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Abstract In this communication a method for the creation
of fluorescent cellulose nanoparticles using click chemistry
and subsequent photodimerization of the installed side-
chains is demonstrated. In the first step, the primary
hydroxyl groups on the surface of the CNCs were
converted to carboxylic acids by using TEMPO-mediated
hypohalite oxidation. The alkyne groups, essential for the
click reaction, were introduced into the surface of TEMPO-
oxidized CNCs via carbodiimide-mediated formation of an
amide linkage between monomers carrying an amine
functionality and carboxylic acid groups on the surface of
the TEMPO-oxidized CNCs. Finally, the reaction of
surface-modified TEMPO-oxidized cellulose nanocrystals
and azido-bearing coumarin and anthracene monomers
were carried out by means of a click chemistry, ie,
Copper(I)-catalyzed Azide-Alkyne Cycloaddition
(CuAAC) to produce highly photo-responsive and
fluorescent cellulose nanoparticles. Most significantly, the
installed coumarin and/or anthracene side-chains were
undergo UV-induced [2+2] and [4+4]
cycloaddition reactions, bringing and locking the cellulose

shown to

nanocrystals together. This effort paves the way towards
creating, cellulosic photo responsive nano-arrays with the
potential of photo reversibility since these reactions are
known to be reversible at varying wavelengths.

fluorescence,
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1. Introduction

Cellulose is the most abundant and low-cost natural
polymer. By virtue of its non-toxicity, biocompatibility
and degradability cellulose has broad applications in the
food, pharmaceutical and chemical industries. However,
economically feasible and environmentally friendly
chemical processes are required for more efficient
utilization of cellulose [1]. Therefore, numerous efforts
are underway seeking new ways to expand the
application range of cellulose while retaining its
prominent properties. For example, in the field of photo-
luminescence, the cellulose needs to be chemically
modified to achieve desirable optical properties [2].
Typically, this is accomplished by covalently attaching
fluorescent dyes on the surface of cellulose either directly
or by using cross-linking agents [3, 4].

Cellulose and cellulose derivatives offer several
advantages as backbones for the creation of photo-
responsive polymers. The presence of optically active
centers is of particular interest with respect to the
formation of a cholesteric state of liquid crystalline
properties and the
chromophoric molecules [5-8]. Cellulose derivatives that
are soluble in some solvents can be used for the
preparation of high quality thin films [9, 10]. Thus, if
these photoresponsive molecules can be introduced into

associated interactions with

www.intechweb.org
www.intechopen.com



cellulose and cellulose derivatives, these cellulose and
cellulose derivatives could be novel materials for
photoresponsive polymers. Furthermore, they might be
used as photoreactive materials for applications such as
photorecording devices, liquid crystal displays, and other
light-sensitive applications.

Efforts have been made to make photoresponsive
cellulose derivatives. To date, there are several papers
that attempt to prepare photoresponsive cellulosic
polymers with the goal of preparing new materials with
the enumerated advantages of the starting substrate.
Most photoresponsive molecules introduced into
cellulose derivatives are azobenzene, cinnamate and
stilbene molecules [11-15]. The cellulose derivatives
containing found to show
photoreactivity by UV light irradiation and to form
lyotropic liquid crystalline phase [16, 17]. However, there
are very few trials on cellulose or other biopolymer
derivatives containing coumarin or anthracene molecules,
although they can be expected to possess photoreactivity
and also to form a liquid crystalline phase [18-20].

azobenzene  were

The photochemistry of anthracene and its derivatives has
been widely studied [3, 21-24]. Anthracene has four
distinct UV absorption bands in the wavelength range of
275-325 nm and an irradiation by wavelengths higher
than 350 nm induces a (47t + 4m) cycloaddition reaction
leading to the formation of a photodimer. Moreover, the
photodimers do not absorb light of wavelengths >300 nm
due to the reduction of the conjugated system (from
anthracene to ortho-disubstituted benzene) by the photo-
addition process. Such a shift between the absorption
spectra is an advantage for the photochromic properties
of the system. Moreover, in the wavelength range of 250-
290 nm photodimers are
photodissociate into two anthracene nuclei [25, 26]. The
applications of anthracene in fluorescent sensors [27-30],
dendrimeric compounds [31] and copolymers [32, 33]
have been reported by several research groups.

anthracene known to

In this paper, we report the synthesis of fluorescent
cellulose nanocrystals (CNCs) by covalently linking of
fluorescence chromophores to the cellulose surface. First,
the primary hydroxyl groups on the surface of the CNCs
were converted to carboxylic acids by using TEMPO-
mediated hypohalite oxidation. In the next step, a
compound (propargylamine) carrying a terminal amine
functionality was grafted on to the oxidized CNCs via
carbodiimide-mediated formation of an amide linkage
between an amine and the carboxylic groups on the
CNC'’s surface. The grafted amine also contained an
alkyne functionality which was then used as the reaction
site for further modification. These modified CNCs were
finally subjected to Click chemistry reaction conditons
[34] i.e. Copper(])-catalyzed Azide-Alkyne Cycloaddition
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(CuAAC) with an azide-bearing fluorescent coumarin
and anthracene chromophores resulting in highly
fluorescent Finally, the
produced materials were subjected to photochemical
irradiation inducing [2+2] and [4+4] cycloaddition
reactions respectively between the installed coumarin and
anthracene side chains, causing the photo-induced

nano cellulosic materials.

formation of cellulosic based crystalline nano-arrays.
Current efforts to reverse these reactions at lower
wavelengths will pave the way toward the creation of
photo induced tunable cellulosic based nanomaterials.

2. Experimental Details

Whatman #1 filter paper was used as a starting material
for the cellulose nanocrystals. Propargylamine (98%) was
purchased from Aldrich. All other chemicals were
purchased from Aldrich or Fisher and used as received
unless otherwise stated.

2.1 Acid Hydrolysis of Cellulose to Produce Cellulose
Nanocrystals (CNC)

The cellulose nanocrystals were formed by acidic
hydrolysis similar to the procedure used by Araki et al
[35-37]. A typical procedure was as follows. 2.0 g of
cellulose pulp obtained from Whatman #1 filter paper
(98% a-cellulose, 80% crystallinity) was blended by a 10
Speed Osterizer® Blender. Resulting pulp was
hydrolyzed with 100 mL of 2.5 M HBr at 100°C for 3
hours. The ultrasonication was applied during (every 60
minutes) the reaction (Omni-Ruptor 250W ultrasonic
homogenizer, 50% power, 5 min). The resulting mixture
was diluted with de-ionized (D.I) water followed by five
cycles of centrifugation at 1500g for 10 min. (IEC Centra-
CL3 Series) to remove excess acid and water soluble
fragments. The fine cellulose particles became dispersed
in the aqueous solution approximately at pH 4. The
turbid supernatant containing the polydisperse cellulose
particles was then collected for further centrifugation at
15000 g for 45 min (Automatic Servall® Superspeed
Centrifuge) to remove ultra-fine particles. Ultra-fine
particles with small aspect ratio were removed from the
upper layer, and the precipitation (after the high-speed
centrifugation) was dried using a lyophilizing system
(Labconco, Kansas City, MU).

2.2 TEMPO-mediated Oxidation of CNCs

648 mg (4 mmol of glucosyl units) of cellulose
nanocrystals were suspended in water (50 mL) containing
10 mg of 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO,
0.065 mmol) and 200 mg of sodium bromide (1.9 mmol) at
room temperature for 30 min. The TEMPO-mediated
oxidation of the cellulose nanocrystals was initiated by
slowly adding 4.90 mL of 13% NaClO (8.6 mmol) over 20
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min at room temperature under gentle agitation. The
reaction pH was monitored using a pH meter and
maintained at 10 by incrementally adding 0.5 M NaOH.
When no more decrease in pH was observed, the reaction
was considered complete. About 5 mL of methanol was
then added to react and quench with the extra oxidant.
After adjusting the pH to 7 by adding 0.5 M HCI, the
TEMPO-oxidized product was washed with D.I. water by
centrifugation and further purified by dialysis against
D.I water for two days. 550 mg of solid was recovered
freeze-drying (see Scheme 1, step 1). FTIR
measurements showed a carboxylic acid peak at 1730 cm-!.
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Scheme 1. Schematic representation of the synthetic route for the
photoresponsive cellulose nanocrystals.

2.3 Preparation of 6-((6-hydroxyhexyl)oxy)coumarin

A solution of 6-bromohexanol (2g, 12.3mmol), 6-
hydroxycoumarin (2.23g, 12.3mmol), and KoCOs (6.82g,
49.3mmol) in 40 mL of butanone was heated at 80°C for
overnight. The reaction solution was filtered to remove
inorganic material and then evaporated. The crude
product was purified using flash chromatography on
silica gel (70% ethyl acetate in hexane, r.f=0.4) to give a
yellow solid (1.65g, 55% yield). 'H NMR (300 MHz,
CDCls) 6 1.47 (m, 4H, HOCH2CH:CH:CH:CH2CH:0), 1.60
(quintet, 2H, J=6.6Hz, CH:CH20), 1.81 (quintet, 2H,
J=6.6Hz, HOCH:CH>), 3.66 (t, 2H, J=6.6Hz, HOCH:), 3.97
(t, 2H, J=6.6Hz, CH:0), 6.40 (d, 1H, J]=9.6Hz,
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CCH=CHCOO), 6.88 (d,1H, J=3.0Hz, CCH=CHCOO), 7.08
(d.d, 1H, ]=3.0Hz, J=9.0Hz, Ar), 7.24 (d, 1H, J=9.0Hz, Ar),
7.62 (d, 1H, ]=9.6Hz, Ar).

2.4 Preparation of 6-((6-bromohexyl)oxy)coumarin

To a solution of 6-((6-hydroxyhexyl)oxy) coumarin (100
mg, 0.38mmol) and 1,2-bis(diphenylphosphino)ethane
(DIPHOS, 182 mg 0.46 mmol) in 3 mL of dried CH2Cl:
was slowly added dropwise a solution of carbon
tetrabromide (152 mg. 0.46 mmol) in 1 mL of dried
CH:Cl> at 0°C under argon. The reaction mixture was
stirred for 1 hour at 0°C under argon, and then diluted
with CH2Cl.. The resulting solution of the reaction
mixture was filtered through celite. The filtrate was
evaporated at reduced pressure and the residue was
purified by flash chromatography on silica gel (33% ethyl
acetate in hexane, r.f=0.5) to give a white solid (111mg,
90% yield). '"H NMR (300 MHz, CDCls) & 1.52 (m, 4H,
BrCH2CH2CH:CH:CH2CH20), 1.60 (quintet, 2H, J=6.6Hz,
CH:CH20), 1.88 (m, 4H, BrCH:CH-CH:CH:CH:CH:0),
3.44 (t, 2H, J=6.6Hz, BrCH>), 3.97 (t, 2H, J=6.6Hz, CH:0O),
6.43 (d, 1H, J=9.6Hz, CCH=CHCOO), 6.92 (d,1H, J=3.0Hz,
CCH=CHCOO), 7.11 (d.d, 1H, J=3.0Hz, J=9.0Hz, Ar), 7.26
(d, 1H, J=9.0Hz, Ar), 7.65 (d, 1H, J=9.6Hz, Ar).

2.5 Preparation of 6-((6-azidohexyl)oxy)coumarin

A stock solution of 0.25M NaNs in dry DMSO was
prepared by stirring the solution for 24 hours at 25°C. To
a 10 ml round-bottom flask equipped with a magnetic stir
bar, was added a 0.25M solution of NaNs (24.4mg,
0.38mmol) in DMSO (1.5mL) at 25°C. To this solution was
added (100 mg,
0.31mmol), and the mixture was stirred 3 hours at room
temperature. The reaction was quenched with D.I. H20
(3.0 mL) [slightly exothermic] and stirred until it cooled
to room temperature. The reaction was extracted with
Et20 (3x15mL); the Et20 extracts were washed with H20O
(2x15mL) and once with brine (15mL). The organic layer
was dried (MgSOs) filtered, and the solvent removed
under vacuo (20 Torr) to afford the pure alkyl azide
(Azidocoumarin) in almost quantitative yield. "H NMR
(300 MHz, CDCls) o 1.49 (m, 4H,
NsCH2CH2CH:CH:CH2CH20), 1.59 (quintet, 2H, J=6.6Hz,
CH:CH20), 1.77 (m, 4H, NsCH:CH:CH2CH2CH:CH-0),
3.26 (t, 2H, J=6.6Hz, N3CH2), 3.96 (t, 2H, J=6.6Hz, CH:O),
6.43 (d, 1H, J=9.6Hz, CCH=CHCOO), 6.90 (d,1H, ]J=3.0Hz,
CCH=CHCOO), 7.12 (d.d, 1H, J=3.0Hz, J=9.0Hz, Ar), 7.26
(d, 1H, J=9.0Hz, Ar), 7.65 (d, 1H, J=9.6Hz, Ar).

6-((6-bromohexyl)oxy)coumarin

2.6 Preparation of 9-(azidomethyl)antheracene

50 mg of 9-(chloromethyl)antheracene was dissolved in
10 ml of dry DMF followed by the careful addition of
NaNs (100 mg). The reaction mixture was stirred at room
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temperature for 12 hours in a dark place. Final product
(Azidoanthracene) was washed and centrifuged 5 times
by cold solution of D.I. water and ethanol (4:1 v/v) and
finally 5 times by D.I water to ensure the removal of all
the residual DMF and NaNs.

2.7 Synthesis of Alkyne Bearing CNC Derivative

TEMPO-oxidized CNCs (50mg) were mixed in 6 mL of
MES [2-(N-morpholino)-ethanesulfonic acid buffer (50
mM, pH = 4). Resulting suspension was further treated
with ultrasound treatment (5 min, 20% power with 30%
pulser on; Omni-Ruptor 250 Ultrasonic Homogenizer,
Omni International Inc.) to break down the cellulose
aggregates. In typical synthesis, 120 mg of EDC-HCI [N-
(3-dimethylaminopropyl)-N"-ethylcarbodiimide
hydrochloride)], 72 mg of NHS (N-hydroxysuccinimide),
and 60 uL of propargylamine, respectively, were added
to the CNC suspension [38]. The reaction was performed
at room temperature under stirring for 24 h. The resulting
mixture was dialyzed (cutoff = 12 kDa) against a
saturated NaCl solution for 1 day and then against
distilled water for 3 days. Finally, the CNC-PR derivative
(see Scheme 1, step 2) was recovered by freeze-drying.

2.8 Synthesis of Coumarine Click Product

A 25 mg amount of CNC-PR and a 25 mg of
azidocoumarin were mixed in 3.0 mL of mixture of
EtOAc : MeOH : H20 (1:1:1). Next, 25 uL of CuSOsx 5H20
aqueous solution (7.5% w/v) and 30 uL of Ascorbic acid
(IM sol.) were added and the mixture was vigorously
stirred in the dark overnight at the room temperature
leading to a formation of coumarin modified CNCs (see
Scheme 1, step 3). Finally, the CNC-Coumarin was
extensively washed with cold water and dichloromethane
to remove the inorganic catalyst and the excess
azidocoumarin.

2.9 Synthesis of Anthracene Click Product

A 50 mg amount of CNC-PR and 25 mg of 9-
(azidomethyl)antheracene were mixed in 10.0 mL of
ethanol. Next, a mixture of 5 mg CuSO4 x 5H20 and 15
mg of ascorbic acid in 0.5 ml water were added and the
mixture was vigorously stirred for 5 min. The stirring of
the mixture was continued in the dark for 8 hours at the
room temperature leading to a formation of anthracene
modified CNCs (see Scheme 1, step 4). Finally, the
product was washed 3 times with DMF, 5 times with
water and then freeze dried.

2.10 Benzoylation of Cellulosic samples

The method described below was developed by the

group of Argyropoulos following the principles
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established in the work described elsewhere [39]. Ionic
liquid, 1-allyl-3-methylimidazolium chloride ([Amim]Cl,
950 mg) were added to CNC (50 mg) in a 15 ml sample
flasks, vortexed until all solid particles had dispersed and
heated at 80°C with magnetic stirring until the solutions
were transparent (2 hrs). Pyridine (330 pl, 3.7 mmol) was
added and the solution vortexed until homogeneous and
allowed to cool down to room temperature. Benzoyl
Chloride (380 pl, 3.3 mmol) was added in one portion and
the resulting mixture was vortexed until the formation of
homogeneous white paste. The sample was then heated
at 40 °C for 3 hrs with magnetic stirring and then allowed
to cool down to the room temperature. Next, the mixture
of deionized water (2.5 ml) and EtOH (7.5 ml) was added
and the mixture vigorously shaken and vortexed for 5
mins. The solid was filtered off through a sintered funnel
(grade M), washed further with EtOH and purified with
MeOH (stirred overnight without heating). Finally, the
resulting solid was filtered off to give a white powder.

2.11 Infrared Spectroscopy

FTIR spectra were measured on a Thermo Nicolet NEXUS
670 FT-IR infrared spectrophotometer. Spectra in the
range of 4000 — 650 cm™ were obtained with a resolution
of 4 cm™ by cumulating 64 scans. In prior to analysis a
small amount of TEMPO-oxidized material was acidified
with dilute HCl in order to convert carboxylates to the
free carboxylic acid form. Subsequently, the degree of
oxidation (DO) measurements were carried out by
comparing the intensities of absorption band near 1730
cm! (carbonyl stretching frequency) to that of 1050 cm!
(cellulose backbone) [40].

2.12 Acid-base Titration

The carboxylic acid content of the oxidized CNCs was
determined by titration following the
procedure developed for the conductometric titrations of
such materials [38]. In this procedure tempo-oxidized
CNC samples (50mg) were suspended into 0.01 M
hydrochloric acid (HCI) solutions (15 ml) with stirring.
The resulting suspensions were then titrated with 0.01 M
sodium hydroxide (NaOH) solution. The degree of
oxidation (DO) value was calculated as already published
and very reproducible results were obtained [41].

acid-base

2.13 Fluorescence Microscopy

Microscope: Olympus BX 51, Objective 40x 0.75 NA,
Camera: Q-Imaging Micropublisher 3.3 Excitation:
350/50nm Emission: 460/50 nm Dichroic Beamsplitter: 400
DCLP. The 3D images were taken using Zeiss LSM 710
confocal microscope with the 20x 0.8 NA objective.
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2.14 UV Light Absorption

Experiments were carried out in DMSO by monitoring
the wavelength range from 200 to 500 nm.

2.15 Elemental Analysis

The percent carbon (C), hydrogen (H) and nitrogen (N)
contents (%) of unreacted TEMPO-oxidized cellulose
nanocrystals, its alkyne and anhtracene derivatives were
determined by Perkin Elmer element analyzer (Norwalk,
CT, USA). The remaining sample was assumed to be
oxygen (O).

2.16 'THNMR Spectroscopy

NMR measurements were acquired using on a Bruker 300
MHz spectrometer equipped with a Quad probe
dedicated to 3'P, 3C, 'F, and 'H acquisition.

2.17 GPC Analysis

Gel permeation chromatographic (GPC) measurements
were carried out with a Waters GPC 510 pump equipped
with UV and RI detectors using THF as the eluent at a
flow rate of 0.7 mL/min at 40°C. Two Ultrastyragel linear
columns (Styragel HR 1 and Styragel HR 5E), connected
in series, were used for the measurements. Standard
mono-disperse polystyrenes
ranges from 0.82 to 1860 kg/mol were used for calibration.
The number- and weight-average molecular weights
were calculated using the Millenium software of Waters.

with molecular weight

2.18 Photochemical irradiation

Aqueous dispersion of cellulosic samples were disposed
to a glass plate and let stand overnight. The resulting
films were irradiated with a 75W xenon lamp at variable
times (6hr and 48hr) for coumarine-CNC derivatives and
12 hrs for anthracene-CNC derivatives at room
temperature.

3. Results and Discussion

TEMPO-oxidized cellulose nanocrystals (CNCs) have
been reacted with propargylamine in the presence of the
coupling agent
precursor suitable for a Click chemistry reaction (Scheme
1). The Click reaction was performed with the modified
azide-bearing coumarin and anthracene chromophores

N-hydroxysuccinimide to form a

which  were  synthesized  starting  from  6-
hydroxycoumarin and  9-(chloromethyl)antheracene,
respectively.
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3.1 FTIR Analysis of the TEMPO-oxidized CNCs

In the first step, cellulose nanocrystals were oxidized by
using TEMPO-mediated hypohalite oxidation. TEMPO-
oxidation selectively converts the primary hydroxyl
groups of cellulose to carboxylic acids. Therefore,
TEMPO-oxidation provides known pattern of reactive
sites for further derivatization reactions. FTIR spectra of
TEMPO-oxidized cellulose nanocrystals contains a band
around 1730 cm? which corresponds to the C=O
stretching frequency of carboxyl groups in their acidic
forms. The degree of oxidation (DO) values was roughly
estimated by comparing the intensity of the new band at
1730 cm™ to that near 1050 cm™ which derives from the
cellulose backbone [40]. FTIR analysis led to a DO value
of 0.21 for the oxidized CNCs. This value is in good
agreement with the DO value of 0.19 achieved by the
acid-base titration of TEMPO-oxidized CNCs [41]. It
should be noted here that an average DO value of 0.2 is
used for the calculations throughout the manuscript.

3.2 Elemental Analysis of the Fluorescence Click Derivatives

The nitrogen content of CNC-PR confirmed the successful
grafting reaction (Table 1). In order to outsource the
possibility of the nitrogen deriving from the used
agents (1-Ethyl-3-[3-
dimethylaminopropyl]carbodiimide hydrochloride and
N-hydroxysulfosuccinimide) the TEMPO-oxidized CNCs
were subjected to identical reaction conditions with the
absence of the compound
(propargylamine). It is worth to mention here that the
content of oxygen is elevated in TEMPO-oxidized CNCs
when compared to the CNCs, indicating the successful
oxidation reaction. Moreover, the nitrogen content of
CNC-PR was found to be higher than that of the starting
material (TEMPO-ox. CNCs).

crosslinking

derivatization

Sample % C % H % N % 0"
CNCs 43.6 6.1 0.04 50.3
TEMPO-ox. 41.2 5.7 0.08 52.4
CNCs

CNC-PR 43.2 5.2 0.79 50.7
CNC- 49.5 7.1 1.6 41.8
Anthracene

30 =100 % - C (%) —H (%) - N (%)
Table 1. Carbon, hydrogen, oxygen and nitrogen contents of
cellulosic samples

The grafting density of synthesized precursor (CNC-PR)
was calculated based on the DO value (0.2) of the
TEMPO-oxidized CNCs. The DO value 0.2 means that
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20% of the hydroxymethyl groups on cellulose have been
oxidized to corresponding carboxylic acid groups and are
thus susceptible for the subsequent grafting reactions.
Therefore, the maximum grafting density corresponds to
the situation where every fifth of the anhydroglucose
units in cellulose contain a grafted propargylamine
moiety. As a result, the completely grafted TEMPO-
oxidized CNCs should contain 1.6% of nitrogen [14 / (5 x
162 + 40)]. However, the amount of nitrogen found in the
precursor (CNC-PR) was 0.79% which corresponds to the
grafting density of ~50% i.e. half of the available carboxyl
groups were grafted with propargylamine i.e. every tenth
of the anhydroglucose units in cellulose contained a
grafted propargylamine moiety. This corresponds to the
overall degree of substitution (DS) value of 0.1 on
cellulose polymer. Incomplete grafting is not totally
surprising since the reactions were carried out under
heterogeneous conditions.

The grafting density of anthracene modified CNCs (CNC-
Anthracene) was calculated based on the grafting density
of its precursor (CNC-PR). Therefore, the maximum
grafting density corresponds to the situation where every
tenth of the anhydroglucose units in cellulose contain a
grafted anthracene moiety. As a result, the completely
grafted CNC-PR should contain 3.01% of nitrogen [4x14 /
(10 x 162 + 238)]. However, the amount of the nitrogen
found in CNC-Anthracene was 1.59% which corresponds
to the grafting density of ~50% i.e. half of the available
propargyl groups were grafted with 9-
(azidomethyl)antheracene i.e. every twentieth of the
anhydroglucose units in cellulose contained a grafted
anthracene moiety. This corresponds to the overall degree
of substitution (DS) value of 0.05 on cellulose polymer. In
addition the DS value was also calculated by using the
carbon content (%C) of CNC-Anthracene (Table 1)
following the previously published method [42]. This
method led to a DS value of 0.048 which is in good
agreement with the results obtained by using the nitrogen
(%N) content.

The decision to perform the click reaction between
propargyl-modified CNCs (CNC-PR) and azidocoumarin
is based on the fact that already
azidocoumarin will provide additional fluorescence upon
a formation of 1,2,3-triazole product as a result of the Cul-
catalyzed 1,3-dipolar cycloaddition reactions with
terminal alkynes [43, 44]. Subsequently, the resulting
product (CNC-Coumarin) should be highly fluorescent,
and a successful derivatization will be clearly
demonstrated. The reaction between modified CNCs
(CNC-PR) and azidocoumarin proceeds smoothly in
aqueous media and gives the corresponding highly
fluorescent triazole-modified CNCs.

fluorescent

39 Nanomater. nanotechnol., 2011, Vol. 1, No. 1, 34-43

3.3 Fluorescence Microscopy of the Fluorescence Click Derivative

The modified CNCs (CNC-Coumarin) are intensely blue
fluorescent, as shown by a fluorescence photomicrograph
(Figure 1c).

Figure 1. a) Fluorescence photomicrograph of TEMPO-oxidized
cellulose nanocrystals. b) Fluorescence photomicrograph of the
cellulose material after the reaction between TEMPO-oxidized
cellulose nanocrystals and azidocoumarin (negative control). c)
Fluorescence photomicrograph of CNC-Coumarin dispersed in
water. d) 3D reconstructions of 45 images taken at different focus
levels (CNC-Coumarin).

It is worth to mention here that both succinimide assisted
amidation and the  Cul-catalyzed  1,3-dipolar
cycloaddition are relatively mild reaction conditions for
the cellulose nanocrystal modifications. Moreover, the
click reaction confirms that CNCs has been grafted with
propargylamine, since the copper catalyzed cycloaddition
between unmodified TEMPO-oxidized CNCs and
azidocoumarin does not provide a fluorescent CNC
product (Figure 1b). In fact, it appears as non-fluorescent
as TEMPO-oxidized CNCs (Figure 1a).

The size distribution of the fluorescent cellulose particles
(CNC-Coumarin) in water dispersion is rather broad
varying from 2 to 15 um in length and 2 to 5 um in width
(Figure 1c). It is important to note that the fluorescent
particles are significantly larger than the starting Tempo-
oxidized CNCs that possessed nanometer dimensions.
This could be due to the aggregation of the derivatized
cellulose particles and/or possible [2+2] cycloaddition
between the grafted coumarin side chains which can
connect individual nanocrystals to larger particles. The
3D confocal microscopic image of dry state CNC-
Coumarin revealed even larger
approximate dimensions of 60 x 30 x 20 um (Figure 1d).
Moreover, the 3D constructions clearly displayed the
formation of bulkier cellulose components as a result of

the aggregation of the smaller particles.

particles having
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3.4 UV Absorptions of CNC-Anthracene and
Its Photodimerized Derivative

Anthracene has typical UV light absorption bands at 392
nm, 372 nm, 355 nm and 338 nm, respectively. UV light
absorption spectra of CNCs, anthracene and CNC-
Anthracene reveal that anthracene modified CNCs have
the same absorption bands than those of the control
anthracene whereas in the case of the unmodified CNCs
no UV absorption was observed in the investigated
region (Figure 2). This clearly points toward a successful
grafting reaction between anthracene and CNCs.

= = CNC
...... CNC-Anthracene
= Anthracene

Absorbance
=
~N

325 350 375

400 425 450

250 300 350 400 450 500
Wavelength(nm)

Figure 2. UV light absorption spectra of anthracene (solid line),
CNC-Anthracene (dotted line) and CNCs (dashed line).

The effects of the UV irradiation on CNC-Anthracene
were investigated by comparing the photodimerization of
anthracene to that of CNC-Anthracene. It can clearly be
seen from Figure 3 that the typical absorption bands of
anthracene are disappearing as a result of the
photodimerization triggered by the UV irradiation.

0.3 125
025 {8 4D g

0.2 0'75 %
0.15
A 05
005 025
0+ 0+

320 340 360 380 400 420 440 260 310 360 410 460 510
Wavelength(nm) Wavelength(nm)

Absorbance

Figure 3. UV light absorption spectra of anthracene (a) and
photodimerized anthracene (b).

Similarly, the photoirradiation of CNC-Anthracene
results in the disappearance of the UV absorption bands
indicative of the photodimerization of CNC-Anthracene
(Figure 4). It is worth to mention here that such stimuli
responsive performance is highly desired as far as the
controlled assembly of the supramolecular structures is
concerned.
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Figure 4. UV light absorption spectra of CNC-Anthracene (a)
and photoirradiated CNC-Anthracene (b).

3.5 GPC Analysis of Fluorescence Click Derivative

The molecular weight distributions of UV irradiated
TEMPO-oxidized CNCs (TEMPO-ox. CNC 6hr) and
CNC-Coumarin (CNC-Coumarin 6hr, CNC-Coumarin
48hr) and CNC-Anthracene (12 hr) were investigated by
size exclusion chromatography. Due to the insolubility of
cellulosic samples in tetrahydrofuran (THF), all hydroxyl
groups on them were benzoylated prior to the analysis. In
order to achieve a high degree of benzoylation, the
reactions were carried out in ionic liquid, 1-allyl-3-
methylimidazolium chloride ([Amim]Cl), that is known
to be able to dissolve cellulosic materials. As expected,
the molecular weight of the UV irradiated (6hr) CNC-
coumarin is somewhat higher than that of the TEMPO-
oxidized CNCs indicating that the UV induced [2+2]
cycloaddition reaction of the installed coumarin side
chains has linked individual CNCs together (Figure 5,
Table 2).

12

UV Absorbance (A.U,)

1E+08 1EH07 1LE+06 LE+05 LE«04 1.E+03

Molecular weight (gmol')

Figure 5. Gel permeation chromatograms of irradiated cellulosic
samples (CNC-Coumarin 6hrs, dotted line), (TEMPO-ox. CNC
6hrs, dashed line) and (CNC-Coumarin 48hrs, solid line).

Interestingly, the elevated irradiation time (48hr) was seen to
further increase the molecular weight of CNC-Coumarin thus
pointing out the effect of irradiation time for the degree of [2+2]
cycloaddition reaction. As can be seen from the data of Table 2,
the longest irradiation time (48hr) increased the weight average
molecular weight of CNC-Coumarin approximately 4 fold when
compared to its precursor (TEMPO-ox. CNC). Moreover, the
significantly elevated ratio of Mw/Mn of CNC-Coumarin is
characteristic for polydisperse materials.

llari Filpponen, Hasan Sadeghifar and Dimitris S Argyropoulos: Photoresponsive Cellulose Nanocrystals

40



41

Sample Mw (1 x10° | Polydispersity
gmol?) (PD)

TEMPO-ox. CNC (6hrs 85 43

Irradiation)

CNC-Coumarin  (6hrs 141 7.6

Irradiation)

CNC-Coumarin (48hrs 373 16.3

Irradiation)

CNC-Anthracene (12 139 6.7

hrs Irradiation)

Table 2. Molecular weight distributions of irradiated cellulosic
samples

The number average molecular weight (Mw) of CNC-
Anthracene was found to increase from 85x10° g/mol to
139x10° g/mol during 12 hours of UV irradiation (Figure
6, Table 2). This clearly indicates that the photoinduced
[4+4] cycloaddition taken place and
subsequently  linked CNC-Anthracene
molecules together. It is worth to mention here that the
increase in the molecular weight was found to be almost
identical with that of the CNC-Coumarin after 6 hours of
UV-irradiation. Photodimerization can occur in two
different pathways: (1) intramonolayer
photodimerization between coumarin/athracene groups
attached in the same cellulose nanocrystal and (2)
interfacial photodimerization between coumarin or
anthracene groups attached to different cellulose
nanocrystals [45]. It should be noted here that the
intramonolayer pathway is not expected to increase the
molecular weight of the irradiated material whereas the
interfacial pathway brings the individual molecules
together and thus the molecular weight is increased.
Therefore, the observed increases in the molecular
weights of UV irradiated CNC-Coumarin and CNC-
Anthracene point towards the
photodimerization mechanism. However, it is important
to note here that the DS values of CNC-Coumarin and
CNC-Anthracene were rather low which in turn means

reaction has
individual

interfacial

that the photoactive coumarin/anthracene sidechains are
not proximal to each other. Therefore, one possible
explanation  for  the  predominant
photodimerization could be the small amount of
photoactive groups along the surface of cellulose
nanocrystals thus diminishing the intramonolayer
reaction.  Additional control in the observed
photodimerization reaction is currently explored in our
laboratory by  preparing photoactive  cellulose
nanocrystals possessing higher DS values as well as by
varying the UV irradiation exposure times. In addition,
the reversibility of the photocoupling is currently under
investigation.

interfacial
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Figure 6. Gel permeation chromatograms of CNC-Anthracene
(dashed line) and irradiated (12hrs) CNC-Anthracene (solid line)

4. Conclusions

Click chemistry has been utilized for the preparation of
fluorescent and  photoresponsive  cellulose
nanomaterials. The primary hydroxyl groups in cellulose
nanocrystals were first selectively oxidized to carboxylic
acids. These carboxylic acid functionalities were further
used as reactive sites for the amidation reaction that
provided the precursor necessary for the final linking of
the fluorescent coumarin and anthracene probes into the
cellulose surface. Furthermore, UV irradiation of the
produced materials trigger the
photodimerization of the installed side chains bringing
together the individual nanocrystals.

new

was found to
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