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Introduction. In plastic composites with natural
fibers as reinforcing elements, the hydrophilic nature
of cellulose results in high moisture absorption and
leads to weak interfacial interactions between the
natural fibers and the matrix polymer.! A variety of
chemical surface modification techniques have thus
been devised to improve cellulose fiber—matrix adhe-
sion.?2 In particular, growth of tethered (co)polymers
from surface-anchored initiators, i.e., the “grafting from”
technique, is an attractive method to tailor surface
properties such as wetting, adhesion, compatibility, and
antimicrobial activity.? Atom transfer radical polymer-
ization (ATRP),* one of the most successful methods for
controlled/living” radical polymerization, has previously
been utilized for “grafting from” processes on silicon,?
gold,® and silica particle” surfaces. Recently, this tech-
nique has been extended to cellulose fibers through
O-acylation with the initiator 2-bromoisobutyryl bro-
mide and subsequent ATRP of methyl acrylate, 2-hy-
droxyethyl methacrylate, and 2-(dimethylamino)ethyl
methacrylate.? However, such approaches require mild
reaction conditions for the chemical immobilization of
initiators onto cellulose fiber surfaces to preserve their
native structure, morphology, biodegradability, and good
mechanical properties.®

We have previously described a general chemo-en-
zymatic method for the efficient incorporation of chemi-
cal functionality onto cellulose surfaces without disrup-
tion of individual fibers or fiber networks.? This surface-
specificmodification relies upon the use of a transglycosylating
enzyme, xyloglucan endotransglycosylase (XET, EC
2.4.1.207), to introduce chemically modified xyloglucan
oligosaccharides (XGOs) into the plant polysaccharide
xyloglucan (XG), which has a naturally high affinity for
cellulose. To demonstrate the versatility of this method
to tailor surface properties without impairing the inher-
ent properties of cellulose fibers, we now report the
controlled graft polymerization of methyl methacrylate
(MMA) on cellulose fibers through a combination of the
XET and ATRP techniques.

Scheme 1 illustrates our experimental approach for
the preparation of poly(methyl methacrylate) (PMMA)-
grafted cellulose filter papers. 4-[2-(2-Bromopropiony-
loxy)ethoxylbenzoic acid,' which bears both an excellent
ATRP initiator moiety and a convenient chromophoric
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Scheme 1. Principle of the Use of Xyloglucan as a
Molecular Anchor for Elaborating Polymers from
Cellulose Surfaces®
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@ Initiator-modified xyloglucan oligosaccharides (XGO-INI)
are incorporated into xyloglucan (XG) by xyloglucan endot-
ransglycosylase (XET) activity to produce initiator-modified
xyloglucan (XG-INI). Adsorption of XG-INT to cellulose under
mild conditions and subsequent atom transfer radical polym-
erization can be used to radically alter cellulose surface
properties.

tag, was coupled to aminoalditol derivatives of XGOs
(XGO-NHy) and subsequently incorporated into XG with
the XET enzyme. The small size of the XGO-NH, (ca.
M, 1200) allows for precise synthetic and analytical
chemistry to ensure complete derivatization, followed
by a specific, controllable enzyme reaction to tailor XG
chain length.? Subsequent adsorption of initiator-bear-
ing XG (XG-INI) to cellulose effectively tethers the
initiator to the surface via a polyvalent interaction.
(XGOs and derivatives do not themselves bind to
cellulose; a XG chain >20 Glc units is required.) For
the present work, Whatman Grade 1 qualitative filter
paper was chosen as a convenient, high-purity cellulose
fiber sheet, although the method is directly applicable
to a wide variety of wood pulps and regenerated cel-
lulose (ref 9 and unpublished data). Graft polymeriza-
tion of MMA on the initiator-laden filter paper under
appropriate ATRP conditions yields fibers that have
altered surface properties.

Results and Discussion. Immobilization of the
initiator onto the cellulose surface with the XET tech-
nique were performed as follows. Initiator-modified
XGOs, XGO-INI, was obtained by reductive amination
of XGOs? and subsequent carbodiimide-mediated N-
acylation with 4-[2-(2-bromopropionyloxy)ethoxy]benzoic
acid (Supporting Information). A sample containing a
1 mL mixture of XG (1 g/L), XGO-INI (0.5 g/L.), and XET
(10 units)? in sodium acetate buffer (20 mM, pH 5.5)
was incubated at 30 °C for 24 h. The reaction was
terminated by heating at 75 °C for 10 min, and the
denatured XET was removed by centrifugation at
12000g for 20 min. The initiator-modified XG (XG-INI)
produced in this
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Figure 1. M, and M,/M,, of the free (solid circles) and cleaved
polymers (open circles) as a function of monomer conversion
for the ATRP of MMA at 90 °C. [MMA], = 4.7 M (diphenyl
ether solution); [CuBr]o = 10 mM; [dHbipylo = 20 mM; [MBP],
= 4.5 mM. The solid line represents the theoretical M, as a
function of conversion; the dashed line represents a linear
least-squares fit to My/M, vs conversion data.

manner had a weight-average molecular mass (M) of
2.2 x 10% and a polydispersity index (M/M,, where M,
is the number-average molecular mass) of 2.0.11 A filter
paper disk (Whatman Grade 1, ® 1.5 cm, average mass
15 mg) was added to the supernatant and incubated at
25 °C for 24 h with orbital shaking. The cellulose disk
was then removed and washed with water (3 x 5 mL)
in an end-over-end mixer and dried under vacuum at
60 °C for 48 h. The amount of XGO-INT incorporated
into XG and subsequently bound to the filter paper disk
was 0.06 umol, as determined from the amount of XGO-
INT (e250nm = 11 000 cm~! M1 in H2O) remaining in the
wash solutions. Although only a single loading density
was used in the present study, a key feature of the
method is the ability to alter the amount of functional
group on the cellulose surface by controlling the M, and/
or added amount of the chemo-enzymatically derivatized
xyloglucan.?

Initiator-laden filters were then placed into Schlenk
reaction tubes containing a homogeneous solution of
MMA (2.0 mL, 19 mmol), methyl 2-bromopropionate
(MBP, 2.0 uL, 18 umol), CuBr (5.7 mg, 0.04 mmol), 4,4'-
di-n-heptyl-2,2'-bipyridine!? (dHbipy, 28.2 mg, 0.08
mmol), and diphenyl ether (2.0 mL, as solvent and
internal standard) for graft ATRP. Following degassing
by three freeze—pump—thaw cycles, the individual tubes
were heated at 90 °C for 20, 40, 60, 120, 180, and 240
min with stirring (magnetic stir bar). The solution
quickly turned reddish brown, and the mixture gradu-
ally turned viscous as the polymerization proceeded. The
addition of methyl 2-bromopropionate as a sacrificial
initiator in solution brought about well-controlled po-
lymerization, with negligible contributions from transfer
and termination reactions. As shown in Figure 1, the
M, of the free polymer!? produced in solution increased
linearly vs the conversion of MMA with a slope compa-
rable to the theoretical value calculated from the initial
ratio between the feed concentration of the monomer
and free initiator. (The amount of xyloglucan-immobi-
lized initiator on the surface was negligible relative to
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Figure 2. Reflectance FTIR spectra'* of PMMA-grafted filter
papers as a function of the M, of PMMA. The control sample

contained unmodified XG instead of XG-INI and was subjected
to polymerization reaction conditions for 240 min.

the sacrificial initiator in solution.) Additionally, the
polydispersity index (My/M,) was relatively low (Figure
1). Analysis of the grafted polymer after cleavage from
the cellulose surface!d indicated that the molecular mass
distribution of the free polymer reflected that of the
graft polymer (Figure 1), as has been previously ob-
served for silicon oxide substrates.”

The filter papers were washed repeatedly with chlo-
roform after polymerization to confirm that the polymer
chains were chemically anchored onto the cellulose
fibers and not simply adsorbed from solution. Because
of difficulties with using standard surface analysis
techniques such as atomic force microscopy and ellip-
sometry on rough filter papers, further evidence for the
surface grafting of PMMA was based on the appearance
of the carbonyl peak (vc=o) at 1732 cm™! in ATR FTIR
spectra,* the intensity of which increased with increas-
ing M, of the grafted PMMA (Figure 2). PMMA-grafted
filter papers from reactions where the free polymers had
M, < 5 x 10* (DP < 500) absorbed water very slowly,
while no water adsorption could be detected for samples
from reactions yielding M,, > 5 x 10% The advancing
angles (6,) for these highly hydrophobic cellulose papers
were 120 + 6°, 126 + 5°, and 131 + 5° for samples with
graft polymers of M, 5.8 x 10%, 6.7 x 10% and 7.6 x
10%, respectively. Control paper, which contained un-
modified xyloglucan instead of XG-INI, exhibited no
water repellant properties and no carbonyl absorption
peak at 1732 em~! (Figure 2) when subjected to identical
polymerization and extraction conditions.

Controlled ATRP carried out using an initiator specif-
ically immobilized on cellulose fibers via the XG/XET
system provides a new route for the generation of
biocomposite materials. Attachment of the initiator by
adsorption occurs under mild conditions that completely
preserve fiber sheet (and therefore individual fiber)
structures. Furthermore, the choice of initiators that can
be bound in this fashion is essentially unlimited and,
correspondingly, so is the range of accessible polymer-
ization reactions. Extension of the method to biodegrad-
able polymers such as poly(lactic acid) and poly-
(caprolactone), using appropriate initiators and polymeri-
zation methods (e.g., ring-opening polymerization), may
provide a new route to environmentally friendly materi-
als with predefined structures and properties. As such,
the present method provides a novel approach for the
immobilization of polymerization initiators on cellulose,
which is complementary to previously established chemi-
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cal routes. In an industrial process, however, it may be
a significant advantage that the initiator is attached to
a carrier molecule instead of directly to cellulose;
preparation of carriers with various initiators can be
easily achieved in separate, cost-efficient processes that
are easier to control than the direct modification of
cellulose.
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