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since then shifted from the design of entirely new tech-
niques toward refi nement and further development of 
existing synthesis strategies, addressing outstanding 
challenges such as sequence control in synthetic mate-
rials or stereo-selective polymerization. [ 3,4 ]  Among others, 
especially photochemical reactions are undergoing a true 
renaissance. [ 5 ]  While such reactions used to play only a 
small role in macromolecular synthesis, a large number 
of polymerization protocols have been developed recently 
in which photoactivation is employed rather than thermal 
activation. For example, for all prominent radical poly-
merizations, effective photoinduced reaction modes were 
developed, i.e., photoelectron transfer reversible addition 
fragmentation chain transfer (PET-RAFT), [ 6 ]  photoinduced 
copper-mediated radial polymerization (photoCMP), [ 7,8 ]  
or nitroxide-mediated radical photopolymerization 
(NMP2) to name the most prominent respresentatives. [ 9 ]  
For modular ligation techniques, likewise photoinduced 
reactions were refi ned with great success. In fact, some 
of these photoclick reactions outperform classical con-
jugation reactions in effi ciency and especially with 
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  1.     Introduction 

 Within the realm of polymer science, strong advances 
were made within a comparatively short time span 
when addressing the construction of advanced macro-
molecular architectures. The combination of controlled 
radical poly merization with the possibilities that were 
opened by the advent of modular design strategies (aka 
click chemistry) led to a point where virtually any poly-
meric structure can be in principle synthesized. [ 1,2 ]  Focus 
of fundamental research toward synthesis protocols has 
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respect to reaction times required to reach full con-
versions. [ 10 ]  Next to the obvious advantages of photo-
reactions—such as the possibility to perform reactions at 
low temperatures to reduce thermal stress on substrates—
the biggest driver of research in the fi eld is the ability to 
perform reactions under temporal–spatial control. Fur-
ther, photoinduced ligation can be used as a orthogonal 
technique to thermally induced reactions as substrates 
may react under photoirradiation in other pathways than 
under thermal conditions. Photoreactions can by defi ni-
tion be turned on and off, and reactions can be focused on 
specifi c loci on a medium, be it to encode information on 
a surface or to create 3D-objects. The only disadvantage of 
photoreactions stems from their high dependence on light 
irradiation profi les. The inevitable absorption of light in a 
reaction medium leads to situations, where light penetra-
tion is severely limited and optical path lengths need to be 
carefully considered. Yet, fl ow chemistry has been shown 
to be an effi cient tool to overcome these issues, giving 
access to scale-up strategies for any photoreaction. [ 11,12 ]  

 Lately, we have introduced [2+2] cycloadditions as a 
convenient tool to modify polymer chains. Via Paterno–
Büchi reactions between an aldehyde and a nonactivated 
vinyl moiety, [ 13 ]  facile endgroup modifi cations became 
available in a photocontrolled fashion. [ 14 ]  Further, by 
transferring such reactions (then on the example of a 
[2+2] ene-enone cycloaddition) to continuous fl ow con-
ditions, reaction effi ciencies could be tremendously 
increased, [ 12,15 ]  allowing to perform [2+2] cycloadditions 
with effi ciencies close to what is often observed for the 
widely known thiol-ene reaction. [ 15–18 ]  Further elucida-
tion of [2+2] cycloaddition toward more complex polymer 
modifi cation reactions seems thus to be a very rewarding 
endeavor. 

 In here, we describe how the Paterno–Büchi [2+2] 
reaction can be used as a very facile tool to modify cel-
lulose in a grafting-to approach. Allyl-functional poly-
mers are thereby directly linked to aldehyde-functional 
cellulose paper sheets. Surface modifi cation of surfaces 
with small molecules has been demonstrated via [2+2] 
cycloadditions before on the example of vinyl-functional 
nanoparticles, yet the direct grafting of polymers via 
such reaction has not been described before. Cellulose is 
an important class of biomaterials which fi nds more and 
more entry into the fi eld of (bio)material science and the 
ability to modify cellulose is of highest importance for 
material development for both technical and biomedical 
applications. [ 19,20 ]  In here, we fi rst demonstrate how cel-
lulose sheets can be modifi ed with model compounds in 
[2+2] cycloadditions, after which the grafting-to of allyl-
functional poly(butyl acrylate) (pBA) and poly( N -isopropyl 
acrylamide) (pNIPAAm) is described. These two polymers 
are interesting for cellulose surface modifi cation due to 
their high hydrophobicity (pBA) and thermoresponsive 

nature (pNIPAAm), which introduces a thermal switch 
between hydrophobic and hydrophilic behavior. Surfaces 
are characterized by spectroscopic means and by their 
hydrophobic/hydrophilic nature.  

  2.     Experimental Section 

  2.1.     Activation of Cellulose 

 Activation of cellulose was performed following a literature 
protocol. [ 21 ]  The cellulose (VWR fi lter paper No. 516-0813 and 
Whatman No. 5) was cut into squares of ≈1 × 1 cm. The cellulose 
(cel-OH) was shaken in 10% NaOH overnight. Afterward, the acti-
vated cellulose (cel-OH*) was repeatedly washed with absolute 
ethanol and used directly.  

  2.2.     Tosylation of Cellulose 

 Cel-OH* (0.2 g) was mixed with an excess of  p -toluene sulfonic 
acid chloride (2.35 g, 0.0123 mol) in dry pyridine (7.5 mL, 0.2 g 
cel-OH*). The mixture was stirred for ≈24 h. To stop the reac-
tion, 15 mL of ice-cold H 2 O/aceton (1:1, v/v) was slowly added. 
The toslyated cellulose (cel-OTs) is subsequently washed with 
H 2 O and then stored in tetrahydrofurane (THF). Fourier-transfor 
infrared (FT-IR) - attenuated total refl ection (ATR) characteriza-
tion:  ν  max (FT-IR-ATR)/cm −1 : 2950–2850, 1380 ( CH 3 ); 3100–3000, 
1700–1500, 840–810 (C C), 860–680 ( CH) and 1420–1330, 
1200–1145 ( SO 2 O ).  

  2.3.     Aldehyde Functionalization of Tosylated Cellulose 

 Ten pieces of cel-OTs were mixed with  p -hydroxybenzaldehyde 
(0.61 g, 5 mmol) and DBU (1,8-diazabicycloundec-7-ene, 1.5 mL, 
10 mmol) in 100 mL dimethylformamide (DMF). NaOH (0.2 g, 
5 mmol) dissolved in 1 mL water was added. The reaction vessel 
was placed on an orbital shaker for 7 d at RT. A shaker rather than 
stirring was used to avoid disintegration of the cellulose sheet. 
Presence of the aldehyde on the surface was confi rmed by appear-
ance of the characteristic carbonyl bond vibration at 1685 cm −1 .  

  2.4.     Preparation of Allyl Functionalized DoPAT (allylDoPAT) 

 DoPAT (2-(dodecylthiocarbonothioylthio)propionic acid, 1 eq., 
8.56 mmol, 3 g), 3-butenol (1.1 eq., 0.678 mmol, 0.809 mL) and 
200 mL dry dichloromethane (DCM) were mixed in a three-neck 
fl ask under inert atmosphere. The mixture was cooled down to 
0 °C. A solution of 100 mL dry DCM containing  N,N' -dicyclohexyl-
carbodiimide (DCC) (1.2 eq., 10.3 mmol, 2.13 g) and 4-dimeth-
ylaminopyridine (DMAP) (0.1 eq., 0.86 mmol, 0.11 g) was then 
added dropwise. The reaction mixture was stirred overnight. 
The white precipitate was removed by fi ltration over celite and 
washed with THF. The solvent was removed in vacuo and 100 mL 
water was added. 3.79 g crude product was obtained by extrac-
tion with DCM. After purifi cation by column chromatography 
(2:5 = ethyl acetate:petroleum ether) 2.98 g (86.2%) fi nal product 
was obtained.  
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  2.5.     Polymerization Using AllylDoPAT 

 allylDoPAT (1 eq., 0.69 mmol, 279 mg), BA (100 eq., 69.4 mmol, 
10 mL), AIBN (azo-bisisobutyronitrile, 0.05 eq., 0.035 mmol, 
5.7 mg), and 5 mL ethyl acetate were added into a Schlenk fl ask 
and deoxygenized in three freeze–pump–thaw cycles. Polymeri-
zation was carried out for 140 min at 65 °C. After isolation, 4.3 g 
(48.2% conversion) of polymer was obtained with  M  n  = 9690 g 
mol −1  and  Ð  = 1.12. For NIMPAAm an analogue procedure was 
followed, yielding 1.68 g (56.4% conversion) of polymer with  M  n  = 
9500 g mol −1  and  Ð  = 1.16.  

  2.6.     [2+2] Cycloaddition between the Aldehyde-Cellulose 
and Allyl-Functionalized Polymer 

 cel-CHO (0.5 × 0.5 cm) was immersed with 25 mg polymer (either 
PBA or PNIPAAM), 0.1 mg thioxanthen-9-one (TXS) and 10 mL 
acetonitrile. The fl ask was sealed and fl ushed for 10 min with N 2  
and then stirred for 48 h at room temperature under irradiated 
with UV-light using a Multilamp Reactor MLU 18 (12 × 15 W, 
 λ  max  = 254 nm) from Photochemical Reactor Ltd. After reaction 
the solvent and remaining polymer was washed with THF three 
times.   

  3.     Results and Discussion 

 [2+2] cycloadditions can be carried out between different 
substrates, usually between an activated and an unacti-
vated ene. The unactivated ene is often a aliphatic unsatu-
rated compound, while the activated compound can be for 
example a enone such as maleimide or a carbonyl moiety 
such as a ketone or an aldehyde. Typically, the activated 
ene absorbs UV light of a specifi c wavelength and forms 
a biradical in a excited triplet state, which can then either 
react in a concerted cycloaddition or in a conventional rad-
ical addition reaction. In order to use [2+2] cycloadditions 
for surface modifi cation, it seems to be advantageous to 
immobilize the UV-activatable counterpart on the surface, 
in order to avoid light intensity profi les in solution and 
to avoid diffusion of excited species, which could in prin-
ciple hamper the special control of a reaction. In the pre-
sent case, we opted for functionalization of the cellulose 
with a benzaldehyde moiety. In previous studies, we had 
shown that benzaldehyde is well suited for Paterno–Büchi 
reactions, the cycloaddition between a carbonyl compound 
and a nonactivated ene. At the same time, aldehydes are 
very versatile functional groups that allow for a number 
of chemical transformations, i.e., oxime ligation for bio-
conjugation. Aldehydes are thus multifunctional, while 
retaining good orthogonality of the associated reactions. In 
here, however, only the Paterno–Büchi reaction pathway 
was studied. 

 In a fi rst step, cellulose sheets (Whatman fi lter paper 
No 5) was modifi ed with the aldehyde, which is achieved 

via tosylation followed by nucleophilic substitution 
with  p -hydroxy benzaldehyde (see Scheme  1 ). Tosylation 
is a standard pathway to obtain modifi ed cellulose. [ 22 ]  
Before carrying any reaction out, however, the cellulose 
(cel-OH) needs to be activated to break hydrogen bonds 
in the cellulose network. This is achieved by immersing 
the sheets into sodium hydroxide solution (10%) for 18 h, 
after which the activated cel-OH* is washed with ethanol. 
Activated cellulose differs in its properties by its ability 
to swell after being wetted. The tosylation reaction pro-
ceeds with relative ease, caution must, however, be taken 
with regards to mechanical stress of the cellulose, which 
can cause disintegration. The ether synthesis with the 
benzaldehyde is catalyzed by DBU (1,8-diazabicyclo[5.4.0]-
undec-7-ene) as a sterically hindered base in DMF. Pre-
experiments revealed that using inorganic bases such as 
sodium hydroxide in water or elevated temperature lead 
to hydrolysis of the cellulose sheets, causing formation 
of a slurry. Success of the modifi cation sequence is fol-
lowed by ATR-FTIR (see the Supporting Information) via 
the tosylate-specifi c vibration bands and the character-
istic carbonyl peak of the aldehyde. Additionally, qualita-
tive information can also be obtained by measuring the 
hydrophobicity of the surface after each step. Contact 
angle measurements show full immersion of a water 
droplet into pure (and activated) cellulose, while the sur-
face becomes hydrophobic after tosylation (110°) and 
after aldehyde introduction (119°).  

 After successful aldehyde immobilization, photoin-
duced cycloadditions can be performed. To demonstrate 
the versatility of the approach, the grafting reaction was 
fi rst tested with a variety of small molecules. Triallyl-
cyanurate  1 , trimethylolpropane allyl ether  2 , and vinyl 
chloroacetate  3  were chosen as model compounds (see 
Scheme  1 ) to introduce a variety of functional groups to 
the surface. UV reactions were carried out for extended 
reaction times (48 h) in a multilamp photoreactor at a 
peak wavelength of 248 nm. Under similar reaction con-
ditions we had shown before that aldehyde endgroups of 
polymers can be quantitatively converted using the [2+2] 
cycloaddition. [ 14 ]  Indeed, after all three reactions almost 
quantitative disappearance of the aldehyde characteristic 
peak at 1685 cm −1  is observed alongside appearance of 
characteristic vibration bands for each grafted molecule 
(see the Supporting Information for further details). Thus, 
qualitatively good success of the reaction can be con-
cluded, only the precise grafting density remains unclear. 
Indicative for high reaction effi ciencies and thus a high 
grafting density is, however, that the carbonyl peak dis-
appears almost quantitatively in all three cases. In a pre-
vious study we had shown that Paterno–Büchi reactions 
allow for grafting densities of more than 4 grafted units 
per nm 2  and quasi-quantitative conversion of the car-
bonyl groups into the cycloaddition product oxetane. [ 17 ]  
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Similar effi ciencies should in principle be operational in 
the present case, only the cellulose substrates do not give 
access to more precise, quantifi able characterization tech-
niques such as x-ray photoelectron spectroscopy (XPS) or 
elemental analysis. 

 We hence focused in the following more on the proper-
ties that can be achieved by modifi cation. Ultimately, the 
aim of the study was to use the cycloaddition to directly 
graft polymer chains (see Scheme  2 ). Direct photoinduced 
grafting-to of polymer chains to a cellulose substrate has 
to the best of knowledge only been reported by Barner–
Kowollik, where macronitroxide polymers were coupled 
to photoinitiator-functionalized cellulose, a process that 
is only partially effective as many radicals generated 
on the surface will disproportionate or react with other 
surface groups rather than with the grafted polymer. [ 21 ]  
Overall, photoinduced modifi cation of cellulose is only 

infrequently reported, [ 23 ]  even though 
UV reactions allow for mild reaction 
conditions and hence allow to perform 
reactions under reduced thermal stress 
of the sensitive material. In previous 
studies on Paterno–Büchi conjugation, 
always only initiators were grafted, 
followed by surface-initiated poly-
merization to form brush structures. 
Grafting-to of preformed polymer 
chains allows for better control over size 
and dispersity of the brushes compared 
to grafting-from approaches (such 
as surface-initiated polymerization), 
but is at the same associated with the 
disadvantage of steric hindrance with 
proceeding grafting, as conjugated poly-
mers can shield remaining aldehyde 
functionalities on the surface.  

 For a grafting-to approach, func-
tional polymers are required. There-
fore, a allylic RAFT (reversible addition 
fragmentation chain transfer poly-
merization) [ 24 ]  agent was synthesized 
on the basis of DoPAT, a frequently 
used trithiocarbonate RAFT agent, 
via esterifi cation with 3-butenol 
(see Scheme  3 ). When polymerizing any 
monomer with such allylic RAFT agent, 
care must be taken to avoid crosslinking 
of chains during polymerization, 
as the growing chains can in prin-
ciple add to the allyl group. To avoid 
the crosslinking reaction, monomer 
conversions were kept in the order of 
60%, as crosslinking can be expected 
to only occur when monomer is 

signifi cantly used up. [ 25 ]  pBA and pNIPAAm were 
obtained with number average molecular weights of 
9690 g mol −1  and  Ð  = 1.12 and 9500 g mol −1  and  Ð  = 1.16, 
respectively. Quantitative confi rmation of the correct end-
group patterns is at these molecular weight not straight 
forward, as endgroups can not be as easily quantifi ed 
by NMR at such chain lengths. Hence, also shorter poly-
mers were synthesized for similar monomer conversions 
(pBA,  M  n  = 2030 g mol −1 ,  Ð  = 1.21) for which presence of 
the allyl group in the main product distribution could be 
clearly confi rmed by  1 H-NMR and electrospray ionization 
mass spectrometry (ESI-MS) measurements.  

 The grafting-to reaction could then be carried out 
with both polymer types. To cellulose sheets of about 
0.5 × 0.5 cm, a solution of 25 mg of polymer was added. 
Since a polymer grafting reaction is expected to be less 
active compared to the grafting of small molecules 
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 Scheme 1.    Modifi cation of activated cellulose with  p -hydroxy benzaldehyde followed by 
UV-induced [2+2] Paterno–Büchi cycloadditions for surface modifi cation.
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 discussed above, also 0.1 mg of the photosensitizer TXS 
was added, which had led to increased cycloaddition 
yields in a previous fl ow photocycloaddition reaction. [ 15 ]  
Reactions were carried out for 48 h in inert atmosphere. 
It should be noted that reactions are likely to be much 
faster (in fl ow reactors, reaction times of less than a 
minute for full conversion were observed in presence of 
TXS), but a long reaction time was chosen to compensate 
for steric hindrance, which may slow down the process. 
After reaction, disappearance of the aldehyde specifi c 
carbonyl peak could be observed, while a new strong 
peak appeared at 1731 cm −1 , which is indicative of suc-
cess of the reaction. To confi rm that the peak indeed 
stems from pBA, spectra were compared with spectra 
obtained from dip-coated cellulose (see the Supporting 
Information). With such coated cellulose, qualitatively 
identical ATR spectra are obtained, verifying the assign-
ment of the 1731 cm −1  peak to pBA. At the same time, 
the dip-coated sample could be used as control to test if 
the pBA is bonded covalently. While the dip-coated pBA 
is washed of easily by rinsing the cellulose with organic 

solvents, no removal of the pBA brushes is possible in 
case of the photoreacted substrates. To also exclude the 
possibility that random crosslinking had occurred in the 
photoreaction and that the polymer was attached in a 
nonspecifi c reaction, two further control experiments 
were carried out. 

 pBA derived from DoPAT (thus without allyl group) 
was treated with hexylamine to remove the potentially 
photoactive RAFT endgroup. [ 26 ]  This blank polymer was, 
however, not conjugated to the aldehyde-functional cel-
lulose, demonstrating that the conjugation reaction did 
predominantly occur via oxetane formation. Interest-
ingly, the cellulose still displayed a strong (however, 
little reduced) aldehyde vibration band in FT-IR, dem-
onstrating that the aldehyde remains relatively stable 
even after prolonged irradiation. As a further control 
experiment, pBA without allylgroups but in presence 
of the DoPAT-typical RAFT endgroup was tested toward 
random attachment to the cellulose surface under UV 
irradiation. Dithio compounds are known to dissociate 
under UV irradiation and can hence lead to formation 
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 Scheme 2.    UV-induced grafting-to of RAFT-made polymers containing allyl-end groups to benzaldehyde-functionalized cellulose sheets.

 Scheme 3.    Synthesis of an allyl-containing RAFT agent and polymers made thereof.
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of  macroradicals that may in principle able to attach to 
the substrate, even if no immediate reaction partner for 
a radical is present. Satisfyingly, when performing such 
experiment, no signifi cant attachment of polymer to the 
surface is observed, thus unambiguously confi rming that 
presence of the allyl group is required for successful UV 
grafting. 

 In a last step, the properties of the grafted cellulose 
sheets were further investigated. While pBA forms hydro-
phobic surfaces (in fact with a contact angle not too dif-
ferent from the aldehyde-functional cellulose, again veri-
fi ed via the dip-coated samples), pNIPAAm is expected to 
display a more complex behavior. Due to the thermore-
sponsive behavior, cellulose with grafted pNIPAAm should 
be hydrophilic at room temperature but become hydro-
phobic when being heated above the lower critical solu-
tion temperature (LCST). This effect is indeed observed and 
can be nicely followed by contact angle measurements as 
depicted in Figure  1 . While pure cellulose is hydrophilic, 
leading to full immersion of a water droplet on the surface 
(contact angle 0°), pBA is associated with a contact angle 
of 116°. pNIPAAm modifi ed cellulose is at room tempera-
ture—as expected—likewise hydrophilic and fully absorbs 
the water droplet. Only when heated to higher tempera-
tures (≈45 °C) a hydrophobic surface is created, indicating 
the switchable nature of the polymer layer.  

 It can thus be concluded that the grafting-to reaction 
was successful, which fi lls a last gap in the applicability 
of [2+2] cycloadditions. Not only are these reactions able 

to functionalize polymers and polymer 
particles effi ciently and with high 
yields, they can also be used to attach 
more complex macromolecules to sub-
strates. Thus, [2+2] cycloadditions are 
with respect to applicability compa-
rable to classical thiol-ene conjugations. 
Thiol-ene reactions, specifi cally the 
photoinduced radical reaction route, 
can be seen as a benchmark for effi cient 
polymer modifi cation reactions. [2+2] 
reactions—while being admittedly in 
some cases slower than thiol-ene reac-
tions—show similar chemical versa-
tility. The viewpoint that [2+2] cycload-
ditions are ineffi cient and unselective—
a prejudice often found in organic and 
macromolecular chemistry—should 
thus be revised, especially taking into 
account that cycloaddition reactions do 
not undergo signifi cant side reactions, 
while radical thiol-ene reactions do 
suffer from radical termination at least 
to a certain degree.  

  4.     Conclusions 

 Aldehyde-functional cellulose paper sheets have been syn-
thesized via tosylation of cellulose followed by addition 
of  p -hydroxy benzaldehyde. UV-induced Paterno–Büchi 
cycloadditions between functional enes and the surface-
immobilized benzaldehyde groups were successfully 
carried out. First, the reaction was tested by grafting tri-
allylcyanurate, trimethylolpropane allyl ether, and vinyl 
chloroacetate to the surfaces. Then, allyl-functional poly-
mers (pBA and pNIPAAm) were synthesized directly via 
the RAFT technique with good endgroup functionality. 
Grafting-to of these polymers was then carried out via the 
photoinduced cycloaddition reaction, demonstrating also 
here good success of the reaction despite the steric hin-
drance involved in the grafting process. With pBA, hydro-
phobic cellulose sheets were obtained, while grafting of 
pNIPAAm allowed for generation of “smart” surfaces, 
which are hydrophilic at room temperature, but that 
become hydrophobic when heated above the characteristic 
LCST. The Paterno–Büchi has thus been shown to be a ver-
satile synthetic tool that also performs well in grafting-to 
approaches (its high value for grafting-from approaches 
has been demonstrated before), whereby its overall per-
formance seems to be close to that of thiol-ene reactions, 
even if reaction times seem to be somewhat longer in case 
of the [2+2] cycloaddition. Application of the in-here tested 
reactions and further investigation on the ability to also 

Macromol. Rapid Commun. 2016,  37,  174−180

 Figure 1.    Contact angle measurement of cellulose sheets a) without functionalization 
b) after modifi cation with pBA and after grafting of pNIPAAm at c) room temperature 
or d) elevated temperatures.
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control a reaction spatially are currently underway in our 
laboratories.  
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