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Abstract

Methyl methacrylate (MMA) was successfully grafted onto cellulose nanofi-
bers (CNFs) at room temperature in an emulsion system using a diethyl(1,10-
phenanthroline N,,N,)zinc(II) complex (Phen-DEZ) with oxygen as the rad-
ical initiator. The effects of reaction temperature, initiator concentration, and
monomer content on the grafting reaction were investigated. The molecular
weight of the non-grafted PMMA, which was produced during graft polyme-
rization, was more than 1 million, as determined by size exclusion chromato-
graphy. The PMMA-grafted CNFs were analyzed by Fourier transform infra-
red spectroscopy, thermogravimetric analysis, and scanning electron micro-
scopy, which confirmed the grafting of PMMA on the nanofiber surface. The
study presents a strategy for the grafting of high-molecular weight PMMA
onto CNFs in an emulsion system using Phen-DEZ and O,.
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1.

Introduction

Cellulose, a polysaccharide, is the main structural component of the cell walls of

many plants and is used in a variety of applications as an organic material

present in abundance on Earth. Cellulose is synthesized not only by terrestrial

plants, but also by marine and aquatic algae as well as bacteria such as acetic acid

bacteria. Cellulose is a homopolymer composed of D-glucose molecules linearly

linked by f-(1,4) glycoside linkages. Moreover, it is an environmentally benign

material that is a constituent of dietary fiber and is used to produce a wide va-

riety of products such as regenerated fiber, composites [1] [2] [3] and bioethanol
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(4] [5].

In particular, cellulose nanofibers (CNFs) are one of the functional materials
that have attracted attention in recent years as a raw material for the synthesis of
highly functional materials [6] [7] [8]. Research has been conducted on materials
derived from CNFs for a wide range of applications, including personal care
products and food. CNFs have excellent properties such as a low thermal expan-
sion, biodegradability, and biocompatibility. In addition, CNFs are characterized
by their light weight and high strength, and in practice, the strength of CNFs is 5
times that of steel although its weight is 1/5th that of steel [9] [10] [11]. In addi-
tion, the coefficient of linear expansion of CNFs is as small as that of quartz
glass, and their application in various industries is being explored because of
their excellent characteristics [1]. Graft copolymers are functionalized through
complexation with resins and graft polymerization [12]. Among these, graft po-
lymerization is a typical method that is widely used to effectively modify CNF
properties.

The physical and chemical properties of a cellulose substrate can be changed
by grafting several functional monomers onto cellulose [13]. Graft polymeriza-
tion on carboxymethyl cellulose or hydroxypropyl cellulose has been reported by
Kubota and Kuwabara [14]. In their work, the grafting rate was increased by
adding a functional group on cellulose before grafting to increase the reactivity;
however, the method requires chemical pretreatment of cellulose.

It has been reported that the graft polymerization of vinyl monomers can be
performed directly on cellulose using azobis(isobutyronitrile) (AIBN) [15] or
peroxide [16] as an initiator. However, to generate radicals, the reaction system
needs to be heated to 70°C or higher, which leads to side reactions. Since cellu-
lose has good compatibility with water, graft polymerization on cellulose is pre-
ferably carried out in an aqueous system.

Graft polymerization by Ceric ion on cellulose has been reported since the
1960s. Ceric ion (IV) is a powerful oxidizing agent for alcohols containing 1,2
glycol groups.

Thus grafting and oxidation of cellulose by Ceric ion (IV) would proceed si-
multaneously.

Allyl methacrylate has been grafted on cellulose at a relatively low temperature
of approximately 50°C using a cerium salt [17].

In addition, alkyl boron is known to react with oxygen to generate radicals
even at low temperatures, and graft polymerization on cotton was carried out at
ambient temperature using tributylborane as an initiator [18].

Diethylzinc (DEZ) is widely used for addition to alkenes, alkynes, imines, and
carbonyl compounds such as enones, ketones, and aldehydes [19] [20] [21] [22].
Since DEZ is capable of generating free radicals with oxygen at room tempera-
ture, it is a promising initiator [23] [24]. The free radicals generated from DEZ
have been used for the polymerization of vinyl monomers such as styrene and

methyl methacrylate (MMA) [25]. However, DEZ is extremely active and spon-
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taneously ignites in air. Moreover, it cannot be used in polar solvents such as
water and methanol because it hydrolyzes immediately. The harsh reaction con-
ditions and inconvenient operation limit the application of DEZ.

Emulsion polymerization is characterized by a high polymerization rate and
high reaction yield, and the polymers synthesized in an emulsion system have a
high molecular weight. Because cellulose is compatible with water, it is expected
that graft polymerization on cellulose in an emulsion system will give a high
graft yield. However, since DEZ is unstable to air and water, emulsion polyme-
rization of vinyl monomers using DEZ is impossible.

DEZ is a Lewis acid and is capable of forming a complex with a Lewis base
through donor-acceptor interactions. DEZ complexes can be synthesized by
reacting DEZ with various types of Lewis bases such as a-imino ketones and
diamines [26] [27] [28] [29]. Noltes and Hurk have reported the synthesis of a
complex of DEZ with 1,10-phenanthroline (Phen) (Phen-DEZ) [30].

Although the authors did not discuss the stability of the Phen-DEZ complex-
es, Phen has a rigid structure with two electron-donating nitrogen atoms and
forms a strong bond with the zinc atom. Therefore, DEZ is presumed to have
hardly decomposed.

In fact, we have confirmed polymerization of Styrene in an aqueous System
using a diethylzinc and 1,10-phenanthroline complex [31].

In this work, we report the graft polymerization of MMA onto CNFs in an

emulsion system using Phen-DEZ as an initiator.

2. Experimental
2.1. Materials

DEZ was supplied by Nippon Aluminum Alkyls, Ltd. 1,10-phenanthroline
(Phen), methyl methacrylate (MMA), sodium dodecyl sulfate (SDS), chloroform,
acetone, methanol, and deoxygenated hexane were purchased from FUJIFILM
Wako Pure Chemical Corporation. CNFs were purchased from Chuetsu Pulp &
Paper Co., Ltd. MMA was purified by distillation before use. Deionized water

was used to prepare all solutions.

2.2. Characterization and Measurements

The infrared spectra were obtained in the range of 4000 - 400 cm™' by Jasco
FT/IR-480 Plus. UV-Vis spectra were obtained by measuring the diffuse reflec-
tance of the samples on a Jasco V-650 UV-Vis spectrometer. A thermogravime-
try analyzer (Hitachi, STA 7200 RV) was carried out to determine the thermal
stability of the films. The tests were performed in air from 25°C to 550°C
(10°C/min) at a flow rate of 25 mL™". Size-exclusion chromatography (SEC) was
performed with a Jasco PU-2080 Plus pump, a TOSOH UV-8020 detector.
CHCI, was used as the eluent. Raman spectra were obtained on an HR800 Hori-
ba Raman spectrometer. The surface morphology of the cotton fiber was ex-
amined using field emission (FE)-SEM (Hitachi SU-8020). Atomic force micro-
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scope (AFM, Nanoscope II, Digital Instruments) was used to analyze the mor-
phology of the grafted PP films.

2.3. Preparation of Diethyl(1,10-phenanthroline N1,N10)zinc(II)
Complex (Phen-DEZ)

We used the same method reported in one of our previously published papers to
synthesize Phen-DEZ [31]. All the reactions in this work were carried out in an
oven-dried Schlenk flask with a stopcock under an argon atmosphere. DEZ (6
mmol) was slowly dropped into Phen (6 mmol) in hexane (15 mL), and the reac-
tion mixture was stirred for 24 h at 23°C under argon gas. After the reaction was
complete, the reddish-orange product was collected by filtration and dried over-
night in vacuo. As determined by 1H-NMR spectroscopy analysis in benzene-d6é,
the obtained diethyl(1,10-phenanthroline N,,V,)zinc(II) complex was a 1:1
complex of DEZ and Phen [31].

2.4. Graft Polymerization Procedure

The emulsion was prepared by following a previously reported method [31].
First, SDS (0.70 mmol) was dissolved in deaerated deionized water (10 ml).
Then, MMA (15 mmol) was dropped into the SDS solution to prepare an emul-
sion. The emulsion was then added to a flask containing CNFs (50 mg) and the
Phen-DEZ complex (0.3, 0.15, 0.10, 0.075, and 0.06 mmol) and oxygen as an in-
itiator was fed in the required amount to initiate the reaction. The graft polyme-
rization was carried out under an inert gas atmosphere from 23°C to 70°C for 2
h. The reaction was terminated by adding excess methanol. The PMMA-grafted
CNFs were separated from PMMA by suction filtration. The obtained product
was washed with methanol to remove ungrafted MMA by filtration.

The free (ungrafted) PMMA homopolymer was removed from the reaction
mixture by solvent extraction in a Soxhlet extractor using chloroform. The
PMMA-grafted CNFs were dried under vacuum for 12 h. The grafted CNFs and
the ungrafted PMMA homopolymer are hereinafter referred to as PMMA-g-CNF
and PMMA homopolymer, respectively. The grafting ratio and the free PMMA
ratio were determined by the following formulas.

weight of ( grafted CNF — original CNF)

Grafting yield (%) = x100( % 1
g yield(%) weight of original CNF (%) (V)
Homopolymer yield(%) = welght of PMMA X 100(%) 2)
weight of MMA
weight of grafted PMMA

Grafting efficiency (%) = x100(%)

weight of (grafted PMMA +homopolymer)

3)

The yield and molecular weight of the extracted PMMA homopolymer were

measured, and PMMA-g-CNF was analyzed by Fourier transform infrared

(FT-IR) spectroscopy, thermogravimetric analysis (TGA), and scanning electron
microscopy (SEM).
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3. Results and Discussion

The graft copolymerization of PMMA on CNFs was carried out under the con-
ditions described in the experimental section (Scheme 1).

Table 1 summarizes the results of graft polymerization performed under var-
ious reaction conditions.

The graft polymerization of MMA onto CNFs was carried out from 23°C to
70°C.

Phen-DEZ can initiate graft polymerization at relatively low temperatures
compared with the commonly used initiators such as AIBN and benzoyl perox-
ide, which require high reaction temperatures.

Figure 1 shows the effect of temperature on the grafting yield and grafting ef-
ficiency. At a reaction temperature of 23°C, since the amount of radicals pro-
duced on the cellulose is insufficient, the homopolymerization reaction mainly
proceeds instead of graft polymerization. On the other hand, with an increase in
reaction temperature to 50°C, the rate of radical generation and the dynamic
energy of the monomer molecules increase, which increase both the grafting
yield and grafting efficiency due to the diffusion of monomer molecules on the
polymer main chain. The grafting yield and grafting efficiency in the graft poly-
merization of acrylic acid by ceric ammonium nitrate has been reported to be

similarly affected by the graft temperature [32].

~ /7 0\ A\
HOHC OH )\1 N \— f
O o \/Z”\/ o, 8
OH HOHC ) SDS, 2h

Water  byiMA-grafted CNFs

Scheme 1. The graft polymerization of MMA onto CNFs using Phen-DEZ.

Table 1. Results of graft copolymerization of CNF and MMA.

1 23 50:1 1.1 61 0.06 1.3 2.3
2 40 50:1 0.63 51 0.63 1.0 1.9
3 50 50:1 16 88 0.98 1.0 2.6
4 60 50:1 7.3 68 1.2 1.5 2.0
5 70 50:1 2.0 89 0.086 1.3 2.1
6 50 100:1 13 64 1.4 2.5 2.6
7 50 150:1 11 52 1.7 2.1 2.6
8 50 200:1 9.6 63 1.0 2.7 2.9
9 50 250:1 9.6 26 2.2 2.0 2.6
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Figure 1. Effect of temperature on graft polymerization: 4 Grafting
Yield; M Grafting Efficiency.

With a further increase in temperature to 70°C, both the grafting yield and
grafting efficiency decreased, and were almost the same as those obtained at
23°C. At 70°C, the reaction between radicals tends to occur more frequently, and
the concentration of radicals involved in the graft copolymerization decreased
due to an increase in chain-transfer reaction and termination reaction.

Figure 2 shows the effect of the temperature on the ungrafted PMMA. With
an increase in temperature, the yield of the homopolymer improved; however,
the molecular weight did not change much.

The FT-IR spectra of the CNF and PMMA-g-CNF samples synthesized at dif-
ferent temperatures are displayed in Figure 3. The results confirm the graft po-
lymerization of PMMA on CNFs. The characteristic peaks of cellulose are ob-
served at 2899 cm™' and 3250 - 3500 cm™', which are associated with the C-H
and O-H stretching vibrations, respectively [33] [34] [35]. The prominent peaks
attributed to cellulose are observed in the range of 1314 - 1372 cm™ corres-
ponding to the C-H and C-O bending vibrations. The FT-IR spectrum of the
graft polymer shows a peak at 1732 cm™ that is due to the C=0 stretching vibra-
tion of the ester groups of grafted PMMA. The weak characteristic absorption
band at 1275 cm™ corresponds to the C-O stretching vibration in PMMA. The
appearance of C=0 stretching vibration peak proved that MMA was grafted
onto the CNFs.

The ratio of MMA to initiator was varied from 250:1 (0.4%) to 50:1 (2%) un-
der the same conditions except that the temperature was set as 50°C, which is
considered an appropriate temperature for the graft polymerization of MMA on
the CNFs.

Figure 4 shows the effect of radical concentration on the grafting yield and
grafting efficiency. The grafting yield increased with an increase in radical con-
centration, probably because the amount of radicals generated on cellulose in-
creased due to an increase in radical concentration. However, the grafting effi-
ciency hardly changed with increasing radical concentration, possibly because

side reactions were promoted with an increase in the amount of radicals.
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Figure 2. Effect of temperature on homopolymerization: 4 Yield; M Molecular Weight.
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Figure 3. FT-IR spectra of pristine CNFs and grafted CNFs.
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Figure 4. Effect of initiator concentration on graft polymerization: 4 Grafting Yield; A
Grafting Efficiency.

Figure 5 shows the effect of initiator concentration on the homopolymer yield
and molecular weight. Generally, with a decrease in initiator concentration, the
molecular weight increases, while the yield decreases. Both the yield and mole-
cular weight changed significantly with the initiator concentration. This is be-

cause with an increase in initiator concentration to a certain extent, much of the
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initiator was used to initiate graft polymerization. On the other hand, at low in-
itiator concentrations, side reactions could not occur easily; hence, the molecular
weight was significantly high at low initiator concentrations.

Figure 6 shows the FT-IR spectra of pristine CNFs and PMMA-g-CNFs (En-
try 2, 6 - 9). As discussed in Figure 3, the C=0 peak appeared around 1750
cm-1, which proved that MMA was grafted onto the CNFs. It can be seen from
Figure 6 that, with an increase in graft yield, the carbonyl peak intensity gradu-
ally increased.

Figure 7 shows the TGA curves of CNFs, PMMA, and PMMA-g-CNFs. Pris-
tine CNFs started to decompose at around 300°C and decomposed quickly up to
350°C. Beyond 350°C, the rate of thermal decomposition decreased. Thus, the
thermal decomposition behavior of CNFs is similar to that of cellulose. When
the temperature reached 400°C, PMMA was almost completely decomposed.
Similar to PMMA, the decomposition of PMMA-g-CNEF started at 300°C. This is
thought to be the effect of grafted PMMA. However, above 350°C, the decompo-
sition rate decreased similar to that of CNFs. The TGA results show that
PMMA-g-CNF has the characteristics of both of PMMA and CNFs.

100 3
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Figure 5. Effect of initiator concentration on homopolymerization:  Yield; A Molecu-
lar Weight.
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Figure 6. FT-IR spectra of pristine CNFs and PMMA-g-CNFs (Entry 2, 6 - 9).
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SEM was performed to examine the changes in the surface morphology of
CNFs caused by graft polymerization. The SEM images (Figure 8) show that the
CNFs have a diameter of approximately 20 - 30 nm. As can be seen in Figure
8(d) and Figure 8(e), the grafted PMMA (the white part) is localized. This can
be explained by the following considerations. Under the reaction conditions, the
concentration of SDS in water was 0.02 g/mL. It has been reported that micelles
with an average particle size of 110 nm were obtained using 9-BBN as a polyme-
rization initiator and an SDS concentration of 0.03 g/mL [36]. This suggests that

some CNFs were present inside the micelles. Moreover, the portion grafted onto

1.2
1 -
0.8 —— Cellulose-g-PMMA
S
=~ 0.6
< P
5 Cellulose
-
04 -
— PMMA
0.2 1
o T T T T
200 250 300 350 400 450

Temperature ('C)

Figure 7. TGA curves of CNFs, PMMA, and PMMA-g-CNFs.
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(d)
Figure 8. SEM images of (a), (b), (c) CNFs and (d), (¢) PMMA-g-CNFs.
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the CNFs is considered to be the portion of the micelles. El-Naggar reported that
at low levels of grafting, it is difficult to distinguish between the grafted and un-
grafted surfaces of the fiber, and that the polymer is locally grafted onto the sub-
strate at a certain level of grafting [37]. Based on these findings, it was consi-
dered that the graft polymerization of PMMA progressed locally rather than on
the entire CNF surface.

The reaction mechanism of graft polymerization was considered to proceed as
shown in Scheme 2. Ethyl radicals and ethoxy radicals were generated by the
reaction of DEZ with oxygen. These radicals reacted with C6 position of the cel-
lulose, initiating the graft polymerization of MMA. Wei et al grafted polyhy-
droxybutyrate onto the C6 position of cellulose, as confirmed by electron spin
resonance spectroscopic analysis. This is because the C6 position is more flexible
and movable than C1-C5 positions [39] [40].

(a) Initiation
O, : . 0,
EteZn ———— OOzZnEt + 'Et —— > FEtOO’
Et,Zn EtOO
_— EtOOZnEt ~ (EtO0),Zn
‘Et
& ROOZnOR E EtO),Z
—_— n —_— t n
\\ \\ ( )2
EtO EtO’
HOH,C OH ) . HOHC' OH
0 HO Et or EtO radicals (0] HO
o 0 initiation (6] 0
HO o > HO o
OH HOH,C n OH HOHC n
Cellulose Cellulose radicals
(b) Growth reaction
(0] O 0
HOHC' OH
0 HO 0 E——
(0] 0 3 . N —_——
HO
OH HOHC n a —
Cellulose radicals Methyl methacrylate

Cellulose-g-PMMA

Scheme 2. Reaction mechanism of DEZ-initiated grafting of MMA onto cellulose: [38] [39]. (a) Radical initiation and (b) Growth
reaction.
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4. Conclusion

The emulsion graft polymerization of PMMA onto CNFs was performed using a
diethyl(1,10-phenanthroline N;,N,;)zinc(II) complex (Phen-DEZ) as an initiator.
The graft polymerization was confirmed by FT-IR spectroscopy, TG-DTA, and
SEM analyses as well as by the changes in the CNF weight before and after mod-
ification. It was found that the reaction could be carried out under mild condi-
tions, and the grafted polymer had a relatively high molecular weight. The cur-
rent results suggest that temperature is the most important factor affecting the
graft system. The optimum temperature for graft copolymerization under the

given conditions was 50°C.
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