharide at 100 ppm was set at 100.

Barton ester intermediates to subsequently introduce the
TEMPO nitroxide onto the polysaccharide backbone. Neverthe-
less, the controlled/living character of the polymerization was
not proven because there was no comparison between the
experimental and theoretical M,, values. Concerning the RAFT
technique, Stenzel et al®**' showed that the synthesis of
hydroxyisopropyl cellulose-g-PS grafted copolymers was limited
by (i) comb-comb termination events in the case of the
R-group approach and (ii) the reduced accessibility of the
RAFT group with increasing conversion with the Z-group
approach. The ATRP technique has been reported as well to
graft PS chains onto ethyl cellulose**® and cellulose
acetate.””®® However no real proof of the grafted structure of
the copolymer was provided. This is actually a very important
point because it is typically difficult to ensure that the
bromide derivative has indeed been properly grafted and not
simply absorbed on the polysaccharide. It is consequently
difficult to prove that the PS chains, which are usually ana-
lyzed after hydrolysis of the (supposedly) grafted copolymer,
were not simply absorbed as well. Another milestone
when synthesizing a grafted copolymer by a CLRP technique
is to be able to obtain grafted chains with reasonable molar
masses (higher than 10000 g mol™") and with low PDI
values (<1.5).

This journal is © The Royal Society of Chemistry 2015

Two methods can be used to reach this goal whatever the
CLRP technique: (i) target a high M, value and stop the
polymerization at low conversion (typically around 5-10%), (ii)
target lower M, values and reach higher conversion (>10%).
The first method is usually easier to set up but suffers from
spoiling a large amount of monomer.

The aim of this part is to prove that the NMP technique via
the 1,2-IRA is an efficient method (i) to prepare well-defined
grafted copolymers (low PDI values and experimental M,
values in good agreement with theoretical ones) and (ii) to
reach reasonable M, values at reasonable conversion. The
grafted structure of the copolymer will be studied in the
next part.

Several CA-g-PS grafted copolymers have been synthesized
from the two macromolecular multiinitiator CA-BB
(SG1 grafting ratios of 3 and 20%) in the presence of 5 mol%
of free SG1. The influence on the polymerization controlled
character of the grafting ratio and the initiator concentration
was studied by targeting M, 40 000 and 80 000 g mol™". Even if
the polymerization of styrene mediated by the SG1 nitroxide
usually does not require extra free nitroxide,*® the use of 5 mol%
of free SG1 decreases the occurrence of self-termination at
the beginning of the polymerization. This is needed to limit
the coupling between the polysaccharide chains. *'P NMR was

Polym. Chem., 2015, 6, 5244-5253 | 5249
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used to determine the molar quantity of alkoxyamine in a
given weight of CA-BB. This value was used to determine the
monomer quantity and to use it to target a polystyrene mole-
cular weight of 40 000 or 80 000 g mol ™",

One of the main problems when synthesizing grafted co-
polymers is to limit the formation of side homopolymer chains
and then to eliminate them. We tried to limit the presence of
free polystyrene chains in the grafted copolymer by carefully
purifying the CA-BB to eliminate eventually adsorbed BB. In
addition, after styrene polymerization, the grafted copolymer
was carefully purified by Soxhlet extraction with cyclohexane
(whatever the experimental conditions, a limited amount of
free PS, i.e. <5 wt%, was recovered).

The efficiency of the Soxhlet extraction step in eliminating
free PS chains from the grafted copolymer sample is demon-
strated by the '*C CPMAS NMR data shown in Fig. 3. This
sample was obtained after NMP of styrene (targeted M, =
80 000 g mol ™) initiated by BB at 120 °C for 2 h in DMF in the
presence of CA. At the end of the polymerization, the polymers
were precipitated in cold methanol. The *C CPMAS NMR ana-
lysis of the residue obtained after 24 h of Soxhlet extraction
did not show the presence of any polystyrene chain.

After the CA-g-PS grafted copolymer purification step, the
polysaccharide backbone was hydrolyzed and the released PS
chains were analyzed by SEC. The >C CPMAS of the residue
proved the efficiency of the hydrolysis because only PS peaks
were observed (see Fig. S23 in the ESI).

Whatever the grafting ratio (3 or 20%, Fig. 4) or the initial
macromolecular initiator concentration (2.46 or 1.86 mmol L™*
in the case of CA-BBj, Fig. 5), the evolution of the experi-
mental M, is linear with the conversion and is in good agree-
ment with the theoretical values, and the PDI values remain
low (<1.5) up to 30% of conversion when targeting 40 000 or
80000 g mol™" at 100% conv. The polymerization can thus be
qualified as controlled up to 30% conv. and living as shown by
the shift of the molecular weight distribution towards high
values. At higher conversions (>40%), the PDI values increase
(>1.6) and the molecular weight distribution broadens (broad

CHs

OR
4 65 o
0 RO O}
3 OR n

R :H or C(O)CHj

Ci-Cs
c(0)

bl

200 180 160 140 120 100 80 60 40 20

0 ppm

Fig. 3 C CPMAS NMR of the residue (CA) after Soxhlet extraction with
cyclohexane.
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Fig. 4 Influence of the grafting ratio (3% and 20%) on the evolution of

the M,, and PDI values versus conversion (CA-BB at 2.46 mmol L ™).

Molecular weight targeted M,, at 100% conv. in the case of m: grafting
ratio of 3% and targeted M, at 100% conv. = 40 000 g mol™?, @: grafting
ratio of 20% and targeted M, at 100% conv. = 40 000 g mol™*, @: graft-
ing ratio of 3% and targeted M,, at 100% conv. = 80 000 g mol™* and *:
grafting ratio of 20% and targeted M, at 100% conv. = 80 000 g mol™™.
Dashed and full lines are the theoretical lines when targeting 40 000
and 80 000 g mol™ respectively.

distribution at 16 h, Fig. 6) even if the experimental M,, values
are still in relatively good agreement with the theoretical ones.
The loss of the control and living character could be explained
by transfer and/or termination reactions that become predomi-
nant after 40% conv.

Fig. 4 and 5 also show that whatever the grafting ratio or
the initial macromolecular initiator concentration, it is poss-
ible to reach reasonable M, values (30000 g mol™') with
reasonable conversion (40% when targeting 80 000 g mol™").
This point was of high importance to demonstrate the
efficiency of the grafting methodology.

Characterization of the grafted copolymer

After the purification step by Soxhlet extraction, the grafted
copolymers were analysed by '*C CPMAS solid state NMR. This
technique has the advantage of eliminating any issue related
to (partial) solubility of the copolymer in a given solvent and

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 Influence of macromolecular concentration (CA-BBsy at 1.86 or

2.46 mmol L™ on the evolution of the M,, and PDI values versus conver-
sion. CA-BBss initial concentration (mmol L™) and molecular weight
targeted at 100% conv. in the case of m: 2.46 and 40 000 g mol™, @:
2.46 and 80 000 g mol™, A: 1.86 and 40000 g mol™* and V¥: 1.86 and
80000 g mol™. Dashed and full lines are the theoretical lines when tar-
geting 40 000 and 80 000 g mol™2, respectively.

hence gives a complete analytical description of the sample.
Whatever the grafting ratio and the grafted chain lengths, the
3C CPMAS data proved the presence of both CA and PS in the
samples. A typical >C CPMAS spectrum is given in Fig. 7.

Two model grafted copolymers, namely CA-g-PS (20%,
13 000) and CA-g-PS (3%, 21 000), were analysed by DSC as well
(Fig. 8). The percentage represents the grafting ratio and the
second value (13000 or 21000) the M, of the grafted PS
chains. The glass transition temperature (T,) of PS at approxi-
mately 100 °C is clearly observed in the two graft copolymers.
Concerning the CA part, the T, around 190 °C is observed in
CA-g-PS30, 21 000 but not in CA-g-PS;g4,,13 000 Probably because
of a too high proportion of PS in the copolymer. The fusion
temperature (7;) of CA around 225 °C is not observed as
expected in CA-g-PS;0,13 000 and not in CA-g-PSz, 21 000 €ither
probably because of a trend toward the amorphous state due
to the presence of PS as observed in the case of a blend of CA
with PS.>%3°

This journal is © The Royal Society of Chemistry 2015
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Fig. 9 DOSY NMR in the case of 3% grafting ratio of (a) CA-=, (b) CA-BB, (c) CA-g-PSszy, and (d) a mixture of CA and a commercial PS (M, =

30000 g mol™).

One of the challenges when synthesizing graft copolymers
is to ascertain the grafted character of the material. While DSC
and CPMAS experiments clearly proved the presence of both
PS and CA units in the copolymers, which were analysed after
Soxhlet extraction (vide supra), they could only provide indirect
indications of the grafted structure of the copolymer.

Evidence of the graft structure of the copolymers was pro-
vided here by DOSY-NMR. This analytical technique produces
two-dimensional correlation maps showing chemical shifts
and diffusion coefficients respectively on the horizontal and
vertical axes. The NMR signals due to compounds of different
molecular sizes can thus be clearly distinguished. DOSY-NMR
has already been successfully used to prove the formation of
block copolymers®'* and graft copolymers.***°

Fig. 9 shows the DOSY maps recorded at each step of the
synthesis of CA-g-PS;q, grafted copolymers. The DOSY NMR
spectra of grafted copolymers with a higher grafting ratio are
reported in the ESL{ In the case of the grafted copolymer
(Fig. 9¢), the correlation spots in the DOSY map of the "H NMR
resonances due to the PS and CA units are all aligned on the
same horizontal trace (within experimental errors), which
proves that CA and PS chains have the same apparent trans-
lational mobility (and hence are linked together). This situation
was not observed in the case of a mixture of CA with a PS homo-
polymer (with a molecular weight similar to that of the grafted
PS units in the CA-g-PS copolymer), since CA and PS spots were
not aligned (Fig. 9d). Altogether, DOSY NMR provides reliable
evidence of the success of the grafted copolymer synthesis
(as opposed to simply a mixture of two distinct polymers).

Conclusions

This work reported that 1,2-IRA is a powerful functionalization
method to prepare, under homogeneous conditions, cellulose

5252 | Polym. Chem., 2015, 6, 5244-5253

acetate-g-polystyrene graft copolymers. A preliminary study on
different model alkoxyamines showed that whatever the
alkoxyamine position on the glucose unit, the number of
sugar units and the eventual presence of free hydroxyl
groups, all the alkoxyamines have the same homolytic bond
dissociation activation energy (E, = 123-124 kJ mol™"). This
was compulsory to aim at synthesizing well-defined graft
copolymers by NMP.

After the coupling by 1,2-IRA of the SG1-based alkoxyamine
called BlocBuilder MA onto acrylate groups previously introduced
onto the polysaccharide backbone, the nitroxide-mediated
polymerization of styrene allowed well-defined grafted copoly-
mers to be obtained. In addition, whatever the targeted mole-
cular weight (40 000 or 80 000 g mol™"), it was possible to reach
a reasonable molecular weight (typically higher than
15 000-25 000 g mol™') with a reasonable styrene conversion
(30%) and at the same time with a polydispersity index below
1.5. Up to 30% of conversion, the polymerization of styrene
from the cellulose acetate backbone fulfilled the criteria of a
controlled/living polymerization (good agreement between
experimental and theoretical M,, values; PDI below 1.5; linear
increase of the M, with conversion). While SEC and usual
NMR techniques were used to study the controlled/living char-
acter of the polymerization, the DOSY NMR technique gave a
convincing proof of the grafted structure of the copolymers.
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