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W Figure 3. 3C NMR spectra of compound 1, 2 and 3, measured in D;0.

molecular weights of polymerization products 7, 11, 12-1,
12-2 and 12-3 were different to each other. Cellulose
derivatives with different DPs could be obtained according
to the polymerization conditions. However, 2EC (1) with a
higher DP could not be obtained because 2EC was
polymerized via the ring-opening polymerization of 3,6-
di-O-benzyl-a-p-glucopyranose 1,2,4-orthopivalate and 3,6-
di-O-benzyl-2-O-pivaloyl-(1 — 4)-4-D-glucopyranan  with
maximum DP ca. 20, and was synthesized after many
trials.”® One and three polymerization conditions were
carried out for 3EC (2) and 6EC (3), respectively. Run 4 has
been reported in our previous paper.®

The final products, 2EC (1), 3EC (2) and 6EC {3}, were water
soluble. Their *H and *3C NMR spectra measured in D,0 are
shown in Figure 2 and Figure 3, respectively. The H1 of

compound 1 appeared at 4.53ppm as a doublet with
J=7.5Hz, indicating the g-linkage. The H2 of compound 1
appeared at 3.18 ppm. Other ring protons appeared in the
range from 3.3 to 4.2 ppm. Furthermore, ring proton signals
of compound 2 were assigned as shown in Figure 2(b). The
H1 of compound 2 appeared at 4.50 ppm as a doublet with
J=6.9Hz indicating the g-linkage. The H2 of compound 2
appeared at 3.32ppm. On the other hand, ring proton
signals of compound 3 were overlapping, except for H1 and
H2. The H1 of compound 3 appeared at 4.43ppm as a
doublet with J = 7.8 Hz indicating the g-linkage. The H2 of
compound 2 appeared at 3.20 ppm. The **C NMR chemical
shifts of compounds 1, 2, and 3 are summarized in Table 2.
All carbons were assigned by means of two-dimensional
NMR measurements. Carbons where the hydroxyl group is

l Table 2. *C chemical shifts of compounds 1, 2 and 3 in D,0 (DSS as external standard).

Compound R2 R3 R6 C1 c2 Cc3 Ca cs cé CH,CH,4 CH; CH;

1 Et H H 104.9 835 76.3 80.8 77.7 625 71.8 17.2
H Et H 104.8 76.0 849 78.7 77.9 62.8 71.2 17.3

3 H H Et 105.1 75.5 76.6 809 76.1 70.7 69.6 16.8
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evaluated at a concentration of 5wt.-%. ++: Clear solution; +:

Table 3. Solubilities of O-ethyl-celluloses 1, 2 and 3. Solubility was
colloidal dispersion; -: precipitation.

Solvent é Compound No.
1 2 3-1, 3-2
H,0 210  + + +
H,0¥ 210 4+ 4+ T4
MeOH 129+ +4 +
EtOH 11.2 - - —
Acetone 9.4 - - —
CHCl,4 9.1 - - -
THF 91 - _ _
MeOH/CH,Cl, (1:4, v/v) - + - 4+
EtOH/H,0 (1:1, v/v) - + 4+ +

AConcentration: 1 wt.-%.

ethylated appeared at approx. 7-8 ppm lower magnetic
field, compared to carbons where hydroxyl groups
existed. The synthesis of tri-O-ethyl-cellulose has already
been reported by Isogai et al"”). Our NMR data agree
with data in this report. In the carbon NMR spectrum
of compound 2, the peak appearing at 32.5 ppm is that
of animpurity. It was confirmed in the NMR spectra of 3,6-
di-O-benzyl-2-O-ethyl-cellulose (9} that the pivaloyl group
was completely removed and the ethyl group was
introduced at the C2 position {the NMR spectrum is not
shown).

There is no remarkable difference in the water solubi-
lities among the three regioselective mono-O-ethyl cellu-
loses, as shown in Table 3. Compound 1, having an ethyl
group at the C2 position tended to make a colloidal
dispersion in some solvents, such as water and mixed
solvent systems. In summary, it was found that all mono-O-
ethylated celluloses 1, 2, and 3 were hydrophilic.

X-ray Analysis

The 2-O-ethyl cellulose 1 in the solid phase was amorphous,
judged from its X-ray diffractogram, which is shown in
Figure 4(a). In the case of the 3-O-ethyl cellulose 2, a peak
appeared at 20 =approx. 10° with the amorphous back-
ground. In the case of the 6-O-ethyl cellulose 3-2, two peaks
appeared at 20 = approx. 6° and 21.5" with the amorphous
background. As mentioned above, the amorphous 2-O-ethyl
cellulose 1 has poor solubility, compared with compound 2
and 3. Thus, there was no relationship between the
crystallinities of mono-O-ECs 1, 2and 3 and their solubilities
in water and other solvents.
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B Figure 4. X-ray diffractograms of compounds 1, 2 and 3-2.

Surface Activities of 2-0-, 3-O- and 6-0-Ethylcelluloses

The surface tension of aqueous solutions of mono-ethylated
celluloses was measured by the Wilhelmy plate method.
The experimental data indicated that compounds 1,2,and 3
were completely or partly soluble in water. However, there
was no obvious difference in the surface activities in water
among compounds 1, 2 and 3-3, as shown in Figure 5. The
surface tension of compounds 1, 2 and 3-3 at 0.5wt.-% in
distilled water was in the range 36-3%9 mN-m™* at 20°C,
and surface activities of compounds 1, 2 and 3-3 over
0.1 wt.-% (1 mg- mL™") were better than that of commercial
methylcellulose SM-4.
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l Figure 6. Temperature-dependent turbidity tests of compounds
solid triangle: compound 3-1; solid circle: compound 3-2.

Thermal Properties of 2-O-, 3-0- and 6-0-
Ethylcelluloses

Turbidities of 2-O-, 3-O- and 6-O-Ethylcelluloses

Temperature dependent turbidity tests of aqueous solu-
tions of compounds 1, 2,-and 3 (1.0 wt.-%) were carried out
by means of UV-vis spectroscopy at a wavelength of
660 nm. The 2EC (1) did not show a thermo-responsive
property, as shown in Figure 6. The 3EC (2), however, started
clouding at approximately 40 “C. It was only a clouding
peint. Namely, an aqueous solution of compound 2 did not
become gel state, although Koschella et al. reported that 3EC
(2) shows thermo-reversible gelation.[**) On the other hand,
6EC (3-2) showed a cloud point at approx. 60 “C, whereas 6EC
(3-1) with a lower molecular weight did not. These clouding
temperatures were lower than those detected by dynamic
light scattering experiments and DSC measurements, as
described later. The turbidity test might be sensitive for the
starting temperature to detect a turbid solution. Interest-
ingly, the aqueous solution of compound 3-3 showed
thermo-reversible gelation behavior at approx 70°C, as
described later. Compounds 1, 2, 3-1, 3-2 and 3-3 were

| 7obie 4. Molecular weights and DPs of acetylated ethylcelluloses.
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Figure 7. Dynamic light scattering experiments of compounds 1,
2, 3-1, 3-2and 3-3. +: compound 1; solid diamond: compound 2;
solid triangle: compound 3-1; solid circle: compound 3-2; open
circle: compound 3-3.

acetylated and their molecular weight was calculated again
by means of GPC in order to confirm their molecular weight
again, as shown in Table 4. It was confirmed that these
compounds did not decompose under deprotection and
substitution processes.

Dynamic Light Scattering Experiments and Visual
Observation of EC Solutions in Water

Aggregation behaviors of compounds 1, 2 and 3 were
investigated depending on the temperature between 10
and 75 °C. The hydrodynamic diameter of a 1% aqueous
solution of compound 1 (2EC) did not change in the whole
range of tested temperatures, as shown in Figure 7. The
hydrodynamic diameter of compound 2 (3EC} increased
gradually with increasing the temperature from ca. 40 “C.
This fact agrees with the previous work of Koschella et al. 4!
The hydrodynamic diameter of compound 3-2 (6EC, DP 60.3)
increased suddenly at 70-75 "C. On the other hand, the
hydrodynamic diameter of compound 3-3 (6EC. DP 36.1)
was over 1000nm and larger than those of other

Compound R, Ry R¢ M, (10%) M, (10%) M, /My Dp,, DP,
Acetylated 1 Et Ac Ac 39 29 132 140 10.6
Acetylated 2 Ac Et Ac 22.8 13.6 1.68 83.2 4%.4
Acetylated 3-1 Ac Ac Et 6.3 3.5 1.77 22.8 129
Acetylated 3-2 Ac Ac Et 29.3 16.6 1.77 107.0 60.3
Acetylated 3-3 Ac Ac Et 15.0 99 151 546 36.1

¢ Maciomolecular
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Figure 8. Visual observation of aqueous solution of compound 3-3
(1wt.-%) a) 20 C; b) 70 C.

compounds 1, 2, 3-1 and 3-3, and increased in proportion to
temperature. Only compound 3-3 showed such a peculiar
aggregation property in water. Moreover, the aqueous
solution of compound 3-3 became a gel, as shown in Figure
8. Namely, 6EC (3-3, DP 36.1) showed a thermo-reversible
gelation behavior. An appropriate molecular weight of
ethyl cellulose derivative for gelation behavior might exist.
However, the reason could not be elucidated up to now.
Further investigation on this aggregation processis needed.

DSC Measurements of Compounds 1, 2 and 3

The thermal properties of compound 1, 2 and 3-2 were
studied by means of DSC measurements. The heating and
cooling curves are shown in Figure 9 and 10, respectively.
The DSC data for 3-2 has been reported in our previous
paper.'®) There was no obvious character in either the
heating and cooling curves of the 2EC (1). This fact agreed
with the data from its turbidity test and DLS experiments.
The ethyl group at the C2 position may be hard to hydrate at
ambient temperature, whereas compound 1 has a lower
molecular weight, such as DP 11. The 2EC (1), having ethyl
groups at the C2 position along the cellulose chains,
possesses different thermalcharacter compared tothe ethyl
groups at the C3 or C6 positions, judging from our
experimental data.

Koschella et al. reported a temperature-induced change
of turbidity of 3-O-ethyl-cellulose in water.**! The aqueous

]
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1, 2 and 3-2 (concentration =1.0mg/1o uL of water). Heating

1

I Figure 9. DSC heating curves of aqueous solutions of compounds
rate: o.5K-min™",
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Figure 10. DSC cooling curves of aqueous solutions of compounds
1

1, 2 and 3-2. Cooling rate: 3.0 K-min™".

solution of the 3-O-ethyl-cellulose from natural cellulose
shows thermo-reversible gelation when heated up to
58.5°C. On the other hand, the aqueous solution of our
3EC (2) via a synthetic cellulose derivative did not show
thermo-responsive gelation. However, a clear aqueous
solution of 3EC (2) turned opaque at around 80 “C, indicating
that compound 2 is a polymer having a LCST. In the heating
curve of compound 2, an endothermic peak was detected at
about 40 "C, as shown in Figure 9. This fact agreed with
the data from the turbidity test, as shown in Figure 6,
namely, dehydration occurred during the heating process.
However, the cooling curve of 3EC (2) showed no obvious
peak (Figure 10).

In the case of 6-O-ethyl-celluloses (3-2), endothermic and
exothermic peaks were observed in the heating and cooling
curves, respectively. 6EC (3-2) possessed a LCST at about
70 °C, becoming a turbid solution. Thus, the results of DSC
measurements of 6EC (3-2) agreed with those of the
turbidity test and the visual observation of the solution.
Consequently, 6EC (3-2) showed thermo-responsive proper-
ties.Onthe otherhand, there was no peak found for the DSC
curves of 6ECs (3-1 and 3-3). Namely, endo- and exo-thermic
peaks of the compound 3-3 could not be observed, whereas
compound 3-3 showed a thermo-reversible gelation at
approx. 70°C. The DP-dependent thermal behavior of
regioselectively-ethylated celluloses is now under investi-
gation using cellulose derivatives with different DPs.

Conclusion

Among three regioselectively ethylated cellulose deriva-
tives 1, 2 and 3 synthesized by ring-opening polymeriza-
tions of glucopyranose 1,2,4-orthopivalate derivatives 4, 5
and 6, respectively, the 3-O- (2) and 6-0- (3) ethyl-celluloses
over DP, 36 were thermo-responsive in water. The 2-O-
ethyl-cellulose (1) having a DP, =11 did not show such a
property. The 2-O-ethyl-cellulose with a higher DP, how-
ever, might have thermo-responsive properties. Further-

DOI: 10.1002/mabi.200900392
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more, a factor of molecular weight was found to be of
importance for the thermal properties of 6-O-ethyl-
cellulose (3) in water. Only the aqueous solution of
compound 3-3 having DP =36 showed thermo-reversible
gelation behavior at 70-75°C on heating. In addition,
compounds 2 and 3-2 showed a LCST at about 40 'C and
70 'C, respectively. The thermo-responsive temperature
could be controlled by the position of the ethyl group on the
cellulose molecules, whereas water soluble ethyl cellulose
has been reported to show gelation behavior at 30 'C.?

Experimental Part
Measurements

The *H and **C NMR spectra were recorded on a Varian INOVA 300
spectrometer in chloroform-d with tetramethylsilane as an
internal standard, by using pulse sequences for one- and two-
dimensional spectra. Gel permeation chromatography (GPC)
measurements were carried out at 40 C using a GPC system
(CBM-20A, SIL-10A, LC-10ATvp, CTO-10Avp, SPD-10Avp and RID-
10A, Shimadzu, Japan). Shodex columns (K802, K802.5 and K805)
were used. Number and weight averaged molecular weights (M,
M,,) and polydispersity index (M., /M,) were estimated using
polystyrene standards (Shodex). Chloroform was used as an eluent.
The flow rate was 1.0mL-min~' X-ray diffractograms were
recorded on a RINT2200V (RIGAKU, Co. Ltd. Japan). The surface
tensions of aqueous solutions of compounds 1, 2 and 3 was
measured at room temperature (ca. 20 C) on a CBVP-A3 (Kyowa
Interface Science Co, Ltd., Japan) by the Wilhelmy plate method, as
reported previously.**! A Teflon cell with 700 uL of solution was
used for the measurements. Surface tension gradually decreased
during the measurements. The values were used when the values
werestable after 20to 120 min. Turbidity tests of aqueous solutions
of compounds 1, 2 and 3 were measured on a Jasco V-560 UV-vis
spectrometer equipped with a temperature controller EHC-477T.
The wavelength of the measurements was 660 nm. The band width
was 2.0nm. Dynamic light scattering data were recorded on a
particle size analyzer ELSZ-2 (Otsuka Electronics, Japan). The
hydrodynamic diameter was obtained using the cumulant method.
The differential scanning calorimetry (DSC) curves of aqueous
solutions of compounds 1, 2 and 3 were obtained on a Mettler-
Toledo DSC823e with an HSS7 sensor. The aqueous solutions were
sealed in aluminum pans. The samples were cooled to 0 "C, kept at
that temperature for 120 min, and then heated up to 90 "C (heating
rate: 0.5K-min™"). After keeping the temperature at 90 C for
10 min, the samples were cooled to 0 'C (cooling rate: 3.0K - min ™).
This cycle was repeated 4 times.

Polymerization

All polymerizations were carried out as described in previous
papers.*>1¢! Boron trifluoride diethyl etherate was used as an
initiator of the cationic ring-opening polymerization of glucose
orthopivalate derivatives. Polymerizations were terminated by
adding cold methanol at the polymerization temperature. After
dilution with ethyl acetate, the polymer solution was washed with
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water. The solution was dried over anhydrous sodium sulfate and
concentrated to dryness. Generally, when the remaining mono-
mers were found by TLC analyses after the ring-opening
polymerization, n-hexane was added to the polymer mixture to
remove the remaining monomer while applying ultrasonic waves.
The residual polymer was finally dried in vacuo.

Synthesis Route for 2-0-Ethyl Cellulose (1)

3,6-Di-O-benzyl-2-O-pivaloyl Cellulose (7)

Compound 7 was obtained according to our method in the
literature ') Polymerization of 3,6-di-O-benzyl-2-O-pivaloyl-a-p-
glucopyranose 1,2,4-orthopivalate (4) (150mg, 0.552 x 10~ mol)
was carried out for 12.3h at —10 "C. 3,6-Di-O-benzyl-2-O-pivaloyl
cellulose (7) (139.9mg, 93% yield) was obtained. No monomer
remained after polymerization (DP,=17.8, My=7.60 x 10°,
My /My =1.56).

3,6-Di-O-benzyl Cellulose (8)

To asolution of 3,6-di-O-benzyl-2-O-pivaloyl cellulose (7) (125.7 mg,
0.295 x 10 >mol) in THF/methanol (Sml, 4:1v/v), 28% sodium
methoxide (0.12 mL, 0.589 x 10> mol) in methanol was added at
room temperature. The reaction mixture was stirred at reflux
temperature for 15 h. The mixture was neutralized with DowexH™.
The product was washed with 20% methanol/dichloromethane,
collected by filtration, and concentrated to dryness to give crude
3,6-di-O-benzyl cellulose (8). The crude compound 8 was ethylated
without purification.

3,6-Di-O-benzyl-2-O-ethyl Cellulose (9)

To a solution of 3,6-di-O-benzy] cellulose (8) in DMSO (3mL), 60%
sodium hydride in mineral oil (61.4 mg, 1.50 x 10~>mol, 5 equiv.)
and ethyl iodide (118 L, 1.50 x 10™>mol, 5 equiv.) were added at
room temperature. The reaction mixture was stirred at room
temperature for 1 d. Tothe mixture, additional 60% sodium hydride
in mineral oil (61.4mg, 1.50x 107 >mol, 5 equiv.) and ethyl
iodide (118 L, 1.50 x 10”2 mol, 5 equiv.) were added. The reaction
mixture was stirred at 50 'C for 2 d. A small amount of methanol
was added in order to inactivate residual reagents. The reaction
mixture was precipitated into distilled water. The precipitate
was collected by filtration, and washed by distilled water and
ethanol to give 3,6-di-O-benzyl-2-O-ethyl cellulose (9) (98.2mg,
0.265 x 10~ mol, 90% yield from compound 7).

3,6-Di-O-acetyl-2-O-ethyl Cellulose (10)

To a solution of 3,6-di-O-benzyl-2-O-ethyl cellulose (9) (80.5mg,
0.217 x10"3mol) in THF/acetic acid (1/1, v/v) (4ml), 20%
palladium hydroxide on carbon (150 mg) was added. The reaction
mixture was kept under 400 kPa at 80 'C for 4h. The reaction
mixture was concentrated and treated with acetic anhydride
(4 mL), pyridine (4 mL) and N,N-dimethylaminopyridine (40 mg) at
50°C overnight. The product was washed with 20% methanol/
dichloromethane and collected by filtration. The solution of crude
compound was concentrated with ethanol to dryness. The crude
compound was precipitated into distilled water. Purified com-
pound was collected by filtration to give product (59.7mg,

lecular
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0.218 x 10" °mol, 100%). After purification on a gel filtration
column LH-20, 3,6-di-O-acetyl-2-O-ethyl cellulose (10) was
obtained (33.6 mg, 0.113 x 107> mol, 56%).

2-O-Ethyl Cellulose (1)

To a solution of 3,6-di-O-acetyl-2-O-ethyl cellulose {10} (59.4mg,
0.217 x 10~ ?mol) in THF/methanol (10 mL, 4:1, v/v), 28% sodium
methoxide {0.176 mL, 0.866 x 1073 mol) in methanol was added at
room temperature. The reaction mixture was stirred at reflux
temperature for 17 h. The mixture was neutralized with DowexH™.
The product was washed with 20% methanol/dichloromethane,
collected by filtration, and concentrated to dryness to give crude 2-
O-ethyl cellulose, The reaction mixture was concentrated to
dryness. After dialysis against distilled water for 7d, the product
was freeze-dried to give 2-O-ethyl cellulose (1) (29.2 mg, 70.7%).

1H NMR (D,0): 8 = 1.19 {CH5CH,0), 3.18 (H2), 3.2—-4.1 (H3, H4,H5,
Heé, H6, OCH,CHS3), 4.53 (d, /= 7.5, H1)

13¢ NMR (D,0): 8§ =17.2 (CH5CH,0), 62.5 (C6), 71.8 (CH; CH,0),
76.3 (C3), 77.7 (C5), 80.8 (C4), 83.5 (C2), 104.9 (C1).

Synthesis Route for 3-0-Methyl Cellulose (2)

3-O-Ethyl-6-O-pivaloyl-a-p-glucopyranose 1,2,4-
Orthopivalate (5)

To a solution of 3-O-ethyl-2,6-di-O-pivaloyl-D-glucopyranose
(1.299g, 3.45x 103mol) in CH,Cl, (10mlL), triethylamine
(144mL,  1035x107°mol) and benzenesulfonyl chloride
(0.48 mL, 3.80 x 10~%mol) was added at 0 C. The reaction mixture
was stirred at room termperature for 2.5h. The mixture was
concentrated and purified by silica gel column chromatography
(eluent: methylenechloride/n-hexane = 1/2, v/v) to give a colorless
oil (5) (846 mg, 68% yield).

H NMR (CDCl3): 5=1.05 (s, 9H, O3C—C(CH3)3), 1.23 (s, 9H,
OCOC(CH3)s), 1.23 (t, 3H, J = 6.9, C3—OCH,CHS3), 3.51-3.72 (m, 2H,
C3-OCH,CH,), 3.86 (m, 1H,] =4.5,1.2,1.4, H4), 419 {dd, 1H,J =2.1,
4.8,H3),4.28(dd,1H,) =6.0,11.1, H6),4.38 (dd, 1H,] = 7.2,11 4, H8),
4.45 (m, 1H, H2), 4.49 {broad t, ] = 6.6, H5), 5.77 (d, 1H, ] = 4.8, H1).

13¢ NMR (CDClg): §=15.2 (C3—OCH, CHs), 24.7 (O5C—C(CHa)a),
27.0 (OCOC(CH3)s), 35.6 (O3 C—C—(CHs)s), 38.6 (OCOC(CH3)3), 64.3
(C6),65.8 {C3—~OCH,CH,), 71.3(C3), 71.5{C4), 72.1(C2), 75.1(C5),97.4
(C1), 122.9 {05 C-C-(CH5)3), 178.1 (OCOC(CHa)s)

3-0-Ethyl-2,6-di-O-pivaloyl Cellulose (11)

Polymerization of 3-O-ethyl-6-0-pivaloyl-e-p-glucopyranose 1,2,4-
orthopivalate (5) (193.7mg, 0.54 x 10~ >mol) was carried out at
—40 'C for 3 d and at room temperature for 5 min. 3-O-Ethyl-2,6-di-
O-pivaloyl cellulose (140.4 mg, 72.5% yield) was obtained according
to the general work-up procedure. No monomer remained after
polymerization (DP,, = 42.6, My = 1.53 x 10%, My, /My, = 1.95).

3-O-Ethyl Cellulose (2)

To a solution of 2,6-di-O-pivaloyl-3-O-ethyl cellulose (11) (108.5 mg,
0.303 x 10~*mol) in THF/methanol (20 mi, 4:1, v/v), 28% sodium
methoxide (0.25mL, 1.212 x 10™? mol) in methanol was added at
room temperature. The reaction mixture was stirred at reflux
temperature for 16 h. The mixture was neutralized with Dowex H™.
The product was washed with methanol, collected by filtration, and
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concentrated to dryness to give 3-O-ethyl cellulose (2) (53.9mg,
94%).

1H NMR (D,0): 6= 1.18 (CH5CH,0), 3.32 (H2), 3.4-3.6 (H3, H5),
3.65~3.9 (H4, H6, OCH,CHj3), 3.9-4.1 (H6, OCH,CHs), 453 (d,7 =75,
H1)

13¢ NMR (D;0): & = 17.3 {CH3CH,0), 62.8 (C6), 71.2 (CH; CH,0),
76.0 (C2), 77.9 (C5), 78.7 (C4), 84.9 (C2), 104.8 (C1).

Synthesis Route for 6-0-Ethyl Cellulose (3)

3-O-Benzyl-6-0-ethyl-2-O-pivaloyl Cellulose (12)

Polymerization of 3-O-benzyl-6-O-ethyl-a-p-glucopyranose 1,2,4-
orthopivalate (6) (140 mg, 0.384 x 10~>mol) was carried out for
1 d at —10°C. 3-O-Benzyl-6-O-ethyl-2-O-pivaloyl-cellulose (12)
{117.3 mg, 83.8% yield) was obtained. No monomer remained after
polymerization (DP,, = 61.6, My = 2.25 x 10%, My /M, = 1.87).

3-O-Acetyl-6-O-ethyl-2-O-pivaloyl Cellulose (13)

To a solution of 3-O-benzyl-6-O-ethyl-2-O-pivaloyl cellulose (12)
(100.9mg, 0.275 x 102 mol) in THF/acetic acid (1/1, v/v) (4 mL),
20% palladium hydroxide on carbon (150mg) was added. The
reaction mixture was kept under 400kPa at 8¢ 'C for 4.25h. The
reaction mixture was concentrated and treated with acetic
anhydride (5 mL), pyridine (5 mL) and N.N-dimethylaminopyridine
{S0mg) at 50°C overnight. The product was washed with 20%
methanol/dichloromethane and collected by filtration. The solu-
tion of crude compound was concentrated with ethanol to dryness.
The crude compound was precipitated into distilled water. Purified
compound was collected by filtrationto give product (84.4 mg) with
a small amount of benzyl groups. After a second debenzylation/
acetylation procedure as same as the first one, 3-O-acetyl-6-O-ethyl-
2-O-pivaloyl-cellulose (13) was obtained (103.3 mg).

6-0-Ethyl Cellulose (3)

To a solution of 3-O-acetyl-6-O-ethyl-2-O-pivaloyl cellulose (13)
{80.1mg, 0.333 x 10~ mol) in THF/methanol (20 mL, 4:1, v/v), 28%
sodium methoxide (0.21 mlL, 1.01 x 10~>mol) in methanol was
added at room temperature. The reaction mixture was stirred at
reflux temperature for 17 h. The mixture was neutralized with an
aqueous solution of HCl. The reaction mixture was concentrated to
dryness. After dialysis against distilled water for 34, the product
was freeze-dried to give a crude 6-O-ethyl cellulose (121.7mg). A
part of the crude polymer (77.9 mg) was purified on Bio-Gel P-6
{fine) to give the purified 6-O-ethyl cellulose (3) (15.5mg, 51%
yield).

1HNMR (D,0): 8 = 1.19 (CH5CH,0), 3.34 {(H2), 3.5-3.9 (H3, H4, H5,
H6, H6, OCH,CHj), 4.43 (d, J = 7.5, H1).

13C NMR (D,0): 5 =16.8 (CH5CH,0), 69.6 (CH; CH,0), 70.7 (C6),
75.5 (C2), 76.1 (C5), 76.6 (C3), 80.9 (C4), 105.1 (C1).
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Abstract Cellulose triacetate (CTA) derivatives
having a disulfide group at the reducing-end (CTA2S,
CTA13S, CTA41S), with number average degrees of
polymerization (DP,s) of 2, 13 and 41, respectively,
were prepared. The CTA-self-assembled gold nano-
particles (CTA2Au, CTA13Au, and CTA41Au) were
obtained through the reduction of gold salt (HAuCly)
with CTASs. The diameters (d) and the interparticle
distances (L) of the gold cores were analyzed by
transmission electron microscopy (TEM) observa-
tions. The d values of CTA2Au, CTA13Au, and
CTA41Au, were 8.7, 7.9, and 13.4 nm respectively.
The L values of CTA2Au, CTA13Au, and CTA41Au,
were 2.8, 6.3, and 20.9 nm, respectively, and agreed
well with the molecular length (/) of CTAS chains (/s
of CTA2S, CTA13S, CTA41S = 2.0, 7.5, 21.5 nm,
respectively). The hydrodynamic diameters (D) of
CTAAu nanoparticles in chloroform solution, mea-
sured by dynamic light scattering (DLS), were larger
than the d values and increased with the increase in the
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molecular length of the CTA chains. The CTAS chain
was found to work as an excellent stabilizer of the gold
nanoparticles in both solid state and solution. The
molecular length of CTA chains controlled the size
and the alignment of the gold nanoparticles. As a
result, the radially oriented CTA chains on the gold
nanoparticles were successfully prepared.

Keywords Cellulose triacetate - Reducing-end -
Gold nanoparticles - Orientation  Self-assembly

Introduction

Cellulose is a semi-rigid and linear (1 — 4)-p-
glucopyranan. Cellulose molecule has a hemiacetalic
hydroxyl group at the reducing-end, which has differ-
ent reactivity from other hydroxyl groups and C2, C3,
C6 positions (Amdt et al. 2003, 2005; Nakatsubo et al.
1987). Only a few approaches have been reported on
the synthesis of cellulose-containing block copoly-
mers, (Ceresa 1961; de Oliveira and Glasser 1994a, b;
Feger and Cantow 1980; Kim et al. 1973, 1976;
Mezger and Cantow 1983a, 1983b, 1984; Pohjola and
Eklund 1977, Sipahi-Saglam et al. 2003; Stannett and
Williams 1976; Steinmann 1970; Yagi et al. 2010).
We have recently succeeded to prepare the novel well-
defined cellulosic diblock copolymers by stepwise
elongation of long-chain alkyl groups at the reducing-
end of cellulose (Kamitakahara et al. 2005; Kami-
takahara and Nakatsubo 2005). Based on our synthetic
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strategy, the self-assembling system of amphiphilic
cellulosic diblock copolymers (Enomoto et al. 2006)
and the structure of the branched copolymer with
cellulosic side-chains (Enomoto-Rogers et al. 2009a,
2009b) have been investigated. However, it has been
difficult to control supramolecular structure, such as
orientation, of cellulose chains. Cellulose crystals with
parallel orientation have not prepared from regener-
ated cellulose or via chemical synthetic pathway yet,
although there have been some attempts to build up
parallel orientation of the cellulose chains using cello-
oligosaccharide analogues (Bernet et al. 2000; Murty
et al. 2006).

Recently, in the field of engineering or biological
applications, much attention have been paid to the
colloidal gold nanoparticles due to their various
functicnalities, such as optical (Li et al. 2007a, 2007b;
Link and El-Sayed 1999), electric (Maye et al. 2000),
and catalytic (Haruta and Date 2001; Schubert et al.
2001) properties, depending on their size and size

+ distribution (quantum size effect) or alignment (Daniel
and Astruc 2004; Katz and Willner 2004). The stabi-
lizer of the gold nanoparticles plays a crucial role in
controlling size, size distributions, alignments, solubil-
ity, other physical or chemical properties, and functions
of the obtained gold nanoparticles (Heath et al. 1997,
Li et al. 2007a, 2007b; Yonezawa et al. 20014, 2001b).
It is well-known that sulfide compounds work as the
stabilizer of gold nanoparticles via sulfide-gold bond-
ing (Brust et al. 1994, 1995; Daniel and Astruc 2004;
Katz and Willner 2004). Long-chain alkyl groups or
polymers carrying thiol or disulfide groups have been
widely studied for surface-modification of gold nano-
particles 1o develop new building blocks with various
structure and properties (Brust et al. 1994, 1995;
Corbierre et al. 2004; Li et al. 2007a, 2007b; Ohno
et al. 2002; Yonezawa et al. 2001b).

Moreover, many studies on cellulose-goid nano-
composites have been reported as organic—inorganic
hybrid material for engineering or biological appli-
cations, in last few years. Gold nanoparticles are
mostly dispersed and immobilized on a surface or
inside of cellulosic supporting material, such as films
or membranes (Kumar et al. 2009; Liu et al. 2010;
Loskutov et al. 2009), fibers (Li and Taubert 2009;
Pinto et al. 2007; Yokota et al. 2008), nanocrystals
(Shin et al. 2008), microcapsules (Lai et al. 2006).

Furthermore, cellulose triacetate is one of the most
important cellulose derivatives and is an excellent

_@_ Springer

material for functional films, membranes (Edgar et al.
2001; Glasser 2004; Sata et al. 2004). CTA chain
exhibits good solubility in common organic solvents,
but has lower flexibility, and stiff and extended structure
in solutions compared to other flexible polymers such as
polyisobutylene or poly(methyl methacrylate) (Fort
et al. 1963; Howard and Parikh 1968). We anticipated
that CTA having a sulfide group at the reducing-end
might bind on gold nanoparticles and that it might form
monolayer of CTA chains organized in a radial manner
with head (the reducing-end)-to-tail (the non-reducing-
end) orientation. In organic solutions such as chloro-
form, CTA having sulfide group is expected to work as a
stabilizer of gold nanoparticles and to keep gold
nanoparticles well-dispersed. In solid state such as a
thin film, stiff CTA chain is expected to control
interparticle distance of gold nanoparticles by the
molecular length of CTA chains. Regarding self-
assembled monolayers of cellulose derivatives which
have recently been studied (Wenz et al. 2004, 2005),
cellulose-self-assembled  gold nanoparticles are
expected to be a novel class of cellulosic material since
cellulose chains are organized in a radial manner.

From a fundamental aspect, there have been some
reports on crystalline polymorphs of cellulose and
cellulose triacetate (CTA) (Kono et al. 1999, 2002).
Both cellulose I and CTA I are accepted to have
parallel orientation (Stipanovic and Sarko 1978;
Sugiyama et al. 1991; Woodcock and Sarko 1980).
On the other hand, both CTA II and cellulose II are
believed to have anti-parallel orientation (Dulmage
1957; Kolpak and Blackwell 1976; Roche et al.
1986). It is known that CTA I is only obtained by
heterogeneous acetylation of cellulose I while CTA 11
is obtained by homogeneous acetylation of cellulose 1
or acetylation of cellulose II (Sprague et al. 1958). It
is also known that cellulose I and II are obtained by
deprotection of CTA I and CTA II, respectively
(Sprague et al. 1958). It is, therefore, of fundamental
and technical interest to investigate structure of
cellulose and CTA chains with a head-to-tail
orientation.

Herein, we describe the preparation and charac-
terization of cellulose derivatives carrying disulfide
group at the reducing-end regioselectively and quan-
titatively, and describe the preparation and charac-
terization of radially oriented CTA chains on the gold
nanoparticles by means of TEM observations and
DLS measurements. ’
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Experimental
General Measurements

'H-, 13C-, and two-dimensional NMR spectra were
recorded on a Varian INOVA300 FT-NMR (300 MHz)
spectrometer, in CDCl; with tetramethylsilane (TMS)
as an internal standard. Chemical shifts (5) and coupling
constants (J) are reported in (ppm) and (Hz), respec-
tively. MALDI-TOF MS spectra were recorded on a
Bruker REFLEX III with 2,5-dihydroxybenzoic acid
(DHB) as a matrix in reflector or linear mode. Sephadex
LH-20 was used for gel filtration chromatography.

GPC Measurement

Number and weight average molecular weights (M,
and M,) and polydispersity index (M,/M,) were
estimated by gel permeation chromatography (GPC)
(CBM-10A, SPD-10A, SIL-10A, LC-10AT, FCV-
10AL, CTO-10A, RID-10A, Shimadzu, Japan) in
chloroform at 40°C. Shodex columns (K802, K802.5,
and K805) were used. The flow rate was 1.0 ml/min.
Calibration curves were obtained by using polysty-
rene standards (Shodex).

UV-vis measurements

UV-vis spectra were recorded on a JASCO V-560
spectrometer at 25°C. Chloroform solutions of the
samples (0.1 mg/ml) were filtered with poly(tetra-
fluoroethylene) syringe filter (pore size of 0.2 pm)
before the measurement.

TEM analysis

" Transmission electron microscopy (TEM) images
were collected by JEOL JEM-1220 system operating
at an accelerating voltage of 100 kV. Samples were
prepared by casting solution of CTA-self-assembled
gold nanoparticles (CTAAu) in chloroform (0.1 mg/ml,
10 pl) on copper grids that were pre-coated by
Formvar (polyvinyl formal) and reinforced by carbon.
The samples were analyzed without staining with
uranyl diacetate, because the CTA molecules could
not be observed with the treatment of uranyl diacetate.
The sizes of particles were calibrated using Latex
Particles ¢0.23 um (Ohken Shoji, Japan). TEM
images were recorded on Fuji FG films (Fuji Film,

Japan). The image data of the films were printed on
photographic papers at 6.3 magnifications. The devel-
oped images were stored with a general scanner at 300
dpi. TEM images were analyzed using public domain
Image] program (Rasband, W.S., U.S. National
Institutes of Health, Bethesda, Maryland, USA,
http://rsb.info.nih.gov/ij/, 1997-2009). The diameter
(d) and the interparticle distance (L) of the gold cores
were obtained from measurements of at least 150
particles per sample. The diameter (d) was calculated
from the area of the gold core on the assumption
that the gold cores were circles. The interparticle
distance (L) was defined as the distance from the
edge of the each gold core to that of another adjacent
particle.

DLS Measurements

Hydrodynamic diameters of gold nanoparticles were
recorded on dynamic light scattering (DLS) spectro-
photometer (ELS-Z2, Photal Otsuka Electronics)
equipped with He—Ne laser (1 = 632.8 nm) at 25°C.
Hydrodynamic diameters and intensity distribution
histograms of the CTA-self-assembled gold nanopar-
ticles were obtained by Cumulant method and Marqu-
ardt method, respectively (Gulari et al. 1979).
Chloroform solutions of the samples (1.0 mg/ml) were
filtered with poly(tetrafluoroethylene) syringe filter
(pore size of 0.2 um) before the measurement.

Materials

2,3,6-Tri-O-acetyl-4-0-(2,3,4,6-tetra-O-acetyl--p-glu-
copyranosyl)-8-p-glucopyranosylamine was prepared
as described in our previous article (Kamitakahara
and Nakatsubo 2005). Tri-O-acetyl-f-cellulosylamine
(DP, = 13) was prepared via five reaction steps as
described in our previous article (Kamitakahara et al.
2005) from low-molecular-weight cellulose obtained
from cellulose microcrystalline (CF-11, Whatman)
using phospholic acid (Atalla et al. 1984; Isogai and
Usuda 1991). Tri-O-acetyl-f-cellulosylamine (DP, =
30) was obtained via six reaction steps from cellulose
microcrystalline (Avicel, Merck) as described in our
previous article (Kamitakahara et al. 2005). Tri-O-
acetyl-f-cellulose (DP, = 30) prepared at the third step
was treated with acetic anhydride and pyridine at 60°C
overnight at the fourth step for the complete acetylation
of the residual hydroxyl group at the non-reducing-end,
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which appeared after the depolymerization of CTA chain
caused by HBr treatment at the second step, because
these hydroxyl group were substituted by lipoyl group in
the presence of DMAP, when they were not acetylated.
pL-a-Lipoic acid (Tokyo Chemical Industry Co., Ltd.,
Japan) and hydrogen tetrachloroaurate (III) tetrahydrate
(HAuCl,-4H,0) (Wako Pure Chemical Industries, Ltd.,
Japan), sodium borohydride (NaBH,) (Nakalai Tesque
Co., Ltd., Japan), and all other reagents were commer-
cially obtained and used without further purification.

N-lipoyl-2,3,6-tri-O-acetyl-4-0-(2,3,4,6-tetra-O-
acetyl-f-p-glucopyranosyl)- f-p-glucopyrano-
sylamine (CTA2S)

To a solution of pbrL-a-lipoic acid (330 mg, 2 eq),
dicyclohexylcarbodiimide (DCC, 330 mg, 2 eq) and
dimethylaminopyridine (DMAP, 130 mg, 2 eq) in
dichloromethane (17.5 ml), 2,3,6-tri-O-acetyl-4-O-
(2,3 ,4,6-tetra-O-acetyl-f-p-glucopyranosyl)-f#-p-gluco-
pyranosylamine (500 mg, 1eq) was added, and
stirred overnight at 0°C under nitrogen. After com-
pletion of the reaction, the mixture was filtered,
washed with dichloromethane and the filtrate was
concentrated to dryness. Crude product was purified
by a silica gel column chromatography (eluent: ethyl
acetate/n-hexane (2:1, v/v)) to give colorless solid
(CTA2S) (0.57 g, 87.5% yield). '"H-NMR (CDCls):
é 14 (2H, m, C,NHCOCH,CH,CH,CHj;), 1.6 (4H,
m, C;NHCOCH,CH,CH,CH,), 1.9 (1H, m, S-S-CH,
CH,), 2.0-2.1 (21H, m, CH,CO), 2.2 (2H, over-
lapped, C,NHCOCH,), 2.4 (1H, m, S-S-CH,CH,),
3.1 (2H, m, S-S-CH>), 3.55 (1H, overlapped, S-S-
CH), 3.61-3.70 (m, 1H, Cs-H), 3.73-3.76 (m, 2H,
C4_H, C5-H), 404 (dd, lH, .15"(,' = 24, Jﬁ'ang =
12.6, C¢-Hyp), 4.13 (dd, 1H, Jsep = 4.2, Joagn =
120, CG'Hb)a 437 (dd, 1H, JS"G" = 45, Jﬁ’a‘ﬁ’b = ]23,
Ce-Hy), 446 (d, 1H, Je, 60 = 12.6, Ce-Ha), 4.50
(d, 1H, Jy» = 7.8 Cy-H), 4.83 (t, 1H, J,3 = 9.6,
C,-H), 493 (t, 1H, J» 3 = 8.6, Cy-H), 5.07 (t, 1H,
Jys =93, C4-H), 514 (t, 1H, J =92, Cy-H),
520 (t, 1H, J;, =95, C-H), 529 (br t, 1H,
.]3'4 . 9.3, C3—H), 6]7 (d, lH, JNH,] = 9.3, CINH
CO). 3C-NMR (CDCl;): & 20.5, 20.6, 20.7 (CH;
CO), 24.7 (C,NHCOCH,CH,), 28.7 (C;NHCOCH,
CH,CH,), 34.5 (C;NHCOCH,CH,CH,CH,), 36.2
(C;NHCOCH,), 38.4 (S-S-CH,), 40.2 (S-S-CH,C
H,), 56.3 (S-S-CH), 61.6 (C¢), 61.8 (Cy), 67.7 (Cs),
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70.8 (Cy), 71.5 (Cy), 71.9 (Cs), 72.0 (Cy), 72.8 (Cy),
74.4 (Cs), 76.2 (Cy), 78.0 (C)), 100.6 (C;»), 169.0,
169.3, 169.4, 170.3, 170.3, 170.5, 171.4 (CH;CO),
172.9 (C,NHCO). MALDI-TOF MS (positive reflec-
tor mode; DHB as matrix): C3yHsgNO;3S, Caled.
823.24; Found [M + Na]* = 846.31, [M + K]* =
862.29. Anal. Calc. for C3,H4oNOS,: C, 49.57; H,
5.99; N, 1.70; S, 7.78. Found: C, 49.14; H, 5.85; N,
1.79; S, 7.79.

N-lipoyl-tri-O-acetyl- B-cellulosylamine
(CTA13S)

To a solution of pr-a-lipoic acid (103 mg, 10 eq),

dicyclohexylcarbodiimide (DCC, 103 mg, 10 eq), and

dimethylaminopyridine (DMAP, 61 mg, 10 eq) in
dichloromethane (5 ml), tri-O-acetyl-f-cellulosyl-
amine (DP, = 13) (200 mg, 1 eq) was added, and
stirred overnight at 0°C under nitrogen. The mixture
was filtered, washed with dichloromethane and the
filtrate and washings were concentrated to dryness.
Crude product in dichloromethane was poured into
methanol, filtered, and dried in vacuo to give an
amorphous solid (CTA138) (172 mg, 86.0% yield).
'H-NMR (CDCl,): 6 1.4 (2H, m, C,NHCOCH,
CH,CH,CH,), 1.6 (4H, m, C,NHCOCH,CH,CH,
CH>), 1.8 (1H, m, S-S-CH,CH,), 1.9-2.1 (9H, m,
CH,CO), 2.2 (2H, overlapped, C;NHCOCH,), 2.4
(1H, m, S-S-CH,CH,), 3.1 (2H, m, S-S-CH,), 3.56
(Cs-H), 3.6 (1H, overlapped, S-S-CH)), 3.72 (t, J45
=93, C;-H), 4.08 (d, J = 7.2, C¢-Hy), 4.374.48
(Ce¢-H,, C;-H), 4.80 (t, J,3 = 8.6, C,-H), 5.07 (1, J34
=93, C3-H), 6.11 d, Jnu, 1 = 9.3, C;NHCO).
*C-NMR (CDCl3): 6 20.4, 20.5, 20.7 (CH;CO), 24.6
(C;NHCOCH,CH,;), 28.7 (C,NHCOCH,CH,CH,),
34.4 (C,NHCOCH,CH,CH,CH,), 36.1 (C;NHCO
CH,), 383 (S-S-CH,), 40.1 (S-S-CH,CH,), 56.2
(5-S-CH), 61.9 (Cg), 71.6 (C,), 72.4 (Cs), 72.6 (Cy),
74.4 (C, at the reducing-end), 75.9 (Cy), 77.8 (C; at
the reducing-end), 100.4 (C;), 169.2, 169.6, 170.1
(CH3CO of C,, C3, Cq, respectively). MALDI-TOF
MS (positive linear mode; DHB as matrix): DP = 7:
CosH 29NOsgS, Caled. 2263.66; Found [M +
Na]* = 2289.55, [M + K]" = 2304.84. DP =8§:
C106H|45N06552 Calcd. 2551.75; Found [M +
Na]t = 2578.05, [M + K]" =2594.03. DP=9:
C)15H,6:NO-,S; Calcd. 2839.83; Found [M + Na]*
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= 2865.88, [M + K] = 2882.02. DP = 10: C,3
H,7;7NOg,S, Calcd. 3127.92; Found [M + Na]*
= 315391, [M + K]t =3169.91. DP = 11: Cs
H,93NOg;S, Calcd. 3416.00; Found [M + Na]t =
3441.52, [M + K]* = 3457.55. DP = 12: C,54Ha00
NOggS, Calcd. 3704.08; Found [M + Na]t =
372943, [M + K]+ = 3745.35. DP = 13: C|66H225
NO,(S> Caled. 3992.17; Found [M + Na]™ =
4016.90, [M + K] = 4032.41. DP = 14: C,,3Ha4,
NO,,4S, Calcd. 4280.25; Found [M + Na]t = 430
437, [M + K]* =4320.37. DP =15: C,9oH,s7
NO,,,S, Calcd. 4568.34; Found [M + Na]* =
4591.53, [M + K]* = 4607.20. DP = 16: CypoH>73
NO,30S Caled. 4856.42; Found [M + Na]* = 4879.
05, [M + K] = 4894.84. DP = 17: C,,4H,39NO; 33
S, Calcd. 5144.51; Found [M + Na]t = 5166.39,
M + K]" = 5182.18. DP = 18: C,6H39sNO; 465
Calcd. 5432.59; Found [M + Na]t = 5453.70,
M + K]* = 5468.45. DP = 19: Cay33H3,;NO,54S>
Caled. 5720.68; Found [M + Na]* = 5740.79,
M + K" = 5756.04.

N-lipoyl-tri-O-acetyl-f-cellulosylamine
(CTA41S)

The same procedure was applied to tri-O-acetyl-
p-cellulosylamine (DP, = 30) to obtain CTA41S
(DP, = 41). The increase in DP,, of CTA41S is due
to the loss of low molecular fraction caused by the
precipitation procedure.

Preparation of CTA 2Au

To a solution of N-lipoyl-2,3,6-tri-O-acetyl-4-O-
(2,3,4,6-tetra-O-acetyl-f-p-glucopyranosyl)-f-p-gluco-
pyranosylamine (2 mg) in 14-dioxane/H,O (9:1,
20 ml), HAuCl;-4H,0O (95 mg, 100 eq. of CTA2S)
was added. After 3 min, a freshly prepared 0.1 M
aqueous NaBH, solution (2 eq. of HAuCl,-4H,0) was
added dropwise with vigorous stirring. The solution
turned dark reddish purple immediately. After further
stirring for 4 h at room temperature, the solution was
evaporated and extracted with chloroform, washed with
water, and concentrated to dryness. Crude products
were purified by gel filtration column chromatography
(LH-20) with methanol/chloroform (1:4, v/v) to remove
the residual CTAZ2S, concentrated, to give dark purple
solid CTA2Au (12.7 mg).

Preparation of CTA13Au and CTA41Au

To a solution of N-lipoyl-tri-O-acetyl-f-cellulosyl-
amine (CTA13S: 10 mg and CTA41S: 20 mg) in 1,4-
dioxane/H,O (9:1, 200 ml), HAuCl4-4H,0 (103 mg
and 69 mg, 100 eq. to CTA13S and CTA41S, respec-
tively) was added. After 3 min, a freshly prepared
0.1 M aqueous NaBH, solution (2 eq. of HAuCl,:
4H,0) was added dropwise with vigorous stirring. The
solution turned dark reddish purple immediately. After
further stirring for 4 h at room temperature, the
solution was evaporated and extracted with chloro-
form, washed with water, and concentrated to dryness.
The crude product was sonicated briefly with ca.30%
chloroform/methanol at least three times to remove the
residual CTAS, dissolved in chloroform, filtered with
poly(tetrafluoroethylene) syringe filter (pore size of
0.2 um) to remove remaining aggregates of gold, and
concentrated to dryness, to give dark purple solid
CTA13Au (44.0 mg) and CTA41Au (56.6 mg).

Results and Discussion
Synthesis of CTASs

Lipoic acid is widely used as a sulfide linker, because
it has both a disulfide group and a carboxyl group at
each end of the molecule. Cellobiose and cellulose
derivatives, N-lipoyl-2,3,6-tri-O-acetyl-4-0-(2,3,4,6-
tetra-O-acetyl-f-p-glucopyranosyl)-f-p-glucopyrano-
sylamine (CTA2S) and N-lipoyl-tri-O-acetyl-f-cellu-
losylamine (CTA13S and CTA41S) (DP, = 13 and
41, respectively), were prepared from 2,3,6-tri-O-
acetyl-4-0-(2,3,4,6-tetra-O-acetyl- f-p-glucopyrano-

syl)-f-p-glucopyranosylamine and tri-O-acetyl-f-
cellulosylamine, using DCC and DMAP, as described
in Fig. 1. The number and weight average molecular
weights (M, and M,,) and the polydispersity index
(M, /M,), the number average degrees of polymeri-
zation (DP,s) of the CTASs are summarized in
Table 1. The M,s of CTAI3S and CTA41S were
4.11 x 10> and 12.1 x 10, respectively. The
MALDI-TOF MS spectra of the CTASs are shown
in Fig. 2. The observed molecular weights with each
DP value agreed well with their calculated molecular
weights, indicating quantitative substitution of the
reducing-end by lipoyl group. The chemical struc-
tures of the CTASs were identified by 'H-, '*C, and
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Fig. 1 Preparation of
N-lipoyl-tri-O-acetyl-f-
cellulosylamine
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Table 1. Characteristics of CTASs

Samples M, (107°)" M, (107%)*  M,/M;  DP;
CTA2S 0.8° 2

CTAI3S 4.1 5.4 1.30 13.4
CTA41S 12.1 21.7 1.79 41.1

* Estimated by polystyrene standards with chloroform as
eluent

" Theoretical molecular weight of CTA2S is 823.88

¢ Number average degree of polymerization of CTA chain

two-dimensional NMR measurements. The represen-
tative H-H gCOSY spectrum of CTA13S is shown in
Fig. 3. The peaks assigned to lipoyl group and amide
protons (CI1-NH, & 6.11 ppm) are observed. The
correlation between the ring-proton (C1-H at the
reducing-end, 6 5.19 ppm) and the amide proton
(C1-NH, 6 6.11 ppm) indicates the formation of the
amide linkage. The same correlation was observed in
the H-H gCOSY spectrum of CTA418S.

Preparation of CTA-self-assembled gold
nanoparticles

CTA2S, CTAI13S, and CTA41S and HAuCl,;-4H,0 in
1,4-dioxane/water were treated with NaBH, (Brust
et al. 1994). The colors of the solutions turned reddish
purple, indicating the formation of gold nanoparticles.
The gold nanoparticles obtained from CTAZ2S,
CTA13S, and CTA41S are described as CTA2Au,
CTAI13Au, and CTA41Au, respectively. The UV-vis
spectra and the images of chloroform solutions of the
obtained gold nanoparticles are shown in Fig. 4. The
absorption band at 4 = ca. 530 nm in UV-vis spectra
are assigned to the surface plasmon band of gold
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Fig. 2 MALDI-TOF MS spectra of a CTA2S, b CTA13S and
¢ CTA41S. The numbers refer to the degree of polymerization

nanoparticles with the size of about 5-20 nm (Brust and
Kiely 2002), indicating the formation of CTA-self-
assembled gold nanoparticles. When the CTA
(DP, = 13) and HAuCl;4H,0 were treated with
NaBH, as a control experiment, the solution turned
black and the bulk gold aggregates precipitated imme-
diately. As a result, the solution showed no surface
plasmon band (Fig. 4d) because CTA chains without
disulfide groups were not bound to the gold surface.
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Fig. 4 UV-vis spectra and images of chloroform solutions
(0.1 mg/ml) of a, e CTA2Au, b, f CTAI3Au, ¢, g CTA41Au
and d gold treated with NaBH, and CTA (DP, = 13)

Furthermore, the concentration of initial HAuCly:
4H,0 was investigated with the range from ca.
0.5 mg/ml to ca. 50 mg/ml, to optimize the condition
for preparation of stable and uniformly dispersed
CTAAu nanoparticles. When CTA2Au were pre-
pared at higher initial HAuCl;-4H,0O concentration

(50 mg/ml), the bulk gold aggregates were formed and
precipitated immediately. When the CTAAu particles
were prepared at lower initial HAuCl,-4H,0 concen-
tration (0.5 mg/ml), the obtained particles were
unstable, turned insoluble, and precipitated irrevers-
ibly in organic solvent such as chloroform after the
purification. Consequently, the initial HAuCl,;-4H,0
concentration for CTA2Au was determined to be
5.0 mg/ml. When the CTA13Au and the CTA41Au
were prepared at the higher initial HAuCl,-4H,0
concentration (5.0 or 3.5 mg/ml), the bulk gold
aggregates were formed and precipitated in some
cases. The initial HAuCl,-4H,O concentrations for
CTA13Au and CTA41Au were determined to be 0.5
and 0.35 mg/ml, respectively. These results revealed
that the size and the size distribution of the gold
nanoparticles increased with the increase in the initial
HAuCl4-4H,0 concentration.

The amount of HAuCl,-4H>,O were also examined
at 1, 10, 100, and 1,000 equivalents to CTASs. The
maximum amount of HAuCl,-4H,0 capable of being
dispersed with CTAS chains was 100 equivalents to
CTASs. At higher amount of HAuCl,;-4H,0 (1000
eq. to CTAS), most part of the gold were obtained as
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bulk aggregates, and yield of CTAAu particles were ° =
very low. The previous researchers have studied the E 5 . g x
gold nanoparticles dispersed with the polymeric :%‘%' 5 E g;
stabilizer (Azzam and Eisenberg 2007; Corbierre S5 E ga9 s
et al. 2004; Wuelfing et al. 1998), but the reported =B/OS - T e b4
initial ratios of the gold to the polymer (Au/polymer) s "E‘ =<
were 1 to 12, and relatively lower than those in our 5= E ';',@;
present study. Regarding previous results that Au/ g §§ § ~ o < 55'
polymer compositions in the obtained gold nanopar- SELS) <8R E %
ticles were higher than initial Au/polymer composi- -5 % é §
tion (Corbierre et al. 2004; Wuelfing et al. 1998), we g 3 2 o I
. . . o g9 & E n
consider that large amount of polymer chains without §8<3 - - cq
sulfur atom were removed as a by-product by 2403 voo o ::g
purification from the gold nanoparticles, and that o . < §§
only small amount of polymer with sulfur group were % E_m‘S E Ef E
bound on the gold in those previous studies. On the By 5 g ;.: § ; ’ﬁ 3 éo
other hand, there is an example that gold nanopar- o s = g Il g
ticles were only covered in polymer micelles, which - 145‘ ‘a’: - § 3 8
are formed by hydrophobic interactions and are not ;,’5 ~& ‘ﬁ E = KE
chemically bound to the gold (Azzam and Eisenberg 22 gg o — al> E A 2.
2007). In our study, the CTAS chains have disulfide 86ss @ = 3 é i g F]
group at the reducing-end quantitatively, and they - § ® g £ 5 ._>."§
had the ability to stabilize significantly large amount ° 5 §_u § Gl g @
of gold nanoparticles (100 eq. to CTAS). -é L = E = és .

The CTA2Au particles were purified by gel 2082 “a3|lgdEgstE
filtration chromatography to remove the unbound s g -; Lg S g'%
CTAZ2S, but only trace of CTA2S was removed. The % g..r\ﬂ g § E § hZ i
CTA13Au or CTA41Au nanoparticles were first %:—c’ Erp" 5 B ;% ﬁ_-:;
purified by dialysis against 1,4-dioxane with Wako Eﬂg as I8 :’_ g" el .g E
dialysis membrane (12-14 k MWCO, regenerated g4 . < o % .:3) ﬁ 'g gg
cellulose), but free CTA13S or CTA41S were not | i 3 g :\:' E g‘ b= 3] “‘; ﬁg
detected outside of the membrane, confirmed by 553 ¢ w9 = g 8 QI'I’-“ 8
MALDI-TOF MS. Further purification was per- - 4 % E “ %"‘c
formed by sonication with ca. 30% chloroform/ E,‘_‘E‘ «?, E - %2:
methanol, which dissolves CTAS selectively under . gé; E a E § ﬂb 3
this chloroform content. Complete purification was ALK E = o B E g 3 NI
carried out by repeated washing with ca. 30% g : = " P g @ o % R
chloroform/methanol at least three times until the %‘ 2l Oles e 5 E 3 2 5§
MS peaks of free CTA13S or CTA41S in CTAAu ol E als2 g2 E “a%'g g
mixture became negligible. Further sonication dis- é Eg SB[ w o q f g “ é §§ g
rupted the gold colloid obviously, because the reddish HEEERIEI R I 2 3 §m°, < &
purple solution turned clear and the black precipitate B 2laze g £ 3 "é“’g E g
was formed. The obtained CTA2Au, CTAI3Au,and  §(% . |Z|S o o|= 5% gx§ g
CTA41Au particles could be stored in solid state for é g§8E |2~ E &g % é g:r: -
more than a couple of month without degradation and g g :5 Blsazx|® & § 3 Y
still dissolved in organic solvents such as chloroform. 5 A= 1= ; : § E E E 2“5 ~ '§
CTA2Au, CTA13Au and CTA41Au were kept well- w2 22 < E g g 5 § 3 ||d E
dispersed in chloroform at least for several days, = g‘ L3 2 = g KR E 33
indicating effective protection of gold nanoparticles SRR EEBlo . o= 88, P
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by CTAS layer. Only CTA2Au precipitated in
chloroform after several days suggesting relatively
effective protection of the gold by CTAS polymeric
chains. It was found that the CTASs worked as
excellent stabilizer of the gold nanoparticles both in
the solution and in the solid such as a film.

TEM observations

The CTAAu particles were analyzed by transmission
electron microscopy (TEM). The CTAS molecules
were not negatively stained with the treatment of
uranyl diacetate, indicating that the particles in TEM
images were only gold cores. The characteristics of
CTAAu visible nanoparticles are summarized in
Table 2. According to the average diameters (d) of
the gold cores, theoretical molecular length (/), and
calculated diameter (Dgye = d+2 1) of CTAAu
nanoparticles, the ideal and average images of single
particles of CTA2Au, CTA13Au, and CTA41Au
were illustrated in Fig. 5 on the assumption that gold
cores were sphere, and that all CTA chains had the
degree of polymerization of DP, estimated by
polystyrene standards.

(a) (b)

Dyc=22.9 nm
D ge=12.7 nm

ad=7.9 nm

NRE(a)

CTA41S

The TEM images of gold nanoparticles of
CTA2Au, CTAI13Au, and CTA41Au, are shown in
Fig. 6a, e, i, respectively. The size distribution

‘histograms of the diameters (d) are shown in Fig 6c,

g, k. The ds of the gold cores of CTA2Au, CTA13Au,
and CTA41Au were 8.7, 7.9, and 13.4 nm, respec-
tively. The d of CTA41Au with longer CTAS chain
length was larger than those of CTA2Au and
CTA13Au. It has been reported that the diameter of
the gold nanoparticles tend to increase when they
protected by the stabilizer with higher molecular
weight or more steric hindrance (Corbierre et al.
2004; Yonezawa et al. 2001b). The interparticle
distance (L) was defined as the distance from the edge
of the each gold core to that of another adjacent
particle, as described in Fig. 6b, f, j. The size
distribution histograms of the interparticle distance
(L) of the gold cores are shown in Fig 6d, h, 1. The Ls
of the gold cores of CTA2Au, CTA13Au, and
CTA41Au, were 2.8, 6.3, and 20.9 nm, respectively,
and agreed well with the theoretical molecular length
of CTAS chains, where the /s of CTA2S, CTA13S,
and CTA41S = 2.0, 7.5, and 21.5 nm, respectively.
It has also been reported that the interparticle
distances of the gold nanoparticles increased with

(c) Deac=56.4 nm

d=13.4 nm

/=21.5 nm /=21.5 nm

RE (head)

Fig. 5 Average images of a single particle of a CTA2Au, b CTA13Au, and ¢ CTA41Au
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Fig. 6 a, e, i TEM images, b, f, j the assumed circles around
the gold cores to measure the interparticle distances (L), the
size distributions of ¢, g, k the diameters (d) and d, h, 1 the

the increase in the molecular weight of protecting

polymers (Corbierre et al. 2004; Ohno et al. 2002). In
our experiments, the stiff CTA chains were expected
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to act as spacers between the gold cores, and they
overlapped as described in Fig. 7a. It was suggested
that the CTAS chains bound in a radial manner on the
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Fig. 7 Schematic drawings of CTAAu nanoparticles

gold cores in a head-to-tail orientation, where the
reducing-end and the non-reducing-end are a head
and a tail, respectively, as described in Fig. 7b. Thus,
the interparticle distance of the gold nanoparticles
were successfully controlled with the length of CTA
chain.

Moreover, the surface areas of the gold cores, the
numbers of CTAS chains on the gold, the densities
(pcras) of CTAS chains per nm?, the occupied area
per CTAS chain, the interchain distance of CTAS
chains were calculated from the weight composition of
CTAS and Au and the d values. The density (pcras) of
CTA2S chains was 3.8/nm”. The occupied area per
CTAZ2S chain and the interchain distance values were
calculated to be 26.1 A2 and 5.1 A, respectively,
which are similar to those of alkanethiol-protected
gold nanoparticles (Corbierre et al. 2004; Strong and
Whitesides 1988; Yonezawa et al. 2001a, 2001b), for
example, 21.4 A? and 4.97 A in the case of docosyl
mercaptan (Strong and Whitesides 1988). Cellobiose
acetate (CTA2) moiety had smaller steric hindrance
and stabilized the gold nanoparticles as good as
alkanethiol. Interestingly, the pcras values of
CTAI13S and CTA41S chains were calculated to be
nearly the same value, 1.1 and 1.2/nm? and occupied
area per CTAS chain was 90.4 and 85.9 A, respec-
tively. The structure of CTAS is similar to that of
poly(styrene) (PS) or poly(ethylene oxide) (PEO)
because they are polymeric chains. Therefore, the
occupied areas of CTAAus were compared with those
of the gold nanoparticles which were protected
efficiently by other common flexible polymers (Cor-
bierre et al. 2004). The occupied areas of CTAAus
were similar to those of the gold nanoparticles
protected with PS (DP, = 125) (83 Az) or PEO chains
(DP, = 45) (83 A2) prepared in the previous study,
suggesting efficient protection of the gold with CTAS.

It is reported that the diameter of the gold nanopar-
ticles stabilized with the “conical” di-chain-alkane-
thiol, 4,4’-dithiobis-(N-propyl-0,0’-ditetradecanoyl-
L-glutamate (d = 2.0 nm, / = 3.0 nm) (Yonezawa
et al. 2001a) with less steric hindrance were smaller
than that protected with mono-chain-dodecanthiol
(d =27nm!/= 18 nm,) (Strong and Whitesides
1988). However, the occupied area of the “conical”
di-chain-alkanethiol and of the mono-chain-alkane-
thiol were similar to each other (23.3 A2 (Yonezawa
et al. 2001b) and 21.4 A? (Strong and Whitesides
1988), respectively). It was suggested that the
CTAA41S chains with longer chain-length had larger
steric hindrance, and that the diameter (d) of the gold
cores increased compared to those of CTA2Au and
CTAI13Au. The standard deviations of the L of
CTAI13Au and CTA41Au tended to be larger than
that of CTA2Au, due to the polydispersity of the
CTAS chains.

DLS measurements

The hydrodynamic diameters (D) of the CTAAu
nanoparticles in chloroform solution were determined
by DLS measurements, and listed in Table 2. The
intensity distribution histograms of the CTAAu were
shown in Fig. 8. In DLS measurement, the larger
particles exhibit much stronger intensity even when
their number is very small. CTA13Au nanoparticles
have larger standard deviation (SD) value of size
distribution of the gold cores and polydispersity of
CTA chains. We consider that the bimodal distribu-
tion of intensity is just a result of analysis of
scattering data calculated by Marquardt method.
These D values indicated that the gold nanoparticles
were well-dispersed in nano-scale in chloroform
and that the CTAS chains worked as an excellent
stabilizer in the solution. The hydrodynamic diameter
indicates the total diameter of nanoparticles with the
gold core and the CTA shell (Corbierre et al. 2004; Li
et al. 2007a, 2007b). The average diameters (D) of
CTA2Au, CTA13Au, and CTA41Au were all larger
than the average diameter (d) of the gold core as
shown in Figs. 6c, g, k, 8a, b, c, respectively. The Ds
were larger than calculated diameter (D gy =
d + 2 [) values of the CTAAu. It is known that the
diameter of the micelles swollen or moving in the
solution is calculated larger than that of the micelles
shrinking in the solid state (Azzam and Eisenberg
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Fig. 8 Intensity distribution histograms of a CTA2Au, b CTA13Au, and ¢ CTA41Au in chloroform (1.0 mg/ml). Hydrodynamic
diameters were obtained by Cumulant method. Intensity distribution histograms were obtained by Marquardt method

2007). In our case, the interparticle distance (L) values
of the gold cores in the thin film observed in TEM
images were smaller than the interparticle distance
values in solution, which were expected to be larger
than 21, as shown in Figs. 5 and 7. This fact supports
the interdigitation of CTA chains of CTAAu in the
film observed in TEM images, as described in
Fig. 7a. In addition, the D values showed no differ-
ence after 1 day, indicating the stability of CTAAu
nanoparticles in the solution. These facts strongly
indicated that the CTAS chains bound covalently on
the gold nanoparticles with the core—shell structure,
and that the length of CTA chains controlled the
thickness of the CTA shell.

Conclusions

CTA-self-assembled gold nanoparticles (CTAAu)
were prepared via reduction of gold salt with the
cellulose triacetate derivatives having a disulfide
group at the reducing-end (CTA2S, CTA13S, and
CTA41S). A method to control the size and align-
ment of gold nanoparticles by the molecular weight
of CTA was successfully demonstrated. CTAAu
nanoparticles had a well-defined core—shell structure
with gold as a core and CTA as a shell radially
oriented around the gold core in head-to-tail orien-
tation. Interparticle distances of the gold nanoparti-
cles in the film of CTAAu agreed well with the length
of stiff CTA chains. The nanocomposite of CTA and
gold can be applied for novel organic—inorganic
hybrid cellulosic materials, such as an additive for
cellulosic polymer blends to control the density of
gold nanoparticles, or self-assembled monolayers
(SAM) of cellulosic chains on a planar gold surface
for engineering applications in the future.
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