J Wood Sci (2016) 62:270-275
DOI 10.1007/s10086-016-1550-y

CrossMark

@

ORIGINAL ARTICLE

Preparation of (ruthenium (II) complex)-bound cellulose
derivative for photocurrent generation system

Yasuko Saito’ - Hiroshi Kamitakahara' - Toshiyuki Takano'

Received: 9 December 2015/ Accepted: 24 February 2016/ Published online: 25 March 2016

© The Japan Wood Research Society 2016

Abstract  6-O-[Acetylacetonato-bis(2,2'-bipyridine)ruthe-
nium(Il)]-2,3-di-O-myristyl cellulose (3) was prepared from
2,3-di-O-myristyl cellulose (1) by two reaction steps in
37.7 % total yield. The LB monolayer film of compound 3
was successfully deposited onto an indium tin oxide electrode
by a vertical dipping method and showed photocurrent gen-
eration performance in the range of 400-600 nm. Compound
3 was expected as a complementary material of porphyrin-
bound cellulose derivative for biomaterial-based solar cells.

Keywords Cellulose - Langmuir—Blodgett film - Photo-
electro conversion - Photosensitizer - Ruthenium complex

Introduction

Cellulose is the main component of wood. Numerous func-
tional cellulose derivatives have been proposed for new
applications [ 1-3]. However, attention is still focused on the
development of the high-value added utilization for cellulose
and its derivatives. From this point of the view, our group has
reported that Langmuir—Blodgett (LB) films constructed
from porphyrin-bound cellulose derivatives exhibited high
photocurrent generation performances, suggesting that such
cellulose derivatives are promising materials with potential
applications in biomaterials-based solar cells [4, 5]. How-
ever, the effective utilization of solar light by the LB films
was insufficient, because the photocurrent was generated
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only at the range of the porphyrin absorption band from 400
to 420 nm as shown by spectrum (a) in Fig. 1, although the
target wavelength range for an ideal solar cell should be
considered from 300 to 1200 nm [6]. Therefore, other pho-
tosensitizer-bound cellulose derivatives which generate
photocurrent at the unused region of solar light were strongly
desired for the combination of the porphyrin-bound cellulose
derivatives. In the previous papers, phthalocyanine- and
squaraine-bound cellulose derivatives which covered pho-
tocurrent generation at the range from 650 to 720 nm
[spectrum (b) in Fig. 1] and the range from 550 to 680 nm
[spectrum (c) in Fig. 1] have been reported as the comple-
mentary materials of the porphyrin-bound cellulose deriva-
tives (from 400 to 420 nm), respectively [7-9]. However, the
new photosensitizer-bound cellulose derivative was still
required for the photocurrent generation performance at the
range from 420 to 600 nm (Fig. 1).

Polypyridyl ruthenium (II) complexes, which are
ruthenium coordination compounds with 2,2'-bipyridine
ligands (bpy), are well-known as the panchromatic sensi-
tizers for dye-sensitized solar cells (DSSCs) [10-12].
Indeed, LB films consist of tris(2,2'-bipyridine) ruthenium
complex for photocurrent generation systems around
450 nm have been reported [13]. Then, (ruthenium (II)
complex)-bound cellulose derivative seemed to be an
attractive as a new complementary material of the por-
phyrin-bound cellulose derivatives.

In this paper, acetylacetonato-bis(bipyridyl)-ruthenium (II)
[acac(bpy),Ru (II)] complex-bound cellulose derivative (3)
was selected as a target material for the photocurrent generation
performance in the range of 420-600 nm. This was inspired by
a report that the coordination reaction of acetoacetyl groups of
the polyester with 2,2'-bipyridine complex of ruthenium
dichloride (cis-(bpy), RuCl,) formed [acac(bpy),Ru (II)]
complexes [14] and by another report that acetoacetyl cellulose
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Fig. 1 Target UV-Vis spectra of porphyrin- (a), phthalocyanine- (b),
squaraine-(c), and ruthenium (II) complex- (d) bound cellulose
derivatives

acted as a metal absorbent [ 15]. The present paper describes the
preparation of compound 3 as shown in Fig. 2, the fabrication
of its LB monolayer film, and evaluation for photocurrent
generation performance of the film.

Materials and methods
Materials

2,3-Di-O-myristyl cellulose (1) with degree of substitution
of myristyl group (DSpyristy) of 1.70 (determined by 'H
NMR method) and degree of polymerization (DP,) of 39
(My/M,, = 1.7) was prepared according to the reported
procedure [7]. 2,2'-Bipyridine complex of ruthenium
dichloride dihydrate (cis-(bpy), RuCl,-2H,0) was prepared
by the known method [16]. Diketene was distilled from
CaH, under reduced pressure before use. All other
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a: diketene/pyridine/THF, 80 °C, 6 h. b: cis-bis(bpy),RuCl,/Et;N/THF-MeOH
(1:2, vv), reflux, 48 h. ¢: cis-bis(bpy),RuCl,/Et;N/MeOH, reflux, 8 h

Fig. 2 Synthetic route for 6-O-[acac(bpy),Ru (II)]-2,3-di-O-myristyl
cellulose (3) and methyl [acac(bpy),Ru (II)] complex (5)

chemicals were purchased from commercial sources and
used without further purification.

Measurements

The 'H and '*C nuclear magnetic resonance (NMR) spectra
were recorded on a Varian 500 MHz FT-NMR (500 MHz)
spectrometer (Agilent Technologies, Santa Clara, CA, USA)
in CDCl;. The chemical shift (9) values were given in parts
per million (ppm). The Fourier transform infrared (FT-IR)
spectra were recorded from KBr pellets using a Shimadzu
IRPrestige-21 spectrophotometer (Shimadzu Co., Kyoto,
Japan). The UV-vis spectra were recorded on a Jasco V-560
UV-vis spectrophotometer (Jasco, Tokyo, Japan) in CHCI;.
Gel permeation chromatography (GPC) was performed on a
Shimadzu LC-10 system equipped with a Shimadzu UV-vis
detector (SPD-10Avp) and a Shimadzu RI detector (RID-
10A) under the following conditions; columns: Shodex
columns K-802, K-802.5, and K-805 connected in series
(Showa Denko K. K., Tokyo, Japan); column temperature:
40 °C; eluent: CHCIl;; flow rate: 1.0 mL/min; standards:
polystyrene standards (Shodex, Showa Denko K.K.).

6-0-Acetoacetyl-2,3-di-O-myristyl cellulose (2)

To a solution of 2,3-di-O-myristyl cellulose (1) (0.400 g,
0.807 mmol) in tetrahydrofuran (THF, 7 mL), pyridine
(0.33 mL, 4.03 mmol) and diketene (0.32 mL,
4.03 mmol) were added. The reaction mixture was stirred
at 80 °C for 6 h. MeOH (0.2 mL) was added to the
mixture to stop acetoacetylation. The mixture was then
concentrated in vacuo to give a residue. The residue was
extracted with CH,Cl,. The organic-layer was washed
with distilled water twice, dried with anhydrous Na,SOy,
and concentrated to give a yellow residue. The solution of
the residue in CH,Cl, (5 mL) was added to MeOH
(100 mL) in a drop-wise manner, and the resulting pre-
cipitate was collected by centrifugation (14,000xg,
10 min), washed with MeOH twice, and dissolved in
CHCI; (5 mL). The solution was added to MeOH
(100 mL) in a drop-wise manner, and the resulting pre-
cipitate was collected by centrifugation (14,000xg,
10 min), washed with MeOH twice, and dried in vacuo at
70 °C overnight to afford compound 2 (0.470 g, 99.1 %
yield). The degree of substitution of acetoacetyl groups
(DS.cac) of compound 2 was calculated based on the area
of the methyl groups of acetoacetyl groups (from 2.32 to
2.10 ppm) and that of the ring-proton of cellulose and the
methylene group of myristyl groups (from 5.28 to
2.80 ppm) in the 'H NMR spectrum.

Compound 2; DS,.,.: 1.13; DP,: 32 (My/M,, = 1.94);
"H NMR (CDCls): d 12.05-11.92 (acac-COCHC(OH)CH,
(enol form)), 6.20-5.95 (acac-COCHC(OH)CH3; (enol
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form)), 5.38-2.80 (CELL ring-H, myristyl-OCH,—, acac-
COCH,COCH3; (keto form)), 2.32-2.10 (acac-CHj),
1.60-1.38 (myristyl-OCH,CH,-), 1.38-1.04 (myristyl-
CH,-), 0.96-0.80 (myristyl-CH3) ppm; '>°C NMR (CDCl5):
0 199.9 (acac-C=0), 166.4 (acac-O-C=0), 102.6 (C-1),
82.7 (C-3), 81.9 (C-2), 78.8-70.6 (C-4, myristyl-OCH,—,
C-5), 63.6 (C-6), 49.9, 49.6 (acac-CH,—), 31.9, 30.3, 29.7,
29.3, 26.3, 26.2, 26.0, 22.6, 22.5 (myristyl-CH,—, acac-
CHj;), 14.1 (myristyl-CH3) ppm; FT-IR (KBr): v 3435,
2926, 2854, 1751, 1720, 1668, 1635, 1462, 1409, 1361,
1315, 1259, 1236, 1151, 1091, 1062, 918, 721, 540 cm ™.

6-0-[Acetylacetonato-bis(2,2'-
bipyridine)ruthenium(II)]-2,3-di-O-myristyl
cellulose (6-O-[acac(bpy),Ru(Il)]-2,3-di-O-myristyl
cellulose) (3)

To a suspension of 6-O-acetoacetyl-2,3-di-O-myristyl cel-
lulose (2) (34.2 g, 0.581 mmol) in THF/MeOH (1/2, v/v,
15 mL), cis-bis(bpy),RuCl,-2H,0O (92.5 mg, 0.191 mmol)
and Et;N (180 pL, 1.29 mmol) were added. The reaction
mixture was refluxed for 48 h, and added into EtOH
(100 mL) in a drop-wise manner. The resulting precipitate
was removed by centrifugation (14,000xg, 10 min). The
supernatant was dialyzed by Spectra/Por dialysis tube
(MWCO = 1000) (Spectrum Laboratories Inc., Rancho
Dominquez, CA, USA) against EtOH for 8 days, and
concentrated in vacuo to afford compound 3 as a red solid
(16.8 mg, 38.0 % yield). The DSgy_complex Of compound 3
was estimated by UV-Vis method (UV detection: 522 nm)
with calibration curves from compound 5.

Compound 3; DSgy_complex: 0.42; DPy: 4 (M,/M,, = 1.44);
'H NMR (CDCly): & 9.08-6.84 (2-2'-bipyridine-H),
6.19-5.92 (acac-COCHC(OH)CHj; (enol form)), 5.20-2.65
(CELL ring-H, myristyl-OCH,-, acac-COCH,COCHj5 (keto
form)), 2.45-1.70 (acac-CHj3), 1.70-1.42 (myristyl-OCH,.
CH,-), 1.42-1.00 (myristyl-CH,-), 1.00-0.80 (myristyl-CH3)
ppm; FT-IR (KBr): v 3425, 2924, 2852, 1741, 1716, 1668,
1627, 1597, 1560, 1541, 1506, 1462, 1419, 1367, 1311, 1265,
1153, 1068, 798, 767, 725 cm™'; UV-Vis (in CHCl5): / (log
€) 522 (3.6), 370 (3.6), 297 (4.3), 250 (4.2) nm.

Methyl acetylacetonato bis(2,2’-
bipyridine)ruthenium (II) complex (5)

To a suspension of cis-bis(bpy),RuCl, (32.1 mg,
0.0663 mmol) in MeOH (10 mL), methyl acetoacetate (4)
(27 pL, 0.247 mmol) and Et;N (61 pl, 0.438 mmol) were
added. The reaction mixture was refluxed for 8 h, and con-
centrated in vacuo to give a crude product. The product was
purified by silica gel column chromatography using 10 %
MeOH/CH,Cl, (v/v) as an eluent, followed by preparative
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thin-layer chromatography developed with 10 % MeOH/
CH,Cl, to yield compound 5 as ared solid (21.5 mg, 61.3 %).

Compound 5; '"H NMR (CDCls): 6 8.84 (d, 1H, J = 8.0),
8.77 (d, 1H, J=4.5), 8.75-8.67 (m, 3H), 852 (d, 1H,
J = 8.0), 8.18-8.10 (m, 2H), 7.84 (t, 1H, J = 7.5), 7.76 (t,
1H, J = 7.5), 7.66-7.60 (m, 4H), 7.14 (t, 1H, J = 6.2), 7.09
(t, 1H, J = 6.5) (2,2'-pyridinyl-H), 4.75 (s, 1H, CH), 3.34 (s,
3H, —OCH3), 1.82 (s, 3H, -CH3) ppm; °C NMR (CDCly): 6
188.4 (C = 0), 170.2 (-C=C(OH)-), 159.7, 159.3, 158.18,
158.15, 153.1, 152.6, 150.3, 149.9, 136.7, 136.3, 135.3, 134.7,
126.1, 126.0, 125.5, 1254, 124.0, 123.8, 123.7, 123.5 (2,2-
bypyridyl-C), 83.5 (CH), 51.6 (-OCH3), 27.8 (-CH3) ppm;
FT-IR (KBr): v 3429, 3061, 3010, 2949, 2760, 2659, 2482,
1595, 1508, 1456, 1419, 1274, 1180, 1064, 1014, 804, 767,
731, 657, 638 cm™'; UV-Vis (in CHCl3): 4 (log €) 527 (3.8),
372 (3.9), 297 (4.6), 250 (4.4) nm.

Preparation and characterization of LB monolayer
film of compound 3

The LB monolayer films of compound 3 were prepared
according to the reported procedure [7]. The photocurrent
measurements were performed according to the method
reported by Sakakibara and Nakatsubo [5].

Results and discussion

Synthesis of 6-0O-[acac(bpy),Ru(II)]-2,3-di-O-
myristyl cellulose (3)

Acetoacetylation of 2,3-di-O-myristyl cellulose (1) was
carried out using the method for wood meal [17] to give
compound 2 in 99 % yield. The characteristic B-ketoester
bands at 1751 and 1720 cm™' [18] appeared in the FT-IR
spectrum of compound 2 (Fig. 3b), suggesting that ace-
toacetylation of compound 1 proceeded smoothly. The
signals derived from acetoacetyl groups around 2.20 ppm
in the "H NMR spectrum of compound 2 and those derived
from carbonyl groups at 199.9 and 166.4 ppm [15] in the
3C NMR spectrum also supported successful synthesis of
compound 2. The equilibrium between the enol and keto
forms of the P-diketones has been reported [19]. Indeed,
the equilibrium was found in the '"H NMR spectrum of
compound 2, that is, the signals assigned to hydroxyl
groups (—OH) and vinyl protons (—-CH=) of the enol
structure of acetoacetyl groups around 12.0 and 6.10 ppm
[14, 19] were clearly found, although the signals assigned
to methylene protons (—CH,—) of the keto structure of
acetoacetyl groups overlapped with the signals of cellulose
ring protons and methylene groups (—OCH,—) of myristyl
groups. The DS,... of compound 2 was calculated to be
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1.13 by 'H NMR method. Compound 2 was soluble in
CHCI;, CH,Cl,, CICH,CH,Cl and THF, but insoluble in
MeOH, DMSO and DMF.

First, the coordination reaction of compound 2 with cis-
bis(bpy),RuCl,-2H,O was performed under the reaction
conditions (EtzsN/THF/reflux/48 h) [14]. However, com-
pound 3 could not be obtained. The reason might be caused
by poor solubility of cis-bis(bpy),RuCl,-2H,0 in THF.
Then, the coordination reaction of compound 2 was per-
formed in THF-MeOH (1:2, v/v) in the presence of Et;N
under reflux for 48 h to give compound 3 as a red solid in
38.0 % yield, although the purification was a tedious and
time-consuming work. Compound § was also prepared as
an authentic sample by the reaction of methyl acetoacetate
(4) with cis-bis(bpy),RuCl, in CICH,CH,ClI in the pres-
ence of Et;N. Compound 3 was subjected to FT-IR, NMR,
UV-Vis and GPC measurements. The characteristic enol-
form bands at 1597 1506, 1265 and 767 cm ™! [20] were
clearly observed in the FT-IR spectrum of compound 3
(Fig. 3c). The presence of bipyridyl groups was confirmed
by the "H NMR spectrum of compound 3. Furthermore, the
UV-Vis spectrum of compound 3 had the same profile as
that of compound § (Fig. 4). These results suggested that
the coordination reaction proceeded successfully. How-
ever, the DP of compound 2 decreased significantly during

Absorbance

230 400 600 800
Wavelength (nm)

Fig. 4 UV-Vis spectra of compounds 3 (solid line) and 5 (dotted
line) in CHCly

the coordination reaction. The DSgy_complex Was calculated
to be 0.42 by UV-Vis method with calibration curves made
by compound 5.

Preparation and characterization of LB monolayer
film of compound 3

The surface pressure (7)—area (A) isotherms of compounds 1
and 3 at the air—water surface at 20 °C are shown in Fig. 5.
The degree of slope and collapsed pressure in the isotherm of
compound 3 was similar to the corresponding degree and
pressure in that of compound 1, although the limiting area of
compound 3 (0.83 nm*”AGU) was somewhat larger than that
of compound 1 (0.60 nm*/AGU), but was smaller than that of
phthalocyanine-bound cellulose derivative (1.11 nm*%AGU)
reported in the previous paper [8]. These results suggested the
low DP of compound 3 did not significantly influence the LB
film fabrication. Indeed, LB monolayer film of compound 3
could be successfully deposited onto an indium tin oxide
(ITO) electrode by a vertical dipping method at a surface
pressure atdeposition of 10 mN/m. The transfer ratio of the LB
monolayer film was 0/1.38 (downward/upward strokes),
indicating that the film is a Z-type film.

The photoelectrochemical response of the LB mono-
layer film of compound 3 when irradiated by the light at
510 nm is shown in Fig. 6a. A steady-state anodic pho-
tocurrent appeared upon light illumination. The action
spectrum (the relationship between generating photocurrent
and wavelength of the irradiated light) of film 3 from 400
to 800 nm is also shown in Fig. 6b; the spectrum at less
than 400 nm could not be measured because of lack of
interference filters (less than 400 nm) in our laboratory.
The action spectrum was similar to the absorption spectrum
of compound 3 in CHCI;, indicating that the ruthenium
complex moieties in compound 3 serves as the photoactive
species for the photocurrent generation in the region of
400-600 nm. The photocurrent density (photocurrent per
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Fig. 6 a Photoelectrochemical response of the LB monolayer film of
compound 3 with illumination at 510 nm, and b action spectrum of
the film of compound 3

unit area of a working electrode) of film 3 at 510 nm was
found to be 7.10 nA/cmz, although further improvement of
the photocurrent density is required.
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Conclusion

6-0-[Acac(bpy),Ru(Il)]-2,3-di-O-myristyl cellulose (3)
was prepared from 2,3-di-O-myristyl cellulose (1) by two
reaction steps in 37.7 % total yield. The LB monolayer film
of compound 3 was successfully deposited onto ITO
electrode by a vertical dipping method, suggesting the low
DP of compound 3 did not influence the LB film fabrica-
tion. It showed photocurrent generation performance in the
range of 400-600 nm in which LB films of other photo-
sensitizer-bound cellulose derivatives did not generate
photocurrent. Compound 3 is expected to be a third com-
plementary material of porphyrin-bound cellulose deriva-
tive for biomaterial-based solar cells, as well as
phthalocyanine-bound cellulose derivatives [7, 8] and
squaraine-bound cellulose derivative [9]. It is thought that
the low DP of compound 3 might be covered by the
combination of other photosensitizer-bound cellulose
derivatives with high DP.
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