
H
o

X
a

b

C
c

a

A
R
R
A
A

K
X
R
�
D

1

r
l
a
r
p
u
a
P

a
t
n
g
w
2
2

h
0

Carbohydrate Polymers 117 (2015) 701–709

Contents lists available at ScienceDirect

Carbohydrate  Polymers

j ourna l ho me  page: www.elsev ier .com/ locate /carbpol

omogeneous  ring  opening  graft  polymerization  of  �-caprolactone
nto  xylan  in  dual  polar  aprotic  solvents

ueqin  Zhanga, Mingjie  Chena,b,  Chuanfu  Liua,∗, Aiping  Zhangb, Runcang  Suna,c

State Key Laboratory of Pulp and Paper Engineering, South China University of Technology, Guangzhou 510640, PR China
Institute of New Energy and New Material, Guangdong Key Laboratory for Innovative Development and Utilization of Forest Plant Germplasm, South
hina Agricultural University, Guangzhou 510642, PR China
Beijing Key Laboratory of Lignocellulosic Chemistry, Beijing Forestry University, Beijing 100083, PR China

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 2 September 2014
eceived in revised form 17 October 2014
ccepted 19 October 2014
vailable online 30 October 2014

eywords:

a  b  s  t  r  a  c  t

Homogeneous  ring-opening  graft polymerization  (ROGP)  of  �-caprolactone  (�-CL) onto  xylan  was
investigated  in dual  polar  aprotic  solvents,  N,N-dimethylformamide/lithium  chloride  (DMF/LiCl),  N,N-
dimethylacetamide/LiCl  (DMAc/LiCl),  and  1-methyl-2-pyrrolidinone/LiCl  (NMP/LiCl).  The  effects  of
reaction  solvents,  temperature,  and  the molar  ratio  of  �-CL  to  anhydroxylose  units  (AXU)  on  the  degree  of
substitution  (DS)  of  xylan-graft-poly(�-caprolactone)  (xylan-g-PCL)  copolymers  and  the  degree  of  poly-
merization  (DP)  of the  attached  PCL  side chains  were  investigated.  FT-IR  and  NMR  analyses  provided  the
ylan
ing-opening graft polymerization
-Caprolactone
ual polar aprotic solvents

evidence  of  the  occurrence  of  ROGP  reaction.  The  thermal  stability  of  xylan  increased  upon  ROGP  reaction
due  to  the  increased  length  of  PCL  side  chains.  With  the  increased  attachment  of PCL  side chains,  the  tensile
strength  and  Young’s  modulus  of  the  films  decreased,  whereas  the elongation  at  break  increased.  Scan-
ning electron  microscopy  (SEM)  and  atomic  force  microscopy  (AFM)  observations  provided  the  evidences
of  the  increased  film  properties  due  to the  attachment  of  PCL  side  chains.

© 2014  Elsevier  Ltd. All  rights  reserved.
. Introduction

Recently, an increased interest has been paid on the
esearch of macromolecular materials based on natural lignocel-
ulosic resources (Saha, 2003), including cellulose, hemicelluloses
nd lignin. These readily available biopolymers are nontoxic,
enewable, biodegradable and show peculiar and distinguished
hysicochemical properties (Wang et al., 2012) and could be
sed to compensate for the shortage of petroleum-based products
nd solve the environmental problems (Williamson, Armentrout,
orter, & McCormick, 1998).

Hemicelluloses, the second most common polysaccharides,
ccount for about one third of lignocellulosic biomass. The struc-
ural features of hemicelluloses is resemble to cellulose only in
ominal (Saha, 2003). Hemicelluloses are branched and hetero-
eneous polymers of xylans, mannans, glucans and xyloglucans,

ith low degree of polymerization (DP) typically between 80 and

00 (Belmokaddem, Pinel, Huber, Petit Conil, & Da Silva Perez,
011; Fundador, Enomoto-Rogers, Takemura, & Iwata, 2012). Xylan

∗ Corresponding author. Tel.: +86 20 87111735; fax: +86 20 87111861.
E-mail address: chfliu@scut.edu.cn (C. Liu).

ttp://dx.doi.org/10.1016/j.carbpol.2014.10.061
144-8617/© 2014 Elsevier Ltd. All rights reserved.
is the most abundant hemicelluloses, consisting of �-(1,4)-d-
xylopyranosyl backbone with side groups on the C-2 or C-3 position
(Hansen & Plackett, 2008; Sun & Tomkinson, 2002; Sun, Fang,
& Tomkinson, 2000). With inherent low molecular weight, het-
erogeneous structure and hydrophilicity, research in the field of
hemicelluloses was neglected and limited. Chemical modification
is an efficient way  to compensate the drawbacks of hemicellu-
loses as desired macromolecules (Sun et al., 2000). Among them,
ring-opening graft polymerization (ROGP) is one of the commonly
used techniques to synthetize polymers with controlled molecular
weight and tailored properties from cyclic monomers (Carlmark,
Larsson, & Malmström, 2012; El Seoud, Marson, Ciacco, & Frollini,
2000), which could be one of the ideal pathways for the modi-
fication of polysaccharides (Carlmark et al., 2012; Malmstrom &
Carlmark, 2012). The efficiency of ROGP reaction onto hemicellu-
loses depends on: (1) an effective monomer utilized to be grafted
onto hemicelluloses; (2) a good homogeneous solvent system for
hemicelluloses.

Cyclic monomers, lactones and lactides, have attracted con-

siderable attention to synthesize biomaterials with excellent
biodegradability and biocompatibility. Among them, poly(�-
caprolactone) (PCL) is especially interesting for its applications
due to a slower rate of degradation than poly(lactic acid) (PLA)

dx.doi.org/10.1016/j.carbpol.2014.10.061
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2014.10.061&domain=pdf
mailto:chfliu@scut.edu.cn
dx.doi.org/10.1016/j.carbpol.2014.10.061
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Table 1
Detailed structural factors of xylan-g-PCL copolymers obtained under various
conditions.

Sample No Temp (◦C) �-CL/AXU Solvent Time (h) DSa DPb

1 80 8:1 DMF/LiCl 24 0.06 1.00
2  90 8:1 DMF/LiCl 24 0.07 1.00
3  100 8:1 DMF/LiCl 24 0.10 1.00
4  110 8:1 DMF/LiCl 24 0.25 1.06
5  120 8:1 DMF/LiCl 24 0.39 1.19
6  80 8:1 DMAc/LiCl 24 – –
7  90 8:1 DMAc/LiCl 24 0.05 1.00
8  100 8:1 DMAc/LiCl 24 0.11 1.03
9  110 8:1 DMAc/LiCl 24 0.15 1.08

10  120 8:1 DMAc/LiCl 24 0.18 1.08
11  80 8:1 NMP/LiCl 24 0.04 1.00
12  90 8:1 NMP/LiCl 24 0.06 1.00
13  100 8:1 NMP/LiCl 24 0.10 1.07
14  110 8:1 NMP/LiCl 24 0.22 1.25
15  120 8:1 NMP/LiCl 24 0.25 1.54
16  100 1:1 DMF/LiCl 24 0.03 1.00
17  100 4:1 DMF/LiCl 24 0.05 1.00
18  100 12:1 DMF/LiCl 24 0.13 1.00
19  100 20:1 DMF/LiCl 24 0.12 1.00
20  100 1:1 DMAc/LiCl 24 0.01 1.00
21  100 4:1 DMAc/LiCl 24 0.07 1.00
22  100 12:1 DMAc/LiCl 24 0.24 1.26
23  100 20:1 DMAc/LiCl 24 0.52 1.54
24  100 1:1 NMP/LiCl 24 – –
25  100 4:1 NMP/LiCl 24 0.06 1.00
26  100 12:1 NMP/LiCl 24 0.14 1.25
27  100 20:1 NMP/LiCl 24 0.55 1.53

a The degree of substitution of xylan-g-PCL copolymers, calculated by 1H NMR.
02 X. Zhang et al. / Carbohydra

Lönnberg et al., 2006; Marianne Labet, 2011). PCL is a semi-
rystalline polymer with a low glass transition temperature
about −60 ◦C) and melting point (ranging between 59 and 64 ◦C),
hich depends on its crystalline nature of PCL (Sinha, Bansal,
aushik, Kumria, & Trehan, 2004). Commonly, PCL is prepared
y the ROGP reaction of �-caprolactone (�-CL) catalyzed with 4-
imethylaminopyridine (DMAP), stannous octoate (Sn(Oct)2), and

ithium chloride (LiCl) (Carlmark et al., 2012; Guo, Wang, Shen, Shu,
 Sun, 2013; Xie et al., 1999). Among those catalysts, LiCl is very
conomic and almost nontoxic compared with Sn(Oct)2 and DMAP
Xie et al., 1999).

Very recently, LiCl in dimethyl sulfoxide (DMSO), N,N-
imethylacetamide (DMAc), N,N-dimethylformamide (DMF) or
-methyl-2-pyrrolidinone (NMP) has been found to dissolve cel-

ulose and chitin, which allows a variety of uniform reactions to
e achieved under homogeneous conditions (Gross, Bell, & Chu,
013; Williamson et al., 1998). These solvents were reported to
e extremely stable without degradation effect on polysaccharides
Dupont, 2003). Cellulose could be dissolved up to 10–15 wt%  with
olubility proportional to LiCl concentration of 1–10 wt%  (Dupont,
003; Gross et al., 2013; Takaragi, Minoda, Miyamoto, Liu, & Zhang,
999). The solubility of cellulose in LiCl/amide solvent was  signif-

cantly higher than that in other salt/amide solvent like lithium
romide (LiBr) (Striegel, 1997). “Grafting from” of PCL polymers
o various substrates has been widely investigated, such as cel-
ulose, cellulose derivatives, starch, chitosan, etc. (Habibi, Goffin,
chiltz, Duquesne, & Dubois, 2008). In our previous research, the
ylan-g-PCL copolymers have been achieved in DMSO/LiCl with-
ut additional catalysts (Zhang, Chen, Liu, & Sun, 2014). However,
he degree of substitution (DS) of copolymers ranged from 0.03
o 0.39, and the DP of the PCL side chains was only one. The
ttachment of PCL side chains onto xylan with increased DS and
P is crucial for efficient utilization of lignocellulosic biomass.

n the present study, three kinds of dual polar aprotic solvents
MF/LiCl, DMAc/LiCl, and NMP/LiCl were used as solvent, reac-

ion media and catalyst for homogeneous ROGP of �-CL onto
ylan to explore the possibility of the attachment of increased PCL
ide chains. The effects of reaction parameters including the reac-
ion system, reaction temperature, and the molar ratio of �-CL to
nhydroxylose units (AXU) were comparatively investigated. The
hysico-chemical properties of xylan derivatives were character-

zed with FT-IR, 1H NMR, 1H–1H COSY, 13C NMR, 1H–13C HSQC,
H–13C HMBC, and thermal analysis. The film-forming properties
f xylan derivatives were also investigated with the surface mor-
hologies of the films observed with scanning electron microscopy
SEM) and atomic force microscopy (AFM) as well as the mechanical
roperties.

. Materials and methods

.1. Materials

Xylan with a purity of 85% was purchased from Yuan-Ye Biolog-
cal Technology Co., Ltd. (Shanghai, China). The molecular weight
Mw) of xylan was 49,027 g mol−1, determined by GPC using a PL
quagel-OH 50 column according to the published method (Sun,
i, Yuan, Xu, & Sun, 2012). The commercial PCL homopolymer
ith average Mn  10,000 was purchased from Aladdin Reagent Co.

Shanghai, China). DMAc, DMF, and NMP  were purchased from
igma–Aldrich Co., LLC (Shanghai, China). LiCl with a purity of 97%
as provided by Kermel Chemical Agent Co., Ltd. (Tianjin, China).
-CL with 99.5% purity from Aladdin Reagent Co. was dried over
aH2 and subsequently distilled under reduced pressure before use.
ther chemicals were of analytical-reagent grade and directly used
ithout further purification.
b The degree of polymerization of PCL side chains attached onto xylan, calculated
by 1H NMR.

2.2. Homogeneous preparation of xylan-g-PCL copolymers in
different solvent systems

The preparation of xylan-g-PCL copolymers was performed in
dual polar aprotic solvent systems including DMF/LiCl, DMAc/LiCl,
and NMP/LiCl under the conditions in Table 1 according to the fol-
lowing procedure: dry xylan (0.33 g, 5 mmol  of hydroxyl group in
xylan) was added to 20 mL  solvent systems (6 wt%  LiCl) in a 50 mL
dried three-neck flask. The mixture was  agitated with magnetic
stirring at 80 ◦C for about 2 h under the protection of nitrogen to
achieve a homogenous solution. Then to the xylan solution, �-CL
was introduced at the required temperature. The ROGP reaction
was carried out under the protection of nitrogen with magnetic
stirring for 24 h. After the required time, the resulting solution
was cooled to room temperature. After precipitation into 150 mL
ethanol, the solid residues were filtered out and thoroughly washed
with ethanol. The products were suspended in dichloromethane
with magnetic agitation at room temperature for 24 h (thrice, total
72 h) to remove PCL homopolymers. The solid residues were fil-
tered out, dried in vacuum at 60 ◦C for 48 h and stored away from
moisture, heat and light.

2.3. Film preparation

The prepared xylan-g-PCL copolymers (0.25 g) were dissolved in
10 mL  of DMF  at room temperature with magnetic stirring. Then,
the mixtures were cast into polystyrene dish to form wet  films. The
films were dried in an oven at 50 ◦C for 12 h and stored in plastic
bags for characterization.
2.4. Characterization

FT-IR spectra of unmodified xylan and xylan-g-PCL copoly-
mers were recorded on a Bruker spectrophotometer (Tensor 27,
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ment of PCL onto xylan was  probably due to the branched structure.
The similar results were also reported in our previously research in
DMSO/LiCl system (Zhang et al., 2014).

3441→
↑

2936

←286 8

1734→

←1626

←104 6

↑
890

Xylan (DS=0)

S18 (DS=0.13 )

S27  (DS=0.55 )
Fig. 1. The ring-opening graft polymerizatio

ermany) from a KBr disc containing 1% (w/w) finely ground sam-
les in the range 4000–400 cm−1.

The 1H NMR, 1H–1H COSY, 13C NMR, 1H–13C HSQC and
H–13C HMBC spectra of xylan-g-PCL copolymers and the com-
ercial PCL homopolymer were recorded from 40 mg  samples

n 0.5 mL  DMSO-d6 on a Bruker Avance III 600M spectrometer
Germany) with a 5 mm multinuclear probe. For 1H NMR  anal-
sis, the detailed collecting and processing parameters were as
ollows: number of scans, 16; receiver gain, 252; acquisition time,
.0894 s; relaxation delay, 2.0 s; pulse width, 11.0 s; spectrometer
requency, 600.13 MHz; and spectral width, 8012.8 Hz. For 1H–1H
OSY analysis, the detailed collecting and processing parameters
ere as follows: number of scans, 16; receiver gain, 20; acqui-

ition time, 0.3277 s; relaxation delay, 1.8 s; pulse width, 11.0 s;
pectrometer frequency, 600.13/600.13 MHz; and spectral width,
125.0/3125.0 Hz. For 13C NMR  analysis, the detailed collecting and
rocessing parameters were as follows: number of scans, 2770;
eceiver gain, 187; acquisition time, 0.9088 s; relaxation delay,
.0 s; pulse width, 12.0 s; spectrometer frequency, 150.91 MHz;
nd spectral width, 36,057.7 Hz. For HSQC analysis, the detailed
ollecting and processing parameters were as follows: number
f scans, 32; receiver gain, 187; acquisition time, 0.1843 s; relax-
tion delay, 1.5 s; pulse width, 11.0 s; spectrometer frequency,
00.17/150.91 MHz; and spectral width, 5555.6/21,097.0 Hz. For
MBC analysis, number of scans, 96; receiver gain, 187; acquisi-

ion time, 0.2540 s; relaxation delay, 1.8996 s; pulse width, 11.0 s;
pectrometer frequency, 600.17/150.91 MHz; and spectral width,
032.3/33,557.0 Hz. The DS and the degree of polymerization (DP)
f xylan-g-PCL copolymers were calculated from the integration of
he resonances assigned to characteristic signals in 1H NMR  spec-
ra.

The thermal stability of the samples was performed by using
hemogravimetric analysis (TGA) and derivative thermogravimetry
DTG) using a Q500 theromgravimetric analyzer (TA Instruments,
SA). The apparatus was continually flushed with nitrogen. The

ample between 9 and 11 mg  was heated from 30 ◦C to 600 ◦C at a
eating rate of 10 ◦C/min.

The surface morphology was examined by SEM on a field
mission microscopy (LEO 1530 VP, LEO, Germany) and by AFM
Nanoscope III, Veeco Co. Ltd.). The samples of SEM were prepared
y casting few solids onto a mica sheet followed by gold-plating.
FM scanning was conducted at four locations on each sample.
opographic (height) and phase images were recorded in tapping
ode under ambient air.
The tensile strength of the prepared xylan-g-PCL copoly-
er  films was determined from rectangular specimens
15 mm × 10 mm)  on an Instron Universal Testing Machine
565 fitted with a 100 N load cell at 23 ◦C with 50%
H.
CL onto xylan in dual polar aprotic solvents.

3. Results and discussion

3.1. Effects of reaction parameters on the attachment of PCL onto
xylan

Very recently, various polar aprotic solvent systems containing
LiCl were found to dissolve polysaccharides and be a power-
ful solvent and suitable reaction medium for cellulose utilization
(Dupont, 2003; Edgar, Arnold, Blount, Lawniczak, & Lowman, 1995;
Stryuk, Eckelt, & Wolf, 2005). In this study, three kinds of dual apro-
tic solvents, including DMF/LiCl, DMAc/LiCl and NMP/LiCl, were
investigated as solvents and reaction media to attach PCL onto
xylan. Fig. 1 illustrates the ROGP reaction of �-CL with the hydroxyl
groups on the backbone of xylan in DMF/LiCl, DMAc/LiCl and
NMP/LiCl. The effects of reaction parameters including the reac-
tion media, reaction temperature and the molar ratio of �-CL/AXU
on the attachment of PCL onto xylan were investigated, as listed in
Table 1.

As shown in Table 1, an increase of reaction temperature from
80 to 120 ◦C in DMF/LiCl resulted in an increase in DS from 0.06 to
0.39, while the DP of the PCL side chains was only slightly higher
than 1.00 (1.19 at 120 ◦C). Keeping reaction temperature at 100 ◦C,
with the improvement of the molar ratio of �-CL to AXU from 1:1
to 20:1, the DS was  only marginally improved from 0.03 to 0.12
and the DP was constant at 1.00, which suggested that only one
�-CL was  attached onto xylan in DMF/LiCl at 100 ◦C. The low attach-
4000 3500 3000 2500 2000 1500 1000 500
Wavenu mber (cm-1)

Fig. 2. FT-IR spectra of unmodified xylan, xylan-g-PCL copolymers samples 18 and
27.
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The ROGP reaction also occurred in DMAc/LiCl system and
he xylan-g-PCL copolymers with low DS 0.05–0.18 and low DP
.00–0.08 were obtained from 90 to 120 ◦C. Comparatively, the effi-
iency of ROGP reaction in DMAc/LiCl was lower than in DMF/LiCl,
nd the reaction hardly occurred even at 80 ◦C. The difference
as probably due to the relatively slightly higher polarity of DMF.
nexpectedly, an increase of the molar ratio of �-CL to AXU from
:1 to 20:1 resulted in the enhancement of DS from 0.01 to 0.52

nd DP from 1.00 to 1.54. It seemed that the ROGP reaction more
asily occurred at high concentration of the reactant �-CL. Sim-
larly, in NMP/LiCl system, the reaction hardly occurred at the

olar ratio of �-CL to AXU 1:1, while with the improvement of
polymer sample 27 (A, C, D, F, G) and the commercial PCL homopolymer (B, E). (For
ion of this article.)

the molar ratio of �-CL to AXU from 4:1 to 20:1, the DS and DP
was enhanced from 0.06 to 0.55 and 1.00 to 1.53, respectively.
Comparatively, at lower molar ratio of �-CL to AXU, the efficiency
of ROGP reaction in the three dual polar aprotic solvent systems
followed the order: DMF/LiCl > NMP/LiCl > DMAc/LiCl; however,
at higher molar ratio of �-CL to AXU, the efficiency of ROGP
reaction followed the order: DMF/LiCl < NMP/LiCl < DMAc/LiCl. The
changed reaction efficiency in the systems was still unclear.

Under the given conditions, the DS and DP of xylan-g-PCL copoly-
mers ranged 0.03–0.39 and 1.00–1.19 in DMF/LiCl, 0.01–0.52 and
1.00–1.54 in DMAc/LiCl, and 0.04–0.55 and 1.00–1.54 in NMP/LiCl,
respectively.
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.2. FT-IR

Fig. 2 illustrates the FT-IR spectra of unmodified xylan, and
ylan-g-PCL copolymer samples 18, 23 and 27. The bands at 3441,
936, 1626, 1046 and 890 cm−1 in the spectrum of unmodified
ylan were previously reported (Cao, Sun, Peng, Zhong, & Sun,
013; Fundador et al., 2012). Comparatively, two  new absorbances
ppeared at 2868 and 1734 cm−1 in the FT-IR spectra of xylan-g-PCL
opolymers. The former band is attributed to CH2 stretching and the
atter relates to C O stretching in ester (Labet & Thielemans, 2011).
he intensities of these two new bands increased with the increased
S, which indicated the introduction of aliphatic ester group after
odification, suggesting the occurrence of ROGP reaction of �-CL

nto xylan (Labet & Thielemans, 2011).

.3. 1H NMR, 1H–1H COSY, 13C NMR, 1H–13C HSQC and 1H–13C
MBC spectra

The structures of xylan, xylan-g-PCL copolymers and the com-
ercial PCL homopolymer were comparatively studied with 1H
MR, 1H–1H COSY, and 13C NMR  analyses, as illustrated in Fig. 3.

In Fig. 3A, the proton signals at 3.02, 3.13, 3.25, 3.49, 3.85 and
.26 ppm are assigned to H-2, H-5a, H-3, H-4, H-5e, and H-1 of
XU in xylan, and those in the range of 4.95–5.41 ppm relate to

he protons from the hydroxyl groups in AXU (Cao et al., 2013). The
ignals at 3.95, 3.37, 2.27, 1.54, 1.41 and 1.30 ppm are assigned to
he methylene protons at e (repeating unit), e′ (end unit), a, b and
, d′, and c positions, respectively, in the attached PCL side chains
Wang et al., 2013). The hydroxyl group at the end of PCL side
hains ( CH2OH, e′-OH) exhibited the proton signal at 4.34 ppm.
omparatively, in the 1H NMR  spectrum of the commercial PCL
omopolymer in Fig. 3B, the methylene protons at c, b, d, a and e
ositions in repeating units of PCL gave the signals at 1.30, 1.54,
.54, 2.27 and 3.90 ppm, respectively (He et al., 2007; Xu, Kennedy,

 Liu, 2008). In addition, the signals at 4.51 and 4.82 ppm are
ssociated with the protons at substituted C-2 and C-3 positions,
espectively, confirming the attachment of PCL on C-2 and C-3 posi-
ions in AXU.

To confirm the correct assignment of the primary proton sig-
als of the attached PCL side chains, the 1H–1H COSY spectrum of
ylan-g-PCL copolymer sample 27 was collected and is illustrated
n Fig. 3C. To clearly show the cross-correlations of the protons on
he attached PCL side chains, the spectrum is illustrated at higher
ontour level and as a result the primary signals and their cross-
orrelations in AXU are not shown. The strong cross-correlations
or a/b, b/c, c/d′, d′/e′, e′/e′-OH in PCL side chains were clearly
bserved, which were previously reported (Zhang et al., 2014).
s excepted, another two strong cross-correlations at ıH/ıH of
.99/1.54 and 1.54/3.99 for d/e indicated the high content of the
CL side chains, suggesting the increased length of PCL side chains
ompared with those prepared in DMSO/LiCl system (Zhang et al.,
014). The methylene proton signals at b and d positions in PCL
epeating unit were overlapped at 1.54 ppm, which could be con-
rmed by the presence of strong cross-correlations for d/e. Due to
he increased length of PCL side chains, it was necessary to further
alculate the DS of xylan-g-PCL copolymers and DP of the attached
CL side chains.

Theoretically, there are the equal quantities of overall methy-
ene protons at different positions from a to e in the attached PCL
hains including the repeating units and the end units due to the
pecial structure of �-CL. The DP of the attached PCL side chains

ould be estimated from the different signals of e positions at
epeating units (e) and end units (e′). The DS of xylan-g-PCL copoly-
ers could be estimated from the quantities of PCL side chains

n each AXU. Therefore, the DS and DP was calculated from the
Fig. 4. TGA/DTG curves of regenerated xylan, xylan-g-PCL copolymers (samples 26
and 27), and the commercial PCL homopolymer.

integral area of the resonances for the corresponding protons
according to the following equation:

DS = CLTerminal

AXU
= Ie′ /2

IH4

= Id′ /2
IH4

DP = CLTotal

CL
= I(e+e′)

I ′
= Ia

I ′
0
0 2 4 6 8 10 12 14

Ten sil e strai n (%)

Fig. 5. Strain–stress curves of xylan-g-PCL films.
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Fig. 6. SEM images of the films prepared from xylan-g-PCL samp

n each methylene group, Ie, Ie′ Id′ and Ia are the integral area of
he resonances of the corresponding methylene protons at e, e′, d′

nd a positions of PCL, and IH4 is the integral area of the resonance
ssigned to H4 of AXU.

The DS and DP values estimated from 1H NMR  are listed in
able 1. The results indicated that the xylan derivatives with DS
.01–0.55 and DP 1.00–1.54 were obtained under the selected con-
itions.

The 13C NMR  spectra of xylan-g-PCL copolymer sample 27 and
he commercial PCL homopolymer are shown in Fig. 3D and E. In
ig. 3D, the five major signals at 102.1, 75.8, 74.5, 73.2 and 63.7 ppm
re assigned to C-1, C-4, C-3, C-2 and C-5 of AXU in xylan, respec-
ively (Fundador et al., 2012). The signals at 33.7, 24.5, 25.1, 32.3,
nd 60.6 ppm correspond to the methylene carbons of a, b, c, d,
nd e positions, respectively, in the PCL side chains, and the signal
t 172.1 ppm is attributed to the carbonyl at f position. These car-
on signals indicated the successful attachment of PCL onto xylan.
omparatively, the primary signals at 23.8, 24.8, 27.7, 33.2, 63.4 and
72.3 ppm in Fig. 3E are assigned to b, c, d, a, e and f in the com-
ercial PCL homopolymer (Xu et al., 2008), indicating the changed

hemical shift with increased length of the PCL chains.
HSQC provides detailed information of signals overlapped in

H- and 13C-NMR spectra, and could be applied for qualitative
nd quantitative analysis of chemical structure. Fig. 3F illustrates
he HSQC spectrum of xylan-g-PCL copolymer sample 27, and the
rimary correlations from xylan and PCL side chains are exhib-

ted in Blue and Red colour, respectively. To exhibit the primary
orrelations both unsubstituted and substituted, the spectrum is
llustrated at a relatively low contour level. The strong correla-
ions at ıC/ıH 33.8/2.28, 24.1/1.54, 25.4/1.32, 32.6/1.39, 32.6/1.53,

0.4/3.38 and 63.3/3.99 ppm are associated with Ca/Ha, Cb/Hb,
c/Hc, Cd′ /Hd′ , Cd/Hd, Ce′ /He′ and Ce/He, respectively. The presence
f these signals indicated that the PCL side chains were success-
ully attached onto xylan, because the PCL homopolymers have
 (A, DS 0.06), 13 (B, DS 0.10), 26 (C, DS 0.14) and 27 (D, DS 0.55).

been removed by thorough extraction in dichloromethane for 72 h.
In addition, the strong correlations at ıC/ıH 102.1/4.33, 72.6/3.05,
74.4/3.27, 75.5/3.54, 63.3/3.86, and 63.2/3.22 ppm are attributed
to C1/H1, C2/H2, C3/H3, C4/H4, C5e/H5e and C5a/H5a in AXU of
xylan, respectively. More importantly, the correlations at ıC/ıH
73.7/4.55 and 75.1/4.83 for substituted C2/H2 and C3/H3 (2′ and 3′,
respectively), indicating the ROGP reactions occurred at C2 and C3
positions. Clearly, more PCL side chains were attached to C3 position
than to C2 position. The integrated resonances for substituted and
unsubstituted C2/H2 and C3/H3 indicated that 13.04% and 86.96%
of PCL side chains were attached to C2 and C3 positions of AXU,
respectively.

To further confirm the ROGP reaction and the assignment of the
primary signals of xylan-g-PCL copolymers, the HMBC spectrum of
xylan-g-PCL copolymer sample 27 is showed in Fig. 3G. In general,
HMBC could give correlations between carbons and protons that
are separated by two, three, and, sometimes in conjugated systems,
four bonds. In Fig. 3G, the primary correlations from xylan backbone
and PCL side chain are illustrated in Blue and Red colour, respec-
tively, while the cross-correlations between xylan and PCL side
chains are in Green colour. Expectedly, the presence of the Green
correlations at ıC/ıH 173.3/4.81 (Cf/H3′ ) and 173.3/4.55 (Cf/H2′ )
ppm for the cross-correlations between carbonyl carbon (C O, f
carbon) in PCL side chains and the protons at the substituted C3
and C2 positions (3′ and 2′ protons, respectively) confirmed the
chemical bonding between PCL side chain and xylan, providing the
direct evidence of the attachment of PCL onto xylan at C3 and C2
positions. Clearly, more PCL side chains were attached to C3 position
than to C2 position, corresponding to the results from HSQC. In addi-
tion, the correlations at ıC/ıH 173.3/4.02 (Cf/He), 172.1/2.27 (Cf/Ha),

and 172.1/1.55 ppm (Cf/Hb) are attributed to the cross-correlations
between carbonyl carbon and methylene protons in PCL chains. The
strong cross-correlation of Cf/He implied that DP of the attached
PCL side chains was higher than 1. These observations were in
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Fig. 7. AFM images of samples 25 (A, DS 0.06)

greement with the DP determined from 1H NMR. Besides the
ross-correlations between f carbon with methylene protons in PCL
hains, the primary cross-correlations were detected in Red colour
t ıC/ıH 23.3/2.28 (Cb/Ha), 24.2/1.54 (Cb/Hd), 24.2/1.42 (Cb/Hd′ ),
4.2/1.30 (Cb/Hc), 25.1/2.34 (Cc/Ha), 25.3/1.54 (Cc/Hb,d), 25.3/1.42
Cc/Hd′ ), 25.3/3.36 (Cc/He′ ), 25.3/4.00 (Cc/He), 31.9/1.56 (Cd,d′ /Hb),
2.7/1.35 (Cd,d′ /Hc), 31.9/3.36 (Cd′ /He′ ), 34.2/1.56 (Ca/Hb), 34.2/1.30
Ca/Hc), 61.2/1.42 (Ce′ /Hd′ ), 61.2/1.30 (Ce′ /Hc), and 63.5/1.54 ppm
Ce/Hd) confirming the correct assignments of primary carbon and
roton signals in PCL side chains. In addition, the primary cross-
orrelations from AXU in xylan were also observed in Blue colour
t 101.9/2.94 (C1/H2), 101.9/3.10 (C1/H5), 101.9/3.12 (C1/H3),
00.3/4.54 (C1/H2′ ), 76.3/3.27 (C4/H3), 76.7/4.42 (C4/H2′ ), 76.7/4.83
C4/H3′ ), 73.9/3.53 (C3/H4), 73.9/3.13 (C3/H5), 73.9/2.96 (C3/H2),
2.4/3.27 (C2/H3), 72.0/4.85 (C2/H3′ ), 60.3/3.53 (C5/H4), and
0.3/3.26 ppm (C5/H3). The cross-correlations at ıC/ıH 101.9/3.54
C1/H4) and 76.1/4.30 ppm (C4/H1) are associated with the linked
ylose unit by �-1,4 linkage.

.4. Thermal analysis

The thermal stability of regenerated xylan, xylan-g-PCL copoly-

ers and the commercial PCL homopolymer was investigated by

GA and DTG, and the TGA/DTG curves are illustrated in Fig. 4.
In TGA curve, the weight loss prior to 150 ◦C was due to the

emoval of the absorbed moisture, which represents about 10%
, DS 0.10), 26 (C, DS 0.14) and 27 (D, DS 0.55).

of the initial weight of regenerated xylan. Comparatively, this
weight loss is marginal for the xylan-g-PCL copolymers due to
the attachment of hydrophobic PCL side chains, while is negli-
gible for the totally hydrophobic commercial PCL homopolymer
(Fundador et al., 2012). Regenerated xylan began to decompose at
about 188 ◦C, while xylan-g-PCL copolymer samples 26 (DS  = 0.36)
and 27 (DS = 1.39) began to decompose at 220 and 230 ◦C, respec-
tively; at 50% weight loss, the decomposition temperature occurred
at 238 ◦C for regenerated xylan, 269 for sample 26, and 274 ◦C for
sample 27. These results indicated that the thermal stability of
xylan-g-PCL copolymers increased after ROGP reaction. Compara-
tively, the commercial PCL homopolymer exhibited the extremely
high thermal stability: it began to decompose at about 300 ◦C, and
the decomposition temperature for 50% weight loss occurred at
376 ◦C. The relatively high thermal stability was  probably due to the
high DP and crystalline structure of the commercial PCL homopoly-
mer.

DTG presents the weight loss rates and can be used for the
comparison of the thermal stability between the samples (Nadji
et al., 2009). In DTG curve, regenerated xylan and the commer-
cial PCL homopolymer exhibited only one peak for the maximum
degradation rate at 238 ◦C and 380 ◦C, respectively, while xylan-g-

PCL copolymer samples 26 and 27 had two  different peaks for the
maximum degradation rate: the former peak for the degradation
of xylan, and the latter for PCL side chains (Lönnberg, Fogelström,
Berglund, Malmström, & Hult, 2008). Clearly, the second peak for
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Table 2
Mechanical properties of the films produced from xylan-g-PCL copolymers.

Sample DS DP Tensile stress (MPa) Tensile strain at break (%) Young’s modulus (Mpa)

25 0.06 1.00 25.2 ± 4.8 4.2 ± 1.1 925 ± 44
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13  0.10 1.07 20.9 ± 3.2 

26  0.14 1.25 15.1 ± 2.7 

27  0.55 1.53 9.8 ± 1.5 

he degradation of PCL side chains increased with the improved
S. These data indicated that the thermal stability of xylan can be

mproved by the attachment of PCL, especially with the increased
S. However, in our previously report (Zhang et al., 2014), the ther-
al  stability of xylan decreased upon ROGP reaction in DMSO/LiCl.

he clearly different results were primary due to the different PCL
ide chains attached onto xylan. In DMSO/LiCl, only one �-CL was
ttached onto xylan with each side chain, however, the length of
CL side chain substantially increased, which was probably respon-
ible for the increased thermal stability due to the high thermal
tability of PCL.

.5. Film-forming property of xylan-g-PCL copolymers

Tensile strength of the films represents the maximum stress
uring tensile test and offers a measure of integrity and heavy-
uty use potential of films. Table 2 presents the dependence of the
echanical properties, including the tensile stress, tensile strain at

reak and Young’s modulus, on the DS of xylan-g-PCL films, and the
ypical stress–strain curves are shown in Fig. 5.

As shown in Table 2, with the increased DS, the tensile strength
nd the Young’s modulus of the films decreased, while the elon-
ation at break increased. Comparatively, sample 25 (DS 0.06, DP
.00) showed the highest tensile strength (25.2 MPa) and a mod-
rate tensile strain (4.2%), whereas sample 27 (DS 0.55, DP 1.53)
ad the highest elongation at break of 14.3%. This change was
ue to the presence of PCL side chains with a plasticizing effect
hich permits the film to be stretched to a certain extent (Lin & Lu,

002).

.6. Surface morphology of the films

The surface morphology of the xylan-g-PCL copolymer films was
bserved with SEM. Fig. 6 shows the representative SEM images.
omparatively, xylan-g-PCL copolymers with low DS had a uniform
urface with less porous (Fig. 6A and B), while the surface became
ore highly porous with the increased DS and DP, which was  prob-

bly due to the increased attachment of the PCL side chains onto
ylan.

To further explore the surface morphology of the xylan-g-PCL
lms, AFM images of the films were collected and are illustrated in
ig. 7. A large difference in the structure of the grafted xylan with
ifferent DS was visualized. With the increased DS, the surface of
lms became to relatively more rough and showed larger nodules
ue to the attachment of PCL side chains.

. Conclusions

The attachment of PCL onto xylan was accomplished in three
inds of dual polar aprotic solvents, including DMF/LiCl, DMAc/LiCl
nd NMP/LiCl. The effects of reaction parameters including the
eaction media, reaction temperature and the molar ratio of �-
L/AXU were investigated. The xylan derivatives with DS 0.01–0.55

nd DP 1.00–1.54 were obtained under the selected conditions.
T-IR and NMR  analyses provided the evidences of the chemical
ttachment of PCL side chains onto xylan. HSQC suggested that
3.04% and 86.96% of PCL side chains were attached to C2 and
5.1 ± 1.8 764 ± 39
6.4 ± 2.4 451 ± 31

14.3 ± 2.5 225 ± 17

C3 positions of AXU, respectively. The thermal stability of xylan
increased upon ROGP reaction due to the increased length of PCL
side chains. The increased film-forming properties of xylan deriva-
tives were confirmed. SEM and AFM observations provided the
evidences of the increased film properties due to the attachment of
PCL side chains.
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