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Cellulose grafting by photoinduced controlled
radical polymerisationt

Emma Larsson,® Samuel A. Pendergraph,® Tahani Kaldéus,® Eva Malmstrém? and
Anna Carlmark*®

The photoinduced controlled radical polymerisation (CRP) technique has been utilised to graft methyl
acrylate (MA) and di(ethylene glycol) ethyl ether acrylate (DEGA) from filter paper. Grafting of MA was per-
formed from a-bromoisobutyryl bromide functionalised papers. The amount of polymer grafted on the
surface could be regulated by modifying the target DP of the reaction. SEC of cleaved linear polymer
grafts showed that the grafting from filter papers proceeded with different kinetics compared to poly-
merisation from a free initiator added to the reaction mixture, resulting in higher dispersity. Furthermore,
filter papers were polymerised with a-chloro-g-caprolactone by surface-initiated ring opening polymeri-
sation, yielding linear grafts containing initiating functions through-out the main chain. This functionality
was subsequently utilised for the photoinduced CRP grafting of DEGA, yielding a graft-on-graft structure,
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Introduction

Cellulose has emerged as a prominent material for composite
applications due to its robust mechanical properties, inherent
functional groups, and its natural abundance in plants render-
ing it available in many different climates. Numerous
examples of the utilisation of cellulose have been demon-
strated in several applications ranging from robust composites
to advanced electronic displays."™* While the use of cellulose
in more advanced applications than paper and cardboard has
gained momentum, some challenges remain which hinder the
utility of these bio-based polymers. One major challenge with
cellulose is the incompatibility as a filler material in compo-
sites with hydrophobic polymer matrices. One strategy to cir-
cumvent this problem is to graft polymers on the fibre
surface, either through a “grafting-to” or a “grafting-from”
approach.””™* Both methods have been effectively utilised to
modify several cellulose substrates with polymers ranging
from polyesters to poly(meth)acrylates.”*

Atom transfer radical polymerisation (ATRP) is one of the
most utilised controlled polymerisation methods as it can be
employed to polymerise a wide variety of monomers. End
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which resulted in a thermoresponsive cellulose surface.

group fidelity is maintained throughout polymerisation,
making it an attractive method for the synthesis of block co-
polymers and polymers with advanced architectures.”*® Guan
and Smart discovered that visible light had an effect on the
ATRP of methyl methacrylate (MMA)."® They observed that the
rate of polymerisation was increased by light compared to
when the reaction was performed in the dark. They also discov-
ered that there was an increase in the control of the polymeri-
sation when it was exposed to light during the reaction. More
recently, several studies using ultra-violet (UV) and visible light
have been demonstrated to trigger metal complex mediated
radical polymerisations. Examples of this include work
by Hawker and co-workers, in which a bipyridine/iridium
complex was used to absorb visible light and control the reac-
tion."®'” Matyjaszewski and co-workers utilised pyridine-based
ligands with copper bromide to polymerise methacrylates with
sunlight/visible light."®'® While these methods were effective,
their synthetic procedures required unconventional ligands.
Yagci and co-workers reported the first photoinduced con-
trolled radical polymerisation (CRP) utilising common
ATRP reactants, polymerising MMA using copper(u) bromide
(Cu(u)Br,) and N,N,N',N",N"-pentamethyldiethylenetriamine
(PMDETA) to form the catalyst complex.”*>*' Haddleton and
co-workers have recently reported the use of a system based on
Cu(u)Br, and tris(2-(dimethylamino)ethyl)amine (MesTREN) to
form a catalyst complex, used for the CRP of methyl acrylate
(MA) in DMSO by exposure to UV light.** The system is similar
to a SET-LRP system previously utilised by the Haddleton
group.>*?* To further investigate potential applications of this
technique, MA polymerisation was also performed in a
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continuous flow reactor.>® To broaden the scope of this poly-
merisation technique, Haddleton and co-workers investigated
additional solvents and monomers that can be utilised.”
While metal complex-mediated photoinduced CRP has pro-
duced well-defined polymers in solution, there are no reports
on the effect of grafting polymers on cellulose surfaces utilis-
ing this technique.

ATRP and ARGET-ATRP have previously been employed for
the grafting of cellulose surfaces in several studies.””®?%7!
Barner-Kowollik and co-workers have reported on the utili-
sation of light to graft polymeric chains onto cellulosic surfaces
but, as has been shown, “grafting-from” cellulose typically
results in higher grafting densities than “grafting-to” cellu-
lose.'"'* The method developed by Haddleton and co-workers,
utilising UV light to induce polymerisation, is an attractive
alternative for the “grafting-from” of a surface, as it facilitates
the possibility to control the chain growth by turning the light
source off and on. Furthermore, it requires smaller amounts of
copper than traditional ATRP, while still resulting in high con-
versions and low dispersities (D) of the final polymer. In this
work, we present the first use of this technique from a cellu-
lose substrate. In addition, we characterise and compare free
polymers formed from the sacrificial initiator in solution with
the grafted polymer by initiating polymerisation on the surface
from a cleavable initiator. The grafted surfaces were character-
ised by field emission scanning electron microscopy (FE-SEM),
Fourier transform infrared spectroscopy (FT-IR), contact angle
measurements (CAM) and thermogravimetric analysis (TGA).

In order to increase the functionality on the cellulose sub-
strate, surface initiated ring-opening polymerisation (SI-ROP)
was employed to graft e-caprolactone (e-CL) and a-chloro-
e-caprolactone (aCleCL) from the surface of filter paper. The
naturally inherent OH-groups found in cellulose were utilised
as initiators for this polymerisation. There are several publi-
cations where a cyclic monomer/lactone, containing a halogen
functionality in the a-position, has been polymerised by ROP,
which allows for further derivatisation by ATRP.**® Pan and
co-workers copolymerised aCleCL and e-caprolactone (e-CL) in
different proportions followed by ARGET-ATRP of N-isopropyl-
acrylamide (NIPAAm), producing graft copolymers with well-
defined structures.®” A similar approach was utilised herein to
create a polymer brush from the cellulose surface, containing
numerous ATRP-initiating sites. The sites were subsequently
utilised for the photoinduced CRP of di(ethylene glycol) ethyl
ether acrylate (DEGA), in a graft-on-graft approach, resulting in
a thermoresponsive cellulose paper.

Experimental section

Materials

a-Bromoisobutyryl bromide (BiB, 98%), ethyl a-bromoisobuty-
rate (EBiB, 98%), 4-(dimethylamino)pyridine (DMAP, 99%),
copper(u) bromide (Cu(u)Br,, 99%), tris(2-carboxyethyl)phos-
phine hydrochloride (TCEP, 98%), tin(u) 2-ethylhexanoate
(SnOct,, 92.5%), and Whatman 1 filter paper were purchased
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from Aldrich. Triethylamine (TEA, 99%), dimethyl sulfoxide
(DMSO, 99.0%) and benzyl alcohol (99.5%) were purchased
from Merck. Dithiothreitol (DTT, 99%) was purchased
from Apollo Scientific. Tris(2-(dimethylamino)ethyl)amine
(Me¢TREN),>”  2-((2-((2-bromo-2-methylpropanoyl)oxy)ethyl)-
disulfanyl)ethyl 4-chloro-4-oxobutanoate (S-S BiB),*® and
a-chloro-e-caprolactone  (aCleCL)*®> were synthesised as
reported elsewhere. Methyl acrylate (MA, 99%) and di(ethylene
glycol) ethyl ether acrylate (DEGA, 90%) were purchased from
Aldrich and passed through a column of basic, activated, alu-
minium oxide prior to use. e-Caprolactone (¢CL, 99%) was pur-
chased from Alfa Aesar and dried by distillation over calcium
hydride under reduced pressure before use. All materials were
used as received unless stated otherwise.

Instrumentation

UV photoinduced CRP was conducted in a UV nail gel curing
box, equipped with four 9 W light bulbs, An.x & 360 nm, as
previously developed by Haddleton et al.**> The polymers were
obtained after 90 min exposure with an intensity of approxi-
mately 40 mW cm 2.

"H NMR spectra were recorded at room temperature with a
Bruker Avance 400 MHz spectrometer, using CDCl; solvent.
Tetramethylsilane (TMS) and the solvent residual peak were
used as internal standards.

Fourier transform infrared spectroscopy (FT-IR) was per-
formed using a Perkin-Elmer Spectrum 2000 FT-IR equipped
with a MKII Golden Gate, single reflection ATR System from
Specac Ltd, (London, UK). The ATR-crystal used was a MKII
heated Diamond 45° ATR Top Plate. For each spectrum 16
scans were recorded.

Size exclusion chromatography (SEC) was performed
using two separate systems. System 1: A TOSOH EcoSEC
HLC-8320GPC system equipped with an EcoSEC RI detector
and three columns (PSS PFG 5 um; Microguard, 100 A, and
300 A) (Myy resolving range: 300-100 000 Da) from PSS GmbH
was used for the analysis. Dimethylformamide (DMF) (0.2 mL
min~", 50 °C) was used as the mobile phase. A conventional
calibration method was employed using narrow linear poly
(methyl methacrylate) (PMMA) standards (800-1 600 000 Da).
Corrections for flow rate fluctuations were made using toluene
as an internal standard. PSS WinGPC Unity software version
7.2 was used to process data. System 2: A Verotech PL-GPC 50
Plus system equipped with a PL-RI detector and two PLgel
5 pm MIXED-D (300 x 7.5 mm) columns from Varian was used
for the analysis. Chloroform (CHCl;) (1 mL min™", 30 °C) was
used as the mobile phase. A conventional calibration method
was employed using narrow polystyrene standards (PS)
(162-371 100 Da). Corrections for flow rate fluctuations were
made using toluene as an internal standard. Cirrus GPC Soft-
ware was used to process data.

Field emission scanning electron microscopy (FE-SEM)
images were recorded on a Hitachi S-4800 FE-SEM. The
samples were mounted on a substrate with carbon tape and
coated with 5 nm of palladium.

This journal is © The Royal Society of Chemistry 2015
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Contact angles were measured at 50% RH and 23 °C on a
KSV instrument CAM 200 equipped with a Basler A602f
camera, using 5 pL droplets of Milli-Q water.

Immobilisation of an ATRP initiator (BiB) on filter paper

The procedure for the modification of filter paper with BiB
was adopted from Carlmark and Malmstrom.>® Pieces of filter
paper (2 x 3 cm?) were washed in ethanol (EtOH), acetone, and
tetrahydrofuran (THF) by ultrasonication in each solvent for
2 min. Each filter paper was then immersed into a solution of
BiB (305 mg, 1.33 mmol), TEA (148 mg, 1.46 mmol), and cata-
lytic amounts of DMAP (approx. 10 mg) in THF (20 mL). The
reaction proceeded for 1 h at room temperature on a shaking
device. The initiator immobilised filter papers were thoroughly
washed in THF and EtOH to remove any remaining reactants
or byproducts formed. Finally, the filter papers were dried in a
vacuum oven (50 °C) overnight.

Immobilisation of a cleavable ATRP initiator (S-S BiB) on filter
paper

The modification of the filter paper was performed in a
similar manner as previously described by Malmstrom and co-
workers.*® Filter papers (2 x 3 cm?) were washed in ethanol,
acetone, and THF by ultrasonication in each solvent for 2 min.
Each filter paper was then immersed in a solution of S-S BiB
(93 mg, 0.22 mmol), TEA (24.5 mg, 0.24 mmol), and catalytic
amounts of DMAP in THF (5 mL). The reaction proceeded for
1 h at room temperature on a shaking device. The initiator
immobilised filter papers were thoroughly washed in THF and
EtOH to remove any remaining reactants or byproducts
formed. Finally the filter papers were dried in a vacuum oven
(50 °C) overnight.

Grafting of MA from BiB immobilised filter paper

A typical procedure for the photoinduced CRP of MA was
adopted from Haddelton and co-workers.”> MA (6.0 g,
70 mmol), Cu(u)Br, (1.0 mg, 4.6 umol), Me,TREN (6.4 mg, 28
pmol), EBiB (45.3 mg, 0.232 mmol), BiB immobilised filter
paper, and DMSO (6.0 g) were added to a 30 mL jar, equipped
with a magnetic stirrer. The cream jar was sealed with a
septum, purged with argon for 15 min, and placed under a
UV-nail gel curing lamp (36 W, A,ax & 360 nm) for 90 min. The
polymer formed from the sacrificial initiator (EBiB) was puri-
fied by diluting the samples with small amounts of acetone
followed by precipitation of the polymer into cold methanol
(MeOH). The modified papers were carefully washed with
acetone, THF and EtOH. The washed filter papers, and the
polymer formed from the sacrificial initiator, were dried in a
vacuum oven (50 °C) overnight. To modify the target DP of the
grafted polymer, the amount of monomer added was altered.
The amount of solvent was regulated to maintain 50 wt%. All
other parameters remained unchanged throughout the reac-
tions. Two control experiments were performed. First, a filter
paper without an immobilised initiator was subjected to the
same reaction conditions as the grafted papers. This ensured
that the free polymer formed from the sacrificial initiator in

This journal is © The Royal Society of Chemistry 2015
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bulk was removed by the selected washing procedure, and that
no polymerisation was initiated from filter paper if no
immobilised initiator was present. Second, a BiB modified
filter paper was placed in DMSO and monomer and subjected
to the same conditions in terms of temperature, time and UV
light exposure, as the grafted filter paper to ensure that no
polymerisation occurred without the presence of the catalyst
complex.

Grafting of MA from S-S BiB immobilised filter paper

The procedure used for the grafting of the S-S BiB immobi-
lised filter paper is identical to the procedure was used for the
grafting from the BiB immobilised filter paper, as described
above.

Cleavage of PMA from S-S BiB grafted filter paper

The polymer grafts were cleaved from the filter paper in a
similar manner as previously described by Malmstrom and co-
workers.*® A PMA grafted S-S BiB filter paper (2 x 3 cm?) was
added to a reaction mixture of DTT (160 mg, 1.04 mmol) and
TEA (211 mg, 2.08 mmol) in THF (20 mL) in a glass vial and
left to react for 5 days on a shaking device. The filter paper was
then thoroughly washed with THF, acetone, and EtOH and left
to dry in a vacuum oven (50 °C) overnight. The polymer solu-
tion was concentrated and the cleaved polymer was analysed
by SEC.

Surface initiated ring opening co-polymerisation (SI-ROP) of
oCleCL and eCL from filter paper

A typical procedure used for the SI-ROP from filter paper was
as follows: filter papers (1 x 1.5 cm?*) were washed in acetone
and EtOH and dried in a vacuum oven (50 °C) overnight. Two
filter papers were placed in a vial equipped with a magnetic
stirrer and aCleCL (1.0 g, 6.7 mmol), eCL (2.3 g, 20 mmol),
toluene (2 mL) and benzyl alcohol (9.7 mg, 90 pumol) were
added. The vial was sealed with a rubber septum and degassed
by three vacuum/argon cycles (5 + 5 min). During the third
argon cycle, SnOct, (66 mg, 0.16 mmol) was added. The vial
was immersed in an oil bath (110 °C) and flushed with argon
for 15 min. The polymerisation was allowed to proceed for
15 h and was terminated by dilution with an excess amount of
THF. The polymer formed from the sacrificial initiator was
purified by precipitation into cold MeOH. The grafted filter
papers were washed by ultrasonication (THF, 3 min), followed
by Soxhlet extraction (THF, 24 h). The washed filter papers,
and the polymer formed from the sacrificial initiator, were
dried in a vacuum oven (50 °C) overnight. To vary the compo-
sition of aCleCL and eCL, the amount of ¢CL added to the
mixture was varied. The amount of Sn(Oct), and benzyl
alcohol were altered to maintain 2 wt% and give a target DP of
300 respectively. All other parameters remained unchanged
throughout the reactions.

Polym. Chem., 2015, 6, 18651874 | 1867
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Grafting of DEGA from poly(aCleCL-co-eCL) grafted filter
paper

A typical procedure used for the grafting of DEGA from poly
(aCleCL-co-eCL) grafted filter paper was as follows: DEGA
(1.5 g, 8.0 mmol), Cu(u)Br, (0.4 mg, 1.6 umol), Mes;TREN
(2.2 mg, 9.6 umol), poly(aCleCL,,-c0-eCLs) (41 mg, corres-
ponding to 0.08 mmol Cl, i.e. initiating groups), poly(aCleCL,,-
co-eCLyg) grafted filter paper (1 x 1.5 cm?), deionised H,O
(250 pL), and DMSO (12.0 g) were added to a 30 mL cream jar,
equipped with a magnetic stirrer. The cream jar was sealed
with a septum and purged with argon for 15 min, and placed
in a UV-nail gel curing box (36 W, Aax & 360 nm) for 90 min.
The polymer formed from the sacrificial initiator was
purified by precipitation into deionised H,O (7' = 30 °C). The
modified papers were carefully washed with acetone, THF
and EtOH. The washed filter papers and the polymer formed
from the sacrificial initiator were dried in a vacuum oven
(50 °C) overnight. Filter papers with different compositions of
the poly(aCleCL-co-¢CL) were utilised for the grafting of DEGA,
and the amount of macroinitiator added was then altered,
to maintain the number of CI units constant at 0.08 mmol.
All other parameters remained unchanged throughout the
reactions.

Results and discussion

A photoinduced CRP system, adapted from Haddleton and co-
workers,>* which utilises UV-light to generate Cu(i) catalyst
complexes from Cu(u) without the use of a reducing agent, has
been successfully employed to graft MA and DEGA from
Whatman 1 filter paper. The reactions were easily conducted
by adding the reactants to the reaction vessel, purging with
argon, and performing the reaction in a UV-nail curing box
(36 W, Amax = 360 nm) for 90 min.
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Grafting of PMA from BiB-immobilised filter paper

In all polymerisations, a sacrificial initiator was added to the
solution, resulting in a free, unattached polymer, formed in
parallel to the grafted chains. Conversions, molecular weights,
and molar dispersities of the free polymers were determined
by 'H NMR and SEC (Table 1, Fig. S3). The targeted DPs for
the grafting were 300 and 600, respectively. All reactions were
performed in duplicate. The monomer conversion and the SEC
results for the polymer formed from the sacrificial initiator
show that the reactions were consistent and reproducible. The
molecular weights determined by the SEC were slightly higher
than the theoretical molecular weights calculated from the
monomer conversion (as determined by "H-NMR). The disper-
sities of the polymers formed were low, showing the formation
of well-defined polymers during the polymerisations. The
increase in target DP from 300 to 600 did not affect the final
conversion and a high conversion was reached within
90 minutes of irradiation.

The appearance of the carbonyl peak (1730 cm™) in the
FT-IR spectrum (Fig. 1) of the grafted filter papers clearly

----FP-BiB-PMA_ (2) .
rrrrrrrr FP-BiB-PMA, (1) é
..... FP-BiB-PMA,(2) i
..... FP-BiB-PMA, (1) i

T T T T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumber [cm™]

Fig. 1 FT-IR spectra of PMA grafted BiB modified filter paper.

Table 1 Properties of PMA polymer formed from the sacrificial initiator, and polymer cleaved with DTT

Conversion” My, theo” My, sec”
Sample name* DPyrget (%) (g mol™) (g mol™) p?
BiB-PMA;300(1) 300 88 22700 24100 1.1
BiB-PMA;(2) 300 84 21700 29000 1.1
BiB-PMA00(1) 600 91 47000 61300 1.1
BiB-PMAgo(2) 600 88 45500 59600 1.1
S-S BiB-PMA3(1) 300 89 23000 28 800 1.1
Cleaved S-S BiB-PMA (1) 300 — — 64 000 1.3
S-S BiB-PMA3(2) 300 78 20100 27 200 1.1
Cleaved S-S BiB-PMA0(2) 300 — — 38400 1.4
S-S BiB-PMAgo(1) 600 73 37700 41 300 1.1
Cleaved S-S BiB-PMA (1) 600 — — 47 900 1.5
S-S BiB-PMAgo(2) 600 81 41 800 49700 1.1
Cleaved S-S BiB-PMAg0q(2) 600 — — 66 600 1.4

“Samples have been denoted as follows: BiB-PMA,(y) where x represents the reactions target DP and y = 1 or 2 denotes duplicates. S-S before the
sample name indicates that the free polymer has been formed in the reaction with a cleavable initiator attached to the filter paper. Cleaved S-S
before the sample name represents cleaved polymer for the respective reactions. ” Monomer conversion calculated from 'H NMR. My, theo
calculated from the conversion according to 'H NMR assuming 100% initiator efficiency. ¢ Results obtained from DMF-SEC.
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Fig. 2 Unmodified sample swollen in DMSO and dried before FE-SEM analysis: (a) X100 magnification and (b) x5.00 k magnification and grafted

sample BiB-PMAgqo: (c) X100 magnification and (d) x5.00k magnification.

showed that filter papers had been grafted with the polymer.
The carbonyl peak intensity in the spectrum revealed that all
the papers had been grafted with relatively large amounts of
the polymer. The agreement in the intensity of the peaks from
duplicate samples demonstrated that there was more polymer
grafted on the filter papers grafted in the reactions with target
DP 600, showing that it was possible to regulate the amount of
grafted polymer by altering the target DP using a sacrificial
initiator. The intensity of the carbonyl peak in the spectrum
was significantly higher than the typical intensities reported
for polymer grafted filter paper,®®*®*°** gshowing the
efficiency of the photoinduced CRP method. CAM of the
grafted papers showed that they were hydrophobic with
contact angles above 120°. However, it should be noted that
the analysed filter paper is a rough inhomogeneous material
and the contact angles should only be considered as indi-
cations of the change in hydrophobicity and not as absolute
values. The structures of the grafted filter papers were also
compared to BiB modified filter papers treated in the same
manner as the grafted filter papers (Fig. 2). This treatment
caused no change in the FT-IR spectra or CAM and hence
behaved similar to untreated filter paper. Similarly, unmodi-
fied filter paper present during polymerisation from a sacrifi-
cial initiator showed no carbonyl peak after being subjected
to the same washing procedure as the grafted filter papers.
Grafted and unmodified filter papers were analysed by FE-SEM
(Fig. 2) and it appeared that the grafting of PMA from the filter
papers created an open fibre structure. However, this was
believed to be caused by the DMSO solvent.

DMSO is known to cause swelling of cellulose fibres and
the theory is that the swelling facilitates the possibility for
larger amounts of polymer to be grafted due to a larger avail-
able surface area, and as the polymerisation proceeded it

This journal is © The Royal Society of Chemistry 2015

started to disintegrate the fibre network. This idea was sup-
ported by investigating traditional ATRP for the grafting of
MA in DMSO from filter paper, which also resulted in a large
amount of grafted polymer compared to previously reported

results for MA grafting in other organic solvents.>®>°

Grafting of PMA from S-S BiB-immobilised filter paper

The reaction scheme for the grafting of S-S BiB modified filter
paper is shown in Scheme 1. The reactions were performed
similar to the BiB immobilised filter paper, with the only
difference being the structure of the immobilised initiator.
Conversions, molecular weights, and dispersities of the free
polymers and the cleaved PMA grafts were determined from
'"H NMR and SEC (Table 1). The target DPs chosen for the
grafting were the same as for the grafting from the BiB modi-
fied filter papers (DP of 300 and 600). Reactions were per-
formed in duplicate and showed good reproducibility. The
slightly lower monomer conversion in comparison with the
BiB modified filter papers may suggest that fewer initiating
groups were available on the surface or that the S-S BiB
initiator was not as efficient in initiating polymerisation as the
BiB initiator. This was supported by the FT-IR measurements
which showed lower intensities of the carbonyl peak for the
S-S BiB grafted filter papers than for the BiB grafted filter
papers (Fig. S11). Comparing the SEC results for the polymer
formed from the sacrificial initiator during the grafting of BiB
modified filter papers to the free polymer formed during the
grafting of S-S BiB modified filter papers showed that the M,,
of the polymers with target DP 300 were similar. The M,, for
the polymers with target DP 600 was lower for the S-S BiB
modified filter papers. For the S-S BiB grafted filter papers,
the M, reported for the DP 600 polymers were closer to the
theoretical M,,, possibly suggesting a higher efficiency of the

Polym. Chem., 2015, 6, 1865-1874 | 1869
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Scheme 1 UV induced controlled radical polymerisation of MA from S—
with DTT.

sacrificial initiator in these reactions. The dispersities for the
polymers formed from the sacrificial initiator were 1.1 for all
reactions, showing the formation of well-defined polymers.
The chains grafted from the S-S BiB modified filter papers
were cleaved by the utilisation of DTT, as previously reported.®®
FT-IR spectra (Fig. S1t) of the filter papers before and after
cleavage revealed that the intensity of the carbonyl peak was
strongly reduced after cleavage indicating that a majority of
the polymer had been cleaved off the surface. However, a small
signal from the carbonyl remained which suggested that some
polymers remained on the substrates. Additional cleavage
attempts were performed with TCEP and also DTT in DMSO,
but it was not possible to remove any additional polymer.
A plausible explanation to this could be that some of the graft-
ing occurred inside of the swollen fibre wall, and that the total
removal of this polymer was not achieved under the chosen
experimental conditions, even when the polymer had been
cleaved from the surface. FE-SEM images of the S-S BiB modi-
fied filter papers (Fig. S2t), before and after cleavage, support
the result from the FT-IR that most of the polymer was
removed from the filter paper during the cleaving reactions.
SEC analysis of the cleaved polymer showed that the poly-
merisation from the surface did not result in well-defined poly-
mers as the bulk polymerisations. The polymer cleaved from
the surface had a higher dispersity and also a higher mole-
cular weight than the polymer formed from the sacrificial
initiator. This result was not in agreement with the earlier
study performed using ARGET-ATRP where there was a good
correlation between the grafted polymer and the polymer
formed from a sacrificial initiator.>® A difference between the
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previous study and this study was that the polymer in this
study was not fully cleaved from the surface. However, as the
grafted polymer showed a higher dispersity, with a higher
molecular weight than the polymer formed from the sacrificial
initiator (Fig. S4 and S57), it seems unlikely that the removal
of all polymers would decrease the dispersity. A possible expla-
nation for the difference between the studies could be that the
Cu(r) species, which in this study was created due to UV-light
exposure, reacted quickly after formation. Effectively, this
would have caused the species to react more readily on the
areas of the filter papers most exposed to the UV-light.
Another possible explanation for the higher dispersity of the
grafted polymer chains could be that the swelling, followed by
disintegration of the fibres, continuously caused more initiat-
ing sites to be exposed on the filter paper surface. This in turn
would have resulted in a continuous initiation of new polymer
chains from the surface.

CAM of the grafted and cleaved filter papers showed that
the grafted papers had a hydrophobic surface with stable
contact angles above 120°. The cleaved filter papers were
highly hydrophilic and adsorbed water drops instantly
(Table S171) which further corroborates the cleavage of the PMA
chains from the surface.

Ring opening co-polymerisation (ROP) of aCleCL and eCL
from filter paper

Rather than immobilising an initiator function on the OH-
groups of cellulose, a polymer containing an initiator function
for ATRP could be grafted from the surface and conversely
increase the density of the initiating groups off the surface. In

This journal is © The Royal Society of Chemistry 2015
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from Whatman 1 filter paper.

Table 2 Properties of poly(aCleCL-co-eCL) formed from the sacrificial initiator during grafting of filter paper and PDEGA formed from the sacrificial
macroinitiator in parallel to the grafting from poly(aCleCL-co-¢CL) grafted filter paper

Sample name* DParget Conversion” (%) My, theo’ (g mol™) My, sec” (g mol™) p?
Poly(aCleCL,,-co-CLy) 300 >99 36 700 13700 1.6
Poly(aCleCLy,-c0-CLay) 300 >99 38400 23100 1.5
Poly(aCleCL,y-co-eCLy) 300 >99 41500 9200 1.6
Poly(aCleCL,,-co-6CL,)-g-PDEGA(1) 100 71 999 000 174000 1.6
Poly(aCleCL,4-co-6CL,¢)-g-PDEGA(2) 100 71 999 000 13 000 1.6
Poly(«CleCL ,9-co-£CLgo)-g-PDEGA(1) 100 75 1732000 192000 15
poly(aCleCL4o-c0-6CLeo)-g-PDEGA(2) 100 74 1709 000 208 000 15
Poly(aCleCL,-co-6CLjo)-g-PDEGA(1) 100 59 2374000 301000 1.4
Poly(aCleCL,-co-6CL3)-g-PDEGA(2) 100 60 241300 304000 1.4

“Samples have been named accordingly poly(aCleCL,-co-eCL,), where x and y equal the molar composition in the polymer. The addition of
g PDEGA(z) indicates that the poly(a«CleCL,-co-eCLy) has been used as a macro 1n1t1at0r for the polymerisation of DEGA, and z = 1 or 2 has been

given to differentiate duplicate samples.

Monomer conversion calculated from '"H NMR. “ My, theo. calculated from the conversion according to

TH NMR assuming 100% initiator efficiency. ¢ Results obtained from CHCI;-SEC.

earlier work by our group, glycidyl methacrylate (GMA) was
grafted from a cellulose surface followed by the opening of the
epoxy-groups, resulting in two hydroxyl groups per repeating
unit. The hydroxyl groups were then subsequently reacted with
BiB to introduce two initiating functions per repeat unit of
PGMA.** However, this reaction demanded four reaction steps,
including the immobilisation of BiB on the filter paper. A
more elegant and straightforward approach was utilised
herein by the ROP of a cyclic monomer containing a halogen
in the a-position, which initiates directly from the OH-groups
and hence requires only one step. This is the first study in
which an o-functionalised monomer has been a ring-opened
form of a cellulose substrate and utilised in a “graft-on-graft”
approach for surface modification. aCleCL was copolymerised
with eCL from the surface of filter paper and benzyl alcohol
was utilised as a sacrificial initiator, creating a free polymer as
in the case of MA. Different ratios of aCleCL and eCL were uti-
lised, resulting in varied densities of the initiating Cl-groups.

This journal is © The Royal Society of Chemistry 2015

The reaction scheme for the copolymerisation grafting of
aCleCL and eCL, and the subsequent grafting of DEGA, from
filter paper can be seen in Scheme 2. Conversions, molecular
weights and dispersities of the free polymers were determined
from "H NMR and SEC (Table 2, Fig. S6-S8t). The target DP
for all three monomer compositions for the copolymerisation
of aCleCL and eCL was 100. The final molecular weights of the
polymers formed from the sacrificial initiator were signifi-
cantly lower for all three polymerisations than the theoretical
molecular weight calculated from '"H NMR. This indicated that
water may have been present and initiated polymerisation or
caused hydrolysis, despite careful drying of all reactants prior
to the polymerisations. The rather broad dispersities of the
final polymers from the ROP indicated that the polymeri-
sations were not well controlled. However, a good control of
the ROP was not the scope of this study, and was therefore not
of major concern. The monomer composition of the polymers,
determined by "H NMR, was in good agreement with the ratio

Polym. Chem., 2015, 6, 1865-1874 | 1871
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of the co-monomer feed, showing that it was possible to regu-
late the ratio of Cl units incorporated in the final polymers.
This result was important, as the incorporated Cl units were
further used as initiators for the polymerisation of DEGA. The
grafted filter papers were analysed by FT-IR (Fig. 3). As shown
from the peak of the carbonyl in the spectra, polymers have
been grafted from all three filter papers. Despite the relatively
low intensity of the carbonyl peak, the grafted papers were
hydrophobic when analysed with CAM. In FE-SEM images of
the P(aCleCL-co-eCL) grafted filter papers (Fig. 4) the fibrillar
structure of the fibres is still visible after grafting, also indica-
tive of only small amounts of grafted polymer. Unfortunately,

1872 | Polym. Chem., 2015, 6, 1865-1874
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it was not possible to determine the monomer ratio in the
polymer grafted from the filter papers, as the grafted polymer
could not be separated from the cellulose. It was assumed that
the monomer ratio of the grafted polymer was the same as for
the polymer formed in bulk.

PDEGA grafted poly(aCleCL-co-eCL) filter paper

The Cl-functionality of the grafted P(aCleCL-co-eCL) was sub-
sequently utilised for the photoinduced CRP of DEGA. A free,
sacrificial macroinitiator (i.e. free poly(aCleCL-co-cCL) was
added to the reaction mixture to form a free, unbound graft-
on-graft copolymer in solution which could be further ana-
lysed by conventional, solution based methods. The unbound
polymer was assumed to have similar characteristics as the
graft-on-graft copolymer on the surface.

Conversions, molecular weights and dispersities of PDEGA-
grafted poly(aCleCL,-co-eCLy), used as a sacrificial macroiniti-
ator, were determined by '"H NMR and SEC (Table 2, Fig.
S6-S8%). The target DP, calculated from the ratio of CL contain-
ing repeating units in the polymers, was 100 for all reactions.
The M, of the polymers, as determined by SEC, was signifi-
cantly lower than the theoretical M,,. This difference in M, was
to a large extent caused by the comb structure of the polymers,
which has a smaller hydrodynamic volume than the linear
polymers used for calibration. Since macroinitiators with
several initiating groups were used for the polymerisation, it
was difficult to draw any conclusion regarding the dispersity of
the PDEGA grafts. However, it is clear that the dispersity does
not increase, which indicates the formation of relatively well-
defined PDEGA grafts during the reactions.

FT-IR spectra of the grafted filter papers (Fig. 3) showed a
large increase in the intensity of the carbonyl peak, showing
that the grafting of DEGA from the poly(aCleCLy-co-eCLy)
grafted filter papers was successful. FE-SEM images of the
graft-on-graft filter papers (Fig. 4) showed a smoothening of
the fibre surface also indicative of a successful polymer graft-
ing. The synthesis of graft-on-grafts from cellulose in a two-
step reaction, compared to the previous study involving a total
of five steps, enabled a higher grafting density than when a
BiB modified cellulose was utilised. We believe this modifi-
cation to be an attractive method for creating high grafting
densities as well as complex architectures on cellulosic and
other bio-fibre based surfaces containing hydroxyl groups.

PDEGA is a thermoresponsive polymer with an LCST in the
range 9.0-16.5 °C.**"*® Previous work has shown that cellulose
fibres grafted with types of polymers produced thermorespon-
sive materials.””*® The filter paper modified in the graft-on-
graft approach with PDEGA grafted from the poly(aCleCL-co-
€CL) was tested for thermo-responsive behaviour in the form
of switchable hydrophobicity. CAM showed that the PDEGA
grafted filter papers adsorb a water drop instantly at low tempe-
rature (approx. 4 °C). When the temperature was increased
above the LCST of PDEGA, to approx. 50 °C, the water contact
angle increased to around 90°. The adsorption of water at
the lower temperature shows that the properties of the grafted
PDEGMA had a larger influence on the hydrophilic/hydro-

This journal is © The Royal Society of Chemistry 2015
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phobic properties of the papers than the grafted poly(aCleCL-
co-eCL) and that the thermoresponsive properties of PDEGMA
were transferred to the cellulose surface. This was in agree-
ment with earlier results reported.>®

Conclusions

The photoinduced CRP technique has successfully been
employed for the surface-initiated polymer grafting of cellulose
surfaces. The polymerisations proceeded in an efficient
manner, resulting in large amounts of grafted polymers. Clea-
vage of the grafted chains revealed that the polymerisation
from the cellulose surface proceeded with control; however it
proceeded with less control than the bulk polymerisation and
the cleaved polymer possessed a higher molecular weight. Fur-
thermore, it was shown that a graft-on-graft copolymerisation
from the surface of filter paper could be performed in a simple
two step polymerisation. The combination of a surface-
initiated ROP of monomers containing a halogen in the a-posi-
tion, followed by the photoinduced controlled radical poly-
merisation effectively reduced the number of steps as
compared to previous synthetic routes. Utilising a monomer
which resulted in a thermoresponsive polymer for the second
polymerisation in the graft-on-graft polymerisation produced a
thermo-responsive cellulosic material. Overall, the photo-
induced CRP proved to be a highly versatile technique for the
grafting of cellulose surfaces, resulting in large grafting
amounts in short reaction periods, with good control over the
grafted layer.
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