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ABSTRACT

The hydrogen bond systems of cellulose and its derivatives are one of the most important factors regard-
ing their physical- and chemical properties such as solubility, crystallinity, gel formation, and resistance
to enzymatic degradation. In this paper, it was attempted to clarify the intra- and intermolecular hydro-
gen bond formation in regioselectively functionalized 3-mono-0O-methyl cellulose (3MC). First, the 3MC
was synthesized and the cast film thereof was characterized in comparison to 2,3-di-O-methyl cellulose,
6-mono-O-methyl cellulose, and 2,3,6-tri-O-methyl cellulose by means of wide angle X-ray diffraction
(WAXD) and '3C cross polarization/magic angle spinning NMR spectroscopy. Second, the hydrogen bonds
in the 3MC film were analyzed by means of FTIR spectroscopy in combination with a curve fitting
method. After deconvolution, the resulting two main bands (Fig. 3) indicated that instead of intramolec-
ular hydrogen bonds between position OH-3 and O-5 another intramolecular hydrogen bond between
OH-2 and OH-6 may exist. The large deconvoluted band at 3340 cm™! referred to strong interchain
hydrogen bonds involving the hydroxyl groups at C-6. The crystallinity of 54% calculated from the WAXD
supports also the dependency of the usually observed crystallization in cellulose of the hydroxyl groups

at C-6 to engage in interchain hydrogen bonding.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Formation of hydrogen bonds in cellulose and cellulose deriv-
atives is considered as one of the most important factors that
influences their physical- and chemical properties. To date we
have been extensively attempting the characterization using
regioselectively functionalized methyl celluloses'~'? like 2,3-di-
O-methyl cellulose (23MC),'> 6-mono-O-methyl cellulose
(6MC),"* and 2,3,6-tri-0O-methyl cellulose (236MC)!> as model
compounds (Fig. 1). In addition, the functionalization pattern of
the methyl ether groups had also an influence on the enzymatic
hydrolysis of methyl cellulose by cellulase.'® Through those
investigations, the intramolecular hydrogen bonds between the
OH groups of C-3 and the adjacent ring oxygen of the anhydro-
glucose unit (0-5), which may determine the molecular stiffness,
have also been formed, as a key factor for properties of cellulosic
materials.
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Recently, regioselectively functionalized cellulose derivatives
were prepared via cellulose silyl ethers under homogeneous-
and heterogeneous reaction conditions.!’"'® The conversion of
cellulose in N,N-dimethylacetamide/LiCl with 2,3-dimethyl-2-
butyldimethylchlorosilane (2,3-dimethyl-2-butyl = thexyl, TDMS-
Cl) in the presence of imidazole yields structurally uniform
2,6-di-O-TDMS cellulose without affecting the OH at C-3 which
is the less reactive OH group in the anhydroglucose unit. How-
ever, it was shown that even this position can be completely
functionalized by conversion with alkyl halides in the presence
of sodium hydride. Thus, regioselectively functionalized 3-
mono-0-alkyl celluloses are accessible after cleavage of the
TDMS groups (Fig. 1). This blocking group technique was found
to be a universal concept for the preparation of a variety of
3-mono-O-functionalized cellulose ethers. The poor solubility of
3-mono-O-methyl cellulose (3MC) was explained with the
strong intra- and intermolecular hydrogen bonds.2’ The solu-
bility of 3-mono-O-alkyl celluloses depends on the chain
length of the ether substituent. 3-Mono-O-allyl cellulose dis-
solves in, for example, dimethyl sulfoxide.?° 3-Mono-O-ethyl cel-
lulose?! and 3-mono-0-methoxyethyl cellulose?? dissolve also in
water. The corresponding 3-mono-O-pentyl-, -isopentyl-, and
-dodecyl ethers are soluble in less polar solvents like
tetrahydrofuran.??
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Allyl (All), degree of substitution (DS), N,N-dimethylacetamide (DMA), N, N-dimethylformamide (DMF),
dimethyl sulfoxide (DMSO), tetrabutylammonium fluoride trihydrate (TBAF), tetrahydrofuran (THF),

thexyldimethylsilyl (TDMS), triphenylmethy! (Trt),

Figure 1. Simplified reaction schemes for the preparation of 2,3,6-tri-O-methyl-, 3-mono-O-methyl-, 6-mono-0-methyl-, and 2,3-di-O-methyl cellulose (from left to right).

Therefore, the involvement of 3MC to other regioselectively
functionalized methyl celluloses (23MC, 6MC, 236MC) as cellulose
model compounds would enable us to further elucidate the charac-
ter of the intramolecular hydrogen bonds.

2. Results and discussion

In Figure 2, the '3C cross polarization/magic angle spinning (CP/
MAS) NMR spectra of 6-mono-O-methyl cellulose (6MC), 2,3-di-O-
methyl cellulose (23MC), 2,3,6-tri-O-methyl cellulose (236MC),
and amorphous cellulose? as well as of 3-mono-0O-methyl cellulose
(3MC) are shown. The introduction of an alkyl group promotes a
strong deshielding of the '*C-nuclei of the functionalized carbinol
group, usually by 9 ppm in the solution NMR.?*?> In the spectra
of cellulose ethers, these characteristics should be reflected in
the chemical shifts of the carbon atoms of C-2, C-3, and C-6 bearing
alkoxy substituents. Considering the '*C CP/MAS NMR assign-
ments? and the solution-state NMR results of Parfondry and Per-
1in,2® the chemical shifts in the '>C CP/MAS NMR spectrum of
3MC were assigned.

The signals of the carbon atoms of C-6 bearing OH groups and
the signals of the OCH3 group are overlapped to some extent in
the range of 60-70 ppm. If C-3 is methylated, the adjacent carbon
atom at C-4, which is assignable in the amorphous cellulose, is sup-
posed to be shifted upfield and then overlapped with the peak of C-
5 as shown in the spectra of 23MC and 236MC. Thus, the signal of
C-4 in 3MC was detected at 77.84 ppm. Reversibly, the carbon
atom of the methylated C-3 is clearly identified in the spectrum
and shows a downfield shift to 86.51 ppm due to the strong desh-
ielding. Concerning the chemical shift of C-2 in 3MC, the value may
correspond to that of 6MC and amorphous cellulose, which over-
lapped with the signals of C-4 and C-5 and cannot be clearly iden-
tified. The peak of C-1 at 103.54 ppm was easily assignable as those
for other derivatives. In a previous report,” the upfield shift was
explained by the formation of intramolecular hydrogen bonds
between the hydroxyl groups at C-2 and C-6. In this case it is also
possible to form a similar type of the intramolecular hydrogen
bonds since the slight upfield shift can be seen compared with
236MC. However, it is still hard to recognize the effect. It should
be noted that the chemical shift of C-1 of 3MC appeared more
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Figure 2. '3C cross polarization/magic angle spinning NMR spectra of 3-mono-O-
methyl- (a), 2,3,6-tri-O-methyl- (b), 2,3-di-O-methyl- (c), 6-mono-O-methyl- (d),
and amorphous cellulose (e).

upfield than 105 ppm, which may be considered due to the intra-
molecular hydrogen bonds between OH groups at C-2 and C-6
according to the calculation of Kamide et al.2?”

The results of FTIR spectroscopy revealed more clearly the evi-
dence for intramolecular hydrogen bonds. In previous papers, Kon-
do et al. introduced a curve fitting method to deconvolute IR
absorption bands caused by hydroxyl groups in order to character-
ize hydrogen bond formation in the sample.”'° Therefore, the re-
gion of the OH stretching vibration in the range from 3700 to
3050 cm~! was recorded and subjected to the curve fitting. Two
main individual bands and their fitting line shape with the original
IR absorption band for 3MC were found after deconvolution (Fig. 3).

As the OH group at C-3 is blocked by the methyl ether, the sam-
ple cannot have a typical type of intramolecular hydrogen bonds
between the OH group at C-3 and the ring oxygen (0-5). However,
the deconvoluted band at 3475 cm™! indicates the presence of an
intramolecular hydrogen bond. The only possibility for another
intramolecular hydrogen bond here is between the hydroxyl
groups at C-2 and C-6. A large deconvoluted band at 3340 cm™!
indicates that some strong interaction caused by hydrogen bonds
may exist.!? It should be mentioned that even though the hydroxyl
group at C-3 was completely methylated, the content of hydroxyl
groups, which were not involved in hydrogen bonds, was quite
small (at 3583 cm~! due to free OH at C-2),” indicating that almost
all hydroxyl groups were included in those interactions. The possi-
ble hydrogen bonds in regioselectively functionalized methyl cel-
luloses are shown in Figure 4.
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Figure 3. Curve fitting and peak assignments for the OH stretching region in 3-
mono-O-methyl cellulose.

As crystalline structures sometimes cause strong intermolecu-
lar hydrogen bonds, X-ray diffraction measurements were per-
formed to investigate the characteristics of the films. An
apparent X-ray crystallinity of 54% was calculated from the diffrac-
tion pattern of 3MC (Fig. 5a).

The film samples a, b, and d (Fig. 5) were cast from their solu-
tions in N,N-dimethylacetamide, while ¢ was cast from methanol/
methylene chloride (1/4, v/v) solution. It was already proposed
that hydroxyl groups at C-6 of the anhydroglucose unit in cellulose
may strongly contribute to the crystallization.® As shown in Figure
5b and c, this phenomenon was also observed in the case of 23MC,
which bears hydroxyl groups at C-6. Thus, as already reported for
6MC and 23MC,! the present phenomenon also supports that the
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Figure 4. Schematic representation of possible hydrogen bonds in modified
cellobiose units of cellulose (a), 2,3-di-O-methyl cellulose (b), 6-mono-O-methyl
cellulose (c), and 3-mono-0-methyl cellulose (d).
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Figure 5. Wide-angle X-ray diffraction patterns for 3-mono-O-methyl cellulose (a),
crystalline 2,3-di-O-methyl cellulose (b), amorphous 2,3-di-O-methyl cellulose (c),
and 6-mono-0-methyl cellulose (d).

usually observed crystallization in cellulose may be dependent on
the ability of the hydroxyl groups at C-6 to engage in the formation
of intermolecular hydrogen bonds.

To conclude, intramolecular hydrogen bonds in cellulose and
cellulose derivatives are known to strongly affect their characteris-
tics. Thus, in this paper it was tried to characterize 3MC, in which
the effect of the major intramolecular hydrogen bonds between the
hydroxyl groups at C-3 and the ring oxygen of the adjacent anhy-
droglucose unit is blocked by regioselective methylation of C-3.
The hydrogen bond formation was characterized by comparison
with other regioselectively functionalized methyl celluloses, for
example, 23MC, 6MC, and 236MC. '>C CP/MAS NMR spectra re-
vealed the presence of hydrogen bonds at C-2 in 3MC. Further
studies using FTIR spectroscopy in combination with a line fitting
method exhibited that instead of intramolecular hydrogen bonds
between the hydroxyl group of C-3 and the O-5 of the adjacent
anhydroglucose unit another intramolecular hydrogen bond be-
tween the hydroxyl groups at C-2 and C-6 may exist in 3MC. The
strong interchain bonds due to the absorption at 3340 cm™! were
also formed, causing crystallization with relatively high degree of
crystallinity. The comparison of the results from wide angle X-
ray diffraction for each regioselectively methylated cellulose may
also lead to revealing the contribution of the primary hydroxyl
group at C-6. In this way, either of two types of intramolecular
hydrogen bonds in cellulose tends to be formed as long as hydroxyl
groups exist, which may always affect the properties.

3. Experimental
3.1. General methods

Wide angle X-ray diffraction was recorded on a Rigaku Rint-
2500F X-ray generator equipped with a pin-hole collimator
(1 mm diameter). The nickel filtered Cuy, radiation was produced
at 40 kV and 200 mA. To avoid a uniplanar orientation effect of the
cast film samples, the films were cut into small fragments (less
than 50 pm) and measured by a transmission mode using a scintil-
lation counter with a scanning speed of 0.5°/min. The instrumental
broadening was corrected by silicon powder as standard material.

The '3C cross polarization/magic angle spinning NMR spectra
were recorded on a Chemagnetics CMX 300 spectrometer working
at 300.5 MHz for 'H and 75.57 MHz for 'C with a contact time of
3.0 ms at room temperature. The pulse recycle time was 10 s and

1000 scans were accumulated. Hexamethyl benzene was used as
external standard (6 = 17.17 ppm).

FTIR-spectra were recorded on a Perkin-Elmer Spectrum 2000
FTIR spectrometer between 4000 and 400 cm~' with a resolution
of 2cm~. A total of 64 scans were averaged. The deconvolution
of the IR bands was carried out by means of the GRAMS/32 peak
fitting software. The value and the true shape of the peak involved
in the hydroxyl absorption bands for the film samples was set to be
flexible from two to four and Lorentzian, respectively. The other
conditions were mostly flexible and the calculations were repeated
until a best-fit was obtained, which exhibited R? >0.99.

3.2. Preparation of films from regioselectively functionalized
methyl celluloses

The cellulose derivatives 2,3-di-O-methyl cellulose (23MC), 6-
mono-O-methyl cellulose (6MC), and 2,3-6-tri-O-methyl cellulose
(236MC) were prepared according to previously reported proce-
dures (Fig. 1).1*"15 3-Mono-O-methyl cellulose (3MC) was pre-
pared according to Ref. 20. The HPLC-grade solvents were used
without further purification.

Each polymer in powder form had a uniform structure, in which
every structural unit was regioselectively and completely substi-
tuted. The average degree of polymerization was in the range from
150 to 200 on the basis of SEC elution curves calibrated with
poly(styrene) standards.

The 23MC, 6MC, and 3MC were dissolved in N,N-dimethylacet-
amide (DMA) under stirring at 50 °C und centrifuged at 50 °C.
236MC was dissolved in methylene chloride. The polymer concen-
tration was 0.8% in any case. One gram of the solutions in DMA was
poured into a flat-bottomed tray and kept for 7 d at 50 °C under re-
duced pressure. The methylene chloride solution was evaporated
for 1 d at room temperature and subsequently for 7 d at 50 °C un-
der vacuum. Predominantly non-crystalline films of 3MC were ob-
tained by using methylene chloride/methanol (4:1, v/v) as solvent.
All films were dried for another 3 d at 50 °C under high vacuum to
remove residual solvents and stored in a desiccator. Pure amor-
phous cellulose films were prepared according to Ref. 6.
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