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Abstract Fabrication of nano/micro fibers of a

photo-responsive cellulose derivative via electrospin-

ning is demonstrated for the first time. Commercially

available microcrystalline cellulose (Avicel�) is func-

tionalized with a reversible molecular photo-switch,

azobenzene, via esterification between the hydroxyl

groups of cellulose and 4-(phenylazo)benzoyl chloride

in anhydrous pyridine. The obtained azobenzene-

functionalized cellulose (Azo-Cel) is soluble in sev-

eral organic solvents that are commonly used for

electrospinning, such as dichloromethane (DCM),

tetrahydrofuran (THF), and N,N’-dimethylformamide

(DMF). UV-Vis absorption spectral analysis of Azo-

Cel solutions confirm successful reversible cis/trans

isomerization of the azobenzene moiety via photo-

irradiation and thermal relaxation. The electrospin-

ning of Azo-Cel solutions in high-volatile DCM, low-

volatile DMF, and their mixtures is investigated. The

morphology of the electrospun products characterized

by scanning electron microscopy varies from porous/

non-porous fibers to irregular spherical beads, depend-

ing on the volatility of the solvent.
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Introduction

There are continued opportunities for the effective

utilization of biomass towards functional materials,

motivated by both a reduction of environmental

burden, and access to the superior mechanical prop-

erties offered by bio-sourced polymers. Polysaccha-

rides in particular, represented by cellulose, are one of

the most abundant rawmaterials derived from biomass

and renewable resources from forestry. The spotlight

has been on not only their potential as alternatives for

petrochemicals, but also their superior properties as

biocompatible, biodegradable, and bioactive natural

materials (Klemm et al. 2005). Cellulose-based mate-

rials are also well-suited for development of stimuli-

responsive polymers, which have received intense

recent study since the behavior of these polymers can

be controlled by simple changes of their surrounding

media. Among the wide variety of stimuli-responsive

polymers, photo-responsive polymers in particular

have recently attracted much attention (Ercole et al.

2010) since the stimulus (light) can be precisely

localized in time and space, and can also be triggered

remotely from outside the system. Because of a large

previous scientific gap between glycoscience and

photo-science, these two research fields have not

overlapped deeply yet, and thus there is a great

potential with new materials such as nanocellulose-

dye conjugates (Chauhan et al. 2014; Dong and

Roman 2007; Gorgieva et al. 2015; Huang et al.

2013; Nielsen et al. 2010) engineered from the cross-

domains of these research fields. Almost all of the

recent reports on photo-reversible materials, as photo-

actuators or ‘‘artificial muscles’’, employ either soft

Liquid Crystal Elastomers (LCEs) (Ikeda et al. 2007;

Pei et al. 2014; Zeng et al. 2018) or gels (Harada et al.
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2014; Ikejiri et al. 2018), both host materials suffering

from fundamental limitations of fragility. In the mid-

to late-1980s, some initial strong and robust cellulose

derivatives combined with a reversible molecular

photo-switch, azobenzene, as their pendant groups

were prepared for a potential application as a switch-

able stationary phase for high-performance liquid

chromatography (HPLC) (Okamoto et al. 1986) and

thin layer chromatography (TLC) (Arai and Udagawa

1988). The cis/trans geometric photoisomerization of

the azobenzene moiety changed the efficiency of

resolution of the analyte, which was attributed to a

higher-ordered geometric structure of the trans-isomer

due to its liquid-crystalline nature, than the less-

ordered structure of the cis-isomer. Since these early

preliminary reports published more than 30 years ago

however, little attention has been paid (Li et al. 2014;

Yang et al. 2001) towards developing any further

photo-responsive potential of polysaccharide deriva-

tives, or preparing these light-harvesting functionali-

ties into other more useable bio-sourced polymeric

materials with high processability, for example by

electrospinning.

Electrospinning, a well-established technique

patented in 1934 (Formhals 1934) for manufacturing

continuous nano/micro fibers and textiles by drawing

polymer solutions or melts via strong electric fields

between two or more electrodes, has attracted ever-

increasing attention from diverse potential applica-

tions in such fields as biomedical and nanotechnolog-

ical industries (Greiner and Wendorff 2007). In

particular, electrospun products from natural

resources including polysaccharides are promising

candidates for biomedical applications such as drug

delivery (Sridhar et al. 2015), tissue engineering

scaffolds (Agarwal et al. 2009), and wound dressings

(Rieger et al. 2013), thanks to their inherent biocom-

patibility and superior mechanical properties. How-

ever, electrospinning defect-free homogeneous nano/

micro fibers of native polysaccharides is often chal-

lenging (Freire et al. 2011; Kulpinski 2005; Ohkawa

2008; Otsuka et al. 2017; Quan et al. 2009), due to

their limited solubility in the solvents generally

required for electrospinning. Modifying polysaccha-

rides to increase their solubility in the solvents

suitable for electrospinning is one of the major

approaches to improve the electrospinnability of

polysaccharides (Jaeger et al. 1998).

In this study, we functionalized commercially

available microcrystalline cellulose with photo-re-

sponsive azobenzene groups following previous liter-

ature protocols (Arai and Udagawa 1988, 1990) with

some modifications, and studied their thermal proper-

ties and kinetics of cis/trans photo- and thermal

isomerization that were not revealed in the literature

previously, although they are very important proper-

ties for the potential applications such as photo-

responsive actuators. The obtained azobenzene-func-

tionalized cellulose (Azo-Cel) was electrospun suc-

cessfully for the first time from solutions of mixtures

of dichloromethane (DCM) and N,N0-dimethylfor-

mamide (DMF) to yield well-defined nanoporous or

non-porous nano/micro fibers, depending on the

volatility of the solvent mixture.

Experimental

Materials

Avicel� PH-105 microcrystalline cellulose was pur-

chased from FMC BioPolymer Co. and dried under

vacuum at 60 �C for 24 h prior to use. 4-Phenyla-

zobenzoyl chloride (purity:[ 98.0%) was purchased

from Tokyo Chemical Industry Co. and used as

received. Anhydrous pyridine (purity: 99.8%) was

purchased from Sigma-Aldrich Co. and used as

received.

Instruments

The 1H and 13C NMR spectra were recorded on a

Varian Mercury 300 MHz and Varian VNMRS

500 MHz instruments, respectively. The 13C Cross-

polarization/Magic angle spinning (CP/MAS) exper-

iments were performed with a Bruker Avance III

400 MHz spectrometer operated at 100.6 MHz. The

specimen was packed into a zirconia specimen rotor.

The spinning rate was set at 12 kHz and the cross-

polarization contact time at 2 ms. A recycled delay of

2 s was inserted between each cycle. The FT-IR

spectra were obtained attenuated total reflection

(ATR) mode using a Bruker Vertex 70 FTIR spec-

trometer. Elemental Analysis was performed using a

Fisons EA 1108 instrument. Thermogravimetric anal-

ysis (TGA) was performed up to 500 �C using a TA

instruments TGA Q50 instrument under a nitrogen
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atmosphere at a heating rate of 10 �C min-1. Differ-

ential scanning calorimetry (DSC) analysis was car-

ried out using a TA instruments DSC 2500 instrument

under a nitrogen atmosphere at heating and cooling

rates of 10 �C min-1 (scan range: 25–150 �C). The
X-ray diffraction (XRD) patterns of the powder

samples were recorded on a Bruker D8 ADVANCE

diffractometer. The UV-vis absorption spectra were

measured in a quartz cell with 1 mm path length using

a Cary 300 Bio UV-Visible spectrometer. Electro-

spinning of Azo-Cel was performed using Fuence

Esprayer ES-2000S2A equipment. The Scanning

electron microscopy (SEM) images were observed at

the ICMG Platform-Grenoble using a FEI QUANTA

FEG 250 microscope operating at an accelerating

voltage of 2 kV.

Synthesis of cellulose 4-phenyl azobenzoate (Azo-

Cel)

Cellulose 4-phenyl azobenzoate (Azo-Cel) was syn-

thesized according to previously reported methods

(Arai and Udagawa 1988, 1990) with minor modifi-

cations. 4-Phenylazobenzoyl chloride (2.25 g,

9.20 mmol, 1.1 equiv. to the hydroxyl group of

cellulose) was dissolved in anhydrous pyridine

(50 mL). The solution of 4-phenylazobenzoyl chlo-

ride was added to a suspension of Avicel� PH-105

microcrystalline cellulose (0.50 g) in anhydrous

pyridine (50 mL) and stirred at 100 �C for 48 h. The

reaction mixture was poured into an excess amount of

ethanol and the precipitate was filtered. The residue

was extracted in a Soxhlet extractor with acetone for

48 h and then dried under vacuum at 60 �C to yield a

dark red colored solid product (2.13 g). The degree of

substitution (DS) of the hydroxyl groups by the

4-phenylazobenzoyl groups was estimated to be 2.83

from nitrogen content in the product measured by

elementary analysis according to literature (Li et al.

2014; Qin et al. 2015). Anal. calcd for (C13H9N2O)n: C

68.70, H 4.36, N 10.68; found: C 68.57, H 4.46, N

10.52.

UV-Vis spectral analysis

The UV-Vis spectra of 4-phenylazobenzoyl chloride

(azo dye) and Azo-Cel were measured in THF with

concentrations of 0.015 g L-1 and 0.030 g L-1,

respectively at room temperature. The sample

solutions were irradiated with UV (k = 365 nm) and

visible (k = 460 nm) light using an LED light source

(10.7 mW) at a distance of ca. 10 cm from the samples

for defined periods of time, followed by the spectral

measurements.

Electrospinning

The electrospinning of Azo-Cel dissolved in mixtures

of DCM and DMF with various volume ratios was

performed at room temperature and humidity. The

concentration of Azo-Cel was fixed at 10 wt%. A

metallic electrode plate wrapped with aluminum foil

was placed 15 cm away from the needle (Nordson

Stainless Steel Tips 18 Gauge; inner diame-

ter = 0.84 mm/outer diameter = 1.27 mm). High

voltage (20 kV) was applied between the needle and

the electrode plate while the sample solution was

passed with a flow late of (80 lL/min) from the needle

to collect the electrospun product on the aluminum

foil. The electrospun products on the aluminum foil

were coated with a ca. 4 nm-thick layer of gold/pal-

ladium (Au/Pd) prior to SEM observation.

Results and discussion

Functionalization of cellulose with azobenzene

groups

Commercially available microcrystalline cellulose

(Avicel� PH-105) was functionalized with a rever-

sible molecular photo-switch, azobenzene, via ester-

ification between the hydroxyl groups of cellulose and

4-(phenylazo)benzoyl chloride (azo dye) in anhydrous

pyridine (Scheme 1). The product was isolated by

precipitation in ethanol followed by an extraction in a

Soxhlet extractor with acetone, a good solvent for the

azo dye. In the IR spectrum of the product (Fig. 1),

typical absorption bands of C=O (1723 cm-1) and C–

O (1258 cm-1) stretching vibrations of ester groups

and C=C stretching vibrations of aromatic groups

(1603 cm-1) corresponding to the azobenzene moiety

were observed, while a broad absorption band of the

O–H stretching vibration observed around 3300 cm-1

in the IR spectrum of the starting cellulose disap-

peared. In the 1H NMR spectrum of the product

(Fig. 2a), a broad signal of aromatic protons

(8.2–7.0 ppm) corresponding to the azobenzene

123

6906 Cellulose (2019) 26:6903–6915



moiety and a broad signal corresponding to the

cellulose backbone protons (5.8–2.5 ppm) was

observed. The 13C NMR spectrum of the product

(Fig. 2b) displayed signals corresponding to carbons

of each of the azobenzene, ester linkage, and cellulose

groups. In addition, the 13C CP/MAS NMR spectrum

of the product (Fig. 3b) displayed clear signals

corresponding to carbon atoms of the carbonyl group

around 165 ppm and of the azobenzene moiety (C–N

and aromatic carbon atoms appeared respectively in

150–160 ppm and 110–135 ppm chemical shift

ranges) accompanied by broadenings and upfield

shifts of the signals corresponding to carbon atoms

of the cellulose moiety comparing to those observed in

the spectrum of cellulose (Fig. 3a). Hence, these

results together strongly suggest the successful func-

tionalization of the cellulose with the azobenzene

groups. The degree of substitution (DS) of the

hydroxyl groups with the azobenzene groups was

estimated to be 2.83 from the amount of nitrogen in the

product determined by elemental analysis. The

obtained azobenzene-functionalized cellulose (Azo-

Cel) was soluble in several organic solvents that are

commonly used for electrospinning such as dichlor-

omethane (DCM), tetrahydrofuran (THF), toluene,

and N,N0-dimethylformamide (DMF).

Figure 4 shows the X-ray diffraction (XRD) pat-

terns of the starting cellulose and Azo-Cel. The

starting cellulose displayed a typical XRD pattern of

crystalline cellulose I, while no clear diffraction peaks

were observed in the XRD pattern of Azo-Cel. This

indicates that the crystallinity of the cellulose moiety

deteriorated via the substitution of their hydroxyl

groups by the azobenzene groups probably due to

cleavages of hydrogen bonds in the crystal packing of

cellulose. The broadenings and upfield shifts in the 13C

Scheme 1 Preparation of

azobenzene-functionalized

cellulose (Azo-Cel) and

electrospinning from its

DCM/DMF solution

Fig. 1 IR spectra of

(a) cellulose (black) and

(b) Azo-Cel (blue). (Color

figure online)
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Fig. 2 (a) 1H NMR and (b) 13C NMR spectra of Azo-Cel in CDCl3
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CP/MAS NMR spectrum of Azo-Cel observed in

Fig. 3b also support the amorphization of the cellulose

moiety. The thermal decomposition temperature (Td)

of the starting cellulose (Td = 247 �C) determined by

thermogravimetric analysis (TGA) was increased to

286 �C by the functionalization with azobenzene

groups as shown in Fig. 5. In addition, a clear glass

transition temperature (Tg) was observed at 172 �C in

the differential scanning calorimetry (DSC) pattern of

Azo-Cel, while no clear Tg was observed for the

starting cellulose as shown in Fig. 6.

Photo-responsive properties of Azo-Cel

The UV-Vis absorption spectrum of Azo-Cel in THF

showed typical absorption bands corresponding to the

azobenzene group, i.e. a strong absorption band with a

maximum absorption wavelength (kmax) at 323 nm

corresponding to a p–p* electronic transition, and a

weak absorption band with kmax at 449 nm corre-

sponding to an n–p* electronic transition in the

azobenzene moiety, as shown in Fig. 7a (the blue

curve). These absorption bands were slightly blue-

shifted in comparison with those of the un-function-

alized azo dye, i.e. a strong absorption band with a

kmax at 332 nm and a weak absorption band with a

kmax at 454 nm (the black curve shown in Fig. 7a)

upon functionalization with the cellulose. This hyp-

sochromic effect is probably due to the fact that the

azobenzene moieties in Azo-Cel are neighboring each

other along the cellulose backbone, and the electron

densities of the azobenzene groups are increased by a

resulting p–p stacking interaction. Figure 7b shows

the UV-Vis spectra of Azo-Cel dissolved in THF (the

blue curve), the same solution after irradiation with

UV (k = 365 nm) light (the red curve), and the same

solution after irradiation with UV then visible

(k = 460 nm) light (the green curve). After the

irradiation with UV light, the absorbance of the band

Fig. 3 13C CP/MAS NMR spectra of (a) cellulose (black) and
(b) Azo-Cel (blue). (Color figure online)

Fig. 4 X-ray diffraction patterns of (a) cellulose (black) and

(b) Azo-Cel (blue). (Color figure online)

Fig. 5 TGA traces of cellulose (black) and Azo-Cel (blue).

(Color figure online)

Fig. 6 DSC traces of cellulose (black) and Azo-Cel (blue).

(Color figure online)
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with kmax at 323 nm was decreased and that of the

other band with kmax at 449 nm was increased. This

confirms the successful photoisomerization of the

azobenzene moiety in Azo-Cel from the trans- to cis-

isomers. After the irradiation with visible light, both

absorption bands at 323 nm and 449 nm were restored

to that in the original spectrum, confirming that the

photoisomerization of the azobenzene moiety from the

cis- to trans-isomers can cycle reversibly.

The UV-Vis absorption spectral changes of the azo

dye and Azo-Cel in THF with respect to the time of the

irradiation with UV light, and corresponding conver-

sions (%) of the photoisomerization from the trans- to

cis-isomers are shown in Fig. 8a, b, respectively. In a

similar manner, the time-dependent UV-Vis absorp-

tion spectral changes of the azo dye and Azo-Cel

solutions stored in the dark after the UV irradiation,

and corresponding conversions of the thermal isomer-

ization from the cis- back to trans- isomers are shown

in Fig. 8c, d, respectively. The conversion (Conv. (%))

of photo- and thermal isomerization was determined

from the peak absorbance at k = 332 nm for the azo

dye and 323 nm for Azo-Cel according to the follow-

ing Eq. (1):

Conv: ¼ A0 � Atj j
A0 � A1j j � 100 %ð Þ ð1Þ

where A0, At and A? are the absorbances at 0 min,

t min, and equilibrium times. Here, the equilibrium

time for the thermal isomerization from cis- to trans-

isomers is determined as 200 min for the azo dye and

2700 min for Azo-Cel where the peak absorbances

fully restored to the original absorbances before the

UV irradiation.

As shown in Fig. 8a, b, the trans-cis photoisomer-

ization of both the azo dye and Azo-Cel reached an

equilibrium state after irradiation with UV light for ca.

35–40 min. The kinetic profiles of their cis-trans

thermal isomerization follow a first-order rate process,

and the rate constant (k) can be determined according

to the following Eq. (2) (Smith and Abdallah 2017):

ln
A1 � A0ð Þ
ðA1 � AtÞ

¼ kt ð2Þ

From the plots of ln (A? - A0)/(A? - A0) against

time as shown in Fig. 9, the k values for the azo dye

and Azo-Cel were calculated to be 1.997 9 10-4 s-1

and 1.145 9 10-5 s-1, respectively. This indicates

that the thermal relaxation from the cis- back to trans-

isomers of the azobenzene moiety in Azo-Cel is much

slower than that of the azo dye, probably due to

prohibitive steric hindrance derived from cellulose

backbone covalently-attached with the azobenzene

moiety.

Electrospinning of Azo-Cel

The electrospinning of the Azo-Cel solutions was

investigated, towards developing light-responsive

smart materials based on a strong and processable

fibrous platform. For the solvents, high-volatile DCM

(boiling point (bp) = 39.6 �C, vapor pres-

sure = 47.1 kPa at 20 �C); and low-volatile DMF

(bp = 153 �C, vapor pressure = 0.516 kPa at 20 �C)
were mixed to adjust the volatility of the Azo-Cel

solution for a stable electrospinning process, forming a

cone-like shaped structure of the solution on the tip of

a needle-electrode (Greiner and Wendorff 2007). The

distance between the needle-electrode and a counter

plate-electrode (15 cm), the applied voltage (20 kV),

and the solution flow late (80 lL/min) were kept at

constant values. Figure 10 shows the SEM images of

Fig. 7 The UV-Vis

absorption spectra of (a) 4-
(phenylazo)benzoyl

chloride (black) and Azo-

Cel (blue) and (b) Azo-Cel
as dissolved (blue), Azo-Cel

after 20 min UV

(k = 365 nm) irradiation

(red), and Azo-Cel after

20 min UV then 1 min

visible light (k = 460 nm)

irradiation (green) in THF.

(Color figure online)
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Fig. 8 The time-dependent UV-Vis absorption spectral

changes (left) and corresponding conversion (%) of the photo-

and thermal isomerization as a function of time (right) of (a) 4-
(phenylazo)benzoyl chloride (azo dye) and (b) Azo-Cel in THF

under UV (k = 365 nm) irradiation, and the same solutions of

(c) the azo dye and (d) Azo-Cel stored in the dark at room

temperature after UV irradiation
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the electrospun products obtained from the Azo-Cel

solutions in the mixtures of DCM and DMF with

different volume ratios. Here, it should be noted that

the Azo-Cel solution in DCM 100% was not electro-

spinnable stably because the solution was too highly

volatile and quickly stuck within the needle in a few

seconds by natural evaporation during the electro-

spinning process. By mixing 10 vol% of DMF with

DCM (DCM:DMF = 9:1 (v/v)), the Azo-Cel solution

became less volatile and electrospinnable more stably.

The electrospun product from this solution showed a

good fibrous structure (Fig. 10a–c) with the averaged

diameter (D) of 2.61 lm determined by a statistical

analysis for 50 randomly selected fibers from the SEM

image (Fig. 10a) using ImageJ open-source software.

Interestingly, the high-magnified (magnification:

20,000 9) SEM image of the fibers (Fig. 10c) showed

a nanoporous structure. Diameters of these pores

ranges from ca. 5 to 50 nm as observed in the high-

resolution SEM image (Fig. S1: see Supplementary

data). By increasing the volume ratio of DMF up to

25 vol% (DCM:DMF = 7.5:2.5 (v/v)), the Azo-Cel

solution displayed the most stable electrospinnability

within the conditions investigated in this study. The

electrospun product from this solution showed more

homogeneous and thinner fibers (Fig. 10d–f) with

D = 760 nm determined from the SEM image

(Fig. 10e) than that from the 10 vol% of DMF

solution. The highly-magnified SEM image of these

fibers showed a smooth surface morphology (Fig. 10f)

unlike the nanoporous fibers obtained from the

10 vol% DMF solution (Figs. 10c and S1). This can

be explained by the difference of the vapor pressure of

the solvents. Because the Azo-Cel solution in 10 vol%

of DMF has higher vapor pressure than the solution in

25 vol% of DMF, the solvent evaporates more rapidly

from the 10 vol% DMF solution than from the

25 vol% DMF solution. Such a rapid solvent evapo-

ration forms the nanoporous structure within the fibers

during the electrospinning process. Other hypotheses

for the creation of porous structures were reported in

literature such as the traces of evaporations of water

droplets on the surface of the fibers (Casper et al.

2004) or a phase separation into polymer-rich and

polymer-poor regions (Megelski et al. 2002) that

occurs upon evaporation of the solvents. By further

increasing the volume ratio of DMF to DCM, the

elecrospun products showed a spherical bead-like

structure coexisting with the fibrous structure when the

ratio of DMF was 50 vol% (Fig. 10g–i). From the

75 vol% DMF solution, irregular-shaped beads linked

with extremely thin fibers were electrospun (Fig. 10j–

l). Only random spheres but no fibers were obtained by

electrospinning from the 100% DMF solution

(Fig. 10m–o). These results clearly indicate that the

morphology of the electrospun fibers of Azo-Cel can

be controlled simply by adjusting the volatility of the

solvent within the conditions investigated in this

study. Notably, the nanoporous structure of the

nanofibers may well be an added advantage of interest

when the electrospun fibrous materials are used for

potential applications such as nanofiltration mem-

branes thanks to their large surface-area-to-volume

ratio.

The azobenzene moiety in Azo-Cel showed cis/

trans isomerization in response to photo- and thermal

stimuli as discussed in the previous section. Such a

modest geometric variation that occurs in an individ-

ual azobenzene molecule can be amplified coopera-

tively with the neighboring azobenzene groups on the

cellulosic backbones, and their fibrous assemblies

where the azobenzene molecules form clusters, to

induce large-scale changes in physical properties such

as dipole moment, polarity, shape etc. of the Azo-Cel

fibrous materials. These various physical aspects are

under investigation and will be the subject of a

forthcoming paper.

Fig. 9 Kinetic profile and the first-order rate constant (k) of the

cis–trans thermal isomerization of 4-(phenylazo)benzoyl chlo-

ride (black) and Azo-Cel (blue) in THF. (Color figure online)
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Conclusion

In summary, we have demonstrated the successful

functionalization of commercially available

microcrystalline cellulose with photo-responsive

azobenzene moieties to yield Azo-Cel, the cis/trans

isomerization of the azobenzene moiety in Azo-Cel in

response to photo- and thermal stimuli, and the

Fig. 10 SEM images with low (left column), mid (center

column), and high (right column) magnifications of the

electrospun Azo-Cel from their solutions of mixtures of DCM

and DMF with volume ratios of DCM:DMF = 9:1 (top line: a–

c), 7.5:2.5 (upper middle line: d–f), 5:5 (middle line: g–i),
2.5:7.5 (lower middle line: j–l), and 0:10 (bottom line: m–o).
Inserts in c and f are their digitally zoomed images

123

Cellulose (2019) 26:6903–6915 6913



fabrication of the nanoporous and non-porous nano/

micro fibrous materials by electrospinning of Azo-Cel

solutions in the mixtures of DCM and DMF to control

the volatility of the solutions. These novel cellulose-

based robust fibrous materials, with light-reversible

functional groups, opens up the potential of natural

resources that can be derived from biomass towards

state-of-the-art stimuli-responsive materials for appli-

cations such as photo-responsive actuators and

nanofiltration membranes.
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