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Abstract This paper presents an environmentally

friendly strategy to obtain alkynylated cellulose fibers

(ACFs), a versatile platform for tailoring cellulose by

robust click reaction. This strategy is based on the

integration of two efficient reactions: selective oxida-

tion of cellulose fibers by sodium periodate (NaIO4)

generating dialdehyde cellulose fibers and subsequent

Schiff base reaction with 3-ethynylaniline yielding

alkynylated cellulose fibers (ACFs). The alkynyl

moieties introduced into ACFs were simply trans-

ferred with azido compounds under Cu(I) catalysis and

mild conditions. The content of alkynyl groups of

ACFs was found to be as high as 3.0 mmol/g. Fourier

transform infrared spectroscopy (FTIR) showed that

the selective oxidation of cellulose fibers generated

aldehyde groups and the Schiff base reaction resulted

in the incorporation of ethynyl groups and benzene

rings into cellulose fibers. FTIR and X-ray photoelec-

tron spectroscopy results confirmed the successful

click reaction between ACFs and 4-azidobenzoic acid.

This clickable platform would serve as a versatile

starting precursor for finely tuning cellulose fibers for

advanced applications.

Keywords Cellulose fibers � Selective oxidation �
Schiff base reaction � Click reaction � Green chemistry

Introduction

It has been broadly accepted that the development

based on fossil resources as raw materials is unsus-

tainable in the long run. In this context, the utilization

of renewable resources has gained increasing interest

due to their inherent renewability and environmental

friendliness. Among these renewable materials, cel-

lulose is considered as a green feedstock and has

gained special attention due to its abundant availabil-

ity. However, some intractable challenges still remain.

For example, poor solubility and lack of efficient

processing methods have been two of the obstacles

(Schmidt et al. 2014). Nevertheless, scientists have

managed to make substantial progress in harnessing

this green polysaccharide. For example, scientists

have developed green solvents to dissolve cellulose,

like ionic liquids (Swatloski et al. 2002; Wang et al.

2012) and low temperature NaOH-based systems

(including alkali/urea or thiourea/H2O) (Qi et al.

2011). On the other hand, scientists also push forward

modification and functionalization of cellulose by new

processing methods, one of which is click chemistry.
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Click chemistry refers to reactions that are rapid,

versatile, highly selective, and high yielding when

connecting two molecular components (Kolb et al.

2001). Since the first click reaction copper-catalyzed

azide–alkyne cycloaddition (CuAAC) was recog-

nized, a number of reactions, including strain pro-

moted azide–alkyne cycloadditions (SPAACs), Diels–

Alder reaction and photo-initiated thiol-ene radical

reaction, have been classified into the click chemistry

family (Anseth and Klok 2016). With these impressive

features, click chemistry is compatible with the green

chemistry principles (Anastas and Eghbali 2010) in a

comprehensive manner.

The first investigation on the design of cellulose

derivatives through click reaction (CuAAC) was

reported by Liebert et al. (2006), closely followed by

Hafren et al. (2006). Ever since then, investigations on

modification of cellulose materials based on click

chemistry have seen remarkable increase. In micro-

and nano-level sized cellulose modification and func-

tionalization, cellulose nanoplatelet gels (Filpponen

and Argyropoulos 2010), fluorescent cellulose

nanocrystals (Filpponen et al. 2011), photobactericidal

porphyrin-cellulose nanocrystals (Feese et al. 2011)

and fluorescent nanofibrillated cellulose (Pahimanolis

et al. 2011) are some of the attractive examples

successfully obtained via click chemsity (CuAAC).

Click chemistry was also employed as connecting

approach to prepare nanocrystalline cellulose-clicked-

b-casein nanoparticle (Karaaslan et al. 2013) and

microcrystalline cellulose-clicked clay (Yadav et al.

2015), and assembling approach in an end-to-end

assembly of nanocrystalline cellulose into nanocellu-

lose fibers (Yang and van de Ven 2016).

Regarding cellulose fibers, click chemistry based

modification is still limited. Elchinger et al. (2014)

reported a new material formed by CuAAC between

propargyled kraft pulp and azidated starch. Mangiante

et al. (2013) proposed a green nondegrading approach

to alkyne-functionalized cellulose fibers and realized

postmodification of the resulting fibers with azide-

functionalized molecular probes and azide end-capped

PEG through CuAAC. Abd Rahman et al. (2016)

studied crosslinking of cellulose fibers via azide–

alkyne click chemistry.

In modification and functionalization of other

forms of cellulose materials, click chemistry is also

very effective. Ringot et al. (2009) obtained new

photobactericidal porphyrin-grafted cellulose fabric

by click chemistry (CuAAC). Xu et al. (2013)

synthesized antibacterial cellulose film using ‘‘click-

able’’ quaternary ammonium compound. CuAAC was

also proved to be a robust toolkit for preparation of

cellulose derivatives with unique structures (Pohl et al.

2008). In addition, click chemistry also became

appealing in biomaterials (Anseth and Klok 2016).

Click chemistry in modification of polysaccharides

(including cellulose) has been reviewed by Elchinger

et al. (2011) and recently by Meng and Edgar (2016).

Interested readers may turn to these reviews for more

comprehensive information.

An important issue that needs to be emphasized is,

even if the click reactions are by definition reactions

with quantitative yields, high tolerance of functional

groups, etc., they require particular starting reagents

(Elchinger et al. 2011). For instance, the terminal

alkyne or azide groups need to be ‘‘inserted’’ into

cellulose to begin the CuAAC procedure. Thus, the

availability of alkyne- or azide- bearing cellulose

becomes a precondition for implementing CuAAC

click reactions. Here, we name the alkyne-bearing

cellulose as ‘‘clickable cellulose platform’’. Synthesis

of this versatile platform undoubtedly becomes a

crucial premise, yet a challenging task. Synthesis

methods employed traditionally for clickable platform

preparation are not favorable in terms of economy and

environment because they need toxic reagents, special

solvents or harsh conditions. Green synthesis strategy

of clickable cellulose platform is therefore highly

desirable. Synthesis of clickable cellulose fibers is

particularly difficult owing to the poor accessibility.

In the current study, we designed a combinational

synthesis approach to obtain clickable cellulose plat-

form, alkynylated cellulose fibers (ACFs), through

selective oxidation of cellulose fibers (Scheme 1, Step

1) followed by Schiff base reaction (Scheme 1, Step

2). Click reactivity of ACFs was verified by click

reaction with 4-azdiobenzoic acid (Scheme 1, Step 3).

Evidences from FTIR showed that dialdehyde cellu-

lose fibers (DAC fibers) formed after cellulose fibers

were treated with NaIO4, and ethynyl and benzene

groups were successfully incorporated into cellulose

fibers after Schiff base reaction, characteristic peaks

changed correspondingly after click reaction. XPS

data also implied that the Schiff base reaction and

click reaction were successful.

Our inventive methodology is green, easy to

operate, efficient, simple both in the work-up stage
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and purification, in accordance with principles of

sustainable development as well as green chem-

istry. The preparation procedure was performed in

cellulose fibers suspension without any other sol-

vent except water as the aqueous medium. This

strategy may also provide a promising opportunity

to prepare various clickable cellulose-based mate-

rials, such as lignocellulosic fibers, fabrics and

textiles.

Experimental

Materials

Bleached softwood kraft pulp (produced in Canada)

was kindly provided by Mudanjiang Hengfeng Paper

Co. Ltd. (Heilongjiang, China) and was used as the

cellulose source. 3-Ethynylaniline (3-EAn) with a

purity of 97%? was purchased from Bide Pharmatech

Ltd. (Shanghai, China). 4-Azidobenzoic acid was

bought from Tokyo Chemical Industrial Co. Ltd.

Other chemicals and reagents were all of analytic

grade unless stated elsewhere.

Synthesis of dialdehyde cellulose (DAC) fibers

To a three-neck bottle containing evenly-dispersed

cellulose fibers suspension of 1% consistency (2.25 g

cellulose fibers, 13.7 mmol anhydroglucose unit

AGU), NaIO4 solution (2.93 g, 13.7 mmol, 50 ml)

was added dropwise. The bottle was kept in a water

bath of 40 �C. After 4 h, the DAC fibers were

recovered by filtration and washed with tap water (2 l

for 3 times) to remove the remnant chemicals. Alde-

hyde content of DAC fibers was determined according

to the principle of previously reported reference (Sirvio

et al. 2011), that is, aldehyde groups were completely

converted to oxime with NH2OH•HCl. The aldehyde

content of DAC fibers can be calculated from the

nitrogen content of resultant oxime, and the nitrogen

content can easily be measured by Kjeldahl apparatus.

Synthesis of alkynylated cellulose fibers (ACFs)

To a 250 ml round-bottomed flask charged with

200 ml distilled water, 1.0 g DAC fibers (based on

oven-dry mass) were added and dispersed into a

suspension. 3-EAn (from 3 to 33.5 mmol, depending

Scheme 1 Preparation of ACFs and click reaction (CuAAC) thereof
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on the mole ratio of EAn to aldehyde) was added into

the suspension to start the Schiff base reaction. The

reaction was stopped by separating the yielded ACFs

from the dispersion by filtration. The ACFs were

washed with running tap water (2 l for 3 times) and

then distilled water (200 ml for twice) to remove the

unconverted residues for click reaction and instru-

mental analysis.

The content of alkynyl groups in the ACFs was

measured based on the following fact: there is

equivalent mole amount of alkynyl groups and nitro-

gen within ACFs (Scheme 1, Step 2). So the content of

alkynyl groups in ACFs can be measured by referring

to the nitrogen content of the ACFs. And the nitrogen

content was measured by Kjeldahl apparatus.

Click reaction of ACFs

To a 250 ml round-bottomed flask charged with the

mixed solution (150 ml 95% ethanol and 50 ml

Fig. 1 Influence of a NaIO4/AGU, b reaction temperature,

c reaction time, d pH (buffer system) on the yield and aldehyde

groups content of DAC fibers. Process conditions: a 40 �C, 4 h,

distilled water; b NaIO4:AGU = 3:1, 4 h, distilled water;

c NaIO4:AGU = 3:1, 40 �C, distilled water; d NaIO4:

AGU = 3:1, 40 �C, 4 h
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distilled water) dissolving 10 mmol 4-azidobenzoic

acid, catalytic amount of sodium ascorbate and CuSO4

were added separately to initiate the click reaction.

The system was kept at ambient temperature and in a

dark environment to protect it from light for 2 days.

The clicked products were collected by filtration

and washed with 95% ethanol (200 ml 9 2) then

distilled water (200 ml 9 2). Clicked products were

dried to reach constant weight and then used for

instrumental measurement.

Degree of polymerization (DP) measurement,

handsheet formation and tensile index

DAC fibers were made into handsheet of 60 g/m2 by

handsheet former. Both tensile measurement and

degree of polymerization measurement experiments

were carried out according to literature methods (Shi

and He 2003). The solution for DP measurement is

copper ethylenediamine solution.

XRD, FTIR and XPS analysis

X-ray diffraction (XRD) profiles of DAC fibers were

recorded from 2h = 5�–45� (Rigaku D/max2200,

30 kV, 40 mA). Fourier transform infrared (FTIR)

spectra of samples were collected from Fourier

Transform Infrared Spectroscopy Thermo Fisher Sci-

entific Nicolet 6700 with accumulation of 32 scans and

resolution of 4 cm-1. X-ray photoelectron spec-

troscopy (XPS) data were obtained using a Thermo

Fisher Scientific’s K-Alpha X-ray photoelectron spec-

trometer (ESCALAB 250 Xi) system. An Al Ka X-ray

source was used. The vacuum in the analyzing

chamber was 1.0 9 10-8 Pa during analysis. The

binding energies were calibrated against the C1 s

binding energy at 248.8 eV.

Results and discussion

Selective oxidation

Influences of NaIO4/AGU, reaction temperature,

reaction time and pH (buffer system) on the yield

and aldehyde groups content of DAC fibers are shown

in Fig. 1. The increase of the ratio of NaIO4/AGU led

to an increase in the content of aldehyde groups in

DAC fibers without noticeable yield loss (Fig. 1a).

Higher ratio of NaIO4/AGU means higher reactant

concentration and higher reaction rate, leading to

higher products concentration (here higher content of

aldehyde groups). With the increase of reaction

temperature from room temperature to 50 �C, the

content of aldehyde groups in DAC fibers increased

but the yield had an optimum at 40 �C (Fig. 1b).

Reaction rate is accelerated at elevated temperature

according to Arrhenius equation. So the content of

aldehyde groups in DAC fibers would become higher

at elevated temperature. However, the oxidative

degradation of cellulose fibers is also aggravated at

elevated temperature. When prolonging the reaction

time, the content of aldehyde groups in DAC fibers

increased but tended to be leveling off while the yield

decreased when reaction time was longer than 4 h

(Fig. 1c). This is owing to the accessibility and

reactivity of hydroxyls of cellulose fibers. It is easy

for reagents to diffuse in the amorphous region of

cellulose but relatively difficult in the crystalline

region. The reactants can contact and react with the

hydroxyls in the amorphous region and on the surface

of the crystalline region within several hours.

Fig. 2 Change of a tensile index of handsheets made from

DAC fibers, b degree of polymerization of DAC fibers with

NaIO4/AGU mole ratio. Other process conditions: 40 �C, 4 h,

distilled water
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However, even if prolonging the reaction time, it is

still difficult for reactants to further diffuse and react.

At the same time, degradation becomes notable which

brings the yield down. The pH (buffer system) had a

significant impact on the yield and the content of

aldehyde groups of DAC fibers, and the optimal

reaction medium was distilled water (initial pH of 6.5)

(Fig. 1d). Generally speaking, weak acidic medium is

favorable for selective oxidation of cellulose by

NaIO4. Nevertheless, the yielded DAC fibers are

sensitive to alkaline, and molecular chain tends to be

broken down. In brief, under appropriate reaction

conditions, i.e., temperature of 40 �C, reaction time of

4 h, and reaction medium of distilled water (initial pH

of 6.5), NaIO4/AGU mole ratio can be considered as a

key process variable to prepare DAC fibers with

varying levels of aldehyde groups.

The tensile index of handsheets made from DAC

fibers followed a general tendency of increasing first

and then decreasing (Fig. 2a). The tensile of paper is

contributed by both the strength of individual fibers

and the bonding contribution among fibers (i.e.,

hydrogen bonds). When the mole ratio of NaIO4/

AGU was below 2:1, the DAC had an increasing

aldehyde content (Fig. 1a) and relatively higher DP

(Fig. 2b). The increase in tensile index can be ascribed

to the increased bonding contribution of condensation

reaction (between aldehyde groups and vicinal

hydroxyls) and increased hydrogen bonds. Condensa-

tion reactions closed the distance between the adjacent

fibers due to the linkages between different anhy-

droglucose units (AGU) either in the same chain or

between different chains. Correspondingly, the num-

bers of hydrogen bonds between the contiguous fibers

increased (Hou et al. 2007). Therefore, the tensile

index increased with the increase of the mole ratio of

NaIO4/AGU. However, cellulose fibers underwent

severe degradation with further increase of the mole

ratio of NaIO4/AGU (Fig. 2b). In this case, the

strength of individual fibers played a major role in

the tensile behavior of paper. So it was observed that

the tensile strength of handsheet decreased when the

mole ratio of NaIO4/AGU was beyond 2:1 (Fig. 2a).

As shown in the spectra of DAC fibers (Fig. 3a), the

adsorption peak centered around 1735 cm-1 corre-

sponding to C=O stretch vibration was observed,

Fig. 3 FTIR spectra (a),
XRD profiles (b) of pristine
fibers and DAC fibers. Other

process conditions: 40 �C,
4 h, distilled water
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which indicated the presence of aldehyde groups

(Dash et al. 2012; Hou et al. 2007). Characteristic

peaks of hydroxyls in cellulose at 1055 and

1160 cm-1 were weakened at the same time. Varia-

tions in these characteristic peaks were more pro-

nounced at a high ratio of NaIO4/AGU. These

observations are consistent with the previously

reported results (Hou et al. 2007).

As shown in the XRD profiles of pristine fibers and

DAC fibers (Fig. 3b), amorphous region shrunk with

the increase of NaIO4/AGU mole ratio while the

crystalline region also diminished. At a high NaIO4/

Fig. 4 Influence of EAn/aldehyde mole ratio, reaction temper-

ature and reaction time on the Schiff base reaction result.

Process conditions: a 30 �C, 4 h; b 1.28 mol/mol EAn/

aldehyde, 4 h; c 1.28 mol/mol EAn/aldehyde, 30 �C; d 40 �C,
4 h; e 2 mol/mol EAn/aldehyde, 4 h; f 2 mol/mol EAn/

aldehyde, 40 �C
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AGU ratio, amorphous region almost disappeared.

This is because the reagents can access the amorphous

regions and cause the degradation. Microcrystalline

and crystalline regions are relatively difficult for

reagent to penetrate and diffuse. So the crystalline

region showed a relatively smaller degradation.

Schiff base reaction

Schiff base reaction is a reversible reaction and the

hydrolysis rate depends on pH and the surrounding

structure of the base itself. Actually, when C=N—

connecting aromatic groups, the stability of Schiff

base could be notably improved. Schiff base reaction

has been successfully employed to graft amine to

cellulose nanowhisker after periodate oxidation (Dash

et al. 2012) and to form cellulose nanofibers (CNF)

hydrogels-scaffolds after CNF production using

TEMPO mediated oxidation (Syverud et al. 2015).

Here, Schiff base was also proved to be a simple and

efficient grafting approach. All of the resultant ACFs

had a pale yellow appearance, which is usually

regarded as the characteristic color of Schiff base.

And the only byproduct of Schiff base reaction is

environment benign water.

Influences of 3-EAn dosage, reaction time and

reaction temperature on the Schiff base reaction

results are shown in Fig. 4. It is easy to understand

that the content of alkynyl groups in ACFs increased

with increasing mole ratio of EAn/aldehyde (Fig. 4a,

d). For DAC fibers with high content of aldehyde

groups (7.52 mmol/g), the influences of reaction

temperature and reaction time on Schiff base reaction

were significant (Fig. 4e, f). However, for DAC fibers

with medium aldehyde content (3.92 mmol/g), the

influences of reaction temperature and reaction time

were insignificant (Fig. 4b, c). For DAC fibers with

medium aldehyde content, the aldehyde groups mainly

located in the amorphous region, and were easily

accessible. So the Schiff base reaction proceeded and

Fig. 5 FTIR spectra (a), XPS spectra (b) of DAC fibers (8.3 mmol/g aldehyde) and ACFs (2.6 mmol/g alkynyl)
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reached equilibrium easily. However, for DAC fibers

with high aldehyde content, the aldehyde groups

located in both amorphous and crystalline regions; so

elevated temperature and prolonged time were favor-

able to diffuse reactant (3-EAn) and access the

reaction sites. At elevated temperature and prolonged

time, the content of alkynyl groups of ACFs as high as

3.0 mmol/g was obtained.

The FTIR spectra and XPS spectra of DAC fibers

(8.3 mmol/g aldehyde) and ACFs (2.6 mmol/g alky-

nyl) are shown in Fig. 5. In the FTIR spectra (Fig. 5a),

paired peaks (1600 and 1500 cm-1) ascribed to

benzene ring stretching, 2105 cm-1 assigned to

C:C and 3280 cm-1 assigned to C:C–H appeared

in the spectrum of ACFs. These new peaks, apparently

different from those of DAC fibers, emerged as a result

of the Schiff base reaction between DAC and 3-EAn.

In the XPS spectra Fig. 5b, merely trace amount of

nitrogen in the DAC fibers can be seen. However,

nitrogen can be clearly observed in ACFs. The newly

introduced nitrogen was in C=N binding state

(399.2 eV). These results verified that the Schiff base

reaction proceeded as expected.

Click reaction

The FTIR spectra of ACFs and clicked product and

XPS spectrum of clicked product are shown in Fig. 6.

In the FTIR spectra, the decrease in characteristic peak

intensity of C:C–H and C:C was due to CuAAC

reaction (cycloaddition of ethynyl groups and N3

groups, Scheme 1, Step 3), which also led to the

formation of 1,2,3 triazole rings, and –COOH at

1700 cm-1 appeared correspondingly (Fig. 6a). In the

XPS survey of clicked product (ACFs�4-azidoben-

zoic acid), one can easily differentiate N species in

different chemical states before and after click reac-

tion (Fig. 6b). For the unclicked product (i.e., ACFs),

the nitrogen element was bonded in a C=N chemical

state (Fig. 5b). However, the N of the clicked product

located in different and complicated chemical envi-

ronments. Other than C=N chemical state, N was also

bonded in a triazole ring (400.9, 400.2 and 398.8 eV),

which was formed as a result of CuAAC reaction. This

information clearly indicated that the CuAAC

between ACFs and 4-azidobenzoic acid successfully

proceeded. Together with the analysis of FTIR and

Fig. 6 FTIR spectra (a),
XPS spectrum (b) of ACFs
and clicked product
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XPS, it is therefore reasonable to conclude that the

yielded ACFs possess clickable reactivity.

Conclusions

This research established a green approach to convert

cellulose fibers into clickable cellulose platform by

combining two efficient reactions: selective oxidation

of cellulose fibers by NaIO4 generating DAC fibers as

well as Schiff base reaction between DAC fibers and

3-ethynylaniline yielding alkynylated cellulose fibers

(ACFs). Clickable performance of ACFs was verified

by the click reaction with 4-azdiobenzoic acid. FTIR

and XPS analyses confirmed the occurrence of selec-

tive oxidation, Schiff base reaction, and click reaction.
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