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Cotton fibers were modified by surface-initiated atom transfer radical polymerization of ethyl acrylate (EA) followed
by copolymerization with styrene. Either ethyl 2-bromopropionate as a sacrificial free initiator or Cu(ll) as a
deactivator was used to optimize the EA grafting yield and to preserve the livingness of the chain ends for the
subsequent growth of a poly(styrene) (PSty) block from the poly(ethyl acrylate) (PEA) grafts. The polymer-
encapsulated cotton fibers were analyzed by Fourier transform infrared spectroscopy, scanning electron microscopy,
differential scanning calorimetry (DSC), thermogravimetric analysis, and solid-state NMR (high-resét@ion
cross-polarization magic angle spinnidtl spin—lattice relaxation times, antH free induction decay analysis
NMR). The latter allowed the detection of the dynamic modifications associated with the presence of homo- and
block copolymer grafts. In particular, the results of the DSC and NMR investigations suggest a heterogeneous
morphology of theg-PEA-b-PSty grafted skin, which could be described as an inner laygfREA sandwiched
between the semicrystalline cellulose of the core fiber and the high glass transition temperature PSty of the
covalently linked outer layer. Such morphology results in a reduced molecular mobility of the PEA chains.

Introduction initiator, Cu(l) complex catalyst) is required to maintain
adequate control of the grafting-from polymerization proé@ss.
In the last few decades a large number of studies have In fact, a larger amount of initiator promotes faster buildup of
elucidated the main structural and morphological features of the concentration of Cu(ll) deactivator as a result of some
pure cellulose, in relation with its reactivity and with the jrreversible terminations by radical couplift??Direct addition
presence of different crystalline forms and amorphous regions. of 4 small amount of Cu(ll) deactivator together with the Cu(l)
More recently, t.h.e main interest |n.th|s field has _been dlreCFed catalyst has a similar effect on the overall polymerization
toward the modification of the physg:al and chemical propgrt!es kinetics, while preventing the formation of a large fraction of
of ceIIqus_e-based na_tural fibers, vv_|th th_e purpose of obtaining ungrafted homopolymer as in the case of the addition of
new functional materials or preparing high-performance com- e S
posites based on renewable resources. For this purpose, grezﬁ"’mmc"”lI free initiator.
efforts have been devoted to the development of new processes Spectroscopic, chromatographic, thermoanalytical, and surface-
and chemistry aiming at modifying the surfaces of cellulose specific characterization techniques have been employed to
fibers to make them more compatible with synthetic polyrfiérs, investigate the morphology of the modified surface as well as
to reduce their hydrophilicity and sensitivity to chemical and the composition, structure, length, and surface density of the
biological agents, and to increase their elasticity, and resistancepolymer grafts-’-22 Some of these techniques require that the
to abrasion and heét. polymer brush be selectively cleaved and recovered from the
Through surface-initiated “grafting-from” polymerization the  solid substrate, a not always trivial ta&k.
fiber surface can be modified by a wide range of covalently

i 12 i 14
anchored polymer bristlés Both conventiondf-'*and, more literature concerning the solid-state NMR (SSNMR) character-

recently, controlled/living?16 polymerization processes have ._ . )
been successfully employed for this purpose. The latter can !zatlon of polymer brushes anchored on a solid surface, whether

provide a higher grafting density of nearly monodisperse grafts inorganic or or_gamc, e.g., the cellulose fiber. In particular, the_
with well-defined molecular weights and controlled structures SSNMR technique was mainly used as a tool for the determi-
(e.g., block copolymers). In case of atom transfer radical nation of the grafting yield, the characterization of the morphol-

polymerization (ATRPY 19 initiated from a solid surface, the 09y of the grafted chains with respect to the cellulose bulk,
addition of a comparatively large amount of “sacrificial” free and the detection of modifications induced in the cellulose
initiator to the polymerization system (monomer, surface-graft domains following the functionalization with the polyn#ér26
In the present work natural cotton fibers have been modified
* Author to whom correspondence should be addressed. Pho#38: with poly(ethyl acrylate) (PEA) and poly(ethyl acryldbe-

However, only a few scattered studies can be found in the

OS%anivifg?é;a;‘Qfg 050221 9320. E-mail: vetro@dcci.unipi.i. styrene) graftsd-PEA-b-PSty) grown from the surfaces of the
tPolyLab-CNR. fibers after binding a suitable ATRP initiator. Cotton was chosen
SINSTM. as the substrate because of its chemical homogeneity988

10.1021/bm060602w CCC: $37.00 © 2007 American Chemical Society

Published on Web 12/24/2006
CbhV



Cotton Fibers Encapsulated with Copolymers Biomacromolecules, Vol. 8, No. 2, 2007 499

wt % cellulose in the natural fiber, reaching as much as 99 wt with a CCA7 cooling controller operating with liquid nitrogen and a
% after the standard scouring and bleaching carried out to Mettler Toledo 851 TGA/SDTA thermogravimetric and differential
remove proteins, pectic-gum-like carbohydrates, ash, and wax)thermal analyzer. DSC scans were run afClmin between-50 and
and its relevance in textile, packaging, membrane, and other120°C; the relevant data were collected from the second heating scan
app“catlons The pOSS|b|||ty Of mod|fy|ng the Surface of after resetting the thermal hiStOry of the material with a first heating
cellulose with polymer grafts of controlled length and composi- @nd cooling scan. In and Zn standards were used for instrument
tion, providing hydrophobic, adhesive, and other more sophis- callbr_atl_on. TGA scans were performed under a nltrog(_en purge_at 10
ticated surface-specific properties, is of obvious interest for many C/Min in the temperature range between 25 and*0Gn intermedi-
applications ate isothermal step at 13C (30 min) was inserted in the temperature

‘ t let tion of adsorbed water.

Both the sacrificial free initiator and the added Cu(ll) Sc?n O ensure complete evaporafion o1 aCSoTbec waler
deactivator approaches have been investigated. The former .3C H'ghfreSOIl.Jt'.on solid-state NMR experiments were perform?d
minimizes irreversible termination and formation of dead grafted using a Varian Infinity Plus 400 double-channel spectrometer operating

. . L2 at the®*C Larmor frequency of 100.56 MHz, equipped with two CP-
chains, .the.refore being preferred for the Ce,"u'ose'm't'?wd MAS probes for rotors with outer diameters of 7.5 and 3.2 mm. The
polymgnzatlon of ethyl acrylate (EA). The latter is the technique lengths of both théC and thetH 90° pulses were 4.1 and 2. for
of choice for the second stage, allowing better control of the

A et the 7.5 and 3.2 mm probes, respectively. The carbon spectra were
block cppolymerlzatlon of styrene (Sty) upon reinitiation from acquired using the CP-MAS pulse sequence spinning the sample at
the activated cottog-PEA.

6.0 and 15.0 kHz MAS frequencies and under high-povir
Styrene and ethyl acrylate were chosen as the comonomersiecoupling conditions, using a relaxation delay ef/5s and a contact
to allow a straightforward investigation of the graft polymeri- time of 1 ms.
zation process by means of readily available characterization The !H spin-lattice relaxation times in the laboratory framg)(
techniques, such as attenuated total reflectance (ATR) Fourierwere measured by means of 8C-detected inversioarecovery
transform infrared (FT-IR) and SSNMR spectroscopies, scan- technique?®
ning electron microscopy (SEM), size exclusion chromatography  The H low-resolution SSNMR experiments were carried out on a
(SEC), and thermal analyses. In particular, the different glass single-channel Varian XL-100 spectrometer interfaced with a DS-NMR
transition temperatures of the two homopolymers of EA and Stelar acquisition system, equippediwét 5 mmprobe head, working
Sty and their mutual immiscibilif/ were expected to facilitate  at the proton Larmor frequency of 25 MHz. In all of the experiments
the characterization of each homopolymer domain. High- and the FIDs were acquired under on-resonance conditions following a solid
low-resolution SSNMR experiments3C cross-polarization  echo pulse sequence to avoid the dead time effect; thpi@Se length
magic angle spinning (CP-MAS}H T; and!H on-resonance was 2.7us. The echo delay was 1, and the dwell time was js.
free induction decay (FID) analysis) were specifically aimed at ~ Temperature and MAS rates were always controlled within°Q.2
detecting the structural and dynamic modifications induced in and 5 Hz, respectively.
cellulose and PEA domains after the PEA grafting and Sty  Cotton Fiber Purification. The unbleached cotton fibers were stirred
copolymerization, respectively. The degree of mixing among for 60 min at 100°C in aqueous N£LOs (2 g/L, at a 1:20 w/v fiber to

the immiscible components of the synthesized composite liquor ratio), rinsed with diluted acetic acid, and then with distilled
materials could also be investigated. water to neutrality. The air-dried fibers were further extracted with

petroleum ether in a Soxhlet apparatus to remove residual V#axes,
then vacuum-dried to constant weight (48 h at room temperature), and
stored under nitrogen.

Binding of the Initiator to the Surface. The purified fibers (1.5 g)
were added under a nitrogen atmosphere to a solution containing 3.0
mL of Py (37 mmol) and 3.0 mL of BIBB (24 mmol) diluted in 100
mL of dry THF 3! The mixture was stirred at reflux for the given time
(15 min, unless otherwise specified), then the fibers were first rinsed,
then extracted with ethanol (96%) in a Soxhlet apparatus, conditioned
moisobutyrylbromide (BIBB), CuBr(99%, stored under nitrogen), and  as before by vacuum-drying 48 h at room temperature to a constant
N,N,N’,N”,N”—pentamethyldiethylenetriamine (PMDETASQ%) were We|ght7 and then stored under nitrogen.
purchased from Aldrich and used as received. Unbleached cotton fibers 4t Polymerization of Ethyl Acrylate with Sacrificial Free
were received from Tecnotessile (Prato, ltaly). Initiator (CotEA2). CuBr (14.3 mg, 0.1 mmol), anisole (2.0 mL),

Techniques.FT-IR spectroscopy was performed on a Perkin-Elmer pyDETA (20.9uL, 0.1 mmol), and EA (2.16 mL, 19.9 mmol) were
Spectrum GX instrument equipped with a Spectra Tech horizontal ATR jntroduced into a Schlenk flask under dry nitrogen. The solution turned

Experimental Section

Materials. Ethyl acrylate (EA, Aldrich), styrene (Sty, Aldrich), and
anisole (Fluka) were distilled from CaHunder reduced pressure.
Tetrahydrofuran (THF) and pyridine (Py) were distilled from Na/K and
KOH, respectively. CuBr (98%, Aldrich) was purified according to the
published procedur®. Ethyl 2-bromopropionate (EBP, 99%), 2-bro-

accessory.

light green as complex formation occurred. To the reaction vessel

SEM was performed on fiber samples sputtered with gold using a degassed with three freezpump-thaw cycles were then added, under

JEOL JSM T-300 instrument operating at 12 keV.
The sessile static contact angle with waiéy) (vas determined with
a KSV CAM-200 instrument on disks of polymer-grafted cotton

a dry nitrogen blanket, the surface-modified cotton fibers (0.4124 g)
and the free initiator EBP (26L, 0.2 mmol). The flask was then placed
in a thermostated oil bath and left at 90 for 24 h. At the end of the

prepared by compression molding at room temperature and a 10 tonreaction the ungrafted free polymer (PEA), unreacted monomer, and
load using a 13 mm die. The reported values are the averages of atcatalyst were removed from the polymer-grafted cotton fibers by Soxhlet

least six measurements withy&h bidistilled water droplets.
Molecular weights were determined by SEC from 5 g/L chloroform

extraction with methanol. The polymerization solution and the collected
methanol extracts were combined, the solvent was removed with a

solutions, using a Perkin-Elmer model 2/2 pump with a Rheodyne 7161 rotavapor, and the solid residue was taken up with chloroform and eluted

injector, two PLgel Mixed-C columns, a Jasco 830 RI differential

through a silica gel column to remove the copper catalyst. The free

refractometer, and a Perkin-Elmer LC-75 spectrophotometric detector, polymer and the grafted cotton fibers were recovered and vacuum-

operating at 1 mL/min. A set of polystyrene standafdsg, .1, 9, 19,
83, and 233 kDa) was used for calibration.
Differential scanning calorimetry (DSC) and thermogravimetric

dried separately.

Graft Polymerization of EA with Cu(ll) Deactivator (CotEA3).
CuBr (101.6 mg, 0.708 mmol), CuBs.0 mg, 0.022 mmol), dry anisole

analysis (TGA) were carried out using a Perkin-Elmer DSC7 equipped (18 mL), and PMDETA (0.154 mL, 0.737 mmol) were introduced un&%v
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Table 1. Grafting-From Polymerizations of EA Initiated by Cellulose-BIBB (CotEAn) and Block Copolymerizations of Sty from the CotEA
Surface (CotEAnNSty)

ElCa free initiator polymer yield? grafting yield® weight uptake? expected M,® Mof

run (mol/geotion)  (MOl/Geotton)  Cu(ll)  monomer (%) (%) (%) (g mol1) (g mol™Y); PDI
CotEA1 0 48 x 107  no EA 93.5 none none 10000 12300; 1.14
CotEA2 >5.9 x 107> 48 x 10°° no EA 95.0 155 67 10000 11900; 1.16
CotEA3 n.d. no yes EA 23.3 79.9 21 n.d.
CotEA4 >6.5x 10> no yes EA 30.3 72.2 426 301000 66100; 1.35
CotEA5 n.d. no yes EA n.d. n.d. 5 n.d.
CotEA2Sty =5.6 x 1076 no yes Sty 5.2 82.2 138 5700000 34700; 1.56
CotEA5Sty >9.0 x 107 no yes Sty 1.7 61.6 11 34000000 32300; 1.45

a Effective initiator concentration (lower threshold) calculated from M, of the free polymer fraction (see text); n.d. = not determined due to the total
amount of free and graft polymer fractions too low for accurate estimates of M, and weight uptake. ? Overall monomer conversion by gravimetry. ¢ Weight
% of grafted polymer (g-PEA) against total polymer produced. ¢ Weight increase of the cotton fibers due to the grafted polymer. € Calculated for a 100%
monomer conversion at the given concentration of active initiator; for CotEA1 and CotEA2 the grafted initiator fraction is considered as negligible. " Determined

by SEC against polystyrene standards.

nitrogen into a Schlenk flask containing a magnetic stirrer. The green
solution was stirred ol h until Cu(ll) was completely dissolved,
yielding a darker green solution as a result of complex formation. EA
(3.0 mL, 27.7 mmol) and 3.0 mL of the obtained catalyst solution were
transferred under a nitrogen blanket into a Schlenk flask containing
0.404 g of initiator-modified cotton fibers. The reaction vessel was
deoxygenated with three freezpump—thaw cycles, then the excess
solution was taken up with a syringe, under a nitrogen blanket, until
only 0.971 g of solution wetting the cotton fibers was left. By assuming
that the two fractions were homogeneous and uniform, the mixture left
on the fibers had the following composition: CuBr (2.75 mg, 0.0191
mmol), CuBp (0.141 mg, 0.0006 mmol), PMDETA (44L, 0.0197
mmol), EA (0.49 mL, 4.5 mmol), and anisole (0.49 mL). The flask
was placed in a thermostatic oil bath at 90 for 24 h, and the final
polymerization product was purified as described previously.

Graft Polymerization of EA with Cu(ll) Deactivator (CotEA4
and CotEADS). Following the usual procedure, EA (9 mL, 83.06 mmol)

Scheme 1. Binding of the Initiator to the Cotton Surface
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The subsequent reactions were carried out on fibers condi-
tioned to remove most of the absorbed and adsorbed water.
While this procedure allowed us to minimize the interference
of variable amounts of water and to provide a basis for
guantitative measurements by gravimetry, one should take into
account that the extensive removal of plasticizing water from
the amorphous cellulose domains may result in increased
brittleness and partial loss of mechanical strength of the fibers.

Evaluation of the Reactivity of Functionally Modified
Cotton under Grafting-From ATRP Conditions. All of the
polymerization experiments were carried out using the Cu(l)

and 0.425 g of surface-modified cotton fibers were added, under a PMDETA catalytic complex and variously modified cotton

nitrogen blanket, to a Schlenk tube containing CuBr (50.1 mg, 0.349
mmol), CuBg (2.4 mg, 0.0107 mmol), anisole (9 mL), and PMDETA
(75.2uL, 0.360 mmol). The polymerization was then started without
removing the excess solution, and after 22 h at®@ehe polymerization
products were isolated and purified as usual. Two different surface-

fibers.

In the first experiment (CotEAl of Table 1), EA was
polymerized in the presence of unmodified cotton fibers and
EBP as the sacrificial free initiator to ensure the livingness of
the process. Under such conditions no grafted polymer could

modified cotton samples were used, obtained by reacting cotton with be detected, and the SEC analysis of the polymer recovered

BIBB for 15 (CotEA4) and 1 min (CotEAS), respectively.

Block Copolymerization of Styrene onto CotEA-Grafted Cotton
(CotEA2Sty and CotEA5Sty). Following the same procedure as
CotEA4, the CotEA macroinitiator (0.1427 g of CotEA2 and 0.1481 g
of CotEA5 for CotEA2Sty and CotEA5Sty, respectively) were added
to a Schlenk flask containing CuBr (63.0 mg, 0.440 mmol), G819
mg, 0.022 mmol), styrene (5.0 mL, 43.6 mmol), and PMDETA (96.5
uL, 0.462 mmol). The flask was placed in a thermostatic oil bath at
100°C for 3 h, then the polymer-grafted fibers were drained, washed
several times with acetone to remove the catalyst, and Soxhlet extracte
with toluene to remove any free polymer. The polymerization solution
was combined with the acetone and toluene extracts, the solvent wa
removed with a rotavapor, and the solid residue was taken up with
chloroform and then poured into a large excess of methanol to

precipitate any ungrafted poly(styrene). The reprecipitation procedure

was repeated twice to remove the last traces of the catalyst.

Results and Discussion

Unbleached cotton was purified by mild treatment with hot
soda lime, followed by extraction with a hydrocarbon solvent

S,

from the anisole solution gave M, value of 12 300 g mott
with a narrow polydispersity index (PDI), in good agreement
with the expected value of 10000 g mbl(based on the
monomer/initiator molar ratio; 9500 g mdl upon correction
for the actual monomer conversion). This is a clear indication
that the presence of the cotton fibers does not affect the
controlled ATRP process occurring in solution.

To promote the growth of polymer grafts from the fiber
surface a suitable ATRP initiator must be covalently linked to

%he cotton cellulose. To this purpose the hydroxyl groups of

cellulose were reacted with BIBB at refluxing THF (Scheme
1). The resulting ester (cell-OBIB) is known as an efficient
ATRP initiating group, its structure being substantially the same
as that of EBP.

A large excess of BIBB is required under such relatively mild
reaction conditions to achieve a detectable grafting yield, that
is, one capable of converting the cotton fiber into an effective
initiating surface for the subsequent EA polymerization.

In fact, the first polymerization test carried out using a
functional cotton fiber prepared by reaction with a much lower
amount of BIBB (1 mol % of the total EA to be used, as in the

to remove any residual noncellulose compounds such as pectigpreparation of polymer grafts of DB 100 for a theoretical
substances, proteins, waxes, pigments, and inorganic salts. Thesguantitative grafting of BIBB, cell-OBIB initiating efficiency,

are mainly located in the primary shell of the fiber, particularly
on its surface, and can affect fiber reactivity.

and monomer conversion) gave no noticeable grafting yield.
A second functionalization reaction was thus performed \%B\/



Cotton Fibers Encapsulated with Copolymers

E

)

723 -

2 -

1800 1750 1700
4000 3500 3000 2500 2000 1500 1000 500
cm”
Figure 1. ATR FT-IR spectrum of native cotton fibers, with the

characteristic C—O—C stretching bands at 1030 (strongest absorp-
tion), 1055, 1108, and 1161 cm™1, the methylene stretching and
scissoring at 2900 and 1430 cm™1, respectively, and the broad and
strong O—H stretching absorption in the 3600—3100 cm~1 range. In
the inset (magnification 1.6 x) are reported the carbonyl absorptions
from the spectra (normalized against the absorption at 1030 cm~1)
of the same fibers, taken at different times of the esterification with
BIBB (16 mmol/g fibers).

a 100-fold excess of BIBB (16 mmol/g cotton) to allow for the
partial hydrolytic degradation of the acyl bromide caused by

the residual traces of water, either adsorbed or absorbed on the

fiber. Ester formation was confirmed by the presence, in the
ATR FT-IR spectrum of the modified fiber, of a weakbromo-
substituted carbonyl stretching absorption at 1730%Rigure

1). Further evidence of a brominated group at the fiber surface
was obtained by SEM energy dispersive X-ray analysis, although

the Br peak was close to the detection threshold. After the first
30 min of reaction, the cotton fibers turned yellow and started
breaking apart as a result of extensive esterification, involving

not only the fiber surface but also the bulk amorphous regions.

Therefore, the modified fiber obtained after 15 min of reaction

was employed as the standard substrate for the following

experiments of surface-initiated ATRP polymerization.

In particular, CotEA2 was carried out in the presence of cotton
fibers grafted with BIBB according to the procedure described
previously and adopting the same reaction conditions and fee
composition as in CotEAL, that is, CuiPMDETA as the
catalyst and EBP as the sacrificial free initiator. Differently from
the case of CotEA1, a comparatively large fraction of grafted
polymer (15.5% of the total) was obtained, when considering
that the free initiator EBP was in a roughly 10-fold excess with
respect to the grafted BIBB.

While under the above conditions the fraction of free (soluble)

polymer is necessarily much larger than the grafted one, the
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Figure 2. SEM analysis of cotton fibers before (left) and after (right)
the grafting of EA in CotEA2. The scale bar is 5 um in length.

Experimental evidence of a similar molecular weight,j
for the free and grafted polymer fractions has been reported by
several authors, when the amount of added sacrificial initiator
is much larger than that of the surface-grafted initiator, such
that the latter can be neglected in the calculation of the expected
M,y of the final polymer®>36 However, several factors, such as
the limited accessibility of the interfacial region for the species
involved in the ATRP mechanism of chain growth (monomers
and Cliand Cull complexes) or even the presence of a fraction
of “dormant” active chain ends, buried within the polymer layer
due to chain folding, would still result in high&f,, values and
broader molecular weight distributions (MWDs) than in a
homogeneous system. Therefore, the EIC should be considered
as the lowest threshold for the actual EIC, as indicated in eq 1.
While taking into account the above considerations, a series
of experiments carried out using butyl methacrylate (BMA)
instead of EA provided further although indirect evidence that
the assumption of a close correspondencélgffor the free
(f-PEA) and graftedd-PEA) polymer fractions is a fair one. In
fact, differently from the case of cellulogePEA, the cellulose
from celluloseg-poly(butyl methacrylate) (PBMA) could be
selectively and quantitatively hydrolyzed, allowing direct de-
termination ofM,,’'s and MWDs of the cleaved PBMA chains
by SEC analysis. The relevant experimental details can be found
in the Supporting Information.

Surface-Graft Polymerization of EA. As previously men-
tioned, the synthesis CotEA2 was carried out in the presence
of a large excess of sacrificial free initiator. Under these

OIconditions a 67% weight increase of the cotton fibers due to

the g-PEA fraction corresponded to an EIC af5.9 x 107°
mol/g cotton, estimated from thd,, of 11 900 g mot? of the
f-PEA fraction.

The original macroscopic appearance of the cotton fibers was
unchanged after the chemical modification with the exception
of a brighter white color related to the increased scattering from
the rougher surfaces of the fibers. This can be better seen from
the SEM micrographs of the cotton fibers before and after the

presence of such ungrafted polymer is actually helpful, since 9raft polymerization of EA of CotEA2 shown in Figure 2, where

one can estimate the concentration of active initiator covalently

the rough surface of the fibers is clearly associated with a not

bound to the fiber, or the effective initiator concentration (EIC), Uniform coating layer of-PEA.

by assuming thal,, of the free polymer to be equal to that of

thrafted polymer

EIC > 1)

M n(free polymer)

the grafted polymer. Indeed, in our case the acMalof the
grafted poly(ethyl acrylate)g¢PEA) could not be measured
because the latter could not be effectively cleaved from the
cellulose fiber without degradation. All attempts to recover a
pure g-PEA fraction either by hydrolytic demolition of the
cellulos&>32 or by selective cleavage of the cellulegaoly-
acrylate ester bordé#3* were unsuccessful.

From the ATR FT-IR spectra of Figure 3, one can easily
identify the appearance, among the characteristic bands of
cellulose, of additional absorption bands due to cotiePEA,
such as the Chistretching at 2980 cri, the G=0 stretching
at 1727 cm?, the asymmetric Cglbending at 1450 cni, and
the C—O stretching near 1156 crth

The SEC analysis of thePEA fractions from both CotEAL
and CotEA2 showed a narrow main peak with a small shoulder
at shorter elution times. In Figure 4 are reported the SEC trace
and the corresponding deconvolution curves from CotEA2 as a
representative example. From the envelope of the SEC trace
one obtains al, value of 11 900 g moit and a PDI value of
1.16 (Table 1). The deconvolution, based on the assumpti%bC{f/
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Figure 3. ATR FT-IR spectra of CotEA2 (solid line) and native cotton
fibers (dashed line) normalized against the C—O stretching band.
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Figure 4. SEC trace for the soluble fraction from CotEA2 (f-PEA)
and deconvolution curves calculated assuming a bimodal M, distribu-
tion.

a bimodal distribution, gave a low molecular weight fraction
(peak a in Figure 4) with 8, value of 11 620 g mott, much
larger than the high molecular weight fraction (peak b, ap-
proximately 15% of the total) with 8, value of 23 110 g
molL,

Castelvetro et al.
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Figure 5. ATR FT-IR spectrum of CotEA2Sty (solid line) and CotEA2

(dashed line) normalized against the C—O stretching band.

the low conversion and the high grafting yield, the amount of
collectedf-PEA was too small for any characterization, and its
My as well as the EIC could not be measured. Nevertheless the
results of CotEA3 gave the first evidence of the effectiveness
of the method.

To obtain more reliable and complete quantitative data,
CotEA4 was carried out in the presence of a large excess of
solvent (anisole) and monomer. Under these conditions the
overall monomer conversion and grafting yield were ap-
proximately the same as those in CotEA3, but the total amount
of grafted polymer was much larger. This was probably the
result of both a higher average molecular weight of the grafted
chains and a higher grafting density, also causing the extensive
fracturation observed for the grafted fibers from CotEA4.

In CotEA3 and CotEA4, the formation of a 2@8 wt %
ungrafted PEA characterized by a monomodal molecular weight
distribution but a comparatively broader PDI can be explained
by a too low concentration of Cu(ll) deactivator (poorly soluble
in anisole/EA), resulting in poorer control of the polymerization
process and in the not negligible occurrence of chain transfer
and termination reactions. However, the presence of traces of
free BIBB initiator as a source dfPEA could not be ruled
out.

Such results are in agreement with common occurrence, even Surface-Graft Block Copolymerization of Sty from g-PEA

under controlled/living free radical polymerization conditions,

Macroinitiator. Two different cottong-PEA samples character-

of recombination reactions between propagating macroradicalsized by a high (CotEA2) and a low (CotEA5) surface density

taking place particularly at high monomer conversion.
While the addition of sacrificial free initiator in solution
results in a well-controlled polymerization, the method suffers

of ATRP-active Br-terminated-PEA chain ends, respectively,
were employed for the polymerization of styrene to obtain
surface-graft PEA>-PSty copolymers (cotEASty, Table 1).

from a low grafting efficiency and the need for painstaking Sample CotEA5 was prepared in the usual way from a cetton
purification procedures to remove the large amount of ungrafted OBIB sample obtained by reacting cotton fibers with BIBB for
polymer from the polymer-grafted fibers. By replacement of just 1 min (see Experimental Section).
the sacrificial free initiator with an adequate amount of Cu(ll) Both CotEA2Sty and CotEA5Sty were carried out in bulk
deactivator, fair control of the polymerization can be maintained, (thatis, with a large excess of monomer to homogeneously wet
while minimizing the formation of ungrafted polymer. The role the fibers) and without sacrificial free initiator but in the
of the Cu(ll) deactivator is that of reducing the concentration presence of Cu(ll) deactivator, resulting in a comparatively low
of the propagating macroradicals, and thus the rate of the overall monomer conversion and a still rather high grafting yield.
termination reactions, which is characterized by second-order The weight increase of the samples and the ATR FT-IR spectra
kinetics. Moreover, its presence increases the overall rate of Figure 5 confirmed the growth of a styrene homo-block (PSty)
the activation-deactivation catalytic cycle, promoting more initiated from the cottorg-PEA brominated “living” chain ends.
uniform growth of all the macromolecular chains. Unfortunately, as in the case of cottgrPEA, all attempts
The following graft polymerizations were thus carried out in to recover the grafted block copolymers by cleavage from the
the presence of Cu(ll) deactivator. fibers were unsuccessful. Consequently it was not possible to
CotEA3 was carried out in the presence of a mere 30 wt % directly estimate the amount of actively initiatiggPEA chain
of monomer with respect to the cotton fibers, resulting in the ends because of the lack of SEC data on gieEA-b-PSty
incomplete wetting of the fibers and a not negligible loss of copolymer.
volatile monomer during the freez@ump-thawing cycles (not As in the case of the EA polymerizations, a fraction of the
considered in the calculation of the monomer conversion). Also ungrafted homopolymef-PSty) was always collected, indicat-
in this case the original appearance of the cotton fibers wasing the occurrence of some uncontrolled chain transfer to
unchanged after the chemical modification. However, due to monomer and/or homogeneous phase thermal initiation.JB%
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SEC analysis of th&PSty fractions gave monomodal MWDs c2.8.5
with PDI values of approximately 1.5, comparatively broader
than those in the EA polymerization but still compatible with a
controlled interfacial polymerization process. In the case of
CotEA2Sty, the EIC, calculated in the usual way, indicates a
decreased surface density of growing (living) grafted macro-
molecular chains, from the initial 5.9 10-° mol/g in CotEA2

to the final 5.6x 1078 mol/g in CotEA2Sty. Such reduction is
likely to result from a combination of irreversible terminations
and kinetically inactive buried chain ends, as discussed previ-
ously.

The ATR FT-IR spectra of the polymer-grafted cotton fiber
from CotEA2Sty present the same characteristic PEA and
cellulose bands as in CotEA2, as highlighted in Figure 5.
Additional diagnostic PSty absorptions can be found at 3025
and 3060 (aromatic CH stretching), 2920 and 2850 (backbone
CH, stretching), 1600, 1492, and 1450 (in planeCstretching
of the aromatic ring), 755 and 695 (aromatic ring out-of-plane

C—H and C-C bending, respectively) crh. 250 200 150 o, 100 T 0

As expected, the grafted polymer makes the fiber more Figure 6. 13C CP MAS spectra of (a) cellulose, (b) CotEA2, and (c)
hydrophobic. The static contact angles with water of pure cotton CotEA2Sty. The spinning speed was 6 kHz for both cellulose and
could not be measured due to fast absorption. Compression-CotEA2 and 5 kHz for CotEA2Sty, and the contact time was 1 ms for
molded disks prepared with the polymer-grafted cotton gave all the samples. Asterisks denote spinning side bands.
= 91° (standard deviation = 1.3°) for cottong-PEA andf =
81° (o0 = 2.1°) for cottong-PEA-H-PSty. The lower contact
angle measured for cottapPEA-b-PSty is apparently in
contrast with the presence of an outer shell of PSty, siiheg
= 88 and Opsyy = 90° for the pure homopolymer film¥.
However, the apparent higher porosity and surface heterogeneit
of the cottong-PEA plate (with a lower weight fraction of
grafted polymer), confirmed by the absorption of the water
droplet in less than 1 min after the deposition, did not allow us
to draw any straightforward conclusion on the actual composi-
tion of the outer surface layer of cott@aPEA-b-PSty.

While in CotEA5Sty the fibers preserve their original
flexibility and strength, in CotEA2Sty they become quite brittle

and stiff. This is in agreement with the expected more uniform opconationgs The 13C spectrum of CotEA2Sty shows ad-
distribution of PEAb-PSty grafts on the fiber surface in the  iiona| peaks arising from the PSty block attached to the PEA
latter, W|t_h a_phase-separated glassy I_DSty outer layer. 'ndeedgrafts. The main chain CH and Gidarbons give rise to a very
the combination of the presence of a stiff PSty shell and of the j,1anse peak at approximately 40 ppm, while the tertiary and

pro'g.ressive remqval, during 'the' successive synthetic andquaternary aromatic carbons resonate at approximately 128 and
purification operations, of plasticizing water from the cellulose 144 ppm, respectively. Given their large chemical shift aniso-

fibers, is likely to lower the flexibility of the fibers to a point tropy (CSA), the aromatic PSty signals give rise to several
that they no longer bear the mechanical stress derived fromgpinning side bands, occurring at multiple frequencies of the
bending and stretching during their manipulation. spinning frequency (6 kHz in the spectra of Figure 6), partially
Solid-State NMR. To investigate the presence of both overlapping some of the cellulose signals. To discriminate
structural and dynamic modifications induced on the cellulose petween isotropic and spinning side band signals, the spectra
core by the grafting with EA and successive copolymerization of the three samples have also been recorded at a higher MAS
with Sty, high- and low-resolution SSNMR experiments were spinning frequency (15 kHz, results not shown). Neither the
performed on the following samples: pure cotton, CotEA2, cellulose nor the PEA signals 78 exhibit any detectable change
CotEA2Sty, and pure PEA (thfePEA fraction from CotEA2).  with respect to the corresponding spectrum of CotEA2, thus

Such measurements consisted of recording high-resoltd®n  suggesting the absence of dramatic structural changes caused
CP-MAS spectra under high-power proton decoupling condi- py the copolymerization with PSty.

The relative ratio of the peaks at approximately 89 and 84
ppm indicates that in pure cotton cellulose is mostly crystalline.
In the CotEA2 spectrum, additional PEA signals can be
observed: an intense and clearly distinguishable peak at 15 ppm,
due to methyl carbons, two small and large peaks in the 30

Y50 ppm region, due to main chain @end CH carbons, and a
peak at 175 ppm, due to the ester carbons. The signal arising
from CH, carbons of the side-chain ethyl group is hidden by
the cellulose C-6 resonance. By comparison of CotEA2 and pure
cotton spectra no substantial modifications can be observed for
cellulose resonances in the-6010 ppm region, indicating that
the grafting process does not remarkably affect the structural
properties of the cellulose matrix, in agreement with previous

tions, measuringH spin—lattice relaxation times in the labora- 14 FID Analysis. To try to understand the modifications
tory frame {T;) exploiting the'3C high-resolution, as well asin  induced on the molecular dynamics of the different components
low-resolution'H FID analyses. of the systems investigated after each synthetic step (EA grafting

13C CP-MAS Spectralhe13C CP-MAS spectra recorded for  and Sty copolymerization) as well as to extract information about
the different samples are shown in Figure 6. The spectrum of both the number and the mobility of dynamically distinguishable
pure cotton is typical of cellulose (see ref 38 and references domains, a low-resolutiofH FID analysis has been performed
therein for a detailed discussion of the assignment of the on all the samples. This method has already proven useful when
different resonances and, in particular, of those ascribable toapplied to biomacromolecuf&s*! and block copolymer® The
amorphous regions). It consists of the following resonances: FIDs, recorded on-resonance, have been reproduced by means
105 (C-1), 89 (crystalline C-4), 84 (amorphous C-4), 75, 72 of a nonlinear least-squares fitting procedure, using a linear
(C-2, C-3, C-5), and 64 (C-6) ppm. combination of different analytical functions, chosen am%ﬂgv
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Table 2. 'H FID Analysis Results at 20 °C for Pure Cotton, PEA (f-PEA from CotEA2), CotEA2, and CotEA2Sty samples

component parameters cotton PEA CotEA2 CotEA2Sty
| exp wt % 17.2 1.8 10.2 3.4
(mobile regime) T2 (s) 280 1390 436 246
Il exp wt % 45.5
(mobile regime) T2 (s) 109
Il exp wt % 52.7 32.9 55
(intermediate regime) T2 (s) 31.9 41.7 40.0
Pake wt % 82.8 56.9
(rigid regime) B(s™ 53 400 51 700
Run (A) 1.82 1.82
“effective” T (s) 13.4 135
Gaussian wt % 91.1
(rigid regime) T, (s) 15.7

Gaussian, exponential, Pake, Weibullian, and Abragamian. After results obtained grouping the FID fitting functions in this way
an accurate screening of all the possible combinations, theare reported in Table 3, where they are also compared with the
functions actually employed in our case were the first three, results expected on the basis of the known weight percentages
whose expressions are provided as Supporting Information. of the different components. Pure cotton shows a high percent-
The Pake function is characterized by the paramd®ars age of the rigid phase (82.8%), described by the Pake function,
andg, which, in the original formulation represent the distance and a small percentage of the mobile component, in good
between two nearest-neighbor protons and the width of the agreement with previous studi#sthe results for pure PEA,
Gaussian line due to the dipolar interactions between non-whose FID is reproduced by the sum of three exponential
nearest-neighbor protons, respectively. In complex polymeric functions, indicate the absence of rigid domains and a substantial
systems, where no isolated couples of protons are préRgnt,  equivalence between intermediate (third exponential, 52.7%) and
must be thought of as an average parameter. To have a singlenobile (first and second exponentials, 47.3%) domains. The
parameter indicating the decay rate for the Pake function, anFID of the CotEA2 sample is well reproduced by a sum of one
“effective” T, can be defined as the time value at which the Pake and two exponential functions: 10%, 33%, and 57% of
intensity of the function is reduced by a factwith respect to the protons to be present in mobile, intermediate, and rigid
the time zerd? domains, respectively. This result is quite different from that
The parameters characterizing the decay of each function,expected on the basis of the FID results of pure cotton and PEA,
together with its weight, were optimized by the fitting procedure indicating a remarkable increase of rigid and intermediate
and give indications about the rate of the dynamic process anddomains to the detriment of the mobile component, suggesting
the relative percentage of protons belonging to each domain,that the PEA chains undergo a substantial stiffening when
respectively.T, values, or equivalent decay parameters, are grafted to the cellulose surface. The FID of the CotEA2Sty
approximately 16-20 us in the “rigid lattice regime” (occurring ~ sample has been reproduced by a sum of one Gaussian and two
when the molecular motions have characteristic frequencies
lower than the static line width, usually of the order of tens of 0.3
kilohertz), and it monotonically increases with increasing

a

motional characteristic frequencies above this limit. The com- ~0.2
plete results of these analyses are shown in Table 2, while the S
FID analysis of cellulose is reported in Figure 7 as an example. ~ 0.1

Different sets of functions were necessary for obtaining the best
phenomenological reproduction of the FIDs in the different
samples (one exponential and one Pake function, three expo-
nentials, two exponentials, and one Pake function, one expo- 0 0.5 1.5
nential and one Gaussian function, in the cases of pure cotton, Bms)

pure PEA, CotEA2, and CotEA2Sty, respectively), thus render-
ing very difficult a comparison of the dynamic behavior among 0.3 b
different samples.

To facilitate such a comparison, three different dynamic
regimes have been identified in each sample on the basis of the
values ofT or “effective” T,. In particular, a distinction among
“rigid”, “intermediate”, and “mobile” regimes has been per- AN
formed, corresponding td, < 20 us, 20us < T, < 100 us, S~
andT, > 100us, respectively. On one hand, it is clear that this !
distinction in three regimes oversimplifies the complex dynamic 0 0.5 1 1.5

. . . . t(ms)
behavior present in the dlffe-rent doma!ns of the samplt_es, k-)Ut Figure 7. H FID analysis of cellulose: (a) experimental and fitted
on the other hand, we believe that it can be effective in 5% ang gray solid line, respectively); (b) contributions of
hlghllg.htln.g the ma'n changes in the molecular dy_namlcs individual fitting functions exponential (dashed line) and Pake (solid
occurring in passing from one sample to another, ascribable t0jine). The FID was recorded by a solid echo experiment, using an
either EA grafting to cellulose or Sty copolymerization. The echo delay of 12 us and a dwell time of 1 us.

I(a.u.)

Ccbv
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Table 3. Percentage of Protons Belonging to Mobile (T2 > 100 us), Intermediate (20 us < T, < 100 us), and Rigid (T2 < 20 us) Regimes

(See Text), as Derived from the FID Analysis Results of Table 22

motional pure cotton pure PEA CotEA2 CotEA2 CotEA2Sty CotEA2Sty

regime from FID from FID from FID estimated from FID estimated
fast 17% 47% 10% 31% 3% 4%
intermediate 0% 53% 33% 24% 6% 13%
slow 83% 0% 57% 45% 91% 83%

2The column “CotEA2 estimated” refers to the percentage of protons calculated from the FID analysis results of pure cotton and pure PEA. The
column “CotEA2Sty estimated” refers to the percentage of protons calculated from the FID analysis results of CotEA2, and assuming that all of the PSty
protons are in the rigid motional regime. The estimated percentages have been calculated by taking into account the weight percentages of the different
components in CotEA2 and CotEA2Sty (Table 1) as well as the weight percentages of protons in the different components (6.2%, 8.0%, and 7.7% in

cellulose, PEA, and PSty, respectively.

Table 4. Proton Spin—Lattice Relaxation Times in the Laboratory
Frame (T1), Measured for the Different Components (Cotton, PEA,
and PSty) in Each Sample?

component *H T; (s)

and amorphous regions of cellulose observed by means of two-
dimensional*C spin—diffusion experiment4® However, in both
CotEA2 and CotEA2Sty samples, the different components
exhibit slightly differentT; values, indicating that the averaging

sample cotton PEA PSty process carried out by spin diffusion is not complete, i.e., that
the different components are not completely mixed on a 100 A

pure cotton 1.83
pure PEA 1.30 scale. In CotEA2 the PEA component shows the lower
COtEA2 0.98 0.82 relaxation time, there_fo_re !representing the relaxatiqn s_ink for
COtEA2Sty 0.55 0.64 0.75 the whole sample. This indicates that motions occurring in PEA

2The reported values are obtained by exploiting the 3C spectral
resolution (see Experimental Section) at 20 °C and are the averages of
the values measured for the different peaks belonging to each component
(maximum error 5%).

)

are more effective in relaxing protons, i.e., have characteristic
frequencies closer to the proton Larmor frequengyof 400
MHz. This is not surprising, since also in the pure components
T1(PEA) < Ti(cotton). However, it must be noticed that, in
absence of maodification of the dynamic behavior, the population-
exponential functions. The three FID components belong to the weighted relaxation rate (PWRA), defined*as
three different dynamic regimes, whose weight percentages are
now 91%, 6%, and 3%, going from the rigid to the mobile W,
regimes. Also in the hypothesis that all PSty chains are in a z —
rigid environment, the FID analysis for CotEA2Sty indicates a T,
further stiffening caused by the grafting of PSty on CotEA2,
resulting in a reduction of the intermediate component from (wherei runs over the different components of the sample and
the expected 13% to 6% and in a COI‘reSpOI’]dlng increase of the\Nl represents the protons‘ We|ght percentage ini‘[ﬂhleompo_
rigid component. Once again, this stiffening should mainly nent) should not change, being unaffected by spin diffusion.
involve PEA chains, since PEA is the only pure component This quantity is in CotEA2 sensibly higher (1.11%than that
having protons in an intermediate dynami_c regime, an_d inde_ed in pure PEA (0.77 sb), despite the presence of slower relaxing
they should be more affected by changes in the dynamics, beingcellulose protons, suggesting that the intrinsic relaxation times
directly attached to the PSty block. of PEA strongly decreased in passing from pure PEA to
'H Spin-Lattice Relaxation TimesThe dynamic behavior  CotEA2. This might be in principle ascribable to a sensible
in the megahertz regime and the degree of mixing on a 100 A change in PEA dynamics or to the occurrence of additional
spatial scale among the different components have beenrelaxation mechanisms. Indeed, the motions responsible for
investigated in the analyzed samples through the measurementelaxation in pure PEA are in a fast motional regime (&g
of 'H spin—lattice relaxation times in the laboratory frami)( < 1, 7 being the correlation time of the motion), as indicated
under high-resolution conditions, i.e., via CP wii€ nuclei. by the increasing trend df; measured at increasing tempera-
In solid samples the energy of the systems is usually redistrib- tures above 20C (results not shown). The reduction in the
uted among the different protons via homonuclear dipolar intrinsic values of Ty(PEA) on passing from pure PEA to
couplings before being exchanged with the surrounding lattice. CotEA2 is therefore in agreement with the stiffening of PEA
This process, known as spin diffusion, tends to average thefollowing EA grafting to the cotton fibers, previously deduced
relaxation times of the different protons in a sample to a single from FID analysis results.
value. This average is complete in the case of a sample The further increase ifi; PWRA values observed following
homogeneous on a scale of approximately 100 A, while different Sty copolymerization (1.487$) could be in principle ascribable
relaxation times can be measured for protons belonging to to a further stiffening of PEA chains, again in agreement with
different domains with average linear dimensions larger than FID analysis results. However, in this case, it is possible to
100 A% Given the poor proton spectral resolution, these observe that the shortéEtis now that of cotton protons, instead
measurements can be carried out by applying the standardof PEA ones. This behavior is very difficult to be explained by
inversion-recovery technique on the proton channel, followed dynamic behavior only, and it probably has to be ascribed to
by *H—13C CP, thus exploiting the highC spectral resolution.  the presence of residual paramagnetic Cu(ll) ions in the cotton
The results of théH T; measurements performed at 20 domains, which could represent a significant relaxation pathway
for the different samples are shown in Table 4. In all of the for protons.
samples, each of the different components (cotton, PEA, and Thermal Characterization. The influence of the grafted PEA
PSty) shows a unique, averagety T; value within the chains on the thermal behavior and thermal stability of the
experimental error. As far as the cotton component is concerned,modified fibers was investigated by DSC and TGA. The results
this is in agreement with the intimate mixing between crystalline are summarized in Table 5. CDV
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Table 5. Thermal Properties of the Polymer-Grafted Cotton Fibers?

Castelvetro et al.

Ty Acp Tda,10° Td,max® Rsoo? Aw(pol)e g-polymerf
sample o) (Jg K™ o) %) (wt %) (%) (wt %)
cotton 338 361 17 0 0
f-PEA —-19 39 x 1073 358 403 7 93 n.a.
cotton-g-PEA -10 4 x 1073 319 354, 400 10 27 40
cotton-g-PEA-b-PSty 46 5x 1073 334 341,431 6 72 75

a Data from samples CotEA2 and CotEA2Sty for cotton-g-PEA and cotton-g-PEA-b-PSty, respectively ? Temperature at 10% weight loss by TGA (N,
10 °C/min). ¢ Temperature at maximum weight loss rate by TGA. ¢ Residue at T= 600 °C by TGA. ¢ Fractional weight loss due to pyrolytic decomposition
of grafted polymer, by TGA. "Weight % of grafted polymer in the modified cellulose (from the weight uptake data of Table 1).

04

02 +

Heat flow (W/g)

10
Temperature (°C)

Figure 8. DSC scans showing the glass transition in ~PEA (solid
line) and g-PEA (dashed line) from CotEA2. The thermograms are
normalized with respect to the actual PEA weight fraction).

The modified fiber from sample CotEA2 presents a thermal
transition at —10 °C associated with the glass transition
temperatureT) of theg-PEA chains (Figure 8). This is higher
than theT, value reported for bulk PEA with a narroM,
distribution and above the entanglement maés(Tg ~ —19
°C andM, ~ 12 000 g mot?, respectivel§®). However, the
DSC analysis of the free polymer from CotEAZREA of Figure
8) gave aTy value of —19 °C, as expected fromvl, ~ M =
11 900 g mot?. In agreement with the results of tAe FID
analysis, the thermal behavior gfPEA in the sample CotEA2
indicates a lower segmental mobility, with respect to that of
bulk PEA, of the polymer anchored by one chain end to the
fiber surface. It is worth mentioning that this is opposite to the
response of thin films weakly interacting with the substrate,
where theT, decreases with decreasing thickness of the fim.

The above considerations are further confirmed by the
measuredAc, value of 4 x 1073 J K= mol™* for g-PEA in
CotEA2, which compares tdc, = 4 x 1072 J K~ mol~? for
thef-PEA fraction from the same experiment, where the former
is lower than the roughly 1.& 1072 J K™t mol~* one would
expect based on a simple scaling factor (the modified fibers
from CotEA2 contain approximately 40 wt gPEA, according
to the 67% measured weight uptake).

Only a broad second-order transition centered &t 46 °C
could be clearly detected in the first heating scan of CotEA2Sty
(Figure 9). The results of th#H T; investigation indicate that
mixing of the two homopolymer blocks is negligible on a 100
A spatial scale, and thus the observedmust be associated

2
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Figure 9. DSC heating scan showing the glass transition in the
CotEA2Sty sample.

mentioned Ty-lowering effect deriving from a decreasing
thickness of the film.

In Table 5 are also summarized the results from the
thermogravimetric analyses. The onset of the pyrolytic weight
loss (Tq.10) Occurs at a slightly lower temperature in cottgn-
PEA than in pure cotton, possibly as a result of the presence of
the less thermally stable brominated chain ends in the former.
In the TGA curve of CotEA2 (Figure 10) the first of two main
weight loss stages corresponds to the decomposition of cellulose,
with a maximum rate aly max= 354 °C; in the following stage
the decomposition af-PEA takes place witigmax= 398°C,

a temperature only slightly lower than thatfiPEA (Tq max=
403°C). The roughly 30% fractional weight loss in the second
stage of the pyrolytic decomposition of CotEA2 compares fairly
well with the 40 wt % ofg-PEA determined from the weight
uptake after the EA graft polymerization. The block copolymer
structure improves the thermal stability of the modified fibers.
Again, the initial weight loss due to the pyrolysis of cellulose
(Figure 10), withTgy 10 comparable to that of pure cotton, is
followed by a broad decomposition stage involving the whole
block copolymer structure an@lymax = 403 °C, the highest
among the samples investigated increased stability of the graft
copolymer.

Conclusion

The controlled growth of-PEA from the surface of a BIBB-
modified cotton fiber by the ATRP process and the effective
reinitiation from theg-PEA-Br chain ends in the block copo-

with theg-PSty block. If one assumes that the average molecular lymerization of Sty were achieved by the addition of either a

weight ofg-PSty must be comparable with thatfePSty, then
the Ty of the g-PSty block is quite lower than expected. Such
behavior, opposite to that observed fgrPEA, could be
explained as the result of effective decoupling of &Sty
segmental motion from that of the rigid fiber surface promoted
by the bridging, highly mobilg-PEA block. In other words, a

sacrificial free initiator or Cu(ll) as a deactivator to the system
comprising monomer, fiber-grafted initiator, and Cu(l) catalyst.
With the addition of Cu(ll) the formation of free polymer is
effectively reduced, although with some loss of control of the
polymerization process as indicated by the broader PDI of the
ungrafted fraction. Therefore, the synthesis in the presence of

phase-separated outer layer of PSty may behave as a thin filma sacrificial free initiator was preferred for the first stage (growth
weakly interacting with the substrate, emphasizing the previously of g-PEA) to minimize the formation of dead chain ends t&zBV
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Figure 10. Pyrolytic weight loss curves (solid line) and weight loss
rates (dashed line) from the TGA scans of CotEA2 (top) and
CotEA2Sty (bottom).

would have been inactive in the reinitiation, thus preventing
block copolymer growth.

Neither theg-PEA nor theg-PEA-b-PSty chains could be
cleaved from the cellulose without degradation. However,
separate grafting experiments with BMA, allowing us to
successfully recover the PBMA grafts after selective hydrolysis
of cottong-PBMA, confirmed the anticipated fair correspon-
dence betweeM, and PDI of thef-PBMA and g-PBMA
fraction, respectively.

The efficiency of reinitiation by the halogen-terminated
g-PEA chains in the block copolymerization with styrene could
not be assessed directly. The PDI values of approximately 1.5
measured for thé-PSty fractions are still compatible with a
controlled interfacial polymerization process. The EIC figures
calculated from the SEC data indicate a reduction of ap-
proximately 1 order of magnitude of the surface density of active
initiating species from the initial cellulose-OBIB to the polymer-
grafted cellulose3-PEA. However, such reduction is likely to
result from a combination of irreversible terminations and
kinetically inactive polymer-buried chain ends.

Both the thermal behavior and the molecular dynamics from
theH FID analysis indicate a lower segmental mobility of the
PEA grafts anchored by one chain end to the fiber surface with
respect to bulk PEA. This mobility further decreases when PEA-
b-PSty chains are grafted to the cellulose fibers. It is worth
mentioning that this is opposite to the response of thin films
weakly interacting with the substrate, where fhedecreases
with decreasing thickness of the film.
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