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ABSTRACT: Reversible additionfragmentation chain transfer (RAFT) polymerization was applied to radiation-
induced graft polymerization of styrene from cellulose. The grafting of styrene from cellulose substrates using
the chain transfer agent cumyl phenyldithioacetate was confirmed by Raman and X-ray photoelectron spectroscopy,
differential scanning calorimetery, thermogravimetric analysis, scanning electron microscopy, and contact angle
analysis. Grafted polystyrene chains were cleaved from the cellulose surface by acidic hydrolysis of the cellulose.
The number-average molecular weight and polydispersity index of the grafted and the free (nongrafted) polystyrenes
obtained under identical conditions were determined by size exclusion chromatography. Grafted and nongrafted
polystyrenes have almost the same (near theoretical) molecular weight and narrow polydispersity, thus proving
for the first time the control of the grafting process mediated via RAFT without any prior functionalization of the
surface.

Introduction prior to grafting; e.g., the surface was functionalized with an
ATRP initiator or RAFT agent to utilize grafting. Recently, we
reported the development of ambient temperature RAFT
agent3®20which open the possibility to perform RAFT polym-
erization at ambient temperature by meang-oédiation3—33
Subsequently, we reported that the RAFT technique in conjunc-
tion with y-radiation can be applied to graft polymers from
polypropylene (PP) surfaces in a controlled manner without prior

Cellulose is the most common organic polymer and a very
important sustainable raw materialOver the past decade,
research to utilize cellulose as a base for the development of
new polymers has intensifiédCellulose is a very attractive raw
material due to properties like hydrophilicity, biocompatibility,
stereoregularity, multichirality, reactive hydroxyl groups and the

ability to form superstructuresEsters and ethers of cellulose . o G436
are used in coatings, films, membranes, controlled-releasefUnctionalization of the surface=> The RAFT agent cumyl

systems, and pharmaceuticafsOne of the well-established ~ Phenyldithioacetate (CPDA) was employed to mediate the
methods to modify cellulose is via grafting of polymer onto 9rafting of styren& and a mixture of styrene amd-sopropenyl-
the surface of cellulos&? Traditionally, free radical polym-  ®.'-dimethylbenzyl isocyanate from PP lanterns. In 2007,
erization is used to graft vinyl polymers from cellulose, Hill and co-workers used the RAFT technique to grefit-
accepting the disadvantage that the molecular weight andbPutyl acrylate from an ethylerepropylene copolymer via
molecular weight distribution of the grafts are not controlled. ¥-radiation®” Application of y-radiation generates radicals on
With the advent of controlled free radical polymerization the polymeric surface and in the monomer solution. Monomer
techniques, such as nitroxide-mediated polymerization (Nivfi2), radicals and radicals formed on the surface initiate propagating
atom transfer radical polymerization (ATRP}*and reversible ~ chains, which subsequently add to the thiocarbonyl group of
addition—fragmentation chain transfer (RAFF)1° polymeri- the RAFT agent. In the course of grafting, both grafted polymer
zation, it is now possible to synthesize polymers with prede- (on the surface) and free, nongrafted polymer (in the solution)
termined molecular weight and low polydispersity for a great are generated. Because of the covalent binding of the polymeric
variety of vinyl monomers. RAFT is of particular interest as a chains to the PP surface, the grafted polymer cannot be easily
very wide range of (functional) monomers can be polymerized characterized by conventional techniques, such as size exclusion
in a controlled manner under non-demanding reaction conditionschromatography (SEC). As grafted and free polymers are
(e.g., tolerance to oxygen and low temperatures) via this mediated by the same RAFT agent, the molecular weights and
technique. Thiocarbonylthio compounds are used as chainmolecular weight distributions of the grafted polymer and the
transfer agents (CTA) during RAFT polymerization. free polymer should be very similar. In our recent work, we
Recently, NMP2° ATRP 2124 and RAF 528 were used to therefore analyzed the free polymer instead of the grafted
modify cellulose via grafting of polymers from the surface. In polymer and assumed that the resulting molecular weights and
all published reports to date, cellulose had to be functionalized polydispersity of the free polymers were good indicators for
the properties of the grafted polymers. In this work, we
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15000 Table 1. Glass Transition Temperature for Polystyrene and
124 Celluloseg-polystyrene Copolymers
12500 422 Mn¥g onset end
sample mol!  tempfC tempfC Tg/°C
. 10000 120 polystyrene 13750 94 106 99
g 118 celluloseg-polystyrene, 14 50¢ 112 121 116
207500 A 39% graft ratio
= 116 ™ celluloseg-polys_tyrene, 11 42¢ 111 118 115
50004 30% graft ratio
114 celluloseg-polystyrene, 6570 108 118 113
20% graft ratio
2500 112 physical mixture of cellulose 97 106 101
and 39% polystyrene
0 0 é 1'0 1'5 2'0 1.0 a2 Number-average molecular weig,, determined via size-exclusion
chromatography, SEC, using tetrahydrofuran, THF, as eluent with poly-
Overall conversion | % styrene (PSt) standardsM, of PSt grafts cleaved from cellulogePSt
Figure 1. Evolution of number-average molecular weight,, and copolymers® Glass transition temperaturg;, determined via differential

polydispersity index, PDI, vs the monomer conversion for free Scanning calorimetry, DSC.
polystyrene formed during-initiated graft polymerization from cel-
lulose mediated via the RAFT agent cumyl phenyldithioacetate Samp|e was cut into approximate|y 2 cml.8 cm dimensions with
(CPDA): [St]=3.45 mol L7, cellulose (0.04 g), dose rate 0.09 kGy 3 weight of approximately 0.04 grichoderma reesetellulase
Perﬁp'gr;['l%a”&water (98:2 viv), [StJ[CPDA]= 690:1, at room (Fluka) was used as received for the enzymatic hydrolysis of
) cellulosic materials. Dioxan, methanol (MeOH), tetrahydrofuran
(THF), ethanol, and toluene (all Aldrich) were used as received
and without further purification.
Size Exclusion Chromatography (SEC) AnalysisThe molec-
ular weight distributions were measured via SEC on a Shimadzu
modular system, which consisted of an auto injector, a Phenomenex
5.0um bead-size guard column (50 7.5 mm) followed by three
Phenomenex 5.0m bead-size columns (31010% and 16 A), and
a differential refractive-index detector. The eluent was THF (1 mL
min—1), and the system was calibrated with polystyrene (PSt)
standards with molecular weights of 200 to® Zpmol .
X-ray Photoelectron Spectroscopy (XPS) MeasurementXPS
measurements were carried out on a VG ESCALAB220i-XL surface
— 177777 analysis instrument with a mono-chromatized Al K-ray source
20 25 30 35 40 45 50 (1486.6 eV photons) at a constant dwelling time of 100 ms for
1 several scans and a pass energy of 20 eV for region scan spectra
log (M/ g mol’) and 100 eV for survey scan spectra. The anode current was 20
Figure 2. Evolution of molecular weight distribution vs time for free ~ MA. The pressure in the analysis chamber was maintainedxat 2
polystyrene formed during-initiated graft polymerization from cel- 10°° Torr or lower during each measurement. The cellulose samples
lulose mediated via the RAFT agent cumyl phenyldithioacetate were mounted on the standard sample studs by means of double-
(CPDA): [St]= 3.45 mol L™, cellulose (0.04 g), dose rate 0.09 kGy sided adhesive tapes. The core-level signals were obtained at the
h™%, in dioxane-water (98:2 v/v), [StJ/[CPDA]= 690:1, at room photoelectron takeoff angle.( with respect to the sample surface)
temperature. of 90°. All binding energies (BEs) were referenced to the C 1s
hydrocarbon peak at 285 eV. In peak synthesis, the line width (full
width at half-maximum) for the Gaussian peaks was maintained

o
L

Normalized Response | mV

Scheme 1. Cumyl Phenyl Dithioacetate

constant for all components in a particular spectrum. Surface
/S elemental stoichiometries were determined from peak-area ratios,
§=C after correcting with the experimentally determined sensitivity
CH, factors, and were reliable ta 5%. The elemental sensitivity factors
were determined using stable binary compounds of well-established
stoichiometries.

Raman Spectroscopy (FT-Raman)Raman spectra of samples
were recorded in the frequency range of 50 to 3600%cusing a
degraded by acid treatment without affecting the formed grafts. Bruker IFS 66 spectrometer with a FRA 106/S module. The laser
Subsequently, it was possible to fully characterize the grafted source was a Nd:YAG laser.
polymers including their molecular weight and polydispersity. ~ Thermogravimetric Analysis (TGA). Thermal decomposition
Free polymers formed during the polymerization were analyzed properties of polymers were recorded using a Perkin-Elmer ther-

as well, and the results were compared with results from the Mogravimetric analyzer (Pyris 1 TGA). Analyses were conducted
grafted polymers over the temperature range from 25 to 5@with a programmed

temperature increment of 1 min~! under N, atmosphere.
Differential Scanning Calorimetery (DSC). Perkin-Elmer dif-
ferential scanning calorimeter (DSC 7) and thermal analysis
Materials. Styrene (Aldrich, 99%) was freed from inhibitor by  controller (TAC71DX) were used in conjunction to measure glass
percolation through a column of activated basic alumina. The CTA transition temperatures. The DSC instrument was calibrated with
used in the polymerizations, cumyl phenyldithioacetate (CPDA), indium and zinc standards of known mass, melting point temper-
was prepared according to the procedure described else#here. ature and known associated enthalpy change. Samples were
Whatman No. 1 filter paper was used as cellulose substrate due toanalyzed in 5QiL pans, over the temperature range of 25 to 500
its high cellulose content (98%:-cellulose), lesser amount of  with a scanning rate of 10C min~* under N atmosphere. The
impurities, and ease of chemical modificat®nEach cellulose initial thermal decomposition temperatuiy, and the maximum

Experimental Section
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Figure 3. Raman spectra: (a) cellulose; (b) cellulas®St, 39% graft ratio; (c) cellulosgPSt, 30% graft ratio; (d) cellulosgPSt, 20% graft
ratio.

decomposition temperaturéqy,, were determined with the Pyris  and solvent) were filled into vials which were subsequently capped
Data Analysis software. with rubber septa and deoxygenated through purging with nitrogen
Scanning Electron Microscopy (SEM).The surface morphol-  for 20 min each. The samples were placed in a shielded irradiation
ogy of the cellulose samples before and after grafting was observedroom with a®°Co source at ambient temperature at a dose rate of
by SEM using a Hitachi S900 scanning electron microscope. 0.09 kGy ht. Samples were taken from the chamber at different
Samples were sputter-coated with chromium. Electron micrographstime intervals. The conversion of each sample was determined
of each sample were recorded at different magnifications. gravimetrically after drying initially in a fume hood and then in a
Contact Angle Measurement.The degree of hydrophobicity =~ vacuum oven at 360C for 3 days!H NMR spectroscopy was used
of celluloseg-polystyrene (cellulosg-PSt) copolymers was ap-  to verify the complete removal of residual monomer. The crude
praised using a KSV Cam 200 contact angle meter. A drop of water celluloseg-PSt copolymer samples were repeatedly washed with
was placed on the copolymer surface, and the contact angle wagoluene and THF to remove surface contaminations. Each cellulosic
determined at 20C. copolymer was subsequently placed in a bottle, and 50 mL of THF
Pretreatment of Cellulose.Pieces of Whatman No. 1 filter paper was added. The bottles were placed on a shaker and shaken for
were first washed with ethanol and subsequently immersed into anseveral days (up to 2 weeks). The solvent was changed every day.
aqueous solution (250 mL) of 10 wt % NaOH to break down the This process was repeated until no homo-PSt could be identified
extensive hydrogen bonding between the OH groups of cellulose in the rinsing solution via SEC analysis (after complete evaporation
and to open up the ordered regions, so that the reagents could easilypf the solvent). Finally, the cellulosgPSt sample was dried to a
penetrate inside the cellulose substrate. The samples were placedonstant weight under vacuum at 45. The graft ratio G, wt %)
on a shaker and shaken for 24 h at ambient temperature. The swollerwas calculated using the following equation:
cellulose samples were repeatedly washed with absolute ethanol
until a neutral solution was achieved. The use of ethanol for W, — W,
washings prevents the formation of extensive interchain hydrogen G= WX 100 (1)
bonds and results in a higher reactivity of cellulose toward grafting 1
reactions’® Ethanol in the cellulose samples was then displaced
by the proper polymerization solvent ¢ 50 mL), and the filter whereW; (g) is the weight of the native cellulose awd (g) is the
papers were directly used for graft polymerizations without any dry weight of the cellulosg-PSt sample. Conversion (%) in the
drying. Grafting experiments using cellulose without pretreatment solution was taken as the fraction of the monomer that polymerized
were also performed. The graft ratio of the cellulose samples without and was determined via gravimetry. The overall conversion(%)
pretreatment was significantly lower (e.g., less than 4%) than the that is the conversion in the solution and the PSt grafted from the

pretreated ones. cellulose-was calculated using the following equation:
Polymerization. Polymerizations were performed in three
solvents (60% (v/v) to monomer); MeOH, toluene and diexan (W, — W,) + W(PSt,00
water mixture. In the case of homopolymerizations, cellulose was x 100= overall conversion  (2)
W(monomer)

not added to the sample vials. The reaction mixture (styrene, CPDA,
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where W(PSte) (9) is the weight of the PSt formed in the solution, Table 2. Thermostability of Cellulose, Polystyrene, and
and W(monomer) (g) is the weight of the initial monomer. Celluloseg-polystyrene Copolymers
The theoretical, number-average molecular weidgif{, was M.2/g residual
calculated according to the following equation: sample moll  Tg%°C  Tgn¥°C  mass/wt %
0 cellulose 288 361 11.36
h NpMy . celluloseg-polystyrene, 14 500 294 367,425 2.95
Mp = Mcrs + —— x overall conversion 3) 39% graft ratio
Ncra celluloseg-polystyrene, 6570 292 366, 418 7.05
20% graft ratio
whereM" is the theoretical number-average molecular weight of Polystyrene 13750 344 410 0.10
the polymer,n’, the number of moles of the monomer initially a Number-average molecular weigh,, determined via size-exclusion

present in the systenMy, the molecular weight of the monomer,  chromatography, SEC, using tetrahydrofuran, THF, as eluent with poly-

e , the number of moles of CTA initially present in the system, styrene (PSt) standardsM, of PSt grafts cleaved from cellulogePSt
a?leAMCTA the molecular weight of the CTA copolymers ¢ The initial thermal decomposition temperatufi, is the

| tvoical ft | izati th fi Ut temperature at which the decomposition rate points out a significant weight
n a typical grait polymerizauon, the reaction solution was g (d(wt %)/@ > 1% °C~1).  The maximum decomposition temperature,
prepared by dissolving styrene (3.6 mL, 31.1 mmol) and CPDA T, “is the temperature at which the highest decomposition rate is observed

(0.013 g, 0.045 mmol) in 5.4 mL of MeOH, toluene or dioxan  for the corresponding patterfin the case of cellulosg-PSt copolymers,
water mixture (5.2 mL dioxan, 0.2 mL water; 2% of the total the first tabulated value corresponds to Tag for cellulose decomposition,
solution volume is water). The reaction solution was subsequently whereas the latter is that for the decomposition of PSt.

added to a glass sample vial containing 0.0389 g of pretreated

cellulose. The molar ratio of monomer and CTA was 690:1. The the cellulose substrate leading to more efficient modification
sample was degassed and subsequently irradiated for 232 h agpq higher graft ratios.

ambient temperature at a dose rate of 0.09 kGy Tihe weight of

the celluloseg-PSt sample was 0.0541 g, the grafting ratio . ! )
calculated via eq 1 was 39.1%. The weight of the free PSt in the radicals on the cellulose surface and in the monomer solution.

solution was 0.6274 g. The overall conversion calculated via eq 2 SUPSequently, monomer radicals and radicals formed on the
was 19.7%. The number-average molecular weight of the free PStSurface initiate propagating chains, which then add to the
was 13.750 g mot. The glass transition temperature of the thiocarbonyl group of the RAFT agent. Styrene was chosen for
celluloseg-PSt sample was 11€C. this study not only because it is stable under the acidic conditions
Cleaving of PSt from Cellulose BackbonePSt was cleaved  used for the hydrolysis of cellulose, but also because its free-
from the cellulose surface under acidic conditions. 0.06 g of grafted radical radiation chemical yieldGg) is lower that that of
cellulose was allowed to swell for 24 h in 10 mL of a mixture of cellulose. In general, grafting from a polymer is preferred over
acetone, dimethylformamide and water (15:4:1). An equal portion homopolymerization of the monomer if the free-radical yield

of 37% HCI was added to the reaction medium and the mixture ;
was diluted with THF to be 25% in HCI. The mixture was refluxed of the pol%mer to be grafted is much larger than that of the
monomer’® The average value of th&g of styrene Ggr-

and stirred at 80°C for up to 3 weeks until the cellulose was . . . .
completely hydrolyzed, Iegding to a homogeneous brown solution. (Styrene)] is 0.69 radicals per 100 €\ivhereas this value is
Following the completion of the reaction, the solvent mixture was 2-88 radicals per 100 eV for celluldSeat room temperature.
evaporated using a rotary evaporator and dried 4058 avacuum  Therefore, grafting of styrene from cellulose-is generat-
oven. The resulting viscous liquid was dissolved in toluene (10 favored over the homopolymerization of styrene.

mL) and then extracted twice with distilled water (30 mL). For the present investigation, it is also desirable to achieve
The organic phase was dried with anhydrous sodium sulfate for 24 high grafting ratios: The grafted cellulose is subjected to acid
h. After filtration of the sodium salt, PSt was collected by complete hyqrolysis and the obtained PSt is subsequently analyzed via
evaporation of the solvent. The viscous PSt product was then gec Therefore, high graft ratios are beneficial for the subse-
dissolved in THF and analyzed by SEC. The number-average guent analysis. In our recent work we obtained low conversion

wg;eizleérovgeégrr;to?lf the cleaved PSt of the above-mentioned Samplevalues (e.g., 9%) for styrene in bulk-initiated waradiation

Enzymatic Hydrolysis Analysis. In order to study the differ- and mediated via CPDA-after long irradiation times (e.g., 80

ences in enzymatic hydrolysis behavior of native and grafted h)->* Inspection of the literature shows that high graft ratios of
cellulose samples, cellulogePSt copolymer and native cellulose  PSt were achieved in MeOHDIlli and Garnet studied the

was incubated witfT. reeseicellulase enzymeT. reeseicellulase radiation-induced grafting of St from cellulose in MeOH and
enzyme (0.3 mg) was added to 12 mL of 20 mM sodium acetate investigated the effects of monomer concentration, radiation dose
buffer, pH 5.0, at 37°C. 0.06 g of cellulosic compound, i.e., and rate on the graft ratios. They found that the graft raitio
celluloseg-PSt copolymer or native cellulose, was then immersed generat-was higher for 36-50% monomer concentrations.
|nto.th|s ;olutlon. The incubation mixtures were left in a Ratek Among the graft ratios they observed, the maximum graft ratio
Orbital Mixer Incubator at 37C for up to 7 days. was 182% at 40% monomer and 1.56 Mrad dose. The

Application ofy-radiation (e.g., from &Co source) generates

Results and Discussion polymerizations were therefore first carried out in MeOH,
Synthesis and Characterization of Cellulosey-PSt Co- although it is a precipitating agent for PSt. We found that even
polymers. at very low conversions (around 5%) the polymerization solution

Polymerizations. Cellulose is a nonbranched condensation started to become cloudy and heterogeneous, and subsequently
polymer consisting ob-anhydro glucose units joined together at higher values (around 8% conversion) PSt precipitated.
by 5-1,4-linkage. Cellulose exhibits a high degree of crystallinity However, very satisfying graft ratios were achieved in MeOH
in its native state and there are strong intermolecular hydrogen(the maximum graft ratio was 55% when the conversion was
bonds between adjacent cellulose chains via the hydroxyl groups.24% at 9.36 kGy dose). Analysis of the nongrafted PSt via SEC
Therefore, the OH groups of cellulose are not easily accessibleshowed multimodal chromatograms and no control of the
for reactions. In polar solvents, especially in low molecular polymerization. Therefore, we subsequently used toluene for
weight alcohols such as MeOH, the hydrogen bonds among thethe polymerizations since the controlled character of styrene
cellulose units are cleaved and the more ordered regions arepolymerization via RAFT is well established in this solvéht.
opened ugd. Consequently, reagents can easily penetrate into The results of SEC analysis showed that the polymerization in
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Figure 4. XPS spectra: (a) survey wide scan of native cellulose, (b) survey wide scan of celitiRSeeopolymer with graft ratio of 39%, (c)
C 1s spectrum and its components of native cellulose, (d) C 1s spectrum and its components of geRdbsepolymer with graft ratio of 39%.

toluene was controlled. However, the grafting was very low;

the maximum graft ratio was just 3% when the conversion was
10% at 9.36 kGy dose. This low graft ratio may be due to a
(premature) transfer reaction of the surface-bond radicals with
toluene. This transfer to solvent subsequently decreases th
number of polymer chains that can be grafted to the surface as
the number of “attachment points” on the surface are reduced
resulting in a lower graft ratio. In addition, toluene is an apolar

solvent and therefore the hydrogen bonds among the cellulose

may be formed again, leading to a reduced surface area for
grafting. Because of the insufficient grafting obtained in toluene,
we performed the polymerizations in a polar solvent mixture
of dioxan—water (2% of the total solution volume is water).
The 2% (v/v) water is compatible with producing homogeneous
solutions as well as helping cellulose to swell, while still
allowing solubility of PSt produced during irradiatiéf.in
addition to obtaining satisfying graft ratios (max. 39% grafting),
controlled polymerization was also observed in dioxamater
mixture using CPDA as the RAFT agent, styrene as the
monomer, and/-radiation as the source of initiation. This is
demonstrated in Figure 1, where the linear evolution of the
number-average molecular weighiél,, with conversion-
expected for a controlled polymerization-is depicted. Further-
more, the polydispersity index (PDI, i.e., the ratio of weight-
average molecular weighM,,, to M;) remains low (1.25)
throughout the duration of the polymerization. The agreement
with the theoretical number-average molecular weighr,,
(calculated by eq 3) is also excellent.

The full molecular weight distributions obtained at different
times are depicted in Figure 2 for the nongrafted PSt formed
during the graft polymerizations.

We also investigated the influence of the added cellulose on

&he styrene polymerization: Styrene homopolymerization initi-

ated viay-radiation and mediated via CPDA was performed in
dioxane-water without the addition of cellulose. (The same
(identical) solution was used for the homopolymerization and
graft polymerization.) The homopolymerization of styrene
without cellulose substrate also demonstrated a controlled
character (see Supporting Information, Figures 2S and 3S).
Comparison of the styrene polymerization with and without
cellulose shows that the addition of cellulose leads to higher
conversions at the same time and therefore higher molecular
weights: e.g., polymerization without cellulose results in a
conversion of 4.11% and &, of 2230 g mot? after 72 h,
polymerization with cellulose results in a conversion of 7.06%
and a M, of 4740 g mot! after 72 h (see Supporting
Information, Table 1S). As mentioned above, thg value of
cellulose is higher than that of styrene. Therefore, addition of
cellulose to the reaction mixture leads to the generation of more
radicals that can start the polymerization which results in a
higher conversion and therefore highdy, (see also eq 3).

Raman Analysis.Raman spectra and the analysis of char-
acteristic shifts of cellulose (Figure 3 a) and cellulgsBSt
copolymers (of different graft ratios, Figure -3d) are shown
in Figure 3.
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Figure 5. (a) Thermogravimetry and (b) derivative thermogravimetry
curves of () cellulose; (- -) PSt; ¢--) celluloseg-PSt, 39% gratft ratio;
(= —) celluloseg-PSt, 20% graft ratio.

Inspection of Figure 3, parts-l shows bands at 996 crh
characteristic of PSt (€C ring “breathing” vibration)? in-
plane CH bending vibration at 1032 cfp intense GC
stretching vibration at 1603 cm, in-plane ring bending at 622
cm~! and aromatic CH stretching at 3053 cThis illustrates (d)
the successful grafting between cellulose and PSt. As can be
seen in Figure 3, the intensity of these Raman bands increase
proportionally with the amount of styrene grafted from the
surface of the cellulose substrdté-urthermore, the Raman shift
at 787 cnl, corresponding to €S stretching®46 shows the
presence of the RAFT end groups of the grafted PSt, which
indicates that polymerizations occurred via the RAFT mecha-
nism. Figure 6. SEM photomicrographs: (a) native cellulose; (b) water

X-ray Photoelectron Spectroscopy (XPS) AnalysisThe contact angle 138(left) and corresponding SEM photomicrograph of
surface compositions of cellulose and cellulgsBSt copolymer gg:‘ggsggaﬁ’ftys3§|\°ﬂﬁ’ %rgféirr:]?érgi)r\évart]e(;f%%rlllta}d gg&'{ﬂ% 35*9%%2@

. : ; i Y b
with 39%'graft ratio were studied by XPS. Flgur.e 4 shows the (d) wa‘t)er congtact aan)jle 12:{Ieft)gan% correspc()%;ding’ SEM gphotor%i-
sulrlvTc))/S\éwde scan and C 1s spectra of the native and graftedcrograph of cellulose-PSt, 20% grafting.
cellu .

The surface chemical compositions calculated using the peak Thermal Analysis. DSC was used for studying the thermal
areas of the XPS spectra are inserted to the survey wide scangransitions occurring in the course of heating under an inert
As can be seen from these values, the amount of carbon atomsatmosphere. As presented in Table 1, the R&t€ 13 750 g
for the celluloseg-PSt copolymer increases from 60.4% to 74% mol~1, PDI = 1.23) sample synthesized via RAFT polymeri-
whereas the amount of oxygen atoms decreases from 39.6% taation, shows one thermal transition at around°@9 which
25.4% due to the PSt grafted from the cellulose. The change iscorresponds to the glass transition temperatdig ¢f this
more evident in the C 1s spectra: The C 1s spectrum of native polymer. The cellulosg-PSt samples also exhibit a single
cellulose consists of a main peak with a bonding energy (BE) thermal transition, but at a higher temperature than that of PSt,
of 286.5 eV attributed to €0 bonds. However with grafting, at around 115C, (see Table 1, see Supporting Information,
the main peak appears at 285 eV, attributed toeQCbonds. Figure 1S, for whole DSC thermograms). Since cellulose does
This change indicates the grafting of PSt from cellulose. As not exhibit aTg, the transition observed here should be due to
can be seen in Figure 4b, S 2s and S 2p peaks also appear ithe Ty of PSt grafted from the cellulose substrate.
the survey wide scan of cellulogePSt, which indicates the Table 1 also shows thel, values of PSt cleaved from the
presence of the RAFT end group of PSt. celluloseg-PSt copolymers used in the DSC studies. The
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16 Table 3. Number-Average Molecular Weight, and Polydispersity
Indices for Free and Cleaved Polystyrene Polymerized via
y-Initiated Reversible Addition Fragmentation Chain Transfer
Polymerization from Cellulose?

144 — =~ cellulose-g-PSt, 20 % graft ratio . A

12 cellulose-g-PSt, 30 % graft ratio

------- cellulose-g-PSt, 39 % graft ratio

a Reversible addition fragmentation chain transfer (RAFT) polymerization

>

E 104 graft Mn/g PDI

2 ratio/  mol~!  PDIfree Mygmol! cleaved
S 8 time/h convn/% wt%P free PSt PSE cleaved PSt  PSt

§ 6: 96 9.18 20.10 6050 1.24 6570 1.18
3 - 160 16.50 30.00 10760 1.21 11420 1.18
% 44 232 19.70 39.10 13750 1.23 14 500 1.13
s

=

of styrene (3.45 mol t1) from cellulose (0.04 g) initiated vig-irradiation

1 ’ (dose rate, 0.09 kGyH) in dioxane-water (98:2 v/v) at [St}/[CPDA
-2 : T : . T . : . : . 690:1 and room temperatureMonomer conversion and graft ratio
2.0 25 3.0 35 4.0 4.5 5.0 determined gravimetrically. Number-average molecular weigit,,, and
log ( M/ g mol”) polydispersity index, PDI, determined via size-exclusion chromatography,

SEC, using tetrahydrofuran, THF, as eluent with polystyrene (PSt) standards
Figure 7. SEC chromatograms of polystyrene cleaved from the for free PStformed during the graft polymerization of styrene from cellulose.
cellulose substrate formed duripgnitiated graft polymerization from 4 M, and PDI for PSt grafts cleaved from the surface of cellulose after acidic
cellulose mediated via the RAFT agent cumyl phenyldithioacetate hydrolysis.
(CPDA): [St]= 3.45 mol L%, cellulose (0.04 g), dose rate 0.09 kGy ) )
h™%, in dioxane-water (98:2 v/v), [St}/[CPDA]= 690:1, at room filter paper adsorbs water very quickly, rendering measurement
temperature. of the contact angle impossible. However, the cellulggeSt
samples having graft ratios of 20%, 30%, and 39% became very
increase inTgs of the copolymer samples is attributed to the hydrophobic with CAs of 123, 134, and 138&ee Figure 6),
restricted mobility of PSt chains grafted from the cellulose respectively. It was observed that the water droplet was partly
surface; this effect cannot be explained using the difference in absorbed beneath the surface after a period of time; the CA
M, values. However, the slight change observed amondghe  decreased to 94, 103, and 21éfter 50 min for the above-
of copolymers is probably caused by the difference in molecular mentioned cellulosic copolymers, respectively. Afterward, no
weights of the PSt grafts. A physical mixture of PSt and more water absorption could be detected for the samples,
cellulose-having 39% PSt in weight-showed a different thermal suggesting sufficient surface coverage.
transition (101°C) from those obtained for cellulogePSt Cleaving of the PSt Grafts from the Cellulose Surface.
copolymers. The thermal transition at 1 is compatible with Assessment of the Enzymatic Hydrolysis of Cellulosic
the Ty of homo-PSt (e.g., nongrafted PSt). This observation Materials. Enzymatic hydrolysis of the cellulosic materials was
confirms the covalent grafting of PSt chains from the surface studied usingr. reeseicellulase enzyme. Native cellulose was
of cellulose, and restriction imposed on the segmental motion dissolved into free fibers after being immersed in a solution
of the PSt chains as a result of grafting. containing the cellulase enzyme for 24 h. At the end of the
TGA was performed to study the decomposition pattern and third day, native cellulose was completely hydrolyzed. However,
thermal stability of the graft copolymers. Thermogravimetry celluloseg-PSt copolymer with 39% graft ratio was still intact
(TG) and derivative thermogravimetry (DTG) curves of cel- even after 3 weeks. Therefore, it is impossible to cleave the
lulose, PSt, = 13 750 g mof?, PDI = 1.23) and cellulosic PSt grafts from the surface by enzymatic hydrolysis. This
copolymers with different graft ratios are shown in Figure 5, indicates that the grafted PSt chains are efficiently covering the
the data are summarized in Table 2. surface of the cellulose, protecting it from being attacked by
TG and DTG curves show that the degradation profile of the the enzyme.
grafted samples contains two steps; the first is due to the Acidic Hydrolysis of Cellulosic Substrate. Due to the
degradation of cellulose whereas the latter is due to PStimportance of surface modification and controlled/living po-
degradation. From the results in Table 2, it can be seen thatlymerization methods, studies containing both subjects have
both the initial decompositionT(;) and the maximum decom-  received much attention over the past years to synthesize well-
position (Tam) temperatures of cellulosgPSt copolymers are  defined grafted materials. In some of these studies, the individual
higher than those of native cellulose, indicating the increased grafts were cleaved from the polymer backbones to determine
thermal stability of cellulose after grafting. The second step the degree of control of the free radical grafting pro¢é4g49.50
attributed to PSt decomposition also shifted to highgrvalues However, in all these studies the surfaces had already been
for the copolymers compared to that of pure PSt, which modified with suitable functionalities (e.g., RAFT agent, or
illustrates the covalent attachment of PSt to celluk§s@. ATRP initiator) prior to the grafting process which allows the
Furthermore, an increase in degradation temperature for thegrafted polymer chains to be grown from the polymer backbone
second step is observed with an increase of the PSt content inn a controlled manner. Another benefit of these prior modifica-
the copolymer as has been reported by Roy &t al. tions was to facilitate the cleaving of the grafts by enriching
Scanning Electron Microscopy.SEM micrographs of native  the polymer backbones with suitable chemical functionalities
cellulose and cellulosg-PSt copolymers are shown in Figure (e.g., ester and ether bonds on the surface). To the best of our
6. The structural features of the cellulosic copolymers are knowledge, there is no study in the literature verifying the
different than that of the native cellulose since the grafting control of the free radical grafting process without prior
occurs mainly at the surface of cellulose. The surface coveragemodifications of the surface. This has been the main motivation
of cellulose by PSt increases with increasing graft ratio. of the present study since determining the degree of control of
Water Contact Angle. Surface characterization of cellulose the grafting from an unmodified surface would be valuable in
via water contact angle (CA) measurement is not straightforward terms of verifying the controlled character of a “grafting from”
due to the inherent roughness and the adsorbing nature of theapproach via the RAFT technique.
cellulose surface. Therefore, CA measurements can only be When the native cellulose was allowed to the acidic conditions
considered conjectures of the surface propeffidhe virgin it was quickly hydrolyzed, leading to a homogeneous brown
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solution, while it was necessary to wait for 3 weeks for the (11) Solomon, D. HJ. Polym. Sci., Part A: Polym. Che2005 43, 5748~

: 5764.
complete hydrolysis of the cellulogePSt copolymers due to ., Pole. 5 Bosman A W.: Harth, €hem. Re. 2001, 101, 3661
their highly hydrophobic character. In most cases, the amount ™ 35gg5°
of cleaved PSt was too low for analysis. In the case of (13) Matyjaszewski, K.; Xia, JChem. Re. 2001, 101, 2921—2990.
copolymers with graft ratios of 20%, 30%, and 39%, cleaved (14) ;386353)379”33,7;/-: Pintauer, T.; MatyjaszewskiPKkog. Polym. Sci2001,
PSt was successfully analyzed by SEC (Figure 7). . (15) Pérrier, S, '.rakolpuckdee, B. Polym. Sci., Part A: Polym. Chem.
Table 3 compares thd,, and PDI values of cleaved PSt with 2005 43, 5347-5393.
those values of free (nongrafted) PSt existing in the grafting (16) Moad, G.; Rizzardo, E.; Thang, S. Aust. J. Chen2005 58, 379~
medium. 410. .

As can be seen from Table 3, as well as having low PDIs, ") ggf‘d’ G.; Rizzardo, E.; Thang, S. Aust. J. Chem2008 59, 669~
the M,, values of cleaved PSt are also very close to the values (18) Favier, A.; Charreyre, M.-TMacromol. Rapid Commur2006 27,
of the corresponding free PSt, and thus to the theoretical 653-692. , _
molecular weight values. This clearly shows that the radical (19) Bamer, L. Davis, T. P Stenzel, M. H.. Bamer-Kowollk, C.

N Macromol. Rapid Commur2007, 28, 539-559.
graft RAFT.ponmenzatlo.n of styrene from the surface of (20) paly, W. H.; Evenson, T. S.; lacono, S. T.; Walker, Jones, R.
cellulose without any prior modification of the cellulose Macromol. Symp2001, 174, 155-163. _ _
substrate is a controlled process. It is therefore also a valid (21) beeés- 2-”: FXO%DS%, E&:Fé}% N:O”ely‘Q%O \L/lV5 '\g;\;ylgsézzewskh K.; Sun,

f ., Russell, A. J.Blomacr olecule: 3 — .

gpproach to analyze the free (r_10ngrafted) polymer to gain (22) Carlmark, A.; Malmstim, E. J. Am. Chem. So2002 124, 900
information on the molecular weight and PDI of the grafted 901.
polymer. This finding is of extremely high significance as (23) Carlmark, A.; Malmstim, E. Biomacromoleculef003 4, 1740~

i i i i 1745,
cleaving of the grafted polymer from surfaces is often impossible (24) Zhou, Q.. Greffe, L.: Baumann, M. J.: MalristioE. Macromolecules

or very time-consuming. 2005 38, 3547-3549.
Conclusions.Styrene was successfully grafted from cellulose (25) Perrier, S.; Takolpuckdee, P.; Westwood, J.; Lewis, D.MAcro-
by the combination of radiation-induced initiation and the RAFT molecules2004 37, 2709-2717.

; ; ; ; (26) Takolpuckdee, P.; Westwood, J.; Lewis, D. M.; Perrieivi&romol.
technique, leading to highly hydrophobic surfaces. The RAFT Symp.2004 37 2709-2717.

agent CPDA was used and the polymerization was performed (27) Takolpuckdee, PAust. J. Chem2005 58, 66.

in a mixture of dioxane-water. The PSt grafts grown from the  (28) Roy, D.; Guthrie, J. T.; Perrier, Slacromolecule2005 38, 10363-
surface were cleaved by acidic hydrolysis of the cellulose 10372. . .

substrate. The free (nongrafted) PSt and the cleaved grafts had?®) Q. J- F-: Davis, T. P Rizzardo, hem. Commur2001, 1044-
almost the sam#, (nearly theoreticaM,,) and PDI. TheMj, (30) Barner-Kowollik, C.Aust. J. Chem2001, 54, 343.

of the grafted as well as the nongrafted PSt increased linearly (31) Quinn, J. F.; Barner, L.; Rizzardo, E.; Davis, T.R.Polym. Sci.,

; i ; it Part A: Polym. Chem2002 40, 19-25.
with monomer conversion and the polydispersities were narrow. (32) Barner, L. Quinn, J. F.. Barner-Kowolli, C. Vana, P.: Davis, T. P.

These are first re_sults _verifying the contrql of thé.nitiated,. Eur. Polym. J.2003 39, 449-459.
free radical grafting via the RAFT technique without prior (33) Millard, P.; Barner, L.; Stenzel, M. H.; Davis, T. P.; Barner-Kowollik,
modification of the surfaces. C.; Muller, A. H. E. Macromol. Rapid Commur2006 27, 821—828.

(34) Barner, L.; Zwaneveld, N.; Perera, S.; Pham, Y.; Davis, T. Polym.

. . Sci., Part A: Polym. Chen2002 40, 4180-4192.
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