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Abstract 
This work aimed at investigating the feasibility of surface modification of 
cellulose nanocrystals (CNCs) using in situ ring opening polymerization of 
ε-caprolactone (ε-CL) at room temperature. Residues of flax and milkweed 
(Asclepias syriaca) stem fibers were used as a source of cellulose to obtain and 
isolate CNCs. The cationic ring opening polymerization (CROP) of the mo-
nomer ε-CL was used to covalently graft polycaprolactone (PCL) chains at the 
CNCs surface. Silver hexafluoroantimonate (AgSbF6) was used in combina-
tion with the extracted CNCs to initiate, at room temperature, the polymeri-
zation and the grafting reactions with no other stimulus. Fourier-Transform 
InfraRed (FTIR), X-ray Photoelectron Spectrometry (XPS), UV/visible ab-
sorption and Gel Permeation Chromatography (GPC) analyses evidenced the 
presence of PCL chains covalently grafted at CNCs surface, the formation of 
Ag(0) particles as well as low or moderate molecular weight free PCL chains.  
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1. Introduction 

Nowadays, environmental protection is one of the main concerns of our society. 
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It is well known that the omnipresence of petro-based materials significantly 
contributes to pollution. Thus, it is not surprising that cellulose, the most im-
portant and abundant natural biopolymer in nature, became the focus of many 
interests for many years [1]. In composite materials, the use of cellulose fibers 
has been extensively studied due to their renewability and interesting properties 
as compared to petro-sourced materials [2]. Unfortunately, natural fibers exhibit 
a low durability under certain circumstances such as high humidity and biode-
gradation, preventing their use at a larger scale for certain applications [3]. To 
overcome this problem, many studies focus on the use of cellulose nanocrystals 
(CNCs). Indeed and as compared to cellulosic fibers, CNCs are the crystalline 
parts of cellulose that present a better resistance to biodegradation and offer in-
teresting properties for composite applications, such as large specific surface 
area and high stiffness [4].  

Nevertheless, due to the hydrophilic nature of CNCs, their direct incorpora-
tion in hydrophobic matrices is not sufficient to provide a good interfacial adhe-
sion and significantly increase the properties of composite materials [1]. As a 
consequence, numerous studies were aimed at chemically compatibilizing CNCs 
with various hydrophobic matrices using different approaches, such as silaniza-
tion, esterification, acetylation, polymer grafting, etc. [5]. Among the investi-
gated approaches, polymer grafting seems to be a promising way to compatibil-
ize CNCs as it allows grafting polymer chains, partially or totally miscible with a 
specific polymer matrix, at CNCs surface [6]. The molecular weight of grafted 
chains is, however, a factor that greatly influences CNCs dispersion and interfa-
cial adhesion with the matrix due to chain entanglements and cocrystallization 
[7]. It is also assumed that the higher the grafting density, the better the proper-
ties. However, according to literature, high-grafting density is mainly achieved 
using the “grafting from” method during in situ polymerization. The other 
possible grafting method usually referred to as “grafting onto” is based on the 
grafting of pre-polymerized chains at CNCs surface, which is generally restricted 
by steric hindrance occurring during the reaction [8]. Among the commercially 
available biopolymers, polycaprolactone (PCL) has drawn particular attention. 
PCL is a biodegradable polymer with moderate cost, good compatibility with 
other biopolymers, such as polylactic acid (PLA), low glass transition and melt-
ing temperatures (−60˚C and 60˚C, respectively). It offers interesting properties 
for diverse applications such as packaging, medicine and tissue engineering [9] 
[10] [11]. PCL is traditionally produced by Ring Opening Polymerization (ROP) 
of ε-caprolactone (ε-CL), a cyclic monomer, leading to high molecular weight 
chains and low polydispersities [10] [12]. This in situ polymerization can be dri-
ven for lactones, through hydroxyl groups present on the surface of cellulose fi-
bers or CNCs [13]. 

ROP was intensively studied with lactones such as PCL or PLA for CNCs 
compatibilization by in situ grafting PCL or PLA chains at their surface. Dif-
ferent systems were studied, based on metal, radical, organic or enzymatic 
catalyst in different solvents or in bulk, generally at temperatures between 
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60˚C and 130˚C [7] [14]-[19]. The common system studied for PCL grafting 
by ROP at CNCs surface providing the most effective results is the use of 
tin(II)-2-ethylhexanoate (Sn(Oct)2) as catalyst in toluene under heating, gener-
ally around 95˚C [8] [17]. However, this system, driven by a coordina-
tion-insertion mechanism, required external stimuli under inert atmosphere to 
avoid the degradation of the catalyst [13]. Moreover, this approach aimed at im-
proving grafting density on CNCs surface and does not allow the grafting of 
CNCs and polymerization of PCL, simultaneously.  

In that way, cationic ring opening polymerization (CROP) can occur under 
soft conditions, which offers an interesting alternative for atmospheric reaction 
and larger-scale production [12]. CROP is generally driven by the formation of 
reactive cationic intermediates, and as a result, requires less energy than other 
reactions [20]. However, the development of an efficient and simple system un-
der soft conditions able to simultaneously initiate polymerization of free PCL 
chains and grafting of PCL chains on CNCs surface remains a challenge. Re-
cently, Tehfe et al. reported that the use of silver hexafluoroantimonate salt 
(AgSbF6) allowed the CROP reaction to take place at room temperature in the 
presence of oxygen or water, which generally act as inhibitors with other cata-
lysts [21]. 

So far and to the best of the authors’ knowledge, no report presents the use of 
silver hexafluoroantimonate salt (AgSbF6) as a catalyst for the simultaneous PCL 
chains polymerization and grafting at CNCs surface through in situ CROP. In 
this paper, the CROP mechanism in presence of silver hexafluoroantimonate 
and CNCs derived from flax and milkweed stem fiber residues, is studied as well 
as the grafting of PCL chains on CNCs surface.  

2. Experimental Part 
2.1. Compounds 

Flax stem fibers were provided by Biolin Research (Saskatoon, Canada) and 
milkweed stem fibers by producers from Saint Lawrence Valley, (Quebec, Cana-
da). Toluene, dichloromethane, tetrahydrofuran (THF), sodium hydroxide, so-
dium bisulfite, sodium chlorite, sulfuric acid (98%), silver hexafluoroantimonate 
(V) (AgSbF6), ε-caprolactone (ε-CL), polycaprolactone (PCL; Mn ~10,000 g/mol) 
and ethanol (95%) were purchased from Sigma-Aldrich (Ontario, Canada). 

2.2. Cellulose Extraction 

Pure cellulose type-II was extracted from flax and milkweed stem fibers. A 
four-step procedure described in detail in a previous study is summarized in 
Figure 1 [22]. Briefly, fibers were grinded in a first step, to facilitate the extrac-
tion by destroying the lignocellulosic structure and obtain powder with a narrow 
particle size distribution. Then, the powder was placed in a Soxhlet extractor and 
cleaned with a 2:1 toluene/ethanol solution for 8 h to remove extractives (i.e. 
waxes, fat, pectin and minerals). A bleaching procedure was carried out by using  
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Figure 1. Procedure for pure cellulose type-II extraction from raw fibers. 

 
a sodium chlorite solution under reflux and subsequently, a sodium bisulfite 
treatment at room temperature to remove lignin. Finally, hemicellulose was ex-
tracted while the crystalline structure of cellulose changed from native (cellu-
lose-I) to mercerized cellulose (cellulose-II) using a 17.5 wt% NaOH solution at 
room temperature.  

2.3. Isolation of Cellulose Nanocrystals  

Cellulose-II was added in 64 wt% sulfuric acid (15 mL/g) at 57˚C during 140 
min and, subsequently quenched in an ice bath. After washing by multiple cen-
trifugation/redispersion cycles, dialysis was performed using distilled water to 
reach a neutral pH. The solution was finally filtered with a 4 - 5 μm glass filter 
and lyophilized. 

2.4. Ring Opening Polymerization Procedure 

CNCs and silver salt (AgSbF6) were mixed with ε-CL monomers in a capped 
pillbox at room temperature for two days. A solid mixture consisting of PCL, 
CNCs and AgSbF6 was obtained. CNCs were isolated after Soxhlet extraction in 
dichloromethane during 24 h to remove free PCL chains.  
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2.5. Characterization 

FT-IR was carried out on commercial polycaprolactone, non-modified and 
modified CNCs using a JASCO 4600 spectrometer (Maryland, USA) equipped 
with an attenuated total reflectance (ATR) device. Spectra were obtained by ac-
cumulating 32 scans at a 4 cm−1 resolution for determining the formation of es-
ter bonds between CNCs and PCL at 1720 cm−1. 

UV/visible measurements were carried out with a Spectra max plus 384 spec-
trometer (Connecticut, USA). The non-polymerized mixture was directly ana-
lyzed, whereas the polymerized material was previously crushed and dispersed in 
distilled water in order to visualise the formation of Ag(0) particles. 

X-ray photoelectron spectrometry (XPS) measurements were performed using 
a KRATOS Axis Ultra XPS DLD (UK) equipped with an Al Kα monochromatic 
source (1486.6 eV) with applied power of 225 W. Non-modified and modified 
CNCs were analyzed in order to verify the grafting of PCL chains. The analyzer 
was operated in a constant pass energy mode (PE = 160 eV for the survey scans 
and Epass = 20 eV for the high resolution scans). The work function of the in-
strument was calibrated to give a binding energy (BE) of 83.96 eV for the 4f7/2 
line of metallic Au. The dispersion of the spectrometer was adjusted to a BE of 
932.63 eV for the 2p3/2 line of metallic Cu. A charge neutralizer was used on all 
samples to compensate for the charging effect. The samples were mounted on 
non-conductive adhesive tape to electrically isolate the sample and so, to avoid 
the differential charges effect. The charge corrections were done using the ali-
phatic carbon peak set at 285 eV. The analysed area was an oval of dimensions 
300 x 700 µm. The Casa XPS software (version 2.3.18) was employed for data 
analysis, and the experimental Relative Sensitivity Factor (RSF) data as given by 
Kratos Analytical for their machines applied to quantify the XPS spectra. A 
Shirley background was utilized on all spectra. 

Gel permeation chromatography (GPC) was used to determine the molecular 
weight (Mw) and number (Mn) of PCL free chains formed during the CROP. 
PCL was dissolved in THF and injected in a Waters 1515 HPLC (Ontario, Can-
ada) equipped with a Waters model 2414 refractive index detector and a Waters 
Styragel HR0.5 column at a flow rate of 1 mL/min at 30˚C. 

3. Results and Discussion 

Reaction mechanism: AgSbF6 and hydroxyl groups of CNCs were used as in-
itiators and co-initiators, respectively, to simultaneously graft PCL on the sur-
face of CNCs and formed free PCL macromolecules at room temperature. The 
mechanism of reaction proposed here consists of several steps: activation, initia-
tion, propagation and termination (Figure 2). Briefly, in the activation step, 
AgSbF6 acts as a Lewis acid and reacts with hydroxyl groups at the CNCs surface 
according to an alcohol reduction reaction that leads to the formation of car-
bonyl compounds, protons and Ag(0) particles (R.0) [23]. Then, the protons 
previously formed may react in two mechanisms, which leads to the formation  
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Figure 2. Reaction mechanisms of grafting PCL (M.1) and formation of free PCL (M.2) 
with AgSbF6. 
 
of grafted CNCs (M.1) and formation of free PCL (M.2). Initiation step with 
CNCs (I.1) and with ε-caprolactone (I.2) are followed by the propagation (P.1 
and P.2) and termination (T.1 and T.2) steps [14]. 

This mechanism is supported by several studies showing that 6H SbF+ −  and 

2 6RCH SBF+ −  are reactive species for the activation of ε-caprolactone and initiat-
ing cationic polymerization [21] [24]. However, it has to be noted that several 
secondary reactions may occur during the polymerization [20] [25]. To prevent 
these secondary reactions, it was shown that the counter-anion plays a crucial 
role in the polymerization mechanism [26]. Thus, by using a non-nucleophilic 
counter anion, such as 6SBF− , the reactivity of cationic species is enhanced and 
the polymerization rate increased, whereas the secondary reactions are reduced 
[27].  

After having reacted for 2 days, reactive systems with 5% AgSbF6 were polyme-
rized, whereas systems containing less than 2% AgSbF6 remained non-polymerized 
(Table 1). The kinetic of polymerization is related to the amount of H+ produced 
during the activation step by AgSbF6 and depends on its concentration. How-
ever, even in the absence of CNCs, polymerization also occurs when 5 wt% 
AgSbF6 is used. In this case, trace of humidity would react with silver salt and 
release H+.  

Formation of Ag(0) particles: Ag(0) particles are formed with the release of 
H+ and their presence may be investigated by XPS and UV/visible spectroscopy 
to confirm the reaction mechanism suggested (Figure 3 and Figure 4). XPS 
survey scans of non-modified and modified CNCs after Soxhlet extraction are 
shown in Figure 3(a). Carbon and oxygen are the predominant elements. How-
ever, antimony and fluorine are evidenced in modified CNCs as well as silver 
from AgSbF6. The high-resolution spectrum of Ag 3 d was further investigated 
(Figure 3(b)). Due to spin-orbit coupling, the signal of Ag 3 d is split into two 
peaks with an intensity ratio of 2/3, separated by a gap of 6.0 eV, that correspond 
to Ag 3 d 3/2 and Ag 3 d 5/2. Each peak is itself composed of two bands,  
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(a)                                        (b) 

Figure 3. (a) XPS wide scan of non-modified and modified CNCs; (b) Ag 3 d 
High-resolution and peaks deconvolution of modified CNCs. 
 

 

Figure 4. UV-visible absorption spectra of ε-CL/CNCs/AgSbF6 system before (BP) and 
after polymerization (AP). 
 
Table 1. Effect of CNCs and AgSbF6 contents on CROP polymerization reaction. 

CNCs (wt%) AgSbF6 (wt%) After 2 days 

- 1% No Polymerization 

- 2% No Polymerization 

- 5% Polymerization. White color 

5% - No polymerization 

5% 2% No polymerization 

5% 5% Polymerization. Tan color 

 
one large and one small, corresponding to different Ag species. Concerning the 
Ag 3 d 5/2 peak, the large band located at a binding energy of 368.3 eV corres-
ponds to the presence of Ag(0) particles, whereas the small band at 369.5 eV 
does not correspond to any known silver species in XPS tables [28]. However, 
several studies reported the presence of a similar XPS band possibly corres-
ponding to silver complexation by carbonated species [29] [30] [31].  
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It is known that 20 nm silver nanoparticles absorb at 400 nm in the UV/visible 
spectrum [32]. Thus, the presence of Ag(0) particles generated during the CROP 
reaction may be investigated by UV/visible spectroscopy. Figure 4 presents the 
spectrum of the ε-CL/CNCs/AgSbF6 system before (BP) and after polymeriza-
tion (AP). Before polymerization, the absorption rate is very large below 325 nm 
and reduced above 375 nm. A small shoulder close to 350 nm is also observed. 
This type of spectrum is characterized by cationic silver forming clusters [33]. 
After polymerization, a broad band around 390 nm appears, which can be re-
lated to spherical Ag(0) nanoparticles [34]. The broadening of this band may be 
accounted to a large size distribution and/or aggregation of Ag(0) particles, 
which may be explained by the acidic pH of the solution. Indeed, several authors 
have shown that the size of silver particles is inversely proportional to the pH 
[35]. It has to be noted that the presence of the shoulder around 350 nm corres-
ponding to silver cluster is still detected after polymerization, which confirms 
the XPS results. 

Grafting of PCL: PCL grafting on CNCs was investigated by FT-IR and XPS. 
Modified CNCs were previously purified by Soxhlet extraction in order to re-
move free adsorbed PCL [17]. Spectra of commercial PCL, non-modified and 
modified CNCs are reported in Figure 5. Spectra of non-modified and modified 
CNCs are quite similar, whereas modified CNCs present a specific band at 1722 
cm−1, related to C = O functions of PCL [36]. The intensity of this band is rela-
tively low as compared to the one reported in other studies [17]. It may therefore 
be assumed that the grafting density is lower, which can be explained by the 
non-optimization of the process and use of freeze-drying for isolating CNCs 
leading to aggregate formation [36]. 
 

 

Figure 5. FT-IR spectra of commercial PCL, non-modified and modified CNCs. (PCL 
peak not at the same scale in the insert). 
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High resolution of the C 1s XPS spectra of non-modified and modified CNCs 
is reported in Figure 6. After curve fitting, both signals can be resolved in four 
bands, corresponding to the different environments of carbon atoms. The bind-
ing energies and ratios of these bands are presented in Table 2. Non-modified 
CNCs present a large contribution of C-O associated to the hydroxyl functions 
of cellulose (67.6% of total carbons) whereas 18.2% is attributed to O-C-O bonds 
corresponding to glycosidic linkage. This value is close to the theoretical value of 
20% obtained by Habibi et al. for pure nanocellulose [6]. The bands at 289.6 eV 
and 285 eV correspond to ester/carboxylic groups and to aliphatic hydrocarbons 
respectively. Nevertheless, the presence of aliphatic compounds can only be ex-
plained by the presence of some byproducts and/or contaminants because pure 
cellulose does not contain these groups (Habibi et al., 2008; Tian et al., 2014). 
Comparatively, modified CNCs present lower C-O and O-C-O ratios, whereas 
C-C, C-H and COO proportions are larger (13.3% to 51.6% and 0.9% to 4.7%, 
respectively). This is due to the replacement of hydroxyl groups from CNCs by 
PCL which leads to the formation of ester and alkyl groups. These values are 
consistent with reported data for PCL grafting systems using external heating 
around 100˚C [8] [36].  

Molecular weight of free PCL: Additionally, the number (Mn) and weight (Mw) 
average molecular weights as well as the polydispersity index (PDI = Mw/Mn) of 
free PCL were determined by GPC (Table 3). The value of Mn is 11543 g∙mol−1 
which corresponds to a polymerization degree of 101. Moreover, a PDI value of 
1.92 was calculated, which is in agreement with reported results on cationic po-
lymerization [12]. It must be mentioned that the molecular weight of grafted 
PCL chains should be lower than the one of free PCL, because of the steric hin-
drance at CNCs surface that leads to less reactive hydroxyl groups as compared 
to the hydroxyl groups of water [18]. 
 
Table 2. Functional group ratios and band positions of the C 1s high-resolution XPS 
bands of non-modified and modified CNCs. 

Type of 
bonds 

Band Position (eV) Non-Modified 
CNCs 

%total carbon 

Modified CNCs 
%total carbon Non-Modified CNCs Modified CNCs 

C-C, C-H 285 285 13.3 51.6 

C-O 286.7 286.6 67.6 34.5 

O-C-O 288.2 288.3 18.2 9.3 

COO 289.6 289.3 0.9 4.7 

 
Table 3. Mn, Mw, polydispersity index (PDI) and number average polymerization degree 
(DPn) of the free chains of PCL after polymerization by GPC. 

Monomer 
AgSbF6 
(wt%) 

CNCs 
(wt%) 

Mn 
(g∙mol−1) 

Mw 
(g∙mol−1) 

PDI DPn 

ε-CL 5% 5% 11,543 22,138 1.92 101 
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Figure 6. C 1s high-resolution XPS spectra of non-modified and modified CNCs. 

4. Conclusion 

This study highlighted that, simultaneous PCL polymerization and grafting at 
CNCs surface through in situ CROP at room temperature are possible thanks to 
the presence of AgSbF6 and CNCs that act as initiator and co-initiator respec-
tively. The resulting material is composed of free PCL, PCL-grafted CNCs, Ag(0) 
and impurities mainly related to the counter-anion ( 6SbF− ). The formation of 
polydispersed Ag(0) particles, leading to the release of protons initiating the po-
lymerization of PCL, was evidenced by UV/visible and XPS analysis. Moreover, 
PCL grafting on CNCs was confirmed by XPS and FT-IR. The significant in-
crease of the C-C, C-H ratios observed by XPS, as well as Mn, Mw and DPn val-
ues, obtained by GPC for free PCL suggest promising results for CROP at room 
temperature, once the procedure optimized. 
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