


observable change (Figure S6). We assume that the blue shift 
may be caused by hydrogen bonds between the BAPO units and 
the polar surfaces of CNCs (Figure S7). The FTIR spectrum of 6 
(Figure S3) shows the typical stretching vibration of the carbonyl 
group (νC=O) at 1709 cm-1, corresponding to the urethane linkage 
which is absent in the spectrum of neat CNCs. The absence of 
the absorbance of the isocyanate groups at 2259 cm-1 shows that 
unreacted 5 was removed during purification. The only signal at 
24.1 ppm in the 31P CP-MAS NMR spectrum of 6 is similar to the 
resonance of 5 (24.9 ppm). In the 13C CP-MAS NMR spectrum, 
the characteristic signals of the BAPO units are clearly identifiable 
(Figure S8). 
AFM confirms that the morphology of the CNCs is maintained and 
only a slight aggregation occurs during the treatment with BAPO 

units (Figure S9). The neat CNCs and 6 show similar crystallinity 
and exhibit typical cellulose Iβ crystalline patterns,[11] suggesting 
that the modification is limited to the surfaces of CNCs (Figure 
S10). Due to the surface-grafted organo phosphorus groups, 6 
shows a considerably higher char yield upon combustion (Figure 
S11).[12] 
CNC-BAPO 6 was tested for the polymerization of the mono-
functional monomer PEGMEM (9) in 50 wt% aqueous solutions. 
The influence of different amounts of 6 was investigated. The 
recently reported BAPO-ONa (8b),[10b, 13] which is more efficient 
than Irgacure 2959 (7) (Figure S4), was used with or without neat 
CNCs for comparison (Table 1). 

Table 1. Composition of formulations and the properties of obtained thin films. 

Formulation PEGMEM[a]  BAPO-ONa[a] Neat 
CNCs[a] 

CNC-
BAPO[a] tan(δ)[c] 

Gel 
content 

(%) 

DSC Young's 
modulus 
(MPa) 

Crosslinking 
density 

(mmol/cm3)[d] 

Swelling 
(%) Tm 

(°C) 
ΔH 

(J/g) 
I 49.58 0.42 / 0.75 16 55 -96 130 ± 38 / / 
II 47.06 0.40 2.54 0.46 22 49 -94 272 ± 20 / / 
III 46.73 / / 3.27[b] 0.22 82 48 -85 270 ± 10 0.006 1100 ± 65 
IV 43.86 / / 6.14 0.20 80 47 -79 340 ± 25 0.028 740 ± 40 

[a] wt%. [b] reactive species equal to II. [c] calculated based on the final plateau of the curves. [d] calculated according to the statistical theory of rubber elasticity.

Figure 1. (a) Photorheology characterization of the photopolymerization kinetics. (b) Amplitude sweep test performed on the cured samples. (c) E’ curves obtained 
from DMA measurements for thin films. 

Photorheology was applied to investigate the photopolymerization 
kinetics of the formulations (Figure 1a). In all cases, the 
polymerization reaction shows a delay after switching on the light, 
probably because of oxygen inhibition. Formulations containing 
CNC-BAPO (III and IV) show faster kinetics and reach higher 
shear storage moduli (G’) than the formulations using BAPO-ONa 
as PI (I and II). With the double amount of CNC-BAPO (IV), the 
polymerization starts earlier than with half of that concentration 
(III). In addition, the gelation time of III (less than 1 min) is twice 
as short compared to I (Figure S12). II shows slower kinetics but 
a higher initial G’ value was observed before the onset of the 
gelation process. This phenomenon indicates strong physical 
interactions between CNCs and polyethylene glycol chains. I 
shows a low elastic response at the beginning beyond the 
sensitivity limit of the instrument. It also reaches the lowest G’ 
value of all samples. Furthermore, the introduction of CNC-BAPO 
leads to lower damping factors in tan(δ) (Table 1). 

Frequency sweep measurements (Figure S13) show that III and
IV present higher G’ elastic moduli (5.5 and 6 kPa, respectively)
than I and II (2.5 and 3.6 KPa, respectively), indicating a higher
mechanical stability of samples containing CNC-BAPO. 
Amplitude sweep measurements reveal a strong difference in the
behavior under increasing oscillating amplitude (Figure 1b). III
and IV can stand a strain amplitude up to 100% and their structure
breaks with a brittle fracture for larger deformations, due to a
stronger network. I and II have a reduced linear viscoelastic 
region with smoother drops, indicating a more easily flowing 
material.  
With BAPO-ONa as PI and a mono-functional monomer, linear 
thermoplastic polymer chains are expected (Figure 2a). In 
contrast, CNC-BAPO contains thousands of photoactive BAPO 
groups on the surface which act as initiating centers for 
polymerization and as crosslinking points at the same time. 
Consequently, covalently cross-linked networks are obtained 
(Figure 2b). 



Figure 2. (a) Polymerization in the presence of neat CNCs. (b) Polymerization 
in the presence of CNC-BAPO. Polymer chains bound to CNCs with both chain 
ends are generated by recombination of radical chain ends, while dangling 
polymer chains bound to CNCs are obtained by disproportionation. 

To confirm this, thin films (0.5 mm thick) were prepared and 
placed in deionized water for 1 day before ultrasonication for 30 
min. I and II disintegrated during sonication, while III and IV 
remained intact, suggesting robust and covalently cross-linked 
networks were generated, indeed (Figure S14). This is also in 
agreement with an experiment in which the soluble and insoluble 
parts of the polymeric materials were separated by extraction with 
water. High gel content (> 80%, Table 1) were obtained with III 
and IV in contrast to I and II (gel content < 22%). The soluble 
segments in III and IV are supposed to be the homopolymers 
generated by free mesityl radicals which form during the 
photolysis CNC-PO(R)(COMes) + h  [CNC-PO(R)]• + MesCO• 
(R = COMes or polymer chain)[9,14] (Figure S15). DSC 
measurements indicate that the presence of CNCs, both neat and 
functionalized, reduces the melting temperature (Tm) of the 
polymer. Due to cross-linking, III and IV show reduced crystallinity 
indicated by decreased endothermic peak areas (Figure S16).[15] 
Dynamic mechanical analyses (DMA) (Figure 1c) give additional 
support for the effective cross-linking of the polymer matrices. III 
and IV show rubbery plateaus at temperatures above Tm that 
remain stable until high temperatures (100 °C). The specimen 
with no CNCs chemically linked to the polymer matrices show a 
viscoelastic flux over Tm. These indicate that thermoset polymers 
were generated using CNC-BAPO as cross-linkers. The 
crosslinking density of the networks increases as expected with a 
higher amount of CNC-BAPO (Table 1). Tensile elongation tests 
of the dried specimen confirm that the presence of CNCs 
increases the Young's moduli of the polymer matrices (Table 1). 
Extraordinary swelling ratios were achieved with III and IV (Table 
1 and Figure 3a). The values are one order of magnitude greater 
than those of other PEG-based hydrogels.[16] Since a mono-
functional monomer was used, the generated flexible polymer 
chains have sufficient mobility for large expansion due to the 
absence of extra crosslinking points. They can undergo extensive 
swelling similar to free and linear polymer chains.[5a] IV shows 
decreased swelling ratio and slower swelling kinetics (Figure S17), 
owing to the increased crosslinking density. 
Formulations III and IV were used in a digital light processing 
(DLP)[17] 3D printer with LEDs (405 nm) for 3D printing. In spite of 
the high swellability, shape-persistent, free-standing 3D 
structured objects can be printed. No conventional cross-linkers 
are used in this process. Flat specimen were printed (4 mm thick) 
and probed by tensile tests in dried and swollen form (Figure 3a). 
The values obtained for the dried samples were close to those 

obtained for the specimen prepared previously by casting, 
indicating that 3D printing does not affect the mechanical 
properties. A good conservation of the mechanical stability is 
maintained after swelling, which is comparable with other PEG-
based hydrogels containing significantly less amount of water.[18]

In both dried and swollen form, IV shows a higher modulus, 
confirming a more cross-linked network (Figure S18). 
A printed cubic-lattice structure can bear a load of 100 g (Figure 
3b) or 20 g (Figure 3c) in dried and swollen form, respectively, 
without breaking. Furthermore, the drying and swelling process is 
fully reversible and the samples of various shapes can be dried 
and swollen several times without any measurable influence on 
their integrity (Figure 3e-f). A scanning electron microscopy (SEM) 
investigation of a fractured surface of a 3D printed thin film shows
that CNCs are well distributed in the nanocomposite, but
aggregation is also observed (Figure S19). 

Figure 3. (a) Flat specimen from III. (b) A dried cubic-lattice structure from III.
(c) The same structure after swelling for 1h. (d) The maintained structure after 
removing the 20 g weight. (e) A hexagonal structure from IV. (f) The swollen 
structure after repeating three times the drying and swelling procedure. The 
green dye, which was used to adjust the optical density during 3D printing, was 
washed out by re-dissolving in water.

Nanoindentation tests were performed on the printed hydrogels. 
Because of the higher crosslinking density, IV shows higher 
nanohardness, reduced elastic modulus and resistance to 
penetration than III in both dried and swollen form (Figure S20a-
d). The nanohardness in the Z axis plane along the depth is 



homogeneous for both samples (Figure S20e-f), indicating the 
mechanical properties along the layer thickness were maintained 
during printing.  
The surface modification with an easily obtained, stable, and 
efficient BAPO derivative as reported here may become a reliable 
strategy for the functionalization of a variety of nanomaterials. 
That in turn will enlarge the possibility to use 3D printing for a 
variety of polymer nanocomposites. 
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Multifunctional cellulose nanocrystals 
were achieved by facile surface 
immobilization of photoactive groups. 
They serve as highly efficient visible 
light photoinitiators, cross-linkers and 
covalently embedded nanofillers for 3D 
printing of nanocomposite hydrogels, 
using a mono-functional methacrylate 
as monomer without any conventional 
cross-linkers. 
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