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ABSTRACT

Surface modification of cellulose nanocrystals (CNC) by organocatalysed grafting from ring-opening polymeri-
zation (ROP) of trimethylene carbonate was investigated. Organocatalysts including an amidine (DBU), a gua-
nidine (TBD), an amino-pyridine (DMAP) and a phosphazene (BEMP) were successfully assessed for this purpose,
with performances in the order TBD > BEMP > DMAP, DBU. The grafting ratio can be tuned by varying the
experimental parameters, with the highest grafting of 74 % by weight obtained under mild conditions, i.e at room
temperature in tetrahydrofuran with a low amount of catalyst. This value is much higher than that of typical ring
opening polymerizations of cyclic esters initiated from the surface of cellulose nanoparticles. Additionally, DSC
analysis of the modified material revealed the presence of a glass transition temperature, indicative of a sufficient
graft length to display polymeric behaviour. This is, to our knowledge, the first example of cellulose nanocrystals
grafted with polycarbonate chains.
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1. Introduction

Polysaccharides, and in particular cellulose, have experienced a
rejuvenation of interest in recent years after being slowly replaced by
petroleum alternatives during the 20th century in many applications.
With the increasing concern over sustainability of many aspects of
chemistry and materials science, the surge of interest in these materials
is unsurprising as they constitute the bigger fraction of biomass (Habibi,
Lucia, & Rojas, 2010). Cellulose nanoparticles in particular have
received a lot of attention due to native cellulose availability and their
interesting properties such as a high aspect ratio, high young modulus,
and low density (Dufresne, 2013). Both cellulose nanofibrils (CNF) and
cellulose nanocrystals (CNC) have been widely studied as fillers for
composite materials since the work of Favier et al. in 1995 who reported
on the first composites reinforced with cellulose nanocrystals. Incorpo-
ration of nanocellulose into a polymer matrix has since been studied
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extensively and has the potential, especially when combined with
biodegradable polymers, to produce strong yet fully biodegradable
materials. To this end, carbonates are of particular interest, as aliphatic
polycarbonates are highly valuable polymers with a very large scope of
applications, most notably in textiles, biomedical applications, micro-
electronics, and packaging (Yu, Maynard, Chiaradia, Arno, & Dove,
2021). As an additional benefit to being biodegradable (Artham &
Doble, 2008), aliphatic polycarbonates have also been obtained from
renewable sources making them valuable as a potential alternative to
petroleum-based polymers (Helou, Miserque, Brusson, Carpentier, &
Guillaume, 2010). To produce high performance composite materials,
using nanocellulose directly as an additive to polymers, has proven to
give less than ideal results due to the highly hydrophilic nature of cel-
lulose and its tendency to aggregate. These issues typically lead to a
lower than expected mechanical strength and ductility as these are
highly dependent on the dispersion of the reinforcing fibre in the
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polymer matrix and on the strength of the interface (Habibi, 2014).

To find solutions, a large amount of work has been carried out on the
surface modification of cellulose nanocrystals, typically using the hy-
droxyl groups (Eyley & Thielemans, 2014) via acetylation (Xu, Wu, Wu,
& Kuang, 2020), carbamation (Girouard, Xu, Schueneman, Shofner, &
Meredith, 2016), esterification (Trinh & Mekonnen, 2018), ether-
ification (Sahlin et al., 2018), silanization (Anzlovar, Krajnc, & Zagar,
2020), amidation (Lasseuguette, 2008), and polymer grafting by
different methods.(Wohlhauser et al., 2018) While “grafting to” poly-
merization, i.e the process of grafting a pre-synthesized polymer chain to
the surface of cellulose can be successful (Azzam, Heux, & Jean, 2016),
the “grafting from” method is usually the preferred pathway to cellulose
modification with polymers as it is better controlled and avoids prob-
lems such as steric hindrance (Wohlhauser et al., 2018). The “grafting
from” approach has been used to couple many types of polymers on
cellulose such as e.g polylactones (Habibi et al., 2008; Labet & Thiele-
mans, 2012) and polylactide (Lalanne-Tisné, Mees, Eyley, Zinck, &
Thielemans, 2020). In the case of polymer grafting, the main goal is
usually to increase the compatibility between the cellulose fillers and a
polymer matrix (Thielemans, Belgacem, & Dufresne, 2006). Lactones
and lactides have received a lot of attention due to their potential in
biomedical application (Albertsson & Varma, 2003) as they can undergo
hydrolysis in vivo. However, polyester hydrolysis generates carboxylic
acids, which can be a significant drawback (Lendlein & Langer, 2002).
Polycarbonates demonstrate much of the same advantages as polyesters
when it comes to their degradation in vivo (Engler et al., 2013) but they
do not generate acidic products during hydrolysis (Kluin, van der Mei,
Busscher, & Neut, 2009). Despite their potential use, however, poly-
carbonate grafting has not seen much attention, with only some work on
grafting on cellulose filter paper (Pendergraph, Klein, Johansson, &
Carlmark, 2014), synthesis of isosorbide-based polycarbonates (PC) in
the presence of cellulose nanocrystals (Park et al., 2019), and grafting of
poly(trimethylene carbonate) from starch (Samuel et al., 2014). To our
knowledge, the grafting of aliphatic polycarbonates from the surface of
cellulose nanocrystals has never been reported before.

To exert control over final properties, it is important to have a well-
controlled polymerization reaction. Therefore, the choice of a catalytic
system with a high activity and a high level of control is a primary
concern. In the case of aliphatic polycarbonates, ring-opening poly-
merization (ROP) is currently the leading approach as it leads to a living
polymerization, therefore satisfying the criteria listed before, i.e high
activity and high level of control (Jerome & Lecomte, 2008; Penczek,
Cypryk, Duda, Kubisa, & Slomkowski, 2007). State of the art ROP allows
for the use of many catalysts, including non-toxic metal centres like zinc.
However the presence of catalyst traces in the material produced is
unwanted for many applications, and metal catalysts are known for
being hard to remove completely from polymeric materials (Hafrén &
Cordova, 2005). “Immortal” ring-opening polymerization is an
approach that has been used for carbonate polymerization and which
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allows for the use of a small amount of catalyst along with a co-initiator
in the form of a protic source. This co-initiator determines the number of
chains growing, which gives control over the chain length no matter the
quantity of catalyst used while keeping a high catalytic activity (Helou,
Miserque, Brusson, Carpentier, & Guillaume, 2008). This approach can
also be carried out metal free, as many advances in organocatalysis have
led to the emergence of a wide variety of ROP catalysts (Ottou, Sardon,
Mecerreyes, Vignolle, & Taton, 2016a, 2016b). While not all these sys-
tems are as efficient as metallic catalysts, some are very promising and
have shown a high degree of control. In the case of aliphatic carbonates,
and in particular trimethylene carbonate (TMC, see Fig. 1), base cata-
lysts have been reported to produce polycarbonates with low dispersity
(Kamber et al., 2007). Catalysts of interest include amines and pyridine
derivatives (dimethylethanolamine, 4-dimethylaminopyridine-DMAP),
guanidines (1,5,7-triazabicyclo[4.4.0]dec-5-ene-TBD), amidines (1,8-
diazabicyclo[5.4.0]undec-7-ene-DBU), and phosphazenes (2-tert-buty-
limino-2-diethylamino-1,3-dimethylperhydro-1,3,2-diazaphosphorine-
BEMP) among others (Helou et al., 2010; Lohmeijer et al., 2006). While
ring-opening polymerization of trimethylene carbonate with organic
catalysts has been studied extensively in the last decade, small protic
molecules such as benzyl alcohol were mostly used as the co-initiator
(Helou et al., 2010). Therefore, using cellulose nanocrystals as the
protic source to obtain a brush copolymer with polycarbonate is an
interesting perspective. Understanding of the reaction and the influence
of different parameters would be valuable to increase the general effi-
ciency of polymer grating on cellulose, a process with a generally low
yield (Lalanne-Tisné et al., 2020). In particular, to our knowledge, tri-
methylene carbonate has never been grafted on the surface of cellulose
nanocrystals before. Hence, we report the first synthesis of poly(tri-
methylene carbonate) grafted cellulose nanocrystals via ring opening
polymerization and investigate the influence of experimental parame-
ters in an effort to increase the grafting efficiency.

2. Materials and methods
2.1. Materials

Sulfuric acid (97 %) was obtained from VWR and calcium hydride
was purchased from Acros Organics. Dichloromethane and ethanol
(analytical reagent grade) were obtained from Carlo Erba and cotton
wool was obtained from Fischer Scientific. Benzoic acid (99 %) and
tetrahydrofuran (THF) were obtained from Sigma Aldrich and THF was
purified through an alumina column (Mbraun SPS). 2-tert-Butylimino-2-
diethylamino-1,3-dimethylperhydro-1,3,2-diazaphosphorine =~ (BEMP,
98 %) was obtained from Acros Organics. 1,8-Diazabicyclo[5.4.0]
undec-7-ene (DBU, 99 %) was bought from Alpha Aesar and 1,5,7-Tria-
zabicyclo[4.4.0]dec-5-ene (TBD, >98 %) from TCIL. BEMP, DBU and TBD
were introduced, opened, stored in a glovebox and used as received.

Trimethylene carbonate (TMC, 99.5 %) was purchased from Actuall
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Fig. 1. General reaction scheme of the ring-opening polymerization of trimethylene carbonate co-initiated by hydroxyls present on the surface of cellulose

nanocrystals.
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Chemicals and purified by drying over calcium hydride, filtered under
inert atmosphere and then recrystallised. The purified monomer was
subsequently stored in a glovebox. 4-Dimethylaminopyridine (DMAP,
99 %) was purchased from Aldrich and co-evaporated three times with
toluene followed by sublimation under vacuum at 85 °C and stored in a
glovebox before use.

All chemicals were used as received unless stated otherwise.

2.1.1. Preparation of CNCs

Cotton nanocrystals were prepared by acid hydrolysis of cotton wool
for 35 min at 45 °C in a 64 wt% aqueous H»SO4 solution while stirring
constantly (Revol, Bradford, Giasson, Marchessault, & Gray, 1992).
Deionised water was used to wash the resulting suspension by three
successive centrifugations at 10000 rpm and 10 °C for 40 min, replacing
the supernatant with deionised water each time. Dialysis under
continuous tap water flow was then used to remove residual free acid.
After 48 h, the pH of the eluent was checked to be neutral and a ho-
mogeneous dispersion of cotton nanocrystals in water was obtained
using a Branson sonicator at 10 % amplitude for 2 min. The dispersion
was subsequently filtered over a fritted glass filter no. 2, and stirred
overnight with Amberlite MB-6113 resin to remove non-H3O" cations.
The dispersion was sonicated one last time, frozen in liquid nitrogen,
and freeze-dried using a Heto PowerDry PL6000 apparatus from Thermo
Scientific under a vacuum of 2 bars. In addition to this procedure
commonly followed in the literature to prepare cellulose nanocrystals, a
further purification was performed to remove surface adsorbed impu-
rities that adsorb onto the nanocrystal surface (Labet & Thielemans,
2011). After freeze-drying, the cotton nanocrystals were Soxhlet
extracted for 24 h using ethanol as a solvent. The nanocrystals were
subsequently dried in a vacuum oven (0.5 bar) at 50 °C and then dried
further under ultra-high vacuum (Pfeiffer DCU 100) at 107° bars for 4
days. The container used for the drying process was then tightly closed,
filled with argon, and placed in a glovebox.

2.2. Ring-opening polymerization of TMC on CNC surface

All experiments were carried out under inert atmosphere in a glo-
vebox unless stated otherwise.

In a typical reaction, a stir bar was placed in a small reactor, along
with a specified amount of CNCs. The molar ratios used are specified in
Tables 1 and 2 and based on the molecular weight of one glucose ring
bearing one primary OH. THF was added and the mixture was stirred for
30 min to disperse the CNCs. Trimethylene carbonate was then added
and left to stir until complete dissolution. Subsequently, the catalyst was
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added while stirring and the reactor was placed in an oil bath set at a
given temperature. After the desired duration, the reaction was
quenched using benzoic acid and dichloromethane addition, and the
mixture was filtered through a Soxhlet extraction thimble. A sample of
the crude mixture was taken for NMR analysis, and the modified CNCs
were purified by Soxhlet extraction twice, first with dichloromethane
(24 h), and then with ethanol (24 h).

The modified nanocrystals were then dried under vacuum on a
Schlenk line (<1 mbar) for 24 h.

The homopolymer produced as a side reaction was recovered from
the first Soxhlet extraction mixture after evaporation of the
dichloromethane.

Characterization methods, apparatus, calculation method to deter-
mine grafting, conversion and yield, and additional information about
experimental procedures are all available in Supporting Information
Appendix A.

3. Results and discussion
3.1. Catalyst screening

The performance of the different organic catalysts, namely TBD,
BEMP, DMAP and DBU (shown in Fig. 2) to polymerize TMC from the
surface of cellulose nanocrystals were evaluated in THF at room tem-
perature. The different catalysts were selected from their ability to ca-
talyse ROP of TMC in the presence of an alcohol (Helou et al., 2010). The
TMC/catalyst/OH ratio was mostly kept at 500/1/50. Table 1 displays
the most significant results.

In the absence of catalyst, significant conversion of the monomer into
either grafts or homopolymer was not achieved (Table 1, entry 1),
showing the clear need to use a catalyst.

At a typical ratio of 500/1/50 (TMC/catalyst/OH), TBD was shown
to reach full conversion of the monomer within 5 h, and resulted in
modified CNCs containing of 51 % grafted polymer (Table 1, entry 2), a
fairly high value for typical “grafting from” of polymer through ring
opening polymerization from the surface of nanocellulose. Similarly, a
significant amount of monomer was converted to homopolymer (yield of
16 % for grafting), which shows an important competition between
grafting onto the CNC and homopolymerization. However, it is common
for grafting on cellulose to use a large excess of monomer to increase the
amount of grafting at the cost of efficiency (Lalanne-Tisné et al., 2020;
Miao & Hamad, 2016). Molar mass dispersity of the homopolymer was
found at an acceptable value of 1.8, significantly higher than usual
values obtained for typical homopolymerizations (Nederberg et al.,

Table 1

Ring-opening polymerization of TMC initiated from the surface of CNC in the presence of various organocatalysts at 25 °C in THF.
Entry Catalyst TMC/Catalyst/OH" Time Polycarbonate grafting” Conversion" Grafting yield” M, homopolymer® Py

(h) (Wt%) (%) (%) (g.mol 1)

1 Blank 500/0/50 5 2 4 0.3 NA NA
2 TBD 500/1/50 5 51 29 16.5 19,700 1.8
3 BEMP 500/1/50 3 24 45 5.0 35,400 1.9
4 BEMP 500/1/50 5 35 52 8.6 33,500 1.8
5 BEMP 500/1/50 16 37 52 9.3 33,500 1.8
6 DMAP 500/0.5/50 5 13 6 2.4 NA NA
7 DMAP 500/2/50 5 3 7 0.5 NA NA
8 DMAP 500/5/50 5 12 6 2.2 2100 1.2
9 DBU 500/1/50 3 18 9 3.5 NA NA
10 DBU 500/1/50 5 12 8 2.2 NA NA

? Calculated using moles of glucose rings (162.14 g/mol), and considering 1 primary OH per ring.
b Determined by elemental analysis (calculation based on hydrogen content (%H) and carbon content (%C)) and corrected for adsorbed water using TGA.
¢ Calculated via '"H NMR to determine monomer/polymer ratio and corrected to include monomer grafted.

4 Ratio of initial monomer to monomer grafted.

¢ Determined by SEC of homopolymer vs. polystyrene standards and corrected with a correction factor of 0.57, 0.73 or 0.88 based on size measured (Palard,

Schappacher, Belloncle, Soum, & Guillaume, 2007).
f Molar mass distribution calculated from SEC of homopolymer.
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Table 2
Ring-opening polymerization of TMC initiated from the surface of CNC in the presence of TBD in THF for 5 h.
Entry TMC/Catalyst/OH" T Polycarbonate grafting” Conversion® Grafting yield M, homopolymer® By
0 (Wt%) (%) (%) (g:mol )
2 500/1/50 25 51 929 16.5 19,700 1.8
115 500/1/50 65 47 33 14.1 11,200 3.0
12" 500/1/50 25 60 99 23.8 19,600 1.9
13 500/1/50 0 54 99 18.7 16,500 2.0
14 500/1/50 40 51 929 16.5 14,100 2.3
15 500/1/50 60 52 99 17.2 9700 1.8
16' 500/1/50 25 7 99 1.2 NA NA
17 500/1/40 25 49 99 12.2 18,700 1.7
18 500/1/30 25 49 99 9.2 23,100 1.7
19 500/1/50 25 53 99 17.9 12,100 2.0
20 500/2/50 25 9 99 1.6 26,700 1.8
21 500/5/50 25 9 99 1.6 2200 1.3
22 500/0.5/50 25 74 99 45.2 7100 1.8
23 500/0.25/50 25 64 78 28.2 11,400 1.6
24 250/0.5/50 25 57 99 42.1 11,100 1.7
25 125/0.5/50 25 47 99 56.3 4600 1.8
26 62.5/0.5/50 25 23 99 37.9 NA NA
27 250/1/50 25 50 99 31.8 13,700 1.9
28 125/1/50 25 41 99 44.1 12,900 1.8

@ Calculated using moles of glucose rings (162.14 g/mol), and considering 1 primary OH per ring.
b Determined by elemental analysis (calculation based on hydrogen content (%H) and carbon content (%C)) and corrected for adsorbed water using TGA.
¢ Calculated via 'H NMR to determine monomer/polymer ratio and corrected to include monomer grafted.

d Ratio of initial monomer to monomer grafted.

¢ Determined by SEC of homopolymer vs. polystyrene standards and corrected with a correction factor of 0.57, 0.73, or 0.88 based on size measured (Palard et al.,

2007).
f Molar mass distribution calculated from SEC of homopolymer.
8 Bulk reaction.
h Reaction done over 24 h instead of 5.
! Reaction performed outside the glovebox.

J Stirred for 24 h and sonicated prior to reaction to maximize dispersion of CNC. NA: not available as oligomers, i.e. too short to precipitate in cold methanol.

N

,|3 N N
N/||\N/\CH3 X
| N = X
¢ N N N

Hs | _
t-Bu CHj N
BEMP TBD DBU DMAP

pKaH": 27.5 pKaH": 26.2 pKaH™: 24.3 pKaH": 17.95

Fig. 2. Structure of the organocatalysts used in this study. pKa values in acetonitrile (Ishikawa, 2009; Kaljurand et al., 2005).

2007). The broader distribution can be explained because it is a side
reaction involving water and ethanol as co-initiatiors that are still
entrapped in the CNC dispersion after purification. In addition, water
and ethanol can also be involved in hydrolysis and transcarbonation
reactions respectively. This can be seen from the MALDI ToF mass
spectra of the precipitated polymer showing the corresponding chain
ends (details in Supporting Information Appendix A).

Using similar reaction conditions for BEMP (entries 3-5), a phos-
phazene catalyst, showed quite different results. Full conversion was not
reached, and after increasing the reaction time from 3 to 5 h, BEMP
conversion only reached 52 %. Further increasing the reaction time to
16 h did not increase monomer conversion. Despite the lower conversion
values, grafting on cellulose was achieved with this catalyst, and up to
37 % grafts were achieved in the modified CNCs, showing that this
catalyst, while less efficient than TBD using similar parameters, leads to
substantial grafting.

The reactions conducted with DMAP (entries 6-8) and DBU (entries

9-10) did not perform as well as the others under the same reaction
conditions (room temperature, 5 h), with NMR analysis showing very
low conversion. The resulting grafting was rather low for both catalyst
(18 % maximum) under these conditions, and no oligomers could be
recovered by precipitation to allow for SEC analysis. This is believed to
be due to their likely low average molecular weight.

We can try to explain the superior performance of TBD. TBD, unlike
the other catalysts tested, possesses a secondary amine group, giving it
great potential for catalysis via hydrogen bonding. It is also interesting to
note that unlike DBU, which can operate by a basic and a nucleophilic
mechanism, TBD can catalyse transesterification reactions by dual
activation via H-bonding (Simén & Goodman, 2007; Stanley et al.,
2019). Having a catalyst that can use both mechanisms may result in a
better reaction due to the ability of the catalyst to go in between inter-
molecular bonding (similarly to how a protic solvent gives a better
dispersion of CNCs). In addition, DBU and DMAP may favour homo-
polymerization due to their ability to perform a nucleophilic attack on
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the monomer, which is not the case for the BEMP phosphazene, that
leads to an intermediary grafting ratio.

When looking at results for homopolymerization of trimethylene
carbonate (Helou et al., 2010), it is worth noting that TBD is also the
most active catalyst in bulk, and full conversion is achieved much faster
at lower temperatures when compared to DMAP and DBU. As the work
presented here is carried out in solvent but at room temperature, it is
possible that the activity of some of the catalysts (except for TBD) is
reduced as the activation requires more energy. However, further testing
at higher temperature with all the catalysts was not explored as we
observed browning of the CNCs at temperatures as low as 40 °C in the
presence of THF and TBD (see next section).

Comparing the pKa of all 4 bases, TBD in acetonitrile does not come
up as the strongest base (25.96), with BEMP having a higher pKa (27.5),
despite its superiority when it comes to grafting TMC on cellulose. TBD
is however a stronger base than DMAP and DBU, which could explain
partially the better results obtained when comparing these 3 bases. As
for BEMP, it is a much bulkier catalyst, therefore steric hindrance may be
the cause for the lower activity when compared to TBD, in particular for
the grafting onto CNC. This can be exemplified as despite the subpar
grafting efficiency on CNCs with BEMP, the extracted homopolymer
showed a higher M, than the homopolymer recovered after full con-
version with TBD.

As the screening of catalysts showed a more efficient grafting with
TBD, this reaction was studied further, in order to assess the influence of
the reaction conditions.

3.2. Influence of experimental parameters for the TBD catalyzed grafting

As the polymerization of TMC has also been performed in bulk
(Helou et al., 2010), the grafting reaction on the surface on CNCs was
also carried in bulk for comparison (entry 11, Table 2). Despite homo-
polymerization of TMC being very quick under bulk conditions, the re-
action with cellulose did not go to full conversion within an hour.
However, the polycarbonate content of modified CNCs did reach 47 %, a
value comparable to the content obtained by grafting in THF. The vis-
cosity is a major issue in bulk reactions as the melted monomer is not a
good medium to disperse CNCs, resulting in poor homogeneity of the
final material and a greater difficulty to redisperse the modified cellu-
lose in solvent, rendering its use more complicated. The high viscosity is
also likely a cause for the lower conversion, as the reaction slows down
considerably with homopolymer production. Lastly, the bulk reaction,
as expected, shows a much higher dispersity for the synthesized ho-
mopolymer, indicating some loss of control over the polymerization
reaction.

THF was used as the main solvent as it had been shown to dissolve
well TBD, TMC, and poly(trimethylene carbonate), and to be a good
solvent for CNC dispersion. Some other common solvents were assessed,
but worse results were obtained (additional information in SI).

As shown previously (entry 11), the polymerization of TMC was
complete after 5 h, however a reaction under similar conditions was also
performed over 24 h (entry 12) to evaluate the activity of TBD over a
longer period of time, as it has been reported to be capable of depoly-
merization (Meimoun et al., 2020). In the case of poly(trimethylene
carbonate) grafted CNCs, a small increase in grafting content can be
measured after 24 h of reaction, however the average molecular weight
of the produced homopolymer started decreasing, showing potential
signs of depolymerization or transcarbonation reactions. Therefore 5 h
was the favoured reaction time for the reaction, as it allowed for a good
control over grafting while having good conversion, and a very good
reproducibility (repeated reactions available in SI).

At the typical ratio of TMC/Cat/OH of 500/1/50, variation in tem-
perature was tested to determine its influence on the grafting reaction.
At first glance, the temperature did not appear to change the amount of
grafting in a significant manner, as increasing the temperature to 40 °C
(entry 14) or 60 °C (entry 15) yielded CNCs with 51 % and 52 % grafts
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respectively (compared to entry 2). However, at temperatures as low as
40 °C, browning of the CNCs was observed and became more pro-
nounced at higher temperature, indicating a potential degradation of the
material. A shortening of the homopolymer chains is further observed as
the reaction temperature increased, indicating possible depolymeriza-
tion/chain scission reactions in the presence of TBD, which has been
reported for both polycarbonates (Li, Sablong, van Benthem, & Koning,
2017) and polylactides (Meimoun et al., 2020). A reaction at 0 °C was
also performed using an ice bath to determine if a lower temperature
could favour grafting over homopolymerization (entry 13), however the
results obtained for the grafting of CNC were in the same range (>50 %)
as the reaction performed at room temperature (RT). The temperature
used for the rest of the reaction was therefore set to RT (controlled by an
oil bath) to avoid any degradation of the material and to keep the re-
action more energy efficient.

A reaction was then performed under inert atmosphere, but not
under glovebox conditions, to evaluate how sensitive the efficiency of
the grafting was to the presence of water and other impurities (entry 16).
Prior to the reaction, CNCs and TMC were dried using a vacuum and an
argon line rather than ultra-high vacuum. THF was used after purifica-
tion over alumina, similarly to experiments performed inside the glo-
vebox. Multiple argon/vacuum cycles were used to ensure an inert
atmosphere was achieved. Under these conditions, a low amount of
grafting (7 vs. 51 % in entry 2) as well as the short chain length of the
homopolymer (impossible to precipitate in cold methanol) showed the
prevalence of initiation by traces of water and ethanol. Due to CNCs
being hydrophilic, it is hard to remove significant traces of water from
them without extreme conditions (10~® bar of vacuum), as well as
ethanol residue from the purification steps of preparing CNCs. This re-
action shows that in order to maximize grafting efficiency, purification
of the different chemicals and a thorough drying of the cellulose is
required, and working in a glovebox is useful.

In an attempt to increase grafting on cellulose, reactions were then
performed with an increased ratio of TMC/CNC by decreasing the
quantity of cellulose used. Surprisingly, increasing the quantity of
monomer did not lead to a significant improvement in the grafting
amount on cellulose (entries 17-18), which seems to reach a maximum
at around 50 %, a result similar to other reactions (entry 2). This shows
that simply increasing the quantity of monomer used in the reaction is
an ineffective way to increase the maximum amount of grafting on the
surface of CNCs.

To determine if the availability of the hydroxyl groups on the surface
of cellulose is an important factor, a reaction was performed on a batch
of CNCs in THF with increased effort at individualization of CNCs. The
mixture of cellulose and solvent was prepared in the glovebox, then
closed tightly and stirred over 24 h vs. 30 min previously used. A soni-
cation bath was also used in burst of 5 min over the 24 h. The results
obtained (entry 19) when compared to a “typical” reaction showed that
increased effort for maximum individualization of CNCs did not have a
significant impact as the grafting obtained was also around the 50 %
mark.

The influence of catalyst loading was further assessed. Using a
typical ratio TMC/TBD/OH of 500/1/50 showed good results and a
grafting of around 50 %. Increasing the catalyst ratio to 2 equivalents vs.
OH (entry 20) however lowered the grafting % on CNCs by a significant
amount, whereas the length of the homopolymer increased, indicating
that increasing the TBD amount favours homopolymerization.
Increasing the amount of catalyst further to 5 equivalents (entry 21)
yielded a similar amount of grafting onto the CNCs than entry 20 (9 %),
but the average molecular weight of the isolated polymer was signifi-
cantly smaller (<3000 g.mol1). As mentioned previously, TBD is not
only capable of polymerization, but also depolymerization under the
right circumstances via a nucleophilic attack on the carbonyl moieties
(Meimoun et al., 2020). In the case of polylactide, the use of 5 equiva-
lents of TBD decreased the number-average molecular weight of the
resulting polymer more than tenfold, a result very similar to what is
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observed in this work for the polycarbonate.

As opposed to increasing the catalyst quantity, lowering the amount
of TBD used for the reaction to 0.5 equivalents showed an improvement
in the grafting on CNCs with a material composed of up to 74 % poly-
carbonate grafts by weight and a grafting yield of 46 % (entry 22). M,, of
the homopolymer obtained was lower, which can simply be explained
by the increased quantity of monomer turned into grafts rather than
homopolymer.

Decreasing the quantity of catalyst further resulted in a decrease in
the amount of grafting to 64 % (entry 23), which is an improvement over
the result obtained with 1 equivalent (entry 2) but a setback compared
to reactions performed with 0.5 equivalent (entry 22). Moreover, the
low concentration of TBD led to a slower reaction, and obtaining full
conversion became more difficult.

To improve the grafting efficiency with respect to the total amount of
monomer used, reactions with 0.5 equivalent of TBD (shown to have the
best results) and successively lower amounts of monomer were carried
out.

The grafting % decreased from 74 % to 57 % (entry 22 vs. 24) when
the monomer concentration was halved, but the grafting yield stayed
within the same range at 42 %. While this is not an improvement, it
however, allows one to obtain CNCs with around 50 % grafts with
significantly less monomer loss than some previous experiments (e.g
entry 2). Lowering the amount of monomer further continued to reduce
the % grafting (47 %) but led to an increased yield of 56 % which is a
good value for grafting of a polymer on cellulose, as this parameter is
usually overlooked in favour of trying to reach a maximum amount of
grafting.

A similar reaction was also performed with a typical 1 equivalent
TBD to compare to the grafting yield obtained with 0.5 equivalents. As
previously shown, the grafting % obtained is superior using a lower
quantity of catalyst, leading to a higher grafting yield.

Overall, this shows that a wide range of grafting % is possible, and
specific values can be targeted using the right amount of catalyst
(typically 0.5 eq) without having to use a large excess of monomer,
while keeping the grafting yield as high as possible.

3.3. Characterization of the poly(trimethylene carbonate)-grafted CNC as
a function of the grafting ratio

In addition to elemental analysis, FT-IR was used to determine the
success of the grafting reaction (Fig. 3). As expected, both modified and
unmodified cellulose spectra resemble each other. However, 2 bands
characteristic to our grafts are visible for modified cellulose. First, the
band at 1754 cm™! can be identified as a carbonyl stretch v(C=0), thus
confirming the successful incorporation of the carbonate moieties onto

v(C=0) v(0-C-0) v(C3-OH) v(C6-OH)
e

%

CNC

23%

4% |

64%

74%

PTMC

3600 3200 2800 2400 2000 1600 1200 800
‘Wavenumber (cm'])

Fig. 3. FT-IR spectra of unmodified cellulose nanocrystals (CNC) and grafted
one with different graft content after purification by Soxhlet extraction. PTMC
of 154,000 g/mol extracted from soxhlet and purified by precipitation. Grafted
CNCs corresponding to reference.
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CNCs. A second characteristic band is observed at 1229 cm™' corre-

sponding to v(C—O) stretching (Nyquist & Potts, 1961). As shown in
Fig. 3, the relative intensity of both bands increased with the grafting
content, thus confirming the results determined by elemental analysis
and TGA. Lastly, the ratio of absorption band at 1059 cm™' corre-
sponding to ©(C3-OH) to C-O-C stretching at 1160 cm ! (Marechal &
Chanzy, 2000), decreases with increasing grafting ratio which shows the
successful esterification of the secondary alcohol in the C3 position. The
band at 1032 cm™! corresponding to »(C6-OH) increased with
increasing grafting ratio, as the terminal OH of the polycarbonate chains
appear in this region as well. As a consequence, grafting at the C6 po-
sition is not “visible” by FTIR, as both primary and secondary C-OH of
cellulose are replaced by the primary terminal C-OH of the polymer at
1032 cm™ L. Note that v(C2-OH) cannot be discussed here as the polymer
has a band in the area.

X-ray photoelectron spectroscopy can give additional insights into
the composition of the modified CNCs at a surface level. In the C1s high
resolution scan (Fig. 4), the aliphatic C—C carbon contribution (C1) at
285 eV is shown to increase rapidly with grafting, as cellulose units do
not contain aliphatic carbons, unlike trimethylene carbonate. With an
increasing amount of graft content, the relative intensity of the C1
contribution increases and then appears to reach a maximum, at the
contribution amount expected for pure poly(trimethylene carbonate)
chains indicating that no cellulose contribution is visible anymore. As
opposed to C1, the C2 and C3 contributions to the Cls signal, corre-
sponding to C—O and O-C-O environments respectively, both decreased
with an increasing amount of grafts, as poly(trimethylene carbonate)
contributes less to the C—O signal than cellulose, and does not
contribute to the O-C-O signal. Finally, the O-C=0 contribution (C4)
increased with grafting content, similarly to C1 as the carbonate func-
tion is the only contribution to this peak. The results obtained from
elemental analysis, are therefore confirmed by the XPS data.

With poly(trimethylene carbonate) being a highly hydrophobic

c2

Unmodified CNC

— 23% grafts
41% grafts

— 64% grafts

— 7 4% grafts

T T T T T T T 1 T

| |
288 284
Binding energy (eV)
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Fig. 4. Carbon 1 s X-ray photoelectron spectroscopy (XPS) scan of cellulose
nanocrystals grafted with different poly(trimethylene carbonate) content.
Grafted CNCs corresponding to reference in Table 2: entry 26 (23 %), entry 28
(41 %), entry 23 (64 %), entry 22 (74 %.
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material, grafting CNCs with it will change its interaction with water
significantly. To quantify this, grafted CNCs were used in contact angle
measurements with water. The water contact angle increased rapidly
with the poly(trimethylene carbonate) content of the cellulose sample
(Fig. 5), in line with the length of the graft in the brush copolymer
structure. For a poly(trimethylene carbonate) content as low as 9 %, the
increase in hydrophobicity was significant, which then increased more
slowly as the carbonate content increased, up to a value close to that of
pure PTMC reported in the range 90-110 °C (Brossier et al., 2021; Yao
et al., 2017). This might be related to an increasing coverage of the CNC
by PTMC, ranging from partial to almost full. It is noteworthy that the
contact angle and thus the wettability can be controlled by targeting the
proper polycarbonate grafting ratio. As a result, we believe that this
increase in hydrophobicity shows good signs for the potential incorpo-
ration of these nanoparticles in a polymer matrix for composite
applications.

DSC analyses were conducted to obtain more information on the
thermal behaviour of the grafts. The samples were heated from —80 to
190 °C, as the glass transition temperature (Tg) of poly(trimethylene
carbonate) is below 0 °C. For unmodified CNCs, no T or melting point
were observed, as expected (Fig. 6). For grafted CNCs, a glass transition
temperature was observed for all samples in the same range as the Tq of
pure poly(trimethylene carbonate), but with slightly higher values. With
a graft content as low as 23 %, a Ty at —9 °C can be recorded, indicative
of the presence of poly(trimethylene carbonate) grafts. As the carbonate
content increased, the T; decreased and progressively moved towards
the value for poly(trimethylene carbonate) homopolymer (11,700 g.
mol 1) at —17 °C, without ever reaching it. This phenomenon could be
attributed to a lower mobility of the chains that are closer to the CNC
backbone, their relative amount decreasing with higher grafting values.
Overall, this shows that polymer grafts on cellulose nanocrystals are of
sufficient length to showcase polymeric behaviour. In addition, we also
measured the Ty of non-grafted homopolymers of similar molecular
weight and compared it with that of the grafted polymer (see SI section
§12). The 3 homopolymers of ca. 20,000 g/mol show a Tg of ca. —16/
—17 °C, whereas the Ty of the grafted CNC are in the range —10 to
—13 °C, which tend to confirm the occurrence of a true grafting.

In order to know whether the cellulose nanocrystals retain their
structure following grafting, wide-angle X-ray scattering was used to
determine the crystallinity of the pristine and PTMC grafted CNC sam-
ples. The X-ray scattering data was fitted with the crystal structure of
cellulose If, and the amorphous contribution to the scattering
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Fig. 5. Contact angle of a water droplet on the surface of CNC modified with
different poly(trimethylene carbonate) content. Grafted CNCs corresponding to
reference in Table 2: entry 9 (9 %), entry 26 (23 %), entry 2 (51 %), and entry
22 (74 %).
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Fig. 6. Differential Scanning Calorimetry graphs of CNC, poly(trimethylene
carbonate) (PTMC) and modified CNC during the second heating at 10 °C/min.
Grafted CNCs corresponding to reference in Table 2: entry 26 (23 %), entry 2
(51 %), and entry 22 (74 %).

determined. As no melting peak was seen in the DSC data, we know that
the PTMC will be included in the amorphous contribution to the scat-
tering data. Therefore, considering the amount of PTMC in the sample,
changes in crystallinity of the cellulose (Ayc, cellulose) can be determined
as the difference in crystallinity between the starting material and the
product (Ayc, sample), minus the expected contribution from PTMC
(pprmc — the volume fraction of PTMC) as shown in Table 3.

The data on the grafted samples shows only around 5 % change in
cellulose crystallinity when the contribution from amorphous PTMC is
removed. This change could be due to peeling of the surface chains of the
CNC during grafting, however, given the lack of trend in Ay, cellulose, and
the wide standard deviation in the values, it is possible that this reflects
the error in the calculation of the sample crystallinity by this
methodology.

4. Conclusion

Ring-opening polymerization (ROP) of trimethylene carbonate was
performed using cellulose nanocrystals as co-initiators in the presence of
4 organocatalysts, i.e DMAP, DBU, TBD and BEMP. The overall perfor-
mance considering conversion, grafting ratio and yield followed the
sequence TBD > BEMP > DBU, DMAP. After optimization, a grafting
ratio as high as 74 % could be reached using TBD, corresponding to a
material composed by weight of almost % polycarbonate grafts. The
reaction was performed at room temperature with a low concentration
of the catalyst, 0.5 % vs. TMC and 500 equiv. TMC per glucose unit. This
led to a material with T and contact angle close to that of poly(tri-
methylene carbonate). The use of a single step reaction, under mild
conditions while keeping grafting yield high is of great interest to pro-
duce CNC with a controlled amount of grafts. Furthermore, we were able
to show some of the most influential parameters with respect to grafting

Table 3
The calculated sample crystallinity based on WAXS measurements for all
samples.

Sample Xc, sample A)c, sample PpT™MC AYe, cellulose
Unmodified CNC 0.99 - 0 0

23 % PTMC-g-CNC 0.68 —0.31 0.27 —0.04

41 % PTMC-g-CNC 0.56 —0.43 0.46 0.03

51 % PTMC-g-CNC 0.37 —0.62 0.56 —0.06

64 % PTMC-g-CNC 0.26 —0.73 0.69 —0.04

74 % PTMC-g-CNC 0.14 —0.85 0.78 —0.07
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content, providing some insight in the chemistry behind cellulose
modification. The contact angle could be tuned from ca. 50 to 100° by
adjusting the grafting ratio. Lastly, DSC results revealed the polymeric
behaviour of the grafts, confirming the successful grafting of poly-
carbonate chains of sufficient length to have high potential as rein-
forcement fillers in composite materials. To our knowledge, this is the
first reported chemical modification of cellulose nanocrystals with tri-
methylene carbonate, and the first example of a ROP-based grafting
from process attaching polycarbonate chains onto CNCs.
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