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Abstract

2,3-Di-O-myristyl-6-O-(zinc(I1) phthalocyaninyl) cellulose (5) was synthesized from cellulose (1) by five

reaction steps via 6-O-(3’,4’-dicyanophenyl)-2,3-di-O-myristyl cellulose (4). The key reaction was

phthalocyanine-ring formation on a cellulose backbone, that is, the reaction of compound 4 with

o-phthalodinitrile in the presence of hexamethyldisilazane (HMDS) and zinc acetate in DMF afforded to

compound 5 in 35.4 % yield. Consequently, the degree of substitution with phthalocyanine moieties of

compound 5 was 0.38. The LB monolayer film of compound 5 on an Indium Tin Oxide (ITO) electrode

was found to show photocurrent generation performance at 680 nm.
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Introduction

Cellulose is the most abundant and important renewable biopolymer in nature. Recently, much attention

has been paid to new applications of cellulose derivatives as advanced materials such as shape

memory-recovery material (Aoki et al. 2007), material for memory device (Karakawa et al. 2007) and

photoactive materials (Wondraczek et al. 2011). One of the proposed applications is the photocurrent

generation system using porphyrin-containing cellulose derivatives (Sakakibara et al. 2007; Sakakibara

and Nakatsubo 2008, 2010). Sakakibara and Nakatsubo (2010) have reported the fabrication of

Langmuir-Blodgett (LB) films using 6-O-porphyrin-2,3-di-O-stearoyl cellulose or

6-O-porphyrin-2,3-di-O-myristoyl cellulose with high photocurrent generation performance. The

cellulose backbone played an important role in the inhibition the porphyrin self-aggregation as a scaffold

of porphyrin in the LB films. The effective utilization of solar light by the LB films was, however,

insufficient, because the main absorption band of porphyrin (Soret band) ranges from 400 nm to 450 nm

(Sakakibara et al. 2007). The target wavelength range for a solar cell should be considered from 400 nm

to 920 nm (Nazeeruddin et al. 2001). To expand the range of wavelength at which light is absorbed by the

LB films, a new photosensitive dye-bearing cellulose derivative is required for the combination of the

above porphyrin-containing cellulose derivatives in the films. One of the candidates for the derivative is a

phthalocyanine-containing cellulose derivative, because the main adsorption band of phthalocyanine (Q

bands) ranges from 600 nm to 700 nm (Mack et al. 1995). There are several reports concerning



phthalocyanine-containing celluloses. For example, cotton covalently linked copper phthalocyanine

trisulphonate, which is named “blue cotton” (Hayatsu et al. 1992), cotton reacted with copper

phthalocyanine (Okada et al. 1998) and cellulose nanofiber modified with cobalt

tetraaminophthalocyanine (Chen et al. 2011) have been reported. However, they were surface modified

celluloses with phthalocyanines, and could not be directly applied to the LB films for the photocurrent

generation system. Then, 2,3-di-O-myristyl-6-O-(zinc(Il) phthalocyaninyl) cellulose (5) was selected as a

target material in our study. In target material 5, the myristyl group (C14 alkyl group) was chosen as the

0-2 and O-3 substituent groups by the following four reasons. (1) It was found in preliminary

experiments, which will be published elsewhere, that the acyl groups more than fourteen carbons long

were essential to good solubility in common organic solvents and formability of LB films in

6-O-porphyrin-2,3-di-O-acyl cellulose derivatives with various acyl groups from acetyl group (C2) to

stearoyl group (C18). (2) The photocurrent performance of 6-O-porphyrin-2,3-di-O-myristoyl cellulose

(C14 chain) has been found to be higher than that of 6-O-porphyrin-2,3-di-O-stearoyl cellulose (C18

chain) (Sakakibara and Nakatsubo. 2010). (3) The alkyl group which is fourteen carbons long (C14 chain)

was thought to be preferable in the combination of 6-O-porphyrin-2,3-di-O-myristoyl cellulose with C14

acyl groups to prepare a new LB film. (4) The substituent groups at O-2 and O-3 positions should be

stable under alkali conditions in the synthetic route described below (Scheme 1).

There are two general methods to prepare target material 5. One is direct introduction of



mono-substituted phthalocyanine derivative to a cellulose backbone, and another is phthalocyanine-ring

formation on a cellulose backbone using a precursor-bound cellulose derivative. In the former method,

preparation of a mono-substituted phthalocyanine derivative is known to be time-consuming (Erdem et al.

2008), and the poor solubility of phthalocyanine derivative in common organic solvents (Allcock and

Neenan. 1986) may be inconvenient to homogeneous reaction for high yield synthesis of compound 5. In

the latter method, these problems may be avoided. Then, this paper describes the preparation of

2,3-di-O-myristyl-6-O-(zinc(11) phthalocyaninyl) cellulose (5) using the latter method, the preparation

of LB monolayer films of compound 5 and preliminary evaluation of photocurrent generation

performance of the LB films.

Experimental

Materials

6-O-(4-Methoxytrityl) cellulose (2) was prepared from cellulose (1) [Microcrystalline cellulose (Avicel®,

DP, = 141, Merck (Darmstadt, Germany))] by the conventional method (Camacho Gdmez et al. 1996).

The degree of substitution of 4-methoxytrityl group (DSsmeo-1r) and the degree of polymerization (DP,)

of compound 2 was 1.00 (determined by elementary analysis) and 138 (M,/M,= 3.29), respectively.

[2(3),9(10),16(17),23(24)-Tetrakis(tert-butyl)phthalocyaninato]zinc(ll) (ZntBPc) was prepared according

to the method of Mori et al. (2010) as a reference sample in UV-vis measurements. Zinc(ll)



phthalocyanine (ZnPc) was purchased from Tokyo Chemical Industry (Tokyo, Japan) as a reference

sample in FTIR measurements. All other chemicals were purchased from commercial sources and used

without further purification, unless otherwise specified. Tetrahydrofuran (THF) was distilled from

potassium, and K,COj3; was dried in vacuo at 105 °C overnight before use.

2,3-Di-O-myristyl cellulose (3)

6-0-(4-Methoxytrityl) cellulose (2) (0.500 g, 1.15 mmol) was dissolved in DMSO (13 ml).

1-Bromotetradecane (1.9 ml, 6.99 mmol) was added to the solution. After the suspension was stirred at

room temperature (r.t.) for 2 h, powdered NaOH (1.38 g, 34.5 mmol) and DMSO (10 ml) were added to

the suspension. The reaction mixture was stirred at r.t. for 1 h and at 70 °C for 20 h. Distilled water (40

ml) was added at r.t. to dissolve the residual NaOH, and 35% HCI (1.1 ml) was added for neutralization.

The reaction mixture was extracted with CHCl;. The organic layer was washed with distilled water, a

saturated NaHCO; aqueous solution, distilled water, dried with Na,SO,, and concentrated to give an oil.

The oil was added dropwise to MeOH (250 ml). The resulting precipitates were collected by

centrifugation (7,300 x g, 10 min), and dried in vacuo at 70 °C to give crude products (0.956 g).

To the solution of the products in CHCI; (10 ml), p-toluenesulfonic acid monohydrate (p-TsOH)

(0.438 g, 2.30 mmol) was added. The reaction solution was stirred at r.t. for 12 h, and added dropwise to

EtOH (175 ml). The resulting precipitates were collected by centrifugation (14,000 x g, 10 min), dried in



vacuo at r.t., and dissolved in CHCI3 (6 ml). After addition of p-TsOH (0.218 g, 1.15 mmol) to the
solution, the reaction mixture was kept at r.t. for 1.6 h, and added dropwise to EtOH (150 ml). The
resulting precipitates were collected by centrifugation (410 x g, 10 min), and dissolved in a small amount
of CHClI;. The solution was added dropwise in acetone (150 ml). The resulting precipitates were collected
by centrifugation (14,000 x g, 10 min), washed with acetone and EtOH, and dried in vacuo at 65 °C
overnight to afford compound 3 (0.444 g, 79.1 % yield).

Compound 3; DSyyrisyi: 1.66 (determined by elementary analysis); DP,: 38 (M,,/M,= 1.69); 'H NMR
(CDCly): 6 4.31 (H-1), 3.93 (H-6a), 3.88-3.42 (H-6b, myristyl -O-CH,-, H-4), 3.26 (H-3, H-5), 2.96 (H-2),
1.52 (myristyl -OCH,-CH,-), 1.14-1.31 (myristyl -CH,-), 0.83-0.91 (myristyl -CH;) ppm; *C NMR
(CDCly), 5 102.9 (C-1), 83.0 (C-3), 82.2 (C-2), 78.1 (C-4), 75.1 (C-5), 73.9, 73.5 (myristyl -OCH,-),
61.6 (C-6), 31.9, 30.4, 30.3, 29.7, 29.6, 29.3, 26.2, 22.6 (myristyl -CH,-), 14.1 (myristyl -CH3) ppm;
FTIR (KBr): v 3423, 2926, 2854, 1463, 1369, 1103, 1068 cm'™.
6-0-(3’,4’-Dicyanophenyl)-2,3-di-O-myristyl cellulose (4)

To the solution of 2,3-di-O-myristyl cellulose (3) (0.350 g, 0.718 mmol) in DMF/THF (1/4, viv) (35 ml),
4-nitrophthalonitrile (0.546 g, 3.15 mol) and K,CO; (0.872 g, 6.31 mmol) were added. The reaction
mixture was stirred at 60 °C for 48 h, and was poured into EtOH (175 ml). The resulting precipitates were
collected by centrifugation (14,000 x g, 12 min), and washed with EtOH, EtOH/H,0 (1/1, v/v), and EtOH

to give crude products. The products were purified by the re-precipitation method from EtOH again to



give compound 4 (0.363 g, 86.5 % vyield).

Compound 4; DSgicyanophenyt: 0.76 (determined by elementary analysis); DP,: 20 (M,,/M,= 1.28); H
NMR (CDCly): 6 7.90-7.59 (H-5), 7.32-7.08 (H-2’, H-6"), 4.80-2.83 (cellulose ring-H, myristyl -OCH,-),
1.60-1.39 (myristyl-OCH,-CH,-), 1.35-1.02 (myristyl -CH,-), 0.89-0.86 (myristyl -CH;) ppm; *C NMR
(CDCly): 8 161.5 (C-1°), 135.1 (C-5°), 119.7 (C-2’, C-6"), 117.5 (C-3"), 115.5 (C4’-CN), 115.0 (C3’-CN),
108.0 (C-47), 103.1 (C-1), 83.0 (C-3), 81.9 (C-2), 78.1(C-4), 75.2(C-5), 73.6 (myristyl-OCH,-), 67.1(C-6
substituted), 61.5 (C-6 unsubstituted), 31.9, 30.4, 30.3, 29.7, 29.6, 29.3, 26.2, 22.6 (myristyl -CH,-), 14.1
(myristyl -CHs) ppm; FTIR (KBr): v 3442, 2926, 2854, 2233 (CN), 1600, 1097, 1066 cm™; UV-vis (in
CHCly): & (log ) 305 (3.5), 296 (3.5), 258 (4.1) nm.
2,3-Di-O-myristyl-6-O-(zinc(I1) phthalocyaninyl) cellulose (5)
6-0-(3’,4’-Dicyanophenyl)-2,3-di-O-myristyl cellulose (4) (0.100 g, 0.172 mmol) was suspended in DMF
(3.0 ml). After stirring at 100 °C for 3.3 h, 1,1,1,3,3,3-hexamethyldisilazane (HMDS) (1.3 ml, 6.23 mmol)
was added. The reaction mixture was stirred at r.t. for 2.2 h and at 100 °C for 30 min. Zinc acetate (141
mg, 0.770 mmol), o-phthalodinitrile (376 mg, 2.94 mmol) and HMDS (0.7 ml, 3.35 mmol) were added to
the mixture. The mixture was stirred under nitrogen atmosphere at 100 °C for 24 h, and was poured into
MeOH (200 ml). The resulting blue precipitates were collected by centrifugation (14,000 x g, 10 min),
and suspended in CHClI; (30 ml). The suspension was stirred at r.t. overnight, and filtered with CHCI; to

remove by-products such as zinc(Il) phthalocyanine. The filtrate was concentrated to give crude products.



The products were purified by the re-precipitation method from MeOH (150 ml) to afford the purified
product. The product was further dissolved in a small amount of CHCI; and filtered with a syringe filter
(0.45 um, Minisart RC 15) to remove the insoluble fraction, and concentrated to afford compound 5
(0.0485 g, 35.4% vyield). (The yield was calculated based on the assumption that the residual
dicyanophenyl groups did not react with phthalodinitrile and that the residual hydroxyl groups were
trimethylsilylated as described below.)

Compound 5; DSphihatocyanine: 0.38 (determined by UV-vis method); DP,: 25 (M,,/M,= 2.20); 'H NMR
(CDCl3): 6 9.82-7.05 (zinc(Il) phthalocyaninyl-H, dicyanophenyl-H), 4.80-2.76 (cellulose ring-H,
myristyl-OCH,-), 1.96-0.49 (myristyl-CH,-, and —CHj3), 0.07 (-Si(CHz)3) ppm; FTIR (KBr): v 2924, 2852,
2231 (CN), 1487, 1332, 1111, 1091, 1060, 723 cm'}; UV-vis (in CHCIy): A (log €) 676 (4.3), 617 (3.8),

339 (4.1), 243 (4.2) nm.

Preparation of Langmuir-Blodgett Films of compound 5

A diluted solution of compound 5 in CHCI; (0.5 mg ml™) was spread onto a water subphase in a
Teflon-coated trough (331 x 100 x 5 mm, USI-3-22T, USI). The ultrapure water purified by Mili-Q
(Nihon Millipore) was used for the subphase. The solvent was evaporated for 30 min. The surface
pressure (z)-area (A) isotherm was measured at a constant compression rater of 6 mm min™. The surface

pressure was measured using a film balance of Wilhelmy type. The vertical dipping method was used to



deposit the surface monolayer onto a substrate. The upward and downward stroke rate was 6 mm min™.

During the deposition, the surface pressure was controlled to remain 10 mN m™ and the surface

temperature was kept at 20 °C to prepare the LB films.

Measurements

FTIR spectra were recorded in KBr pellets with a Shimadzu IRPrestige-21 spectrophotometer. *H and **C

NMR spectra were recorded on a Varian 500 MHz NMR spectrometer in CDCl; with TMS as an internal

standard. Chemical shift (8) was given in & values (parts per million). UV-vis spectra were recorded on a

Jasco V-560 UV-vis spectrophotometer in CHCl;. Gel permeation chromatography (GPC) was performed

using a Shimadzu LC-10 system equipped with a Shimadzu UV-vis detector (SPD-10Avp) and a

Shimadzu RI detector (RID-10A) (Conditions: columns: Shodex columns K-802, K-802.5 and K-805

(connected in series); column temperature: 40 °C; eluent: CHClg; flow rate : 1.0 ml min™; standards:

polystyrene standards (Shodex)). Wavelength of UV detection was 600 nm for compounds 4 and 5, or 254

nm for other compounds. AFM observation of the monolayer film was performed in dynamic mode using

a Shimadzu SPM-9600 equipped with a tetrahedral shaped silicon cantilever (AC240TS-C2, Olympus).

The photocurrent measurements were performed according to the method reported by Sakakibara and

Nakatsubo (2010).



Results and discussion

Preparation of 2,3-di-O-myristyl-6-O-(zinc(Il) phthalocyaninyl) cellulose (5)

The synthetic route of 2,3-di-O-myristyl-6-O-(zinc(Il) phthalocyaninyl) cellulose (5) from cellulose (1) is
shown in Scheme 1. 6-O-(4-Methoxytrityl) cellulose (2) was prepared from cellulose (1) in 97.1 % vyield
by the conventional method (Camacho Gémez et al. 1996).

Kasai et al. (2005) has reported the preparation of 2,3-di-O-octadecylcellulose from
6-0O-(4-methoxytrityl) cellulose with 1-bromooctadecane / NaOH powder / DMSO / a small amount of
water at 70 °C for 20 h. Myristylation of compound 2 was performed with 1-bromotetradecane / NaOH
powder / DMSO at 70 °C for 20 h, because it was found that a small amount of water was not necessary
to our reaction in a preliminary experiment. The addition order of NaOH powder and 1-bromotetradecane
was important in the myristylation. When NaOH powder was added to the solution of compound 2 at first,
the reaction mixture became to be too viscous for dispersion of 1-bromotetradecane. 1-Bromotetradecane
should be first added to the solution in the myristylation. The purification of 6-O-(4-methoxytrityl)

e
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a: p-MeO-TrCl/Pyridine DMAc-LiCl, 70 °C, 4h. b : C;4H;eBr/NaOH/DMSO, 70 °C, 20h.¢ : p-TsOH/CHCly/rt. 12h —rt 1.6h
d - NO,-CgH;(CN)2/KoCOs/DME-THE (1:4,v/v), 60°C, 48 h. & - CHL(CN),/Zn(OAc)yHMDS/DME, 100°C, 24 h.

Scheme 1. Synthetic route for 2,3-di-O-myristyl-6-O-(zinc(II) phthalocyaninyl) cellulose (5)



2,3-di-O-myristyl cellulose was very difficult because of the similar solubility behaviors in common

organic solvents of 6-O-(4-methoxytrityl)-2,3-di-O-myristyl cellulose, the residual 1-bromotetradecane,

and the by-products from 1-bromoteradecane such as 1-tetradecanol. It has been also reported that the

purification of 6-O-(4-methoxytrityl)-2,3-di-O-octadecyl cellulose was laborious and tedious work (Kasali

et al. 2005). Indeed, the re-precipitation method was not effective for the purification of

6-0O-(4-methoxytrityl)-2,3-di-O-myristyl cellulose, although several organic solvents for the

re-precipitation were tried. Then, the crude myristylated products after one re-precipitation from MeOH

were subjected to de(4-methoxy)tritylation, because de(4-methoxy)tritylation proceeded smoothly and the

purification of 2,3-di-O-myristyl cellulose (3) was relatively easy, even in the presence of the residual

1-bromotetradecane and the resulting by-products in a preliminary experiment. De(4-methoxy)tritylation

of the crude myristylation products  with

p-toluenesulfonic acid in CHCI; at r.t. for 12 h afforded

the de(4-methoxy)tritylated product. However, the

'"H-NMR spectrum of the product showed that a small

Absorbance

amount of (4-methoxy)trityl group remained (data not

shown), De(4-methoxy)tritylation of the product was

conducted at r.t. for 1.6 h again to afford compound 3 4000 2000 1600 1200 800 400
Wavenumber (cm™)

] ] Fig. 1 FTIR spectra of compounds 2 : (a),3 : (b). 4 : (c),5: (d)
in 79.1 % vyield (based on compound 2). The bands at and ZnPc - (e)



1606 and 1508 cm™ derived from (4-methoxy)trityl group were not present in the FTIR spectrum of
compound 3 (Fig. 1b) and the signals at 7.0-8.0 ppm derived from aromatic-H were not present in the *H
NMR spectrum of compound 3 (Fig. 2a), suggesting that de(4-methoxy)tritylaion completely proceeded.
The completion of reaction was also supported by the *C NMR spectrum of compound 3 (Fig. 2b). The
CH stretching vibrations at 2926 cm™ and 2854 cm™ assigned to myristyl group were present in the FTIR
spectrum of compound 3 (Fig. 1b) and the signals at 0.83-1.52 ppm derived from myristyl group-H were
present in the *H NMR spectrum of compound 3 (Fig. 2a). The DSpmyristyr OF compound 3 was calculated to

be 1.66 by elementary analysis. The DP,, of compound 2 decreased from 138 to 38 during myristylation

and the following
(a) H-6b .
myristyl -O-CH;- myristyl
H4 3 CH:- \
de(4-methoxy)tritylation. One of the CDCL; \ HS
Héa ¥ 2
Bl XA
. o . "80 70 60 50 40 30 myristyl
reason is the acidic hydrolysis CE
myristyl
. - . . ey, ~O-CHCHy
proceeding as a side reaction in ’ \ }

10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 10 ]
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Fig. 2 NMR spectra of compound 3 (in CDCls).
K,CO; in DMF gave the corresponding 'HNMR : (a), *C NMR : (b)



4-alkoxyphthalonitrile (Alvarez-Micé et al. 2007; Choi et al. 2008). Then, compound 3 was treated with

the reagents in DMF at 60 °C for 24 h to give 6-O-(3’,4’-dicyanophenyl) -2,3-di-O-myristyl cellulose (4)

in 77.0 % yield. However, the DSgicyanophenyt OF cOmpound 4 was 0.41, which is easily evaluated by H

NMR. The low DS seemed to be due to the heterogeneous reaction in DMF. The mixed solvents of DMF

and THF with various ratios were
investigated (Table 1). When DMF/THF (1/4,

v/v) and THF were used, the reactions were

homogeneous systems. Consequently, it was
found that DMF/THF (1/4, viv) was the best
solvent to achieve a high DSgycianopphenyl OF
compound 4 (Entry 3). The characteristic band

derived from the nitrile group of the

dicyanophenyl group at 2233 cm™ (Bilgin et al.

2008) was found in the FTIR spectrum of

compound 4 (Fig. 1c). The signals at 7.90-7.59

ppm and 7.32-7.08 ppm and the signals at

115.0 ppm and 1155 ppm derived from

dicyanophenyl group (Alvarez-Mic6 et al.

Table 1. Results of dicyanophenylation

Entry DMF/THF (v/v) DSdgicyanopheny®  Yield (%)
1 1/0 0.41 77
2 41 0.35 71
3 1/4 1.10 73
4 01 0.71 73
2 determined by "H NMR method.
myristyl
-CH;
cellulose ring-H
- myristyl-0-CHy-
¢
Y
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Fig. 3 NMR spectra of compound 4 (in CDCls).
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180 160 140 120 40

20



2007) were observed in the *H NMR (Fig. 3a) and **C NMR spectra, respectively. These results suggested

that dicyanophenylation proceeded as expected. The DSgicyanophneyt OF compound 4 (Entry 3) was finally

determined by elementary analysis, and found to be 0.90. The DP,, of compound 3 was decreased from 38

to 20 during dicyanophenylation. It was due to alkali hydrolysis in dicynaophenylation, although further

investigation was required.

There were two problems to be considered in phthalocyanine-ring formation at C-6 position of

compound 4 with phthalodinitrile. One possibility was that depolymerization of the cellulose backbone

might occur simultaneously with phthalocyanine-ring formation because compound 4 should be subjected

to the ring-formation reaction under hard reaction conditions. For example, the ring formations on

precursor-bounded polymers with @
/\/‘\ :
phthalodinitrile derivative / CuBr / dry DMF at 2 676
E 339 o0 (®)
S 679
165 °C for 3.5 h (Allcock and Neenan. 1986), = ) ©
348 6o
and that with phthalodinitrile derivative / ZnCl, / 200 400 600 800
(ii)
quinoline, at 210 — 230 °C for 3 h (Zhang et al. 20 ¢
@ 676
E T 0 002 004 006
2006) and that with phthalodinitrile derivative / £ Concentationof 5
-
[dry DMF/2-dimethylaminoethanol (1/1, v/v)]
800
Wavelength (nm )
under reflux for 20 h (Leznoff and Hall 1982) Fig. 4 (i) UV-vis spectra of compounds 4- (a), 5 - (b) and

ZniBPc: (c). (ii) UV-vis spectra of compound 4 in CHCl; at
different concentrations: 0.06,0.05,0.04,0.03,0.02,0.01,
. 0.005 mgml! from the top. The inset shows plot of the
have been reported. Another possibility was that absorbance at 676 nm against the concentration



Intensity

two or more 3,4-dicyanophenyl groups attached to the same or different cellulose chains might be

incorporated into the same phthalocyanine ring. Therefore, mild conditions (especially lower reaction

temperature) and dilute conditions were required in our reaction. Uchida et al. (2002) have reported that

the reaction of phthalodinitrile in the presence of Zn(OAc), and HMDS in DMF under mild conditions (at

100 °C for 10 h) afforded zinc(Il) phthalocyanine in 73 % yield. The method under dilute conditions was

applied to the phthalocyanine-ring formation at C-6 position of compound 4. The reaction of compound 4

with phthalodinitrile in the presence of Zn(OAc), and HMDS in DMF at 100 °C for 24 h gave

2,3-di-O-myristyl-6-O-(zinc(11) phthalocyaninyl) cellulose (5) as a dark blue product in 35.4 % yield.
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Fig. 5 GPC elution curves of compounds 4 : (a) and 5 : (b)
(UV detection wavelength was 600 nm)

Compound 5 was firstly subjected to FTIR,

UV-vis and NMR measurements to confirm

phthalocyanine-ring formation. The characteristic

bands at 1487, 1332, 1111, 1091, 1060, 723 cm™

derived from zinc(ll) phthalocyanine (Leznoff et al.

1991; Seoudi et al. 2005) were present (Fig. 1d).

Those bands were in good agreement with the bands

in the FTIR spectrum of ZnPc (Fig. 1e). The band at 2231 cm™ from nitrile groups was still present,

although it was very small (Fig. 1d). The Q bands around 600 - 700 nm and the Soret band around 300 -

400 nm were clearly observed in the UV-vis spectrum of compound 5 as well as that of ZntBPc, whereas



they were not observed in that of

phthalocyanine structure-H cellulose ring-H 1
3.4-dicyanophenyl group-H myristyl O-CHy-

—— —— compound 4 (Fig. 4(i)). These results

indicated that phthalocyanine-ring was
10.0 8.0

e formed as expected, although some

dicyanophenyl groups did not react. On the

Figc. 6 'HNMR spectrum of compound 5 in CDC1 _
& P P ? other hand, the bands around 3400 cm™

were not present in the FTIR spectrum of compound 5 (Fig. 1d).\ The strong peak around 0.07 ppm was
observed in the spectrum of *H NMR of compound 5 (Fig. 6). Considering that HMDS is also known as a
silylating agent (Deng 2011; Wang et al. 2006; Cooper et al. 1981), it was suggested that residual
hydroxyl groups of compound 4 were trimethylsilylated during the phthalocyanine-ring formation. Next,
compound 5 was subjected to Gel Permeation Chromatography (GPC) to confirm that phthalocyanine
units were covalently attached to the cellulose backbone. Fig. 5 shows GPC elution curves by Rl and UV
detectors of compounds 4 and 5. The RI and UV elution curves of compound 5 showed nearly identical
elution profiles (Fig. 5b), and the peak at low molecular weight corresponding to free zinc(ll)
phthalocyanine, was not present in the UV elution curve of compound 5. These results suggested that
compound 5 was phthalocyanine-bearing cellulose derivative. Next, the DSgnaiocyanine Of COMpound 5 was
investigated. Allcock and Neenan (1986) has been reported that the spectrum of monomeric copper(ll)

phthalocyanine consists of strong adsorption at 670 nm and the weak adsorption at 605 nm derived from



Q bands, and that of dimeric phthalocyanine consists of the two bands of almost equal intensity. Fig. 4(ii)

shows the UV-vis spectra of compound 5 in CHCI; at different concentrations in the range of 0.005 mg

ml™ to 0.06 mg ml™. The strong adsorption at 676 nm was present in all UV-vis spectra. Any bands, due

to aggregation (Huang et al. 2007), were not present at the Q band, and the intensity of the Q bands

increased proportionally with an increase of concentration of compound 5. On the other hand, the Q

bands were not present in UV-vis spectrum of compound 4 (Fig. 4(i)). Therefore, the DSpntnatocyanine OF

compound 5 could be estimated by UV-vis method (UV detection: 676 nm) with calibration curves from

ZntBPc. Consequently, the DSphihalocyanine Was calculated to be 0.38. Finally, the DP, of compound 5 was

calculated using the following equation (1) on the assumption that the residual dicyanophenyl group did

not react with phthalodinitrile and that the residual hydroxyl groups were completely trimethylsilylated.

DP, = M, / [(a ring-formed unit (1082))*0.38 + (a not ring-formed unit with dicyanophenyl group

(639))*0.38 + (a not ring-formed unit without dicyanophenyl group (585) *0.24] (1)

The DP, of compound 5 was estimated to be 25 whereas the DP,, of compound 4 was calculated to be 20,

suggesting that cross-linking reaction proceeded to some extent during the phthalocyanine-ring formation.

Preparation of LB films of compound 5 and preliminary evaluation of photocurrent generation

performance

Fig. 7 shows the surface pressure (r)-area (A) isotherm of compound 5 at the air-water interface at 20 °C.



The limiting molecular area was 0.98 nm? per

anhydro glucose unit, obtained by the

extrapolation of the steepest part of the isotherm

Surface pressure (mNm'!)

to zero surface pressure. The cross-sectional

L

15
Area (nm® per AGU )
Fig. 7 Surface pressure ()-area (4) isotherm of compound 5 areas of a glucopyranose ring and a

phthalocyanine core are known to be ca.

0.55-0.60 nm? (Sakakibara et al. 2007) and ca.

3378
{nen]

1.00 nm? (Cook and Chambrier 2003),

' respectively. The average area occupied per
000

5.00 pm 10.00 x 10.00 pm

Fig. 8 AFM image of the monolayer of compound 5 deposited
on freshly cleaved micaat a surface pressureof 10mNm1at20  unsubstituted phthalocyanine core is reported to
°C
be ca. 040 nm? if the molecules lie
perpendicular to the water (Cook and Chambrier 2003). It was therefore suggested that the
phthalocyanine units of compound 5 were oriented almost perpendicular to the water surface.
6-O-Porphyrin-2,3-di-O-stearoyl cellulose monolayer has been reported to be successfully deposited
onto several substrates at surface pressure of 10 mN m™ by the horizontal lifting method (Sakakibara et al.
2007). Then, the horizontal lifting method was tried to prepare of a LB monolayer film of compound 5.

The monolayer transfers with various surface pressures on various substrates, however, were unsuccessful.

The vertical dipping method was applied to the LB monolayer film preparation. The monolayer of
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Fig. 9 UV-vis absorption spectra of the LB monolayer (solid

line) and the solution in CHCl; (0.04 mg ml-') (dotted line) of
compound 5 (normalized at 676 nm)
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Fig. 10 Photoelectrochemical response of the monolaver of
compound 5 on an ITO electrode with illumination at 680 nm

compound 5 could be transferred onto mica at
surface pressure of 10 mN m™ by upward stroke
but not by downward stroke. Fig. 8 shows AFM
image of the monolayer film of compound 5 on
mica. It is shown that the surface was almost
smooth and homogeneous, although some
aggregates of ca. 100 nm in diameter were
observed. The LB monolayer of compound 5
was also successfully transferred onto quartz

and Indium Tin Oxide (ITO) electrode by the

vertical dipping method. Fig. 9 shows UV-vis

spectra of the LB monolayer film of compound 5 on quartz and the solution of compound 5 in CHCIs. It

has been reported that the red-sift and blue-shift of the Q bands of phthalocyanine were observed in the

J-aggregates and H-aggregates, respectively (Huang et al. 2007). The Q band of the monolayer film and

the solution of compound 5 were observed at almost same position, suggesting that the cellulose scaffold

effectively suppressed the aggregation of the phthalocyanine moieties.\

an ITO electrode (transfer ratio =

Photocurrent measurement at 680 nm was performed for the LB monolayer film of compound 5 on

1.01) as a preliminary evaluation of photocurrent generation



performance. Fig. 10 shows the photocurrent generation of the LB monolayer at 680 nm. A steady state

anodic photocurrent of which photocurrent density was 0.45 nA cm™ appeared during light illumination,

although the performance was low. The preparation and evaluation of the mixed LB films of compound 5

and the porphyrin-containing cellulose derivatives without any aggregations are now investigating at the

next step of our study.

Conclusions

2,3-Di-O-myristyl-6-O-(zinc(Il) phthalocyaninyl) cellulose with the DSphaiocyanine O 0.38 (5) was

prepared from cellulose (1) using phthalocyanine-ring formation on the cellulose backbone by five

reaction steps in 23.5 % overall yield. Compound 5 is the first regioselectively substituted phthalocyaine

cellulose derivative. The LB monolayer film of compound 5 on mica, quartz and ITO substrates could be

prepared by the vertical dipping method, although some aggregates were observed in AFM image of the

monlayer. The LB monolayer film of compound 5 showed photocurrent performance at 680 nm, whereas

the LB monolayer films of the porphyrin-containing celluloses generated photocurrent in the range of 400

nm to 600 nm (Sakakibara and Nakatsubo 2010). Compound 5 is expected to be a complementary

material of the porphyrin-containing cellulose derivatives for solar cell materials.

References

Allcock HR, Neenan TX (1986) Synthesis of polyphosphazenes bearing covalently linked copper



phthalocyanine units. Macromolecules 19: 1495-1501 doi: 10.1021/ma00160a001

Alvarez-Mic6 X, Calvete MJF, Hanack M, Ziegler T (2007) Expeditious synthesis of glycosylated
phthalocyanines. Synthesis 14; 2186-2192 doi: 10.1055/s-2007-983753

Aoki D, Teramoto Y, Nishio Y (2007) SH-containing cellulose acetate derivatives: preparation and
characterization as a shape memory-recovery material. Biomacromolecules 8: 3749-3757. doi:
10.1021/bm7006828 CCC

Bilgin A, Yagci C, Mendi A, Yildiz U (2008) Synthesis and characterization of new monomeric and
polymeric phthalocyanines. J Appl Polym Sci 110: 2115-2126. doi: 10.1002/app.28774

Camacho Gémez JA, Erler UW, Klemm DO (1996) 4-Methoxy substituted trityl groups in 6-O protection
of cellulose: Homogeneous synthesis, characterization, detritylation. Macromol Chem Phys 197: 953-964.
Chen S-L, Huang X-J, Xu Z-K (2011) Functionalization of cellulose nanofiber mats with phthalocyanine
for decoloration of reactive dye wastewater. Cellulose 18: 1295-1303. doi: 10.1007/s10570-011-9572-5
Choi C-F, Huang J-D, Lo P-C, Fong W-P, Ng DKP (2008) Glycosylated zinc(ll) phthalocyanines as
efficient photosensitizers for photodynamic therapy. Synthesis, photophysical properties and in vitro
photodynamic activity. Org Biomol Chem 6: 2173-2183 doi: 10.1039/b802212¢g

Cook MJ, Chambrier 1 (2003) Phthalocyanine thin films: Deposition and structural studies. In: Kadish
KM, Smith KM, Guilard R (ed) The porphyrin handbook, Vol 17, Elsevier Science, USA, pp 62-103
Cooper GK, Sandberg KR, Hinck JF (1981) Trimethylsilyl cellulose as precursor to regenerated cellulose
fiber. J Appl Polym Sci 26: 3827-3836. doi: 10.1002/app.1981.070261129

Deng X (2011) Hexamethyldisilazane. Synlett 6: 881-882. doi: 10.1055/s-0030-1259911

Erdem SS, Nesterova IV, Soper SA, Hammer RP (2008) Solid-phase synthesis of asymmetrically
substituted “ABs-Type” phthalocyanines. J Org Chem 73: 5003-5007. doi: 10.1021/j0800536v

Hayatsu H (1992) Cellulose bearing covalently linked copper phthalocyanine trisulphonate as an
adsorbent selective for polycyclic compounds and its use in studies of environmental mutagens and
carcinogens. J Chromatography 597: 37-56. doi: 10.1016/0021-9673(92)80095-C

Huang X, Zhao F, Li Z, Huang L, Tang Y, Zhang F, Tung C-H (2007) A novel self-aggregates of
phthalocyanine based on Zn-O coordination. Chem Lett 36: 108-109. doi: 10.1246/cl.2007.108

Karakawa M, Chikamatsu M, Yoshida Y, Azumi R, Yase K, Nakamoto C (2007) Organic memory device
based on carbazole-substituted cellulose. Macrolmol Rapid Commun 28: 1479-1484. doi:
10.1002/marc.200700186

Kasai W, Kuga S, Magoshi J, Kondo T (2005) Compression behavior of Langmuir-Blodgett monolayers
of regioselectively substituted cellulose ethers with long alkyl side chains. Langmuir 21, 2323-2329. doi:
10.1021/1a047323j

Leznoff CC, Hall TW (1982) The synthesis of a soluble, unsymmetrical phthalocyanine on a polymer
support. Tetrahedron Lett 23: 3023-3026.

Leznoff CC, Svirskaya PI, Khouw B, Cerny RL, Seymour P, Lever ABP (1991) Synthesis of



monometalated and unsymmetrically substituted binuclear phthalocyanines and a pentanuclear
phthalocyanine by solution and polymer support methods. J Org Chem 56: 82-90.

Mack J, Stillman MJ (1995) Band deconvolution analysis of the absorption and magnetic circular
dichroism spectral data of ZnPc(-2) recorded at cryogenic temperatures. J Phys Chem 99: 7935-7945. doi:
10.1021/j100020a015

Mori S, Nagata M, Nakahata Y, Yasuta K, Goto R, Kimura M, Taya M (2010) Enhancement of incident
photon-to-current conversion efficiency for phthalocyanine-sensitized solar cells by 3D molecular
structuralization. J Am Chem Soc 132: 4054-4055. doi: 10.1021/ja9109677

Nazeeruddin MK, Péchy P, Renouard T, Zakeeruddin SM, Humphry-Baker R, Comte P, Liska P, Cevery L,
Costa E, Shklover V, Spiccia L, Deacon GB, Bignozzi CA, Gratzel, M (2001) Engineering of efficient
panchromatic sensitizers for nanocrystalline TiO,-based solar cells. J Am Chem Soc 123: 1613-1624. doi:
10.1021/ja003299u

Okada Y, Fukuoka F, Morita Z (1998) Environmental effects of oxygen on the fading of
monochlorotriazinyl reactive dyes on cotton fabrics. Dyes and Pigments 37: 47-64.

Sakakibara K, Ogawa Y, Nakatsubo F (2007) First cellulose Langmuir-Blodgett films towards
photocurrent  generation  systems.  Macromol Rapid Commun 28: 1270-1275. doi:
10.1002/marc.200700130

Sakakibara K, Nakatsubo F (2008) Effect of fullerene on photocurrent performance of
6-0-porphyrin-2,3-di-O-stearoylcellulose Langmuir-Blodgett films. Macromol Chem Phys 209:
1274-1281. doi: 10.1002/macp.200800027

Sakakibara K, Nakatsubo F (2010) Effect of central metals in the porphyrin ring on photocurrent
performance of cellulose Langmuir-Blodgett films. Macromol Chem Phys 211: 2425-2433. doi:
10.1002/macp.201000257

Seoudi R, EI-Bahy GS, El Sayed ZA (2005) FTIR, TGA and DC electrical conductivity studies of
phthalocyanine and its complexes. J Mol Struct 753: 119-126. doi: 10.1016/j.molstruc.2005.06.003
Uchida H, Tanaka H, Yoshiyama H, Reddy PY, Nakamura S, Toru T (2002) Novel synthesis of
phthalocyanines from phthalonitriles under mild conditions. Synlett 10: 1649-1652. DOI:
10.1055/s-2002-34237

Wang C, Tan H, Dong Y, Shao Z (2006) Trimethylsilyl hydroxypropyl cellulose: preparation, properties
and as precursors to graft copolymerization of e-caprolactone. React Funct Polym 66: 1165-1173. doi:
10.1016/j.reactfunctpolym.2006.02.006

Wondraczek H, Kotiaho A, Fardim P, Heinze T (2011) Photoactive polysaccharides. Carbohydr Polym 83:
1048-1061. doi: 10.1016/j.carbpol.2010.10.014

Zhang Y, Niu Y, Xu R, Wang G, Jiang Z (2006) Synthesis and characterization of poly(aryl ether
sulfone)s with metallophthalocyanine pendant unit. J Appl Polym Sci 102, 3457-3461. doi:
10.1002/app.24498



