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Introduction

Cellulose nanocrystals (CNCs) are stiff cellulose nanomaterials typically isolated by the cleavage of the disordered regions of cellulose through acid hydrolysis [START_REF] Foster | Current characterization methods for cellulose nanomaterials[END_REF]. The application of cellulose nanocrystals was first explored in the context of reinforced composites [START_REF] Favier | Nanocomposite materials from latex and cellulose whiskers[END_REF] and has been ever since the subject of numerous studies for composites [START_REF] Oksman | Review of the recent developments in cellulose nanocomposite processing[END_REF]. In the early 2000s, efforts at compatibilizing CNCs with hydrophobic matrixes led to advances in their surface modifications [START_REF] Azizi Samir | Preparation of Cellulose Whiskers Reinforced Nanocomposites from an Organic Medium Suspension[END_REF][START_REF] Yuan | Surface acylation of cellulose whiskers by drying aqueous emulsion[END_REF]. This further broadened the field of applications of CNCs reaching out to papermaking, biosensors, water purification, food and pharmaceutical industries in more recent years [START_REF] Mohan | Applications of nanomaterials: Advances and key technologies[END_REF][START_REF] Xie | Applications of Cellulose Nanocrystals:A Review[END_REF].

For more advanced applications, a precise grafting of reactive species onto cellulose nanocrystals is often required. To that end, click chemistry has been implemented on CNCs based on thiol-ene reactions [START_REF] Aalbers | Post-modification of Cellulose Nanocrystal Aerogels with Thiol-Ene Click Chemistry[END_REF][START_REF] Chen | Highly alkynyl-functionalization of cellulose nanocrystals and advanced nanocomposites thereof via click chemistry[END_REF][START_REF] Huang | Functionalization of cellulose nanocrystal films via "thiol-ene" click reaction[END_REF], copper-catalyzed Huisgen reactions [START_REF] Filpponen | Regular linking of cellulose nanocrystals via click chemistry: Synthesis and formation of cellulose nanoplatelet gels[END_REF][START_REF] Sadeghifar | Production of cellulose nanocrystals using hydrobromic acid and click reactions on their surface[END_REF] and Diels-Alder reactions (García-Astrain et al., 2016;[START_REF] Shao | A Self-Healing Cellulose Nanocrystal-Poly(ethylene glycol) Nanocomposite Hydrogel via Diels-Alder Click Reaction[END_REF]. The Diels-Alder (DA) reaction is a pericyclic [4+2] cycloaddition between a conjugated diene and a dienophile [START_REF] Diels | Synthesen in der hydroaromatischen Reihe[END_REF], that has been repeatedly implemented on polysaccharides after homogeneous grafting [START_REF] Elschner | Furfuryl-and Maleimido Polysaccharides: Synthetic Strategies Toward Functional Biomaterials[END_REF]. In particular, furyl and maleimido modified polysaccharides have been successfully synthesized to deliver materials with selfhealing properties, for tissue engineering and drug release [START_REF] Elschner | Furfuryl-and Maleimido Polysaccharides: Synthetic Strategies Toward Functional Biomaterials[END_REF]. Fewer publications have addressed the grafting of Diels-Alder moieties on cellulose nanomaterials. [START_REF] Navarro | Multicolor fluorescent labeling of cellulose nanofibrils by click chemistry[END_REF] grafted furyl moieties onto cellulose nanofibrils (CNFs) that were further reacted with maleimides to produce different fluorescent probes. The presence of the moieties was proven by solid state NMR, but with a low degree of substitution (~1%). García-Astrain et al., 2016 prepared bionanocomposite hydrogels with maleimido grafted CNCs and furan modified gelatin. The hydrogel was crosslinked by Diels-Alder and higher storage moduli was observed when compared to controls not containing Diels-Alder reactive functions. [START_REF] Trovatti | Furan-modified natural rubber: A substrate for its reversible crosslinking and for clicking it onto nanocellulose[END_REF] also crosslinked a maleimide-modified nanocellulose with a furanmodified natural rubber. The crosslink between the modified nanocellulose and natural rubber was proven via an increase in storage modulus when compared to a reference sample. Furyl modified CNCs were also synthetized by [START_REF] Shao | A Self-Healing Cellulose Nanocrystal-Poly(ethylene glycol) Nanocomposite Hydrogel via Diels-Alder Click Reaction[END_REF] by nucleophilic addition of furfural on CNCs. The furyl modified CNCs were reacted with maleimido terminated poly(ethylene glycol) to create a nanocomposite hydrogel. The nanocomposites had their mechanical, morphological, swelling and self-healing properties investigated. The self-healing observed was attributed to the thermoreversibility of DA reaction. More recently, [START_REF] Kramer | Thermally reversible nanocellulose hydrogels synthesized via the furan/maleimide Diels-Alder click reaction in water[END_REF] investigated the reversibility of the DA reaction when furyl modified cellulose nanofibers were allowed to react with a bismaleimide. The thermalreversibility of the system was demonstrated through the changes in viscosity of the formed hydrogels. Due to the limited number of studies on the field, the grafting pathways for the implementation of the DA chemistry remains largely unexplored and it is of interest to revisit grafting chemistries that are commonly used for CNCs modification.

In this context, the present work aims at exploring alternative routes to graft DA moieties on CNCs towards the preparation of materials containing clickable CNCs. As a spacer is typically required to graft reactive species on CNCs, we selected the carbamation reaction with diisocyanates to graft DA moieties. The carbamation has been repeatedly used to graft functionalities onto cellulose nanocrystals [START_REF] Abushammala | A Review of the Surface Modification of Cellulose and Nanocellulose Using Aliphatic and Aromatic Mono-and Di-Isocyanates[END_REF][START_REF] Siqueira | New process of chemical grafting of cellulose nanoparticles with a long chain isocyanate[END_REF]. In particular, diisocyanates are potent spacers for grafting desirable moieties on polysaccharidic nanocrystals [START_REF] Habibi | Highly filled bionanocomposites from functionalized polysaccharide nanocrystals[END_REF][START_REF] Thielemans | Starch nanocrystals with large chain surface modifications[END_REF][START_REF] Labet | Polymer grafting onto starch nanocrystals[END_REF][START_REF] Mano | P(CL-b-LLA) diblock copolymers grafting onto cellulosic nanocrystals[END_REF][START_REF] Shang | Hydrophobic modification of cellulose nanocrystal via covalently grafting of castor oil[END_REF][START_REF] Zoppe | Reinforcing poly(epsilon-caprolactone) nanofibers with cellulose nanocrystals[END_REF]. A slightly different approach was followed by [START_REF] Morandi | Cellulose nanocrystals grafted with polystyrene chains through surface-initiated atom transfer radical polymerization (SI-ATRP)[END_REF] with the aim to graft photolinkers onto CNCs. Recently, Abushammala et al. quantified the reactivity of toluene diisocyanate (TDI) towards cellulose nanocrystals for application in composites (Abushammala, 2019a[START_REF] Abushammala | On the Para/Ortho Reactivity of Isocyanate Groups during the Carbamation of Cellulose Nanocrystals Using 2,4-Toluene Diisocyanate[END_REF][START_REF] Abushammala | Nano-Brushes of Alcohols Grafted onto Cellulose Nanocrystals for Reinforcing Poly(Butylene Succinate): Impact of Alcohol Chain Length on Interfacial Adhesion[END_REF]. Previous literature use a procedure for modification of the CNCs through a first carbamation of the CNCs followed by the grafting of the desired molecule. In the current work we aim to explore the carbamation chemistry through an in-situ approach and access qualitatively and quantitatively the grafting efficacy.

With a view to implementing the DA chemistry on cellulose nanocrystals, this study aims at investigating in detail the efficacy of grafting furan and maleimide moieties on cellulose nanocrystals via carbamation with toluene diisocyanate. The impact of reaction conditions on the carbamation and the DA moieties grafting reaction are studied for two pairs of DA moieties.

Materials and Methods

Materials

Furfuryl alcohol (FAL, analytical standard, Sigma Aldrich), toluene 2,4-diisocyanate (TDI, analytical standard, Sigma Aldrich), 3a,4,7,7a-tetrahydro-2-(2'-hydroxyethyl)-4,7-epoxy-1H-isoindole-1,3(2H)-dione (pN2HM, 98%, Sigma Aldrich), exo-N-Hydroxy-7-oxabicyclo[2.2.1]hept-5-ene-2,3-dicarboximide (pNHM, 98%, Santa Cruz Biotechnology), cellulose microcrystalline (Avicel® PH-101, ~50 μm particle size, Sigma Aldrich) were used as received.

Cellulose Nanocrystals Production

Cellulose nanocrystals were produced via an adaptation of the conditions reported elsewhere [START_REF] Bondeson | Optimization of the isolation of nanocrystals from microcrystalline cellulose by acid hydrolysis[END_REF]. 13.7 g of microcrystalline cellulose were added to 200 g of a freshly prepared sulfuric acid solution (63.5 wt.%). The system was mechanically stirred for 2 hours at 44 ºC. After that, the mixture was poured into cold water and successively centrifuged (12000 rpm, 10 min -Heraeus Mutifuge X3, Thermo Fisher) with addition of water to the precipitated until a translucent suspension was collected. This suspension was dialyzed against deionized water until a constant pH was reached. CNCs dimensions measured from height profile in atomic force microscopy (AFM) were equal to 213 ± 50 nm in length and 5 ± 1 nm in width (Figure S1).

Surface Modification of Cellulose Nanocrystals

Furfuryl alcohol (FAL) and two protected maleimides (pNHM and pN2HM) were grafted onto the CNCs surface. Furan protected maleimides had to be used, as unprotected maleimides directly polymerize with TDI. The scheme below shows the ideal pathway of grafting procedure. The grafting conditions followed the same experimental plan for the three different DA moieties. CNCs dispersions were concentrated in a rotary evaporator. Addition of acetone followed by centrifugation (12000 rpm, 10 min -Heraeus Mutifuge X3, Thermo Fisher) allowed precipitation. For removal of water, acetone absolute was added to the centrifuge tube and the sample was well mixed and sonicated (30 sec., 60% power -Sonoplus HD 2200, Bandelin). The sample was once more centrifuged.

The last two steps were repeated two more times. Under argon flow, the diene or dienophile was added dropwise to dimethyl sulfoxide (DMSO) where the correspondent amount of toluene diisocyanate was previously solubilized. Regardless of the experiment, the molar ratio between TDI and diene or dienophile was always 1:1. After one hour of reaction, absolute dimethyl sulfoxide was added to the precipitated CNCs. The CNCs were well mixed and added to the reacting system. After the selected time, grafted CNCs were precipitated with acetone and centrifuged (12000 rpm, 10 min -Heraeus Mutifuge X3, Thermo Fisher). The supernatant was removed, acetone was added to the sample and the system sonicated (30 sec., 60% power -Sonoplus HD 2200, Bandelin). Centrifugation, supernatant removal, addition of acetone and sonication were performed two more times.

A factorial Design of Experiments (DOE) was used with two selected factors in two levels for each of the molecules to be grafted (Table 1). Reaction time and molar ratio between TDI and hydroxyl present on CNCs surface were selected as factors. 
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Determination of Surface Degree of Substitution

The surface degree of substitution (DSSurf)1 of the cellulose nanocrystals was calculated following the procedure from Eyley & Thielemans, 2014 from CHNS elemental analysis. However, some publications use XPS to calculate surface degree of substitution (DSS) of modified cellulose nanomaterials [START_REF] García-Astrain | Maleimide-grafted cellulose nanocrystals as cross-linkers for bionanocomposite hydrogels[END_REF][START_REF] Missoum | Nanofibrillated cellulose surface grafting in ionic liquid[END_REF]. Although, the design of experiments in the present work will deal with results from elemental analysis, DSSs were calculated with the intention of comparing the results from the different techniques. The DSS was determined through a similar approach as the one used by [START_REF] Andresen | Properties and characterization of hydrophobized microfibrillated cellulose[END_REF] and Le Gars, Roger, Belgacem, & Bras, 2020. The mass fraction of nitrogen on the surface can be written as:

= = × + ×
That can be rewritten as:

6 = × - ×
Where: is the molar mass of one repeating glucose unit (162 g/mol), is the mass fraction of nitrogen in the sample, is the molar mass of nitrogen atoms that are grafted according the pathway shown in Scheme 1 (28 g/mol for the diene and 42 g/mol for dienophiles) and is the molecular weight of the grafted molecule as also shown in Scheme 1 (272 g/mol for FAL, 355 g/mol for pNHM and 383 g/mol for pN2HM).

Solid State NMR Spectroscopy

1 H-13 C Cross Polarization Magic Angle Spinning (CPMAS) NMR spectra have been recorded at room temperature on a Bruker Avance NEO 400WB spectrometer (B0=9,4T) operating at 100.62 MHz for 13 C and 400.14 MHz for 1 H. Samples were packed in a 4mm diameter cylindrical zirconia rotor and spun at a spinning frequency of 12 kHz. 1 H-13 C CPMAS NMR experiments were performed with a proton π/2-pulse duration of 5.1 μs, a contact time of 2 ms, and a recycle delay of 3 s (according to T1 measurements) and high-power decoupling. 13 C chemical shifts are relative to Tetramethylsilane (TMS). Freeze-dried samples were used in the analysis.

Fourier-transform Infrared Spectroscopy (FTIR)

Samples were mixed in KBr (1-2 wt%) and pulverized in a mortar prior to forming pellets. The pellets were analyzed on a FT-IR 65 spectrometer (PerkinElmer) by acquiring 32 scans with a resolution of 4 cm -1 in the range from 650-4000 cm -1 . Data were recorded using Spectrum software in the slide holder mode and with an automatic background correction.

X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy spectra were recorded with a VG SCIENTA SES-2002 spectrometer equipped with a concentric hemispherical analyzer. The incident radiation used was generated by a monochromatic Al Kα x-ray source (1486.6eV) operating at 420 W (14kV; 30mA). Photo-emitted electrons were collected at a takeoff angle of 90º from the surface substrate, with electron detection in the constant analyser energy mode (FAT). Wide scan spectrum signal was recorded with a pass energy of 500 eV and for high resolution spectra pass energy was set to 100 eV. The analysed surface area was approximately 24 mm 2 and the base pressure in the analyse chamber during experimentation was about 10-9 mbar. Charging effects on these isolating samples were compensated by using of a Flood Gun. The spectrometer energy scale was calibrated using the Ag 3d 5/2 , Au 4f 7/2 and Cu 2p 3/2 core level peaks, set respectively at binding energies of 368.2, 84.0 and 932.6 eV. All the data analysis was accomplished using the specific commercial software CasaXPS, version 2.3.18 (CasaXPS Software Ltd, Teignmouth, UK). The surface composition expressed in atom% was determined using integrated peak areas of each components and take into account transmission factor of the spectrometer, mean free path and Scofield sensitivity factors of each atom. All the binding energies (BE) are referenced to the C1s (C-C, CHx) at 285.0 eV and given with a precision of 0.1eV. Double-sided adhesive tape was affixed on sample holder and freeze-dried powders were pressed onto it. Samples were introduced first into the entry lock and after degassing in the analysis chamber.

X-ray Diffraction (XRD)

Wide angle X-ray diffraction measurements were carried out in a X'Pert Pro diffractometer using Cu Kα as a radiation source at 45 kV and 40 mA. Patterns were recorded in the range 2θ = 5-40º with a step size of 0.013º. Hand-milled powders were analysed in a 16mm diameter steel sample holder.

Crystallinity of cellulose was analyzed according to the procedure from [START_REF] Segal | An Empirical Method for Estimating the Degree of Crystallinity of Native Cellulose Using the X-Ray Diffractometer[END_REF]:

! = ! (##$) -! ( &) ! (##$) × 100 
Where: ! (##$) is the signal intensity corresponding to the crystalline domain (22.5º) and ! ( &) is the signal intensity for the amorphous domain (18.3º).

CHNS Elemental Analysis

1-3 mg of freeze-dried sample were mixed with tungsten oxide and measured in a vario EL III (Elementar Analysensysteme GmbH, Germany) with a thermal conductivity detector (TDC). Oxygen was used for oxidation and helium as transport gas.

Results and Discussion

X-ray Crystallography

Figure 1 shows the diffraction patterns of cellulose nanocrystals before and after the respective grafting reactions (harshest conditions). X-ray diffraction patterns of pristine CNCs showed that cellulose did not change morphology after acid hydrolysis as the characteristic peaks from native cellulose I were observed at 14.7, 16.4, 22.4 and 34.4 °2θ corresponding to cellulose I -(11 ) 0), ( 110), ( 200) and (004), respectively. The crystalline pattern is not affected by the grafting reaction. Additionally, the apparent crystallinity Index of the pristine CNCs (76%) is maintained after the grafting reaction. Despite limitations in the crystallinity measurement approach [START_REF] Park | Cellulose crystallinity index: Measurement techniques and their impact on interpreting cellulase performance[END_REF] , the comparative value of the method is warranted. The permanence of the cellulose I morphology and the apparent crystallinity index after reaction confirm that any grafting must have occurred on the nanocrystals surface, leaving the bulk crystalline region unaffected. That conclusion is supported by the AFM image of the sample pNHM (Figure S2), which shows no considerable difference on the functionalized CNCs morphology.

Figure 1 -Diffraction pattern of pristine and modified CNCs.

Fourier-Transform Infrared Spectroscopy

FTIR spectra of pristine and grafted cellulose nanocrystals reveal the existence of urethane bonds as expected according to the TDI grafting reaction (Figure S3). The free C=O stretching of the urethane is seen at 1720 cm -1 (amide I) the ones at 1541 cm -1 and 1236 cm -1 (amide II and III, respectively) could be attributed to the amine bending and C-N stretching. The appearance of a band at 1619 cm -1 (Figure 2) possibly indicates a side reaction generating another amide I peak (urea). However, TDI presents a peak in the same region and the observed peak could come from its backbone.

Qualitative comparison of the peak intensities after a normalization shows the influence of time and concentration on the grafting of furfuryl alcohol on cellulose nanocrystals (Figure 2). The influence of the parameters for the modification with pNHM and pN2HM can be seen in Figure S4 in the supplementary information. For the TDI/NOH ratio of 2, no significant difference is seen between the samples; whereas an increase in TDI/NOH ratio to 4 or 6 increases the urethane formation. Despite the possible presence of water in the samples, a decrease in the hydroxyl signal at 3350 cm -1 , is an indication that the carbamation takes place with the cellulose nanocrystals. Similar peaks for surface grafting with TDI have been reported [START_REF] Habibi | Highly filled bionanocomposites from functionalized polysaccharide nanocrystals[END_REF][START_REF] Labet | Polymer grafting onto starch nanocrystals[END_REF][START_REF] Thielemans | Starch nanocrystals with large chain surface modifications[END_REF][START_REF] Zoppe | Reinforcing poly(epsilon-caprolactone) nanofibers with cellulose nanocrystals[END_REF]. Urethane bond formation is also clearly affected by time and concentration for pNHM modified CNCS (Figure S4(a)), with the central point experiment (4x2d) being the second strongest response. Although no quantitative analysis can be done with certainty from FTIR, these results suggest that urethane formation increases with reaction time and TDI concentration. This is also the case when grafting pN2HM on CNCs (Figure S4(b)).

X-ray Photoelectron Spectroscopy

To quantitatively characterize the grafting efficiency, the surface degree of substitution (DSS) was computed from wide-scan XPS spectra (Figure 3) based on the elemental composition of the sample surface and nitrogen in particular (Table 2). [START_REF] Sapieha | X-Ray photoelectron study of the plasma fluorination of lignocellulose[END_REF][START_REF] Shang | Hydrophobic modification of cellulose nanocrystal via covalently grafting of castor oil[END_REF]. The value of 0.73 here obtained is comparable to the one reported by [START_REF] Shang | Hydrophobic modification of cellulose nanocrystal via covalently grafting of castor oil[END_REF] for cellulose nanocrystals.

In the present work, the presence of nitrogen after reaction facilitates the detection and interpretation of the XPS results. The initial evidence of grafting is the appearance of nitrogen atoms on the surface of the CNCs, absent in the pristine CNCs. Expectedly, grafting maleimides brings more nitrogen to the CNC surface than grafting furfuryl alcohol (Table 2). Further indication of the surface grafting comes from the decrease in the O/C ratio after reaction. O/C ratio for the ideal grafting moieties (TDI + diene/dienophile) present lower values than the one of cellulose: 0.38, 0.47 and 0.42 for FAL, pNHM and pN2HM respectively. Although, in theory, only two peaks should be noticed for pure cellulose, the one at 285.0 eV arises from impurities on cellulose such as lignin and fatty acids [START_REF] Sapieha | X-Ray photoelectron study of the plasma fluorination of lignocellulose[END_REF]. Six peaks were decomposed in the present work (Table 3). Evidence of grafting is given by a decrease in C2 and C3 and an increase in C1, showing that the surface is now richer in aliphatic carbons. Urethane bonds (C6) confirm the presence of reacted TDI. Deconvolutions also reveal that side reactions occur, generating the peaks at 288.3 eV in the experiment with FAL and at 289.2 eV for the reaction with pN2HM. The theoretical difference between amide and imide bonds in C1s spectrum should be of about 0.5 eV [START_REF] Beamson | High resolution XPS of organic polymers: The Scienta ESCA300 database / G. Beamson and D[END_REF], but the difference is not high enough to differentiate those bonds, with each one varying around 0.3 eV. That makes difficult to conclude about imide or amide amount on the surface. One could nevertheless infer that the increase in C4, when comparing the dienophiles to the diene, comes from the imide presence.

CHNS Elemental Analysis

CHNS Elemental Analysis of pristine CNCs was performed for three different batches (Table S1). The amount of sulfate groups did not vary significantly for all the samples analysed, showing that the isolation of the cellulose nanocrystals from the microcrystalline cellulose provided replicable results. The values of sulfur DS obtained are consistent to what was previously reported in literature for the same production method [START_REF] Brioude | Role of Cellulose Nanocrystals on the Microstructure of Maleic Anhydride Plasma Polymer Thin Films[END_REF].

The surface (DSSurf) degree of substitution for CNCs grafting with the diene/dienophiles was also determined through elemental analysis (Table 4). [START_REF] Girouard | Site-Selective Modification of Cellulose Nanocrystals with Isophorone Diisocyanate and Formation of Polyurethane-CNC Composites[END_REF]. Low values of DSsurf might influence the possibility of performing the Diels-Alder click chemistry, especially as the molecules have their reactivity possibly limited once grafted to the surface. The percentage of carbon also increased after the surface modification, as expected. It is clear that the grafting of FAL for lower TDI/NOH ratio was not efficient, confirming the results from FTIR. A possible effect of the time and the concentration on the efficiency of the grafting can also be observed by their influence in the calculated DSSurf. Several samples presented a slight increase on the mass percentage of sulfur element.

Although that might seem contradictory to the effect of grafting sulfur free molecules, the increase in that element can be easily explained by the plausible presence of adsorbed DMSO on the hydroxyl rich CNCs. When the central points of the different samples are analysed (Table S2), it confirms the trend observed in XPS where the highest substitution occurred with pNHM followed by pN2HM and FAL respectively. It is gratifying that both techniques provided consistent results.

TDI/NOH ratio was clearly a more influential factor than time for the grafting of FAL (Figure S5). Similar results were obtained for the grafting of pNHM (Figure S6(a)) and pN2HM (Figure S6(b)). The main effect of TDI/NOH ratio on FAL samples did not vary in slope between the two levels and the central point, possibly indicating that further increase in the ratio would lead to a proportional increase in the grafting. However, the change in slope of TDI/NOH ratio's effect for the samples pNHM and pN2HM suggests that further increase in surface grafting might require a disproportionally higher molar ratio to increase the grafting. Time showed to have limited effect in all the samples after 2 days.

Nuclear Magnetic Resonance Spectroscopy

13 C CP/MAS NMR spectra of samples grafted with FAL and pNHM were performed with the intention of singularizing the presence of the desired grafted moiety. Both spectra (see Figure 5 and S7) exhibit the resonances characteristic of cellulose detected between 50 and 110 ppm in agreement with the literature [START_REF] Castro | Surface grafting of cellulose nanocrystals with natural antimicrobial rosin mixture using a green process[END_REF]. In the case of FAL sample (Figure 5), additional resonances are detected around 110 ppm corresponding to CVI, CII, Cb and Cc and around 130 ppm assigned to CI, CIII, CIV and CV. Resonances detected at 144, 150 and 155 ppm can correspond to Ca, Cx and C0, respectively. The resonance at 18 ppm is assigned to CVII. Unfortunately, the signal corresponding to Cd, expected around 60 ppm, cannot be resolved from the resonances corresponding to cellulose. Nevertheless, 13 C CPMAS NMR proves that the TDI-FAL moieties are intact after reaction. Furthermore, the absence of signal at 125 ppm corresponding to isocyanate groups proves that TDI fully reacted. Note that the intensities of the resonances corresponding to the grafted moieties are significantly lower than those resulting from CNC in agreement with the low grafting yield. For the sample reacted with pNHM (Figure S7), the proximity of most of its resonances and either the cellulose or TDI complicated chemical shift assignment.

The presence of a resonance at 40 ppm in the spectra correspond to DMSO, which was observed as residual via elemental analysis. Nevertheless, the peak at 44.9 ppm is assigned to Cd and Ce of pNHM moieties. The broad resonance between 110-120 ppm can correspond to CII and CVI. The one at 130 ppm is assigned to CIII, CIV and CV whereas the one at 136 ppm can correspond to CI, Ca and Cb. The imide carbon could not be observed in the expected range (170-180 ppm), due to the poor magnetisation transfer from neighboring protons and the low DSS already reported. The resonance at 80 ppm corresponding to both Cf and Ce cannot be resolved from cellulose ones whereas the one between 15 and 17 ppm is assigned to the methyl groups that seems to have two distinct environments. Finally the resonance at 155 ppm corresponds to both C0 and urethane moieties created upon grafting to cellulose. In conclusion, the 13 C CPMAS NMR spectrum suggests that the grafted moieties are intact after reaction.

The superposition of the spectra (not shown) indicates that the ratio between the characteristic resonances of the cellulose and those corresponding to the FAL and pNHM moieties is greater in the case of the latter, which corroborates the grafting rates obtained from the elementary composition of the samples.

Conclusion

Grafted and pristine cellulose nanocrystals were well characterized through spectroscopic analysis. XRD revealed that the cellulose I morphology and apparent crystallinity was unaffected by the grafting reaction. FTIR, XPS, CHNS elemental analysis and 13 C CP/MAS NMR provided qualitative and quantitative evidence of the grafting efficiency. Semi quantitative analysis by FTIR and quantitative CHNS elemental analysis revealed that reaction time and TDI molar ratio had a positive impact on the degree of substitution for all three DA moieties. XPS results corroborated urethane bond formation and the favorable impact of reaction time and TDI molar ratio on the surface degree of substitution for all three DA moieties. 13 C CP/MAS NMR evidenced grafting efficiency and nature, at last for furfuryl alcohol. XPS further suggested that side reactions likely interfere with the grafting efficiency and the relatively low values of DSS might influence the performance of click chemistries on these surfaces. These findings and the precise control demanded by the application of click chemistries on materials daunt the use of the tested carbamation in that field. However, these results shed some light on the advantages and drawbacks of grafting DA moieties on CNCs through carbamation for applications beyond the more commonly explored hydrophobization.

  Scheme 1 -Ideal pathway for grafting of hydroxyl terminated molecules on cellulose nanocrystals via carbamation with toluene diisocyanate.
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 2 Figure 2 -Expanded FTIR spectrum of FAL grafted CNCs.
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 3 Figure 3 -Wide-scan XPS spectra of pristine and grafted CNCs.

Cellulose

  C1s carbons are commonly separated in three peaks: one at 285.0 eV due to aliphatic carbons, one at 286.6 eV due to C-O-and C-OH and one at 288.2 eV due to acetal -O-C-O-(Belgacem, Czeremuszkin, Sapieha, & Gandini, 1995) (Figure 4).
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 4 Figure 4 -Deconvoluted carbon C1s XPS spectra: (a) pristine CNCs, (b) FAL grafted CNCs, (c) pNHM grafted CNCs and (d) pN2HM grafted CNCs.

Figure 5 -

 5 Figure 5 -13 C CP/MAS spectra of cellulose nanocrystals modified with furfuryl alcohol (sample 4x2d)

Table 1 -

 1 

DOE for surface modification of CNCs Experiment TDI/NOH ratio Time (days) Sample Code 1 6

Table 2 -

 2 Elemental composition of pristine and grafted CNCs

	Sample	C %	O %	N %	S %	O/C	N/C	DSS
	CNC	56.8	41.7	0.0	0.7	0.73	0.00	0.00
	FAL	59.5	38.3	1.5	0.7	0.64	0.03	0.11
	pNHM	59.6	36.5	3.2	0.7	0.61	0.05	0.18
	pN2HM	60.3	36.5	2.6	0.6	0.60	0.04	0.13
	Oxygen to carbon ratio for pure cellulose should theoretically equal 0.83, but lower
	calculated values of O/C ratio are commonly reported in the literature and are
	attributed to impurities on cellulose surface			

Table 3 -

 3 Functional groups deconvolution for C1s signals of grafted CNCs

		C1	C2	C3	C4	C5	C6
		C-C/C-H	C-O	O-C-O	N-C=O/C=O	O-C=O	NCOOR
	BE (ev)	285.0	286.6	288.2	288.3	289.2	289.6
	CNCs	6.4%	76.0% 17.6%	0.0%	0.0%	0.0%
	FAL	13.0%	70.3% 13.7%	1.2%	0.0%	1.8%
	pNHM	18.5%	64.2% 11.8%	2.6%	0.0%	2.9%
	pN2HM	15.8%	66.9% 10.3%	4.3%	0.9%	2.0%

Table 4 -

 4 Mass percentages values obtained through CHNS EA of grafted CNCs and calculated DSSurf DSsurf) increases with reaction time and molar ratio (Table4). It remains overall rather low in absolute value, not exceeding 0.3. In comparison, successful Huisgen click chemistry was performed by Chen et al., 2015 on cellulose nanocrystals with 81.7% surface degree of substitution (~1.2) and carbamation with isophorone diisocyanate was reported to achieve a DSsurf of 1.4

	Sample	%C	%H	%N	%S	DSsurf
	CNCs	39.45	6.25	0.00	0.91	0.00
		2x1d 42.21	6.43	0.01	0.88	0.00
		2x3d 43.03	6.36	0.03	0.51	0.00
	FAL	4x2d 43.31	6.15	0.86	1.11	0.12
		6x1d 44.97	6.16	1.13	1.03	0.16
		6x3d 46.09	6.01	1.66	0.43	0.25
		2x1d 44.96	5.98	1.07	1.17	0.10
		2x3d 44.33	6.16	1.77	1.68	0.17
	pNHM	4x2d 44.16	5.99	2.17	1.58	0.22
		6x1d 45.05	6.09	2.13	0.95	0.22
		6x3d 45.66	5.93	2.75	1.62	0.30
		2x1d 43.41	6.26	0.58	1.07	0.05
		2x3d 42.93	6.30	0.57	1.09	0.05
	pN2HM	4x2d 44.25	6.04	1.66	0.95	0.16
		6x1d 44.65	6.04	1.67	0.84	0.16
		6x3d 46.63	5.89	2.54	1.64	0.27
	Grafting efficiency (					

Notation DSSurf will be used when values from surface degree of substitution are calculated from elemental analysis and DSS from XPS.
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