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Abstract In this paper, a series of cellulose-based hydrophobic associating
polymers were prepared by homogeneous acylation of microcrystalline cellulose
with long-chain acyl chlorides including octanoyl, lauroyl, and palmitoly chlorides
in the solvent of N,N-dimethylacetamide/lithium chloride (DMACc/LiCl) using
pyridine as acid scavenger. Through controlling the chain length of fatty acyl
chlorides and the molar ratio of acyl chlorides vs anhydroglucose unit, the hydro-
phobic cellulose derivatives with degrees of substitution in the range of 0.02-1.75
were successfully obtained. The chemical structures and properties of these
hydrophobic derivatives were characterized by elemental analysis, FT-IR, CP/MAS
'3C NMR, X-ray diffraction, and the thermogravimetry analysis. It was also found
that, the cellulose-based polymers achieved an excellent solubility in organic sol-
vents, such as benzene, methylbenzene, and pyridine, with the introduction of
hydrophobic side chain into the cellulose backbone. Furthermore, it was found that
these hydrophobic cellulose derivatives could self-assemble into spherical nano-
particles in aqueous solution, which indicates a tremendous potential of applications
in pharmaceutical and medical fields.
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Introduction

Cellulose, composed of f (1 — 4) linked p-glucose units, is the most abundant
polysaccharide polymer in the organic world [1]. It has been estimated that about
10" tons of cellulose were generated by photosynthesis of plants every year
throughout the world [2]. This inexpensive, limitless, and renewable resource has
been widely studied during the past decades owing to its great potential of
substituting fossil-based chemical products [3, 4]. Unfortunately, the poor solubility
of cellulose in water and most organic solvents has limited its application.

After appropriate functionalization or chemical modification, cellulose can be
tailored to have good solubility and desired properties. The typical examples include
cationic cellulose [5, 6], acylated cellulose [7, 8], etherificated cellulose [9-12],
hydrophobic cellulose [13—17] as well as amphiphilic cellulose [18-22]. Owing to
their non-toxicity, biotolerability, biodegradability, and chemical stability, these
cellulose-based polymers can be used as functional biomaterials, bioplastics, and
bioenergy to reduce global dependence on the fossil resources.

Among these various cellulose-based polymers, the hydrophobic associating
cellulose with long hydro-carbon chains has attracted growing attention since the
pioneering work of Landoll [13], who firstly prepared the hydrophobic cellulose
from water-soluble cellulose derivatives (such as hydroxyethyl cellulose, carboxy-
methyl cellulose, and methyl cellulose). Now there have appeared large quantities of
literatures concerning of this kind of polymers [23-29]. After partial hydrophob-
ization, the cellulose derivatives can be dissolved in common organic solvents,
which makes the further functionalization much easier and better controlled. More
importantly, the polymers consisting of both hydrophilic and hydrophobic segments
can form micelle-like self-assemblies with hydrophobic core and hydrophilic shell
in aqueous media via non-covalent intra- and/or intermolecular association of
hydrophobic segments [30]. Such types of self-assemblies are good delivery
vehicles for bioactive or functional agents of poor solubility. The solubility and the
self-assembly behaviors of these hydrophobic associating cellulose derivatives
generally correlate with their hydrophobic nature [20, 31, 32]. However, most
hydrophobic associating cellulose-based polymers were prepared in heterogeneous
system from water soluble cellulose derivatives, in which the degree of hydrophobic
substitution is difficult to be controlled.

In this paper, the hydrophobic cellulose derivatives were prepared by the
homogeneous acylation of cellulose with octanoyl, lauroyl, and palmitoyl chlorides
in the solvent of DMACc/LiCl. The structures of these cellulose derivatives were
clarified by elemental analysis, FT-IR, CP/MAS 13C NMR, and their crystal
structure and thermal properties were characterized by X-ray diffraction and
thermogravimetry, respectively. A definite control over the hydrophobic nature of
these derivatives was realized by varying the chain length of fatty acyl chlorides and
the molar ratio of acyl chlorides vs anhydroglucose unit. The self-assembled
nanoparticles of the cellulose derivatives with spherical geometry and controllable
size in the range of around 50-100 nm were prepared in aqueous solution by a
dialysis method.
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Experimental
Reagent and materials

Microcrystalline cellulose (MCC) (Daojun Trading Company, Guangzhou, China)
with particle size of 50 pum was firstly dried in vacuum for 1 h at 100 °C before use.
All commercial chemicals were of reagent grade or better, in which octanoyl
chloride, lauroyl chloride, palmitoyl chloride, methanol, dioxane, benzene, and
ethanol were used without further purification, while dimethylacetamide (DMAc),
dimethylaminopyridine (DMAP), lithium chloride (LiCl), and pyridine were dried
and purified before use.

Homogeneous synthesis of hydrophobically modified cellulose

MCC (2 g) was fed into a three-necked flask provided with a condenser. Then,
50 ml DMAc (and DMAP for octanoyl chloride) was added and MCC was
dispersed therein by stirring for 30 min at 160 °C to give slurry. After the slurry had
been cool to 80 °C, 4.5 g dried LiCl was added. Then the mixture was stirred at this
temperature for additional 3 h, before cooled down to room temperature and stirred
for overnight. The transparent cellulose solution was obtained.

The above MCC solution was heated to 60 °C in an oil bath. Then equimolar fatty
acyl chloride in 50 ml DMAc was added dropwise into it. In this case, pyridine
(10 ml) was subsequently added under stirring in order to counteract the HCI
generated during the esterification process. Then the homogeneous reaction mixture
was stirred for additional 3 h at 60 °C. When the reaction was ended, the mixture was
cooled down to room temperature and precipitated with methanol. Subsequently, the
product was isolated by centrifugation, and then, purified by washing with methanol
for several times. Finally, the product was vacuum dried at 50 °C for 12 h.

Solubility test

The solubilities of cellulose and its hydrophobic derivatives in dichloromethane,
chloroform, benzene, methyl benzene, pyridine, tetrahydrofuran (THF), dioxane,
dimethyl formamide (DMF), and dimethylsulfoxide (DMSO) were evaluated in this
experiment. Ten milligram of each sample was placed in a test tube with 4 ml each
of solvent. After mixing with a vortex mixer and followed by an ultrasonic
treatment, the mixture was stored at room temperature for 5 days and observed
visually [33].

Self-assembly of hydrophobically modified cellulose

At room temperature, hydrophobically modified cellulose (HPMC) was dissolved in
1 ml DMSO solvent and then 10 ml deionized water was added dropwise under
vigorous stirring. The solution was dialysed (MWCO 3.0 kDa) against deionized
water for 72 h to completely remove DMSO. The solution inside the dialysis bag
was collected and diluted to a certain concentration with deionized water.
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Characterization

The Fourier transform infrared (FT-IR) spectra of all hydrophobic-modified
cellulose derivatives were recorded from KBr pellets containing 1 % finely ground
samples on a spectrophotometer (Nicolet 750). The range of all spectra was from
4,000 to 400 cm ™.

Solid-state cross polarization magic angle spinning carbon-13 nuclear magnetic
resonance (CP/MAS '*C NMR) spectra were recorded using a Bruker MSL
300 MHz spectrometer operating in the FT mode at room temperature (25 °C) and
74.5 MHz. About 100 mg of samples were packed into 4 mm zirconia rotors for
MAS at approximately 4 kHz. The contact time and repetition time were 1 ms and
2 s, respectively.

Elemental analysis (C, H, O) was carried out by means of a VARIO EL III
analyzer and the DS (degree of substitution) value of acyl chlorides groups was
calculated according to the carbon content, as the following formula.

DS_MAGUXC%—12X6
T 12xN-MxC%

where DS, Magu, C %, N, M delegated the degree of substitution of acyl chlorides, the
molecular weight of anhydroglucose unit, the content of element carbon, the number of
carbon in the acyl chlorides, and the molecular weight of acyl chlorides, respectively.

X-ray diffraction (XRD) was determined by a D§ ADVANCE X-ray diffrac-
tometer, in which the high-intensity monochromatic nickel-filtered CuKo radiation
was generated at 40 kV and 40 mA. Samples were scanned at a speed of 1°/min,
range from 260 5 to 40° with a step size of 0.04° at room temperature.

Thermal analysis of the cellulose-based hydrophobic samples was preformed
using thermogravimetric analysis (TGA) and differential scanning calorimetry
(DSC) on a simultaneous thermal analyzer (Pyris Diamond TG/DTA, PE
Instrument). The apparatus was continually flushed with nitrogen. The samples
were weighed between 8 and 12 mg. Each sample was heated from room
temperature to 600 °C at a rate of 10 °C min™".

The transmission electron microscopy (TEM) images were observed on a JEM-
100CXII instrument operating at an accelerator voltage of 120 kV.

The average hydrodynamic particle size of HPMC in aqueous media was
determined by dynamic light scattering (DLS, Malvem 90 plus particle size
analyzer) at the wavelength of 659 nm with a semiconductor laser diode (30 mW)
as the light source. The scattering angle was fixed at 90° and the temperature was
performed at 25 °C. The concentration of HPMC in deionized water was 0.1 mg/ml.

Results and discussion
Synthesis of hydrophobically modified cellulose

Owing to its high crystallinity and strong inter- and intra-molecular hydrogen bonds,
natural cellulose has poor solubility in water, and common organic solvents. The
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Fig. 1 Synthetic procedure of cellulose-based hydrophobically associating polymers

most versatile and widely applied solvents of cellulose are binary mixtures of polar
organic liquids and inorganic salts, for example DMAc/LiCl. However, due to the
strong hydrogen bonds and crystalline structure of cellulose, activating pretreatment
must be carried out to make cellulose well dissolved in DMAc/LiCl solvent. Several
pretreatment methods have been reported, including alkalization, acidic activation,
continuous disturbing and high-temperature treatment, etc. [34-36]. After exploring
the different activation methods, we found that stirring cellulose in DMAc at 160 °C
for half an hour and adding anhydrate LiCl salt after the mixture was cooled to
80 °C could obtain very clear and homogenous cellulose solution. In this study, the
cellulose was dissolved in DMACc/LiCl solvent and the acylation reactions were
performed in the homogeneous system. Furthermore, pyridine was used as the acid
scavenger.

The synthetic procedure was presented in Fig. 1. The hydrophobic cellulose
derivatives with different aliphatic side chain length (with different carbon number
of 8, 12, and 16) were defined as follows: cellulose octanoate (CO), cellulose
lauroate (CL), cellulose palmitoate (CP).

The hydrophobically modified cellulose derivatives with varying degree of
substitution (DS) were also prepared. According to the results of elemental analysis,
the DS values of cellulose derivatives samples were ranged from 0.02 to 1.75
(Table 1). In general, the DS and yields of the products increased appreciably with
increasing molar ratios of acyl chloride versus AGU, except octanoyl chloride, of
which, the DS had reached a maximum value at the molar ratio of 3:1 and then
followed by a small decrease for 4:1. This decrease could be explained by the fact
that the acylation reaction between cellulose and acyl chlorides was a reversible
reaction. With increasing the amount of acyl chlorides, the rate of acylation was
increased. But when the DS was above 1.75, the steric resistance of molecular
increased, which was less favorable for the proceeding of acylation reaction,
meanwhile the reverse reaction of acylation such as partial hydrolysis of the ester
groups was further enhanced [37]. At the same molar ratio, the DS of cellulose
octanoate (C8) was much higher than that of cellulose lauroate (C12) and palmitoate
(C16), because the reactivity of the fatty acyl chlorides was strongly affected by the
chain length. Sealey et al. [38] had found the same phenomenon in the acylation
reaction between cellulose and acetyl chlorides.
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Table 1 Conditions and results of the cellulose-based hydrophobic polymers

No. Reactants Amount® Yield (%) Elemental analysis (%) Ds®
(molar ratio)
C H (6]

CP1 Palmitoyl chloride 2:1 35.8 49.7 7.4 429 0.12
Cp2 Palmitoyl chloride 3:1 64.3 54.9 8.9 36.2 0.28
CP3 Palmitoyl chloride 4:1 76.2 58.6 7.4 342 0.44
CL1 Lauroyl chloride 2:1 15.3 452 7.7 47.1 0.02
CL2 Lauroyl chloride 3:1 17.2 49.1 7.5 435 0.13
CL3 Lauroyl chloride 4:1 12.4 45.2 7.6 39.8 0.33
COl1 Octanoy! chloride 2:1 15.3 51.7 8.6 39.6 0.39
CO2 Octanoyl chloride 3:1 17.2 62.5 10.0 27.6 1.75
CO3 Octanoyl chloride 4:1 12.4 61.5 9.7 28.8 1.55
# Mol ratio of acyl chloride vs anhydroglucose unit (AGU)
® Degree of substitution was estimated by elemental analysis
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Fig. 2 FT-IR spectra of cellulose, CO2, CP3, and CL3

FT-IR spectroscopy

1000

The FT-IR spectra of MCC and its acylated derivatives with different chain length
are shown in Fig. 2. Compared with that of MCC, the intensity of the wide peak at
3,340 cm™ ! corresponding to the stretching vibration of —-OH group decreased in the
spectra of cellulose derivatives, which indicates acylation occurred at the hydroxyl
sites of MCC. The absorption bands at 2954, 2856 cm™!, and that at 1,465 cm ™!
assigned to C-H stretching and C-H bending, respectively, become stronger and
sharper in the spectra of cellulose derivatives. It suggests that alkyl groups have
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Fig. 3 FT-IR spectra of CO with different DS

been successfully introduced into the backbone of cellulose moieties. Comparing
the FT-IR spectra of cellulose derivatives with unmodified cellulose, it could be
clearly observed that a new ester carbonyl band at 1,742 cm™' appeared, which
confirmed a successful acyl substitution. Moreover, the absence of absorbance at
1,570 cm ™! corresponding to the antisymmetric stretching of carboxylic anions [39]
in the spectra of cellulose esters indicates that the products are free of the
hydrolyzate of fatty acyl chloride.

The mol ratio of acetyl chloride versus anhydroglucose unit is a key parameter
affecting the acylation of cellulose. As an example, the FT-IR spectra of the
cellulose octanoate derivatives (C8) obtained with different mol ratios of acetyl
chloride versus AGU are shown in Fig. 3. It can be found that their FT-IR spectra
exhibit a similar trend with that of DS determined by elemental analysis. As the
value of DS is increased from 0.39 (spectrum COLl) to 1.75 (spectrum CO2), the
peak at 1,742 cm™' corresponding to ester carbonyl band and the peaks at 2954,
2856, and 1465 cm™ ' assigned to C—H bands increase accordingly. On the other
hand, the intensity of wide peak of —OH group at 3,340 cm ™' decreased with the
increasing of DS values.

In addition, the FT-IR analysis also indicates the enhancement of the
hydrophobic nature of cellulose derivatives, because the band at 1,638 cm™!
corresponding to the bending mode of the absorbed water molecules [26] is
weakened after acylation (Fig. 2), and its intensity reduces significantly with the
increasing of DS values (Fig. 3).

Solid-state CP/MAS '3C NMR

Figure 4 shows the solid-state CP/MAS 13C NMR spectra of MCC (a) and CO2 (b). In
Fig. 4a, the signals shown at 105.62 (C-1), 105.03 (C-1), 103.99 (C-1), 88.76 (C-4),
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Fig. 4 CP/MAS ">C NMR spectra of MCC (a) and CO2 (b)

84.12 (C-4), 74.81 (C-5), 74.06 (C-5), 72.37 (C-3), 71.26 (C-2), 64.87 (C-6), and 62.89
(C-6) are attributed to the carbons in the anhydroglucose unit structure. In the CP/MAS
3C NMR spectrum of CO2 (Fig. 4b), the signals of the carbon atoms of modified
anhydroglucose unit are detectable in the region of 105.62-63.55 ppm. The peaks
assigned to C-4 and C-6 in crystalline (at 88.76, 64.87 ppm) and disordered cellulose (at
84.12, 62.89 ppm) could also be identified in the spectra [40]. In comparison with those
of the raw materials, the increased signal of the disordered cellulose peaks and the
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reduced signal of crystalline cellulose peaks demonstrate that the crystalline structure
has been partially destroyed in the derivatives.

It is worthy to note that a new single peak at 101.23 ppm appears in the spectrum
of CO2, which is attributed to C-1 of the polysaccharide structure. The signals of the
incorporated aliphatic carbon atoms appear at high magnetic fields, and are
sufficiently separated from those of the saccharidic moieties. The chemical shifts at
14.06 and 172.6 ppm are assigned to the methyl carbon atoms and carbonyl carbon
of octanoyl groups, respectively. The single resonance of the methylene carbon at
the position b of the octanoyl groups is shown at 22.86 ppm, while the signals of
internal methylene carbons at the positions of e, d, c, f, appeared at 24.90, 29.44,
32.02, and 33.75 ppm, respectively [41]. These evidences obviously support the
successful occurrence of acylation between cellulose and acyl chlorides in DMAc/
LiCl and the introduction of alkyl groups into the moiety of cellulose.

X-ray diffraction

The crystalline character of cellulose that resulted from the great intra- and inter-
molecular hydrogen bonds distinguishes it from the most carbohydrate polymers. As
shown in Fig. 5, the microcrystalline cellulose displays the typical XRD pattern of
cellulose I, with the main diffraction peaks at around 260 14.95°, 16.54°, 22.66°, and
34.60°, normally corresponding to the diffraction planes 101, 101, 002, and 040,
respectively. In the XRD spectra of cellulose derivatives, the characteristic peaks of
101, 002, and 040 planes have been weakened or disappeared, while a new broad
diffraction peak between 26 = 18° and 21° is obviously observed, which is
normally attributed to the amorphous regions of cellulose chains [42]. Similar
results had been reported by Freire et al. [26]. The weakening and lose of diffraction

22.66 ——MCC

, —_— :
10 15 20 25 30 35 40
20(deg)

Fig. 5 XRD spectra of MCC, CO, CL, and CP
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Fig. 6 TG curves of MCC, CO, CL, and CP

peaks of cellulose I after acylation may be explained by the loss of hydrogen bonds,
as discussed previously in the FT-IR and CP/MAS '*C NMR analysis.

Thermal analysis

It is reported that the substituent groups have an important influence in the thermal
stability of cellulose and its derivatives [43—45]. Therefore, the thermal behaviors of
microcrystalline cellulose and its hydrophobic derivatives with different chain
length and similar DS were characterized. Their thermogravimety (TG) curves are
shown in Fig. 6, and the analysis results are listed in Table 2. According to Fig. 6,
after initial small weight loss of moisture at 100-120 °C, the decomposition begins
at about 271, 215, 216, and 209 °C for cellulose, cellulose octanoate, cellulose
laureate, and cellulose palmitate, respectively. Then a major decomposition
temperature (T4, the temperature at the maximum rate of weight loss) proceeds
at 351, 248, 301, and 261 °C for cellulose and its derivatives, respectively. The loss
of weight at the major decomposition temperature for those samples was 58, 34, 48,
and 36 %, respectively. From the figures, it could be clearly found that the initial
decomposition temperature (7y;), the final decomposition temperature (7y¢), and the
temperature at the maximum rate of weight loss (7y,) of hydrophobic celluloses are
all lower than those of the cellulose. These results suggest a reduced thermal

Table 2 The thermal stabilities of cellulose and its hydrophobic derivatives

Samples T4 (°C) Ty (°C) Tam (°O) DS
MCC 271 379 351 -
CO1 215 305 248 0.39
CL3 216 350 301 0.33
CP3 209 343 261 0.44
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stability of cellulose derivatives, which is possibly caused by the introduction of less
stable side chains. Moreover, since the crystalline structure of cellulose has been
greatly destroyed after the acylation reaction, the derivatives with looser and
disordered crystalline structure are more easily decomposed by thermal treatment.

Solubility of hydrophobically modified cellulose

The solubility of cellulose derivatives depends on the nature of the substituent, the
degree of substitution, and the distribution of substituted sites. To investigate the
solubility of the hydrophobic cellulose derivatives, many kinds of solvents were
applied in this study and the solubility test results are given in Table 3. After the
hydroxyl groups of cellulose were partly substituted by acyl groups, they showed an
excellent solubility in a variety of organic solvents, such as benzene, methylbenzene
and pyridine, and yielded transparent solutions. However, they were insoluble in
halogenated hydrocarbons, THF, and dioxane solvents. Compared with CL and CP,
CO showed a better solubility in some polar solvents, like DMF, probably due to the
enhanced DS. The improved solubility of cellulose derivatives in common organic
solvents can be explained by the fact that the inter- and intra-molecular hydrogen
bonds in the cellulose derivatives were weakened with the loss of —OH groups and
the molecular structure became more expanded and disorganized as compared with
microcrystalline cellulose.

Self-assembly of hydrophobically modified cellulose

Owing to the improved solubility of cellulose derivatives in organic solvents, the
self-assembly of the polymers in aqueous solution was realized by a dialyzing
method, in which the hydrophobic cellulose derivatives were firstly dissolved in a
small volume of DMSO, then the self-assembly process was initiated by adding
water drop-wise with stirring and accomplished by dialysis in water.

After dispersed in water, the cellulose derivatives had self-assembled micelle-
like structure to minimize the surface-free energy, probably with a hydrophobic core
and a hydrophilic shell, formed by hydrophobic interaction between hydrophobic
side chains.

DLS is a common method to characterize the size and size distribution of
particles in water. Figure 7 shows the DLS results for aqueous dispersion of
hydrophobic cellulose derivatives particles with different chain length at similar DS.

Table 3 The solubilities of cellulose and the hydrophobic cellulose derivatives

CHCl; CH)Cl, CgHg¢ C¢HsCH; Pyridine THF Dioxane DMF DMSO

MCC

x x X X X X x x X
CP3 X X O O O X X A A
CL3 X X O O O X X A A
co2 A A O O O x X O O

Triangle swelling, circle dissolved, times not dissolve
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Fig. 7 DLS results of CO, CL, and CP self-assembled nanoparticles in water

It shows that the average hydrodynamic diameters (Dy,) of the particles are 47.2,
81.1, and 101.4 nm for CO1, CL3, and CP3, respectively. The peak width represents
the size distribution of the particles. It is notable that COl has narrower size
distribution than CL3 and CP3. The difference in the size and size distribution is
probably caused by the different graft chain length and M,, of the samples. The
derivatives with shorter side chains have smaller M,, and tend to self-assemble into
smaller particles with narrower size distribution.

TEM measurement was conducted to observe the morphology and size of the
particles directly. TEM image of COIl particle in water (Fig. 8) reveals that the
hydrophobic cellulose derivatives self-assemble into well-defined spherical nano-
particles. According to the TEM results, most CO1 particles in water have diameters
of around 50 nm, which is consistent with the results of DLS. It is noticed that there

Fig. 8 TEM image of CO self-assembled nanoparticles
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Fig. 9 The diameter of nanoparticles from CO1, CL3, and CP3 in pure water at room temperature as a
function of time

are also some small particles with size of around 20-30 nm shown in the picture,
which may have resulted from the diversity in the chain length of cellulose raw
materials.

The stability of the self-assembled nanoparticles is very important for their
clinical application as drug delivery carriers. And it is more desirable to get stable
and nano-sized particles from cellulose derivatives, because the insolubility of
cellulose in aqueous solution often led to aggregation and precipitation of particles
within a few days. The stability of HPMC self-assembled particles was investigated
by measuring the mean diameter of particles from CO1, CL3, and CP3 samples in
aqueous solution as the storing time prolonged (Fig. 9). It can be seen that the
diameters of all the three nanoparticles are kept constant when stored at room
temperature for almost 8 days, suggesting that they are very stable.

Conclusion

From the results it can be concluded that the homogeneous acylation of cellulose
with octanoyl, lauroyl, and palmitoyl chlorides was realized in DMAc/LiCl solvent
by using pyridine as acid scavenger. Taking advantage of the homogeneous
reaction, the acylation degree could be easily controlled in a wide range (from 0.02
to 1.75). After modification, the crystalline degree and the thermal stability of
cellulose derivatives were reduced, while the hydrophobic character of cellulose
was improved. These cellulose derivatives achieved improved solubility in common
organic solvents, and can self-assemble into spherical nanoparticles in aqueous
solution. Potential applications of these hydrophobic cellulose derivatives and their
self-assembled nanoparticles in wider field could be expected.
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