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Expeditious synthesis of 1,3,4-oxadiazole
derivatives via sydnones
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Abstract: The clean cyclization of chalcones (la—c/2a—c) with hydrazine hy-
drate under microwave irradiation afforded pyrazolines derivatised with syd-
none (3d-i/4d-i), which underwent 1,3-dipolar cyclo-addition with acetic an-
hydride to form pyrazolines appended with 1,3,4-oxadiazoles (5g-1/6g-I). The
newly synthesized compounds were confirmed by spectral and elemental ana-
lyses. In comparison to classical heating, the results indicate that microwave
irradiation affords higher yields, shorter reaction times (4-12 min) and cleaner
reactions.

Keywords: microwave irradiation; sydnones; chalcones; pyrazolines; 1,3,4-oxa-
diazoles.

INTRODUCTION

In recent years, a significant portion of the research in heterocyclic chemis-
try has been devoted to sydnones containing different moieties, as evident from
the literature.1~4 Sydnones have played a crucial role in the development of theo-
ry in heterocyclic chemistry and have been used extensively as synthons in orga-
nic synthesis. It was reported that 1,3,4-oxadiazole derivatives, suitably substi-
tuted at the 2 and 5 positions, exhibited considerable antibacterial and antifungal
activity.5—8 These heterocycles are of great interest to medicinal chemists for mo-
lecular manipulation and to biologists for further pharmacological evaluation.
Pyrazolines and their derivatives are important biological agents and a significant
amount of research activity has been directed towards this class of compounds. In
particular, they are used as antitumor, antibacterial, antifungal, antiviral, antipara-
sitic, antitubercular and insecticidal agents.918 Some of these compounds also
have anti-inflammatory, antidiabetic, anaesthetic and analgesic properties.19-22
As a result of studies related to the development of synthetic protocols using mi-
crowave irradiation, a novel and easy access to pyrazolines appended to 1,3,4-0xa-
diazoles is reported herein.

* Corresponding author. E-mail: ravichem1234@rediffmail.com
doi: 10.2298/JSC0802131K
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RESULTS AND DISCUSSION

Chalcones (meta and para isomers), which were prepared according to a pre-
viously reported method,23 undergo a rapid cyclization with hydrazine hydrate
under microwave irradiations at 8045 °C (240 W) to give pyrazolines 3d—i/4d—i
quantitatively in 4-12 min (Scheme 1). Poly(ethylene glycol) (PEG 200) and for-
mic acid were used as the solvent for the preparation of 3d—f/4d—f and 3g-i/4g-i,
respectively. Compounds 3d-i/4d—i on bromination at 0-5 °C and heating under
microwave at 60+5 °C (210 W) in acetic anhydride afforded 5g-1/6g—I. The syd-
none ring which is mesoionic undergoes 1,3-dipolar cyclo-addition reaction24
with acetic anhydride to 1,3,4-oxadiazole. In addition, compounds 3d-i/4d-i un-
dergo N-acetylation of the pyrazoline ring to form 5j—I1/6j—l. These heterocyclic
products were characterized based on their IR, 1H-NMR, mass spectral and
elemental analyses.

H
O 3 \N/N 3
Ar—(H3=E—C</:>7N NHoNH, N @
———Ar N
\ / \N/O MWI, 80% 5° C '///Hb\ / \—0
HX  Ha N

la-c=meta 33-!fmeta
2a-c = para 4d -i=para
i) Bro/Ac,0, RT
iy MWI, 60 £5° C
a; Ar = Ph, b; Ar = p-tolyl, c; Ar = p-anisyl
d; Ar=Ph, R =H, e; Ar = p-tolyl, R = H, f; Ar = p-anisyl, R=H
g; Ar =Ph,R = -CHO, h; Ar = p-tolyl, R = -CHO,

R
\N/N
i; Ar = p-anisyl, R = -CHO \ (0]
j; Ar=Ph,R = -COCHj, k; Ar = p-tolyl, R =-COCHa, Ar N
I; Ar = p-anisyl, R = -COCHj; Hyt “y \ / \N/
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59 - | = meta
6g - | = para
Scheme 1. The starting chalcones 1a—c/2a—c and the intermediates 3-[3/4-(1-substituted-5-
-aryl-4,5-dihydro-1H-pyrazol-3-yl)phenyl]sydnone (3d-i/4d—i) and the final products after
1,3-dipolar cycloaddition, 5-methyl-3-[3/4-(1-substituted-5-aryl-4,5-dihydro-
-1H-pyrazol-3-yl)phenyl]-1,3,4-oxadiazol-2(3H)-ones (5g-1/6g-1).

On comparison of the synthesis by the microwave assisted method with that
by the conventional method (randomly selected compounds),2® it was observed
that the reaction progressed very fast with excellent yields using the former
method (Table I). Microwave irradiation facilitates polarisation of the molecule
under irradiation, causing rapid reaction to occur.

EXPERIMENTAL
Materials

The microwave irradiations were performed using a commercial microwave oven M-2735A.
The temperature approximation was realised using sealed capillaries containing compounds of



SYNTHESIS OF 1,3,4-OXADIAZOLE DERIVATIVES 133

known melting points according to a reported method.28 The approximate temperature along
with the power in watts is given in the experimental procedures. TLC was run on silica gel G
plates using acetone-benzene (1:3) as the irrigant. The melting points were determined in open
capillaries and are uncorrected. The IR (KBr) spectra were recorded on a Nicolet Impact-410
FT-IR spectrometer and the NMR spectra in CDCl; (5, ppm downfield from TMS) were
recorded on a Bruker Varian-300 MHz FT-NMR spectrometer. J values are given in Hz. Ele-
mental analyses were performed on a CEST 1106 elemental analyser. The mass spectra were
recorded on EI-70 eV and FR ver. 1on UIC 002002 spectrometers.

TABLE I. Comparison of the reaction time required and yield

Thermal Microwave
Compound . . . . .
Time, h Yield, % Time, min Yield, %

3d 4.0 60 5.0 82
3i 6.0 67 8.0 90
4d 45 65 7.0 92
4i 6.0 70 10.0 87
59 1.0 66 7.0 90
51 15 60 5.0 95
69 1.0 52 8.0 90
6l 15 57 5.0 92
Methods

General procedure for 3d-i/4d—i: The hydrazine hydrate (0.012 mol) was added to a
stirred solution of chalcone 1a—c/2a—c (0.010 mol) in 5 ml of poly(ethylene glycol) (PEG 200)
or formic acid (5 ml). The mixture was subjected to microwave heating at 80+5 °C (240 W) for
several minutes, which after workup afforded the pyrazoline derivatives 3d—i/4d—i. The crude
products after crystallization using absolute ethanol gave the pure compounds in 80-95 % yield.

3-[3-(4,5-Dihydro-5-phenyl-1H-pyrazol-3-yl)phenyl]sydnone (3d): pale yellow crystals,
m.p. 170-171 °C. Anal. Calcd. for C1;H4N4O,: C, 66.66; H, 4.58; N, 18.30. Found: C, 66.60
H, 452, N, 18.28. IR (KBr, cm1): 3400, 3103, 1715, 1599. 1H-NMR (300 MHz, CDCl;, 4,
ppm): 3.40 (1H, dd, C4—Hy), 3.75 (1H, dd, C,—Hy), 4.85 (1H, dd, C5—H,), 5.20 (1H, s, NH),
6.75 (1H, s, C,~H), 6.9-7.8 (8H, bm, Ar-H), 7.98 (1H, s, C,—Ar—-H). MS (m/z (relative
abundance, %)): 306 (M*, 55), 276 (32), 248 (45), 221 (100), 144 (90), 77 (55).

3-[3-(4,5-Dihydro-5-p-tolyl-1H-pyrazol-3-yl)phenyl]sydnone (3e): pale yellow crystals,
m.p. 154-155 °C. Anal. Calcd. for C1gH1gN4O,: C, 67.50; H, 5.00; N, 17.50. Found: C, 67.45
H, 4.96, N, 17.46. IR (KBr, cm1): 3410, 3100, 1724, 1595. 1H-NMR (300 MHz, CDCl;, 4,
ppm): 2.10 (3H, s, CH3), 3.15 (1H, dd, C,—Hy), 3.60 (1H, dd, C,—H,), 4.90 (1H, dd, Cs—H,),
5.05 (1H, s, NH), 6.60 (1H, s, C4,—H), 7.0-7.75 (7H, bm, Ar—H), 8.05 (1H, s, C,—Ar—H). MS
(m/z (relative abundance, %)): 320 (M*, 64), 290 (40), 262 (50), 235 (100), 144 (82), 91 (50).

3-[3-(5-p-Anisyl-4,5-dihydro-1H-pyrazol-3-yl)phenyl]sydnone (3f): yellow crystals, m.p.
184-190 °C. Anal. Calcd. for C1gHgN4O3: C, 64.29; H, 4.76; N, 16.66. Found: C, 64.23, H,
4.71, N, 16.62. IR (KBr, cm1): 3400, 3110, 1730, 1600. 1H-NMR (300 MHz, CDCls, &, ppm):
3.05 (1H, dd, C4—Hy), 3.30 (1H, dd, C4—H,), 3.75 (3H, s, “OCHy), 4.74 (1H, dd, C5—H,),
5.50 (1H, s, NH), 6.85 (1H, s, C4,—H), 7.15-7.90 (7H, bm, Ar—H), 7.95 (1H, s, C,—Ar—H). MS
(m/z (relative abundance, %)): 336 (M*, 70), 309 (45), 281 (49), 254 (100), 144 (85), 107 (47).

3-[3-(1-Formyl-4,5-dihydro-5-phenyl-1H-pyrazol-3-yl)phenyl]sydnone (3g): yellow crys-
tals, m.p. 108-109 °C. Anal. Calcd. for C,gH14N4O3: C, 64.67; H, 4.19; N, 14.67. Found: C,
64.65, H, 4.14, N, 16.72. IR (KBr, cm™): 3138, 1745, 1600, 1580. 1H-NMR (300 MHz, CDCls,



134 KAMBLE, SUDHA and BHADREGOWDA

6, ppm): 3.18 (1H, dd, C,—Hy), 3.39 (1H, dd, C,—H,), 4.45 (1H, dd, Cs—Hy), 6.70 (1H, s,
C,—H), 6.78-7.40 (8H, bm, Ar—H), 7.75 (1H, s, C,—Ar-H), 8.9 (1H, s, -CHO); MS (m/z
(relative abundance, %)): 334 (M*, 75), 306 (64), 276 (49), 248 (100), 221 (14), 144 (58), 77 (50).

3-[3-(1-Formyl-4,5-dihydro-5-p-tolyl-1H-pyrazol-3-yl)phenyl]sydnone (3h): yellow crys-
tals, m.p. 184-185 °C. Anal. Calcd. for C;gH1gN4O3: C, 65.52; H, 4.60; N, 16.09. Found: C,
65.47, H, 4.54, N, 16.06. IR (KBr, cm™): 3145, 1737, 1605, 1610. IH-NMR (300 MHz, CDClj,
o, ppm): 2.4 (3H, s, CHs3), 3.05 (1H, dd, C,—Hy), 3.45 (1H, dd, C,—H,), 4.75 (1H, dd,
Cs—Hy), 6.70 (1H, s, C4—H), 6.85-7.35 (7H, bm, Ar—H), 8.0 (1H, s, C,—Ar—H), 9.0 (1H, s,
—CHO); MS (m/z (relative abundance, %)): 350 (M*, 42), 322 (63), 292 (34), 264 (100), 144
(90), 107 (40).

3-[3-(5-p-Anisyl-1-formyl-4,5-dihydro-1H-pyrazol-3-yl)phenyl]sydnone (3i): yellow crys-
tals, m.p. 201-202 °C. Anal. Calcd. for C19H;5N4O3: C, 62.64; H, 4.40; N, 15.38. Found: C,
62.61, H, 4.38, N, 15.36. IR (KBr, cm™1): 3132, 1740, 1585, 1595. IH-NMR (300 MHz, CDClj,
6, ppm): 3.20 (1H, dd, C4—Hy), 3.49 (1H, dd, C4—H,), 3.74 (3H, s, ~OCHy), 4.60 (1H, dd,
Cs—Hy), 6.78 (1H, s, C4—H), 6.90-7.45 (7H, bm, Ar—H), 7.90 (1H, s, C,—Ar—H), 10.0 (1H, s,
—CHO). MS (m/z (relative abundance, %)): 366 (M*, 39), 338 (60), 308 (54), 280 (100), 144
(87), 107 (44).

3-[4-(4,5-Dihydro-5-phenyl-1H-pyrazol-3-yl)phenyl]sydnone (4d): yellow crystals, m.p.
160-161 °C. Anal. Calcd. for C;7H4N4O,: C, 66.66; H, 4.58; N, 18.30. Found: C, 66.65 H,
4,54, N, 18.30. IR (KBr, cm'1): 3395, 3114, 1730, 1600. IH-NMR (300 MHz, CDCls, &, ppm):
3.24 (1H, dd, C4—Hy), 3.45 (1H, dd, C,—H,), 4.62 (1H, dd, Cs—H,), 5.15 (1H, s, NH), 6.50
(1H, s, C4—H), 6.75-7.27 (9H, bm, Ar-H). MS (m/z (relative abundance, %)): 306 (M*, 62),
145 (24), 131 (26), 117 (100), 103 (15), 90 (50), 67 (75).

3-[4-(4,5-Dihydro-5-p-tolyl-1H-pyrazol-3"-yl)phenyl]sydnone (4e): yellow crystals, m.p.
178-179 °C. Anal. Calcd. for C1gH1sN4O,: C, 67.50; H, 5.00; N, 17.50. Found: C, 67.48 H,
5.05, N, 17.55. IR (KBr, cm™1): 3096, 1725, 1605. 1H-NMR (300 MHz, CDCls, &, ppm): 2.23
(3H, s, CHy), 3.20 (1H, dd, C4—Hyp), 3.39 (1H, dd, C4—H,), 4.60 (1H, dd, Cs—H,), 5.0 (1H, s,
NH), 6.54 (1H, s, C4,—H), 6.70-7.25 (8H, bm, Ar—H); MS (m/z (relative abundance, %)): 320
(M*, 64), 159 (28), 132 (100), 105 (19), 103 (50), 67 (75), 40 (13).

3-[4-(5-p-Anisyl-4,5-dihydro-1H-pyrazol-3-yl)phenyl]sydnone (4f): yellow crystals, m.p.
127-128 °C. Anal. Calcd. for C1gH1gN4O3: C, 64.29; H, 4.76; N, 16.66. Found: C, 64.30, H,
4,75, N, 16.67. IR (KBr, cm™): 3100, 1730, 1600. IH-NMR (300 MHz, CDCls, &, ppm): 3.18
(1H, dd, C4—Hy), 3.25 (1H, dd, C4—H,), 3.80 (3H, s, “OCHjs), 4.75 (1H, dd, C5—Hy), 4.95
(1H, s, NH), 6.60 (1H, s, C4,—H), 6.65-7.64 (8H, bm, Ar—H); MS (m/z (relative abundance,
%)): 336 (M*, 65), 175 (35), 148 (100), 131 (32), 121 (22), 103 (54).

3-[4-(1-Formyl-4,5-dihydro-5-phenyl-1H-pyrazol-3-yl)phenyl]sydnone (4g): yellow crys-
tals, m.p. 140-141 °C. Anal. Calcd. for C1gH14N4O3: C, 64.67; H, 4.19; N, 16.76. Found: C,
64.60, H, 4.17, N, 16.78. IR (KBr, cm™1): 3100, 1725, 1605, 1595. IH-NMR (300 MHz, CDClj,
6, ppm): 3.16 (1H, dd, C,—Hy), 3.35 (1H, dd, C,—H,), 4.57 (1H, dd, Cs—Hy), 6.70 (1H, s,
C4,—H), 6.9-7.40 (8H, bm, Ar—H), 10.50 (1H, s, —CHO); MS (m/z (relative abundance, %)):
334 (M*, 21), 306 (47), 145 (25), 131 (30), 117 (100), 103 (46), 95 (15), 90 (43), 67 (14), 29
(44), 40 (5).

3-[4-(1-Formyl-4,5-dihydro-5-p-tolyl-1H-pyrazol-3-yl)phenyl]sydnone (4h): yellow crys-
tals, m.p. 161-162 °C. Anal. Calcd. for C19HgN,4O3: C, 65.52; H, 4.60; N,16.09. Found: C,
65.54, H, 4.61, N, 16.13. IR (KBr, cm): 3110, 1725, 1610, 1625. IH-NMR (300 MHz, CDClj,
o, ppm): 2.34 (3H, s, CH 3), 3.12 (1H, dd, C,—Hy), 3.47 (1H, dd, C,—H,), 4.80 (1H, dd,
Cs—H,), 6.54 (1H, s, C4—H), 6.67-7.40 (8H, bm, Ar—H) 9.5 (1H, s, -CHO); MS (m/z (relative
abundance, %)): 350 (M*, 52), 322 (28), 159 (16), 131 (100), 104 (6), 67 (20), 40 (7), 29 (10).
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3-[4-(5-p-Anisyl-1-formyl-4,5-dihydro-1H-pyrazol-3-yl)phenyl]sydnone (4i): yellow crys-
tals, m.p. 154-155 °C. Anal. Calcd. for C1gH1gN4O3: C, 62.64; H, 4.40; N, 15.38. Found: C,
62.61, H, 4.38, N, 15.36. IR (KBr, cm™): 3127, 1732, 1597, 1620. IH-NMR (300 MHz, CDClj,
6, ppm): 3.18 (1H, dd, C,—Hy), 3.35 (1H, dd, C,—H,), 3.90 (3H, s, —OCHjy), 4.45 (1H, dd,
Cs—H,), 6.85 (1H, s, C4,—H), 7.0-7.57 (8H, bm, Ar—H), 10.5 (1H, s, —CHO); MS (m/z (rela-
tive abundance, %)): 366 (M*, 34), 338 (24), 177 (15), 131 (87), 150 (100), 123 (7), 67 (18),
40 (8), 29 (11).
General procedure for the synthesis of 5g—-1/6g—I: A solution of bromine (0.011 mol) in
5 ml of acetic anhydride was added to the compound 3d-i/4d—i (0.010 mol) in 5 ml of acetic
anhydride at 0-5 °C over 30 min. The mixture was subjected to microwave heating at 60+5 °C
(210 W) until the evolution of carbon dioxide fumes had ceased and then allowed to attain
room temperature. The reaction mixture was poured into ice water and filtered. The crude pro-
duct was filtered and crystallized using hot methanol to obtain pale yellow crystals of 5g-1/6g-I
in 90-95 % yield.
3-[3-(1-Formyl-4,5-dihydro-5-phenyl-1H-pyrazol-3-yl)phenyl]-5-methyl-1,3,4-oxadiazol-
-2(3H)-one (5g): pale yellow crystals, m.p. 111-112 °C. Anal. Calcd. for C1gHgN4O3: C,
65.52; H, 4.60; N, 16.09. Found: C, 65.48; H, 4.58, N, 16.05. IR (KBr, cm): 1775, 1652,
1599. IH-NMR (300 MHz, CDCls, &, ppm): 1.94 (3H, s, Cs—CHs), 3.10 (1H, dd, C,—Hy), 4.1
(1H, dd, C4—H,), 5.5 (1H, dd, C5—Hy), 7.2-8.1 (9H, bm, Ar-H), 8.2 (1H, s, C,—Ar-H), 9.0
(1H, s, —CHO); MS (m/z (relative abundance, %)): 348 (M*, 67), 277 (63), 117 (100), 105
(22), 90 (67), 43 (23).
3-[3-(1-Formyl-4,5-dihydro-5-p-tolyl-1H-pyrazol-3-yl)phenyl]-5-methyl-1,3,4-oxadiazol-
-2(3H)-one (5h): pale yellow crystals, m.p. 165-166 °C. Anal. Calcd. for CyyH;gN4O3: C,
66.30; H, 4.97; N, 15.46. Found: C, 66.27; H, 4.92, N, 15.42. IR (KBr, cm): 1773, 1640,
1585. IH-NMR (300 MHz, CDCls, 6, ppm): 2.0 (3H, s, Cs—CHys), 2.4 (3H, s, Ph—CHj), 3.05
(1H, dd, C4—Hy), 4.0 (1H, dd, C4—H,), 5.4 (1H, dd, Cs—H,), 7.0-7.9 (8H, bm, Ar—H), 8.0
(1H, s, Co—~Ar—H), 8.9 (1H, s, —-CHO). MS (m/z (relative abundance, %)): 362(M*, 74), 291
(65), 131 (100), 105 (20), 104 (87), 90 (67), 77 (12), 43 (23).
3-[3-(5-p-Anisyl-1-formyl-4,5-dihydro-1H-pyrazol-3-yl)phenyl]-5-methyl-1,3,4-oxadiazol-
-2(3H)-one (5i): yellow crystals, m.p. 215-216 °C. Anal. Calcd. for C,gH1gN4O4: C, 63.49; H,
4.76; N, 14.81. Found: C, 63.45; H, 4.74, N, 14.79. IR (KBr, cm™1): 1765, 1645, 1599. 1H-NMR
(300 MHz, CDCl3, 6, ppm): 2.20 (3H, s, CHg), 3.0 (1H, dd, C,—Hy), 3.80 (1H, dd, C4—H,),
5.0 (1H, dd, C5—Hy), 6.90-7.60 (8H, bm, Ar—H), 7.89 (1H, s, C,—Ar—H), 9.0 (1H, s, —-CHO);
MS (m/z (relative abundance, %)): 378 (M*, 42), 307 (65), 147 (100), 120 (78), 105 (20), 104
(87), 90 (68), 43 (20).
3-[3-(1-Acetyl-4,5-dihydro-5-phenyl-1H-pyrazol-3-yl)phenyl]-5-methyl-1,3,4-oxadiazol-
-2(3H)-one (5j): pale yellow crystals, m.p. 301-302 °C. Anal. Calcd. for CyyHgN4O3: C,
66.29; H, 4.97; N, 15.46. Found: C, 66.25; H, 4.95, N, 15.42; IR (KBr, cm™): 1765, 1648,
1600. 'H-NMR (300 MHz, CDCls, &, ppm): 2.15 (3H, s, Cs—CHjs), 2.62 (3H, s, COCH,), 3.4
(1H, dd, C4—Hy), 3.9 (1H, dd, C,—H,), 5.0 (1H, dd, Cs—Hy), 6.95-7.8 (9H, bm, Ar—H), 7.85
(1H, s, C,—Ar-H), 10.0 (1H, s, —CHO); MS (m/z (relative abundance, %)): 362 (M*, 66), 291
(47), 263 (23), 117 (100), 105 (24), 90 (50), 43 (45).
3-[3-(1-Acetyl-4,5-dihydro-5-p-tolyl-1H-pyrazol-3-yl)phenyl]-5-methyl-1,3,4-oxadiazol-
-2(3H)-one (5k): pale yellow crystals, m.p. 181-182 °C. Anal. Calcd. for Cy;H,oN,O3: C,
67.02; H, 5.32; N, 14.89. Found: C, 67.00; H, 5.29, N, 14.85. IR (KBr, cm™1): 1770, 1655,
1605. TH-NMR (300 MHz, CDCls, &, ppm): 2.12 (3H, s, Cs—CHg), 2.4 (3H, s, Ph—CHj3), 2.50
(3H, s, COCHy), 3.12 (1H, dd, C4—Hy), 3.8 (1H, dd, C4—H,), 4.57 (1H, dd, C5—H,), 7.05-7.75
(8H, bm, Ar-H), 7.9 (1H, s, C,—Ar—H), 9.7 (1H, s, —CHO). MS (m/z (relative abundance,
%)): 376 (M*, 58), 348 (25), 305 (28), 131 (100), 105 (39), 43 (28).
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3-[3-(1-acetyl-5-p-anisyl-4,5-dihydro-1H-pyrazol-3-yl)phenyl]-5-methyl-1,3,4-oxadiazol-
-2(3H)-one (51): yellow crystals, m.p. 224-225 °C. Anal. Calcd. for Co;H,9N,O,: C, 64.28; H,
5.10; N, 14.28. Found: C, 64.25; H, 5.07, N, 14.25. IR (KBr, cm™): 1762, 1648, 1592. TH-NMR
(300 MHz, CDCl3, &, ppm): 2.15 (3H, s, C5—CHj3), 2.36 (3H, s, COCHj3), 3.30 (1H, dd,
C,—Hp), 3.67 (3H, s, OCHy), 3.85 (1H, dd, C,—H,), 4.85 (1H, dd, Cs—Hy,), 6.82-7.70 (8H, bm,
Ar—H), 7.90 (1H, s, C,—Ar—H), 10.05 (1H, s, —-CHO); MS (m/z (relative abundance, %)): 392
(M*, 20), 364 (45), 321 (30), 147 (100), 120 (58), 105 (42).
3-[4-(1-Formyl-4,5-dihydro-5-phenyl-1H-pyrazol-3-yl)phenyl]-5-methyl-1,3,4-oxadiazol-
-2(3H)-one (6g): pale yellow crystals, m.p. 185-186 °C. Anal. Calcd. for CigHgN4O3: C,
65.52; H, 4.60; N, 16.09. Found: C, 65.51; H, 4.56, N, 16.10. IR (KBr, cm): 1772, 1648,
1603. IH-NMR (300 MHz, CDCls, &, ppm): 1.9 (3H, s, Cs—CHg), 3.25 (1H, dd, C,—Hy,), 3.96
(1H, dd, C4—H,), 4.98 (1H, dd, Cs—H,), 7.0-8.4 (9H, bm, Ar-H), 10.0 (1H, s, -CHO); MS
(m/z (relative abundance, %)): 348 (M*, 46), 305 (37), 130 (58), 103 (100), 90 (67), 29 (15).
3-[4-(1-Formyl-4,5-dihydro-5-p-tolyl-1H-pyrazol-3-yl)phenyl]-5-methyl-1,3,4-oxadiazol-
-2(3H)-one (6h): pale yellow crystals, m.p. 220-221 °C. Anal. Calcd. for CooHgN4O3: C,
66.30; H, 4.97; N, 15.46. Found: C, 66.35; H, 5.00 N, 15.44. IR (KBr, cm™): 1765, 1635,
1602. IH-NMR (300 MHz, CDCl3, &, ppm): 1.99 (3H, s, Cs—CHj), 2.47 (3H, s, Ph—CHy),
3.24 (1H, dd, C4—Hy), 3.65 (1H, dd, C4—H,), 5.0 (1H, dd, Cs—H,), 6.95-7.45 (8H, bm,
Ar—-H), 9.0 (1H, s, -CHO); MS (m/z (relative abundance, %)): 362 (M*, 63), 319 (33), 144
(100), 117 (60), 104 (21), 29 (17).
3-[4-(5-p-Anisyl-1-formyl-4,5-dihydro-1H-pyrazol-3-yl)phenyl]-5-methyl-1,3,4-oxadiazol-
-2(3H)-one (6i): yellow crystals, m.p. 148-149 °C. Anal. Calcd. for CoqHgN4O,: C, 63.49; H,
4.76; N, 14.81. Found: C, 63.48; H, 4.77, N, 14.80. IR (KBr, cm™): 1780, 1655, 1588. IH-NMR
(300 MHz, CDCls, 6, ppm): 2.06 (3H, s, C5—CHs), 3.52 (1H, dd, Cs—Hy), 3.74 (3H, s,
—0OCHj3), 3.95 (1H, dd, C,—H,), 5.0 (1H, dd, C5—H,), 6.95-7.52 (8H, bm, Ar—H), 9.3 (1H, s,
—CHOQO); MS (m/z (relative abundance, %)): 378 (M*, 52), 335 (77), 160 (94), 133 (100), 120
(21), 29 (14).
3-[4-(1-Acetyl-4,5-dihydro-5-phenyl-1H-pyrazol-3-yl)phenyl]-5-methyl-1,3,4-oxadiazol-
-2(3H)-one (6j): pale yellow crystals, m.p. 170-171 °C. Anal. Calcd. for C,yH.gN4O3: C,
66.29; H, 4.97; N, 15.46. Found: C, 66.30; H, 4.90, N, 15.50. IR (KBr, cm™): 1774, 1657,
1606. 'H-NMR (300 MHz, CDCls, &, ppm): 1.98 (3H, s, CH3), 2.43 (3H, s, COCHs), 3.26
(1H, dd, C4—Hp), 3.87 (1H, dd, C4,—H,), 4.98 (1H, dd, C5—Hy), 6.97-7.72 (9H, bm, Ar—H),
10.4 (1H, s, —CHO). MS (m/z (relative abundance, %)): 362 (M*, 67), 320 (54), 187 (100),
144 (90), 90 (45), 43 (56).
3-[4-(1-Acetyl-4,5-dihydro-5-p-tolyl-1H-pyrazol-3-yl)phenyl]-5-methyl-1,3,4-oxadiazol-
-2(3H)-one (6k): pale yellow crystals, m.p. 218-219 °C. Anal. Calcd. for CyH,N4O3: C,
67.02; H, 5.32; N, 14.89. Found: C, 67.00; H, 5.29, N, 14.85. IR (KBr, cm™1): 1785, 1637,
1584. 1H-NMR (300 MHz, CDCls, &, ppm): 2.0 (3H, s, C5—CHs), 2.30 (3H, s, Ph—CHy),
2.47(3H, s, COCHj3), 3.12 (1H, dd, C4—Hp), 3.8 (1H, dd, C4—H,), 4.57 (1H, dd, C5—Hy),
7.05-7.75 (8H, bm, Ar—H), 7.9 (1H, s, C,—Ar—H), 9.7 (1H, s, —CHO); MS (m/z (relative
abundance, %)): 376 (M*, 40), 334 (50), 201 (100), 174 (88), 104 (14), 43 (11).
3-[4-(1-Acetyl-5-p-anisyl-4,5-dihydro-1H-pyrazol-3-yl)phenyl]-5-methyl-1,3,4-oxadiazol-
-2(3H)-one (61): yellow crystals, m.p. 162-163 °C. Anal. Calcd. for Co;H,gN,4O,: C, 64.28; H,
5.10; N, 14.28. Found: C, 64.27; H, 5.12, N, 14.32. IR (KBr, cm™): 1762, 1648, 1592. 1H-NMR
(300 MHz, CDClj, 6, ppm): 2.15 (3H, s, Cs—CHj3), 2.55 (3H, s, COCHz), 3.30 (1H, dd,
Cs—Hp), 3.64 (3H, s, “OCHa), 3.94 (1H, dd, C4—H,), 5.12 (1H, dd, C5s—Hy), 6.80-7.54 (8H, bm,
Ar—H), 9.45. (1H, s, -CHO); MS (m/z (relative abundance, %)): 392 (M*, 66), 350 (48), 217
(100), 147 (75), 120 (64), 43 (10).
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CONCLUSION

This work demonstrated a rapid, efficient and environmentally friendly me-
thod of synthesis of bisheterocycles containing sydnone and 1,3,4-oxadiazole de-
rivatized with pyrazoline under microwave heating. The method is convenient,
inexpensive with good yields and is useful for the synthesis the bioactive mole-
cules. The pharmacological assay of the newly synthesized molecules is in progress.

Acknowledgements. One of the authors (RRK) wishes to acknowledge the financial support of
the University of Mysore and to the Principal, Yuvaraja’s College, Mysore for the laboratory
facilities. In addition, the authors would like to thank USIC, University of Mysore, for per-
forming the spectral analyses.

U3BO/J
E®UKACHA CUHTE3A 1,3,4-OKCAJIMA30JICKUX JIEPUBATA TIPEKO CJITHOHA

RAVINDRA R. KAMBLE, B. S. SUDHA u D. G. BHADREGOWDA
Department of Chemistry and Food Science, Yuvaraja’s College, University of Mysore, Mysore — 570 005, India

YucToM LUKIM3ALIjoM XalkoHa 1a—C/2a—C ca XUIpa3HH-XHAPATOM MOJ JI€jCTBOM MHKpPO-Ta-
JIACHOT 3pauera Jo0ujeHn cy nupazoiaunu 3d—i/4d—i nepuBaruzoBanu cumaHoHoM. 1,3-IIunonap-
HOM LHUKJIOaJIMIMjOM ca aHXUIpHAOM cupheTHe KHCEIMHEe Ipaje ce nupasonuHu 5g—1/6g— xoju
caapke 1,3,4-oxcagmaszoncku ¢parmeHT. CTpyKTypa OBHX jeAWI-CHA MOTBpPhEeHA je Ha OCHOBY
CIEKTPAIHUX TI0JaTaka U EJIEMCHTAJHE aHaiuu3e. Y Topelemy ca CTaHIap[HUM 3arpeBameM,
JNOOMjeHr pe3yiTaTH yKasyjy Ha TO Ja Ce MHKPO-TaJlaHUM 3padeibeM, y peakiujama Koje Cy
4ucTHje, nocTmwke Behu npuHoc, y3 kpahe peakunono Bpeme (4—12 min).

(Mpumibeno 21. jyna, peumupano 1. aBrycra 2007)
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Abstract: Monoclonal 11B3 anti-TNT (trinitrotoluene) antibody was expressed
as a monovalent and bivalent form using different prokaryotic and eukaryotic
expression systems. Recombinant expression in Escherichia coli, mammalian
cells and the methylotrophic yeast Pichia pastoris was performed to obtain di-
sulfide-linked and glycosylated antibody forms. The generation of antibody and
subsequent evaluation of the expression rates were performed using intracel-
lular, excretory and periplasmatic expression techniques. All methods involved
striving for native expressed antibody with maintenance of its functionality only.

Keywords: TNT; antibody; recombinant expression; 11B3; scFv.

INTRODUCTION

For protein production in the laboratory, the most suitable prokaryotic sys-
tem is the gram-negative bacterium Escherichia coli because of its rapid growth
in high cell densities, easy generic and availability of a large number of vector
systems. The first demonstrated expression of functional fragments of antibodies
was for E. coli in prokaryotic periplasma. The secretion in periplasma was forced
by genetic fusion of antibody fragments with a signal sequence of some periplas-
matic protein.12 The building of disulfide bridges is ensured through the oxida-
tive nature of the periplasmatic compartment.3

Protein expression without a signal sequence results in it remaining in the
cytoplasma. Native isolation with ultrasound is possible if the protein is soluble
in the cytoplasma. It has to be considered that cytoplasma is not an oxidative
compartment, and hence the actual protein must go through redox active systems
to achieve its functionality.

* Corresponding author. E-mail: mladen@iofh.bg.ac.yu
# Serbian Chemical Society member.
doi: 10.2298/JSC0802139S
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In addition to E. coli, other organisms can be used in which antibody frag-
ments were successfully expressed and partially secreted into the medium, which
is an enormous advantage for preparative and commercial expression. For easier
laboratory expressions, each organism should be matched with E. coli regarding
its ease of handling and diversity of possibilities.

In yeasts, the eukaryotic folding and post-translational modifications are
merged through simple cultivation. The methylotrophic species Pichia pastoris
can metabolize methanol as the only carbon source and also secrete and process
recombinant proteins.#> The high yields and functionality of the secreted recom-
binant immunoglobulins underline the importance of yeasts for this application.
For scFv (single chain fragment variable) molecules, yields of over 100 mg I-1
were obtained, which exceed the expression in E. coli by more than hundred times.5

Without doubt, the usage of mammalian cells (COS, CHO, HEK, etc.) is the
most suitable approach for expression of recombinant proteins. The problems
with post-translational modifications are thereby almost excluded. The conver-
sion of antibody fragments into complete immunoglobulins of different isotypes
and their expression in mammalian cells have been demonstrated many times
with no loss of binding activity.’~10

The use of recombinant antibody has significant advantages compared with
conventional antibody and its use has become more popular nowadays due to the
fact that no animals are required in the manufacturing procedure of the recom-
binant antibodies. In addition, the manufacturing time is relatively short com-
pared with the conventional method. Moreover, the quality of the final products
is higher that those manufactured by the non-recombinant method.

In this work, recombinant antibodies specific for TNT were expressed in
mono- and bi-valent format in different expression systems. The aim of the work
was, on the one hand, to examine the expression efficiency in prokaryotic and
eukaryotic systems and, on the other, to use these antibodies for the detection of
TNT and its derivatives. The best expressing system should then be used for the
commercial production of the most sensitive antibody format for TNT detection.

EXPERIMENTAL
Vectors

The vectors pcDNA3.1+ and pPICZa-ABC for eukaryotic expression in mammalian
cells and yeast Pichia pastoris were commercially purchased from Invitrogen Life Techno-
logies (Karlsruhe, Germany). The E. coli expression vector pET26b(+) was purchased from
Novagen (Schwalbach, Germany) and the phagemid-vector pHEN2 from G. Winter, Center of
Protein Engineering, MRC Cambridge, UK.

Antibody fragments

The gene for the scFv-fragment 11B3 of mouse origin, as well as the genes for the C,2
and Cy3 regions of human IgG was available.
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Oligonucleotides
The employed oligonucleotides were synthesized by Metabion (Martinsried) (Table I).

TABLE I. Utilized oligonucleotides

Target Restriction

Name Sequence 5°-3° ) .
region sites
11B3 Bsi for Gatccgtacgtgtgggatggcccaggtgaag 11B3-scFv BsiwI
11B3 Asc back Gatcggcegcegccacctaggacggtcagcettg 11B3-scFv Ascl
11B3 Sfi for (pPICZaB)  Gatcggceccagecggecttatggeccaggtgaag  11B3-sckv Sfil
11B3 Nde for Ggaattccatatggcccaggtgaagcetg 11B3-scFv Ndel
11B3 Not back (pET) Attcttatgcggcecgceccgttttatttccagcett 11B3-scFv Notl

Standard molecular biology techniques

PCR, ligation, restriction, DNA dephosphorylation, agarose gel electrophoresis, DNA
extraction from agarose gels, classic plasmid preparation, alcohol precipitation, DNA quanti-
fication, etc. were performed according to standard protocols.1!

Production of competent E. coli cells, transformation and expression

Electrocompetent E. coli cells, transformation, periplasmatic and intracellular expression
were performed according to standard protocols.11-13
Standard techniques in protein biochemistry

Immobilized metal ion affinity chromatography for protein purification using a Ni-NTA
(nickel nitrilotriacetate) matrix, PAGE (polyacrylamide gel electrophoresis), protein determi-
nation, Western blot, dialysis, antibody purification via the Fc region using protein A/G-
-PLUS-agarose, etc. were generally performed according to standard protocols.11
Eukaryotic expression in yeast and mammalia

Antibody expression in yeast P. pastoris and mammalia was performed according to stan-
dard protocols.1114 For the expression in P. pastoris, the standard vector pPICZIgGscFv-Fc,
which already contained an a-factor as a signal sequence and an expression cassette (C,2 and
Ch3 genes), was available. Using restriction sites Sfil and Ascl, any scFv can be cloned into
the cassette and a dimer IgGACL1, with constant C2 and Cy3 regions, is generated as the
result of the expression.

For expression of the IgGAC1-dimer in mammalian cells, HEK (humane embryo Kidney)
cells were mostly used. The available vector was pcDNA3.1/Zeo, which contained a CMV
promoter, a rat signal sequence, a gene for zeocine resistance and an expression cassette with
the genes for the IgG domains C2 and C3.

RESULTS

Starting from the TNT-specific scFv-fragment of mouse origin, named 11B3,
monovalent and bivalent antibodies were generated. The fragment was produced
in different formats, i.e., it was expressed in a monovalent form as scFv and the
scFv were further used for the generation of bivalent antibodies. In order to use
the scFv in the bivalent form, the IgGACL1 constructs were made. To analyze the
binding properties of antibodies, the free TNP-Tris (trinitrophenol-tris-(hydroxy-
methyl)aminomethane), as well as the TNP—protein conjugates were used.
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Monovalent antibody 11B3-scFv

For the cloning and expression of the monovalent antibody, a vector pet26b(+)
with a stronger T7-promoter was chosen, in which the amplified 11B3-scFv gene
was inserted between the restriction sites Ndel and Notl. During the insertion, the
signal sequence was removed, which meant a predisposition for intracellular ex-
pression in E. coli strain BL21 DE3. The expression was performed for 3 hours at
25 °C using the lactose analog IPTG (isopropyl-g-D-thiogalactopyranoside) as
inducer. The protein was purified from the cytosol supernatant with a NiINTA-ma-
trix and subsequently analyzed by SDS-PAGE and immunoblot. The band of 28
kDa on the membrane for the Western-blot confirmed the successful expression
of the antibody (Fig. 1).

M 1

37 kDa TS

T Tmp— Fig. 1. Analysis of purified 11B3-scFv using

28 kDa immunoblot. 15 pl of protein probe (1) was se-

25 kDa parated under reducing conditions on a 12 %
b . SDS-gel together with 10 pl of protein marker

p— (M). The presence of protein was confirmed after

transfer onto a PVDF-membrane and detection
with murine anti-His-IgG-antibody (1: 2500)
and anti-mouse-1gG-AP conjugate (1: 2500).

The determination of the protein concentration gave a value of 65 pg/ml.
The antibody was further biotinylated for usage in the TNP-assay.

Bivalent construct 11B3-1gGAC1

The bivalent construct 11B3-1gGACL1 is a synthetic molecule obtained after
cloning the murine 11B3-gene in the expression cassette with constant C,2 and
Cy3 regions of the human gamma heavy chain. Expression of 11B3-1gGAC1 was
performed parallel in two expression systems, i.e., yeast Pichia pastoris and the
human cell line HEK293.

Expression in human HEK293 cells

As the expression cassette, the vector pcDNA3.1 was available, which had a
strong viral promoter and genes for the constant regions of the human gamma
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heavy chain. The restriction sites Bsil and Ascl were chosen for the cloning of the
11B3-gene. After ligation and transformation, characterization of the clones was
performed with PCR. The obtained amplificates confirmed the cloning of
thel1B3-scFv insert in the vector.

The recombinant DNA was further employed for the production of stable
secreting cell lines. From ca. 300 ml expression supernatant, the antibody was
purified using protein A-agarose and analyzed by Western blot (Fig. 2). The elu-
ted amount of 4.5 ml gave a total protein quantity of about 410 pg (90 pg/ml);
hence the expression rate for the 300 ml culture was about 1.37 pg/ml. The pu-
rified protein was directly used in the assay for confirming its functionality. This
immunocomponent proved to be very sensitive in the assay for detection of TNT-de-
rivatives. Using 60 pl of antibody solution at a concentration of 225 ng/ml, 25
fmol TNP-Tris was identified.

M 1
e )
150 kDa
100 kDa
i

Fig. 2. Immunoblot of purified 11B3-IgGAC1.
10 pl of protein marker (M) and 10 pl of pro-
tein sample (1) were separated on a 7.5 %
SDS-gel under non-reducing conditions. The
presence of protein was verified after transfer
— onto a PVDF-membrane and detection with
anti-human-1gG-AP conjugate (1:2500).

Expression in yeast

After ligation of scFv and transformation, the clones were controlled using
PCR. One of the selected clones was chosen for inoculation of the overnight
culture with zeocine and subsequently for DNA isolation. The isolated DNA was
then linearized and inserted into yeast cells using electroporation.

After yeast electroporation with yeast DNA, a three-day-expression was
performed with one of selected clones. A very small quantity of the protein was de-
tected on a PVDF (poly(vinylidene difluoride)) membrane with anti-human-1gG
(1:2500) conjugated with AP (alkaline phosphatase) or HRP (horseradish pero-
xidase). No protein was visualized on an SDS-gel. Accordingly, expression in
HEK-cells was preferred.
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DISCUSSION
Cloning and expression of recombinant immunoreagents

The bivalent 11B3-1gGAC1-construct was successfully expressed in the sta-
ble human embryo cell line HEK293. Deletion of the Cyl region offered the
advantage of a lower molecular weight, which contributed to the enhanced sec-
retion. The high expression yield facilitated the purification of the 11B3-antibody
on a protein A-matrix. The only problem with this antibody was the deter-
mination of its molecular weight, which was necessary for the precise determi-
nation of the protein concentration. According to the primary sequence, computer
calculations gave a value of 104 kDa. An apparent appearance of these antibodies
on an SDS-gel and Western blot was at about 130 kDa due to glycosylation. The
functionality of this antibody and its binding properties were successfully veri-
fied in ELISA for detection of TNT-derivatives. According to these results, it can
be concluded that this construct expressed in mammalian showed complete and
correct folding and oxidation. Alternatively, 11B3-IgGAC1 was expressed in
yeast cells but, due to low yields, this expression was not the subject of further
investigations.

Monoclonal 11B3-scFv was expressed in two different systems. First, it was
supposed to have been expressed under a Lac-promoter with a signal sequence,
but this failed as the antibody was expressed mostly within inclusion bodies in
the cytosol. It was further attempted to perform intracellular expression without a
signal sequence under the stronger T7-promoter. This expression gave better an-
tibody yields, which were about 0.5 pg per ml of culture. For detection of mono-
valent antibodies in ELISA, biotinylation was performed in order to detect these
antibodies with the streptavidine—-HRP conjugate.

The reason for the bad expression efficiency can be a frequent presence of
codons for some amino acids in the gene sequence.1® The origin of the scFv-gene
can be the reason for the difference in expression efficiency. Another reason
could be potential problems in the post-translational modifications or folding at
11B3-scFv.3 It could also be possible that more hydrophobic domains were for-
med in 11B3-scFv, whereby insolubility of the protein occurred. Some experi-
ments concerning higher yields of expressed protein were performed under a lo-
wer temperature and IPTG concentration,16 but no improved expression was re-
gistered. Solubility enhancement of 11B3-scFv can be achieved by co-expression
of bacterial chaperonsl6 or eukaryotic disulfide isomerases,1? which should be a
future line of research. It has already been confirmed that the fusion of 11B3-scFv
with the enzyme f-lactamase gave a higher expression rate than for the single

antibody.
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NU3BOJ

PEKOMBHUHAHTHA EKCIIPECUMJA MOHOBAJIEHTHUX 1 BUBAJIEHTHUX AHTH-
-TNT-AHTUTEJIA — EBAJIYALIUJA PA3JIMYUTUX EKCITPECUOHNX CUCTEMA

MIJIAZIEH CI/IMOHOBI/ITll, CBETJIAHA 3J'IATAHOBI/IT1—MI/IHOHIEBI/IT12,
MHPOCJIAB M. BPBUR® u BPAHUCIIAB CHMOHOBHWR!
Yncmuimyis 3a oty u usuuky xemujy, Ciiydeniticku imipz 12—16, 11000 Beozpad, Ipupoduo-maitiemaimiuax
akyaitieis, Ynusepauitieini y Kpazyjesuy, Padoja [Jomanosuha 12, 34000 Kpazyjesar, u > Xemujcxu paxyaitiei,
Yuusepauitieiti y Beozpaoy, Citiyoeniticku Tpz 12—16, 11000 Beozpao

Momnoxioncko 11B3 antuteno crermpuyano 3a TNT (TpHHUTPOTONYECH) EKCIIPUMHUPAHO je Y
MOHOBAJICHTHOM W OHBAICHTHOM OOJIHKY KOpHcTehr pa3nidnTe IpoKaprOTCKe U €yKapuoOTCKe eKc-
npecrone cucreme. PekomOunanTHa ekcrpecuja y Escherichia coli, hennjama cucapa u merunio-
TpodHOM KBaciy Pichia pastoris ussenena je ma 6u ce m00WIIC TJIMKO3UIOBAHE M AUCYI(DUIHAM
MOCTOBHMMa Be3aHe GopmMe antuTesa. CTBapame aHTHTENA U eBalyallija IPUHOCA EKCIIPECHje H3Be-
JICHH Cy NPHMEHOM TEXHHMKAa MHTpaLelyJiapHe, eKCKPETOpHE U HepuIlia3mMaTcke excipecuje. Cae
METO/IC YKJbYUHBAJIC CY TEXKIbY 3a CKCIPECHjOM aHTUTEa HCKJbYYHBO Y HATUBHOM OGJIHKY LITO je
09yBaJIo HEroBy (ByHKIHOHATHOCT.

(Mpumiseno 7. Gpedpyapa, pesuaupano 2. jyna 2007)
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Abstract: Response surface methodology was used for the evaluation of the ef-
fects of various factors on the synthesis of biodiesel catalyzed with immobi-
lized lipase from Rhizomucor miehei in a solvent-free system. The production
of biodiesel was optimized and model response equations were obtained, ena-
bling the prediction of biodiesel production from the values of the four main
factors. It would seem that the reaction temperature and the amount of water
predominantly determined the conversion process while the methanol/oil molar
ratio had no significant influence on the reaction rate. The temperature and
amount of water showed negative interactive effects on the observed reaction
rate per amount of enzyme. However, there were no significant interactions
among the other variables according to the test of statistical significance. The
highest yield of 10.15 mol kg1 enzyme was observed at 45 °C with a 6:1 me-
thanol to oil molar ratio and with no added water in the system.

Keywords: lipases from Rhizomucor miehei; biodiesel; response surface metho-
dology.

INTRODUCTION

Biodiesel (fatty acid methyl esters), used as alternative diesel engine fuel,
has become increasingly important due to the diminishing petroleum reserves and
the environmental consequences of exhaust gases from petroleum-fueled engines.
Biodiesel has several advantages: it comes from renewable sources and, as such,
it does not contribute to new carbon dioxide emission, it is biodegradable, its
combustion products have reduced levels of particulates, carbon monoxide, sul-
fur oxides, hydrocarbons and soot.!

Industrially, biodiesel is produced by the methanolysis of waste oil using
alkaline catalysts.2 There are several drawbacks to this conventional chemical
production, such as the cost of the refined feedstock, the recovery of glycerol, the
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necessity to exclude the catalyst, undesirable side reactions, removal of inorganic
salts and high reaction temperature. To overcome such drawbacks, there have
been some attempts to develop and optimize methods for the production of bio-
diesel from a variety of lipids via different chemical or enzymatic catalysis.3:4
Although the concept of biodiesel production without the use of any catalyst in
supercritical methanol seems to be a very promising approach, the consumption
of methanol was relatively high and the method required a high temperature of
350 °C and a pressure of 45 MPa, which would increase the production costs.®
Due to the high-energy costs of chemical processes, the application of lipase in
the oleochemical industry has become more attractive. The employment of li-
pases as biocatalysts allows mild reaction conditions and easy recovery of gly-
cerol without purification or chemical waste production.6.

Considerable research has been performed on the transesterification of vege-
table oils and animal fats with different acyl acceptors using various free or im-
mobilized lipases as catalysts in organic solvents or solvent-free systems.8-10
However, the majority of enzymatic syntheses of biodiesel were performed in
organic solvents, which are not suitable from the application viewpoint because
of the toxicity and flammability of the solvent, damaging effects on the environ-
ment and consequential requirement for solvent removal. Thus, to enable enzy-
matic processes to be competitive, enzymatic solvent-free systems have been de-
veloped.”9-13

It was shown that immobilized Rhizomucor miehei lipase (Lipozyme RM-IM)
is a suitable catalyst for the alcoholysis of several oils and fats with primary al-
cohols in n-hexane.14 Alcoholysis with relatively long-chain linear alcohols pro-
ceeds efficiently even in an organic solvent-free system but organic solvent-free
methanolysis typically does not give high conversions.1®> The main obstacle for
using methanol as a substrate is its detrimental effect on the lipase activity, as
several studies reported that a high methanol concentration could lead to serious
inactivation of lipase.11.15 In order to circumvent this limitation, a three-step
batch methanolysis process was developed and conversions of around 80 % were
achieved even without solvent.8 Additionally, the possibility of increasing the
yield of methyl esters by a surplus of methanol was studied.89 However, like
most studies dealing with enzymatic methanolysis of vegetable oils, the experi-
ments were based on the conventional one-at-a-time variation of the parameters,
which often does not demonstrate the interactive effects of the parameters. Consi-
dering the high demand and benefits, improved knowledge of the relationships
between the important transesterification variables and biodiesel yield is neces-
sary to develop an efficient lipase catalytic process.

In this study, the effects of various factors on the methanolysis of sunflower
oil by a commercial lipozyme lipase from Rhizomucor miehei was studied in a
solvent-free system. Response surface methodology (RSM) and 5-level-4-factor
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central composite rotatable design (CCRD) was performed to evaluate the effect
of each of the analyzed factors, as well as the interactive effects of these factors
on the synthesis of the methyl ester. This kind of experimental design reduces the
number of experiments to be preformed, thus reducing the costs, and gives know-
ledge of the interaction among the variables within the studied range. Although
an increasing number of results published in the field of biodiesel synthesis in an
organic solvent are based on experimental design,16:17 a systematic study related
to the transesterification of vegetable oil with the immobilized R. miehei lipase in
a solvent-free system has not hitherto been performed.

EXPERIMENTAL
Materials

Commercial lipase from R. miehei immobilized on a macroporous anion exchange resin
(Lipozyme RM-IM) was kindly gifted by Novo Nordisk (Bagsvaerd, Denmark). Refined
sunflower oil “Sunce” (Sunce a.d., Sombor) and methanol (purity > 99.8 %, Sigma, USA)
were used as the reactants for the enzymatic reaction. Methyl myristate (Fluka, Switzerland)
was used as the internal standard. All other chemicals were of reagent-grade.

Alcoholysis reaction

The synthesis was performed in 100 ml stoppered flasks, as a three-step methanolysis
process. The first portion of methanol and the total amount of oil were added at the start of the
reaction; the second portion of methanol was added after 10 h, while the third portion was
added after 25 h, according to previously obtained results.!® The total reaction time was 50 h.
Appropriate amounts of enzyme, methanol and water were added in the reaction media accor-
ding to the experimental design (Table I). The amount of enzyme varied from 1-5 %, water
0-10 % and substrate molar ratio 3-9. The mixture was agitated on a shaker at 150 rpm at
different temperatures (25-65 °C).

Analysis of the samples

The contents of methyl ester in the reaction mixture were quantified using a GS Varian
3400 instrument with a fused silica capillary column (5 mx0.53 mmx0.5 um). The column
temperature was held at 60 °C for 1 min, then heated to 110 °C at 50 °C min-1, heated again to
170 °C at 4 °C min-1 and then raised to 340 °C at 20 °C min-! and maintained at this tempera-
ture for 45 min. The temperatures of the injector and detector were set at 300 °C and 340 °C,
respectively. Methyl myristate served as the internal standard.

Experimental design and statistical analysis

The experiments were conducted employing a central composite design, which aids the
investigation of linear, quadric and cross product effects of four factors, each varied at five
levels.19 The factors studied were enzyme concentration, water concentration, methanol to oil
molar ratio and temperature during the transesterification reaction. The assay conditions for
the reaction parameters were taken at zero level (center point), level one (+1 and —1) and level
two (+2 and —2) (Table I). The design of the experiments employed is also presented in Table
I. For data evaluation, response surface methodology (RSM) was used, and a second order
polynomial equation was tested (for both response variables). The coefficients of the response
function and their statistical significance were evaluated by the method of least squares using
MATLAB software (version 6.5, Release 13, The MathWorks, Juc, Matick, MA, USA). Only
the significant terms (p < 0.05) were considered for the final reduced model. Response sur-
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faces and contour plots were obtained using the fitted model, by keeping two independent
variables at a constant value while changing the other two variables. The Fisher test was used
to determine the adequacy of the model and the Student distribution to evaluate the signi-
ficance of the coefficients.

TABLE I. The obtained results of various runs of the central composite design with coded and
actual values of variables (numbers in parenthesis represent coded independent variable levels)

Enzyme Content of Substrate If{atc.e of Rate of b.lodlesel
Temperature . biodiesel production per
Run R amount water molar ratio .
C 0 0 ~ production  enzyme amount
% % r]methanol/noﬂ mmol h-l mmol h-l g-l

1 35 (-1)2 2 (-1) 2.5(-1) 4.5 (-1) 0.0882 0.147

2 55 (1) 2 (-1) 2.5(-1) 45 (-1) 0.0517 0.0862

3 35 (-1) 4(1) 2.5(-1) 45 (-1) 0.156 0.130

4 55 (1) 4(1) 2.5(-1) 4.5 (-1) 0.139 0.115

5 35 (-1) 2(-1) 7.5(1) 4.5 (-1) 0.110 0.183

6 55 (1) 2 (-1) 7.5(1) 4.5 (-1) 0.0369 0.0615

7 35 (-1) 4(1) 7.5(1) 45 (-1) 0.131 0.109

8 55 (1) 4(1) 7.5(1) 4.5 (-1) 0.0636 0.0530

9 35 (-1) 2 (-1) 2.5(-1) 75(1) 0.0535 0.0891
10 55 (1) 2(-1) 2.5(-1) 75(1) 0.139 0.231

11 35 (-1) 4(1) 2.5(-1) 75(1) 0.109 0.0906
12 55 (1) 4(1) 2.5(-1) 75(1) 0.0617 0.0514
13 35 (-1) 2 (-1) 7.5(2) 7,5 (1) 0.0603 0.101

14 55 (1) 2(-1) 7.5(2) 7,5 (1) 0.0316 0.0527
15 35 (-1) 4(1) 7.5(2) 7,5 (1) 0.132 0.110

16 55 (1) 4(1) 7.5(1) 75(1) 0.0496 0.0413
17 25 (-2) 3(0) 5(0) 6 (0) 0.152 0.169

18 65 (2) 3(0) 5(0) 6 (0) 0.0746 0.0828
19 45 (0) 1(-2) 5(0) 6 (0) 0.0318 0.106

20 45 (0) 5(2) 5(0) 6 (0) 0.169 0.113

21 45 (0) 3(0) 0(-2) 6 (0) 0.183 0.203

22 45 (0) 3(0) 10(2) 6 (0) 0.0617 0.0685
23 45 (0) 3(0) 5(0) 3(-2) 0.0474 0.0527
24 45 (0) 3(0) 5(0) 9(2) 0.0966 0.107
25 45 (0) 3(0) 5(0) 6(0) 0.0474 0.0527
26 45 (0) 3(0) 5(0) 6 (0) 0.0515 0.0573
27 45 (0) 3(0) 5(0) 6 (0) 0.0318 0.0353
28 45 (0) 3(0) 5(0) 6 (0) 0.0978 0.109

29 45 (0) 3(0) 5(0) 6 (0) 0.0431 0.0480
30 45 (0) 3(0) 5(0) 6 (0) 0.0882 0.0980

aThe numbers in parenthesis represent coded independent variable levels
RESULTS AND DISCUSSION

In this study, response surface methodology was used to optimize and under-
stand the relationships between the important reaction parameters in the lipase-ca-
talyzed transesterification of sunflower oil with methanol in a solvent-free sys-
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tem. The objective was to obtain basic information concerning the relationships
between these variables and the response (the reaction rate), aiming at a better
control of the enzymatic process.

Based on the experimental results, two models were obtained. The first one
presents the influence of individual and interactive effects on the reaction rate
and the second one presents the same effects on the reaction rate per unit amount
of enzyme. The second model allows the economic efficiency of the process to
be optimized, since the cost of the enzyme represents a significant constituent of
the overall costs of the process.

Statistical analysis was performed on the experimental results and the main
and interaction effects of the variables were estimated. The amount of the enzy-
me had the largest influence on the reaction rate. Temperature and the amount of
water had the next largest linear effects. The methanol to oil molar ratio did not
significantly influence the production of biodiesel. An insignificant factor, but
with a very high value, was the interactive effect between temperature and water
content.

After eliminating the insignificant terms based on the composite rotatable
design, a second order model (Eg. 1) was obtained with three significant para-
meters, without interactions:

Y1 =0.0596 — 0.0180x; + 0.0233x, — 0.0181x3 + 0.0131 x2 + 0.0154x2 (1)

where Y1 (mmol h~1) is the rate of biodiesel production.

The response surface and contour plots of the predicted reaction rate as a
function of process variables obtained from RSM analysis are presented in Fig. 1.
Over the entire investigated range of enzyme concentration, the yield of the
transesterification increased with increasing amount of enzyme in the reaction
mixture (Figs. 1a and 1b). On the other hand, the effects of reaction temperature
and amount of added water were described with quadratic equation with mini-
mum values. The minimum rate of biodiesel production was achieved at 52 °C
and 6.7 % of added water, while high rates were observed at high water content
and a low temperature or at a low water content and a high temperature (Fig. 1c).

The transesterification reactions were performed over a wide range of tem-
peratures, i.e., from 25 to 65 °C. The response surface plot (Fig. 1a) clearly
shows that increasing the temperature first led to a steep decrease of the rate of
production of biodiesel until 45 °C. Further increasing of the temperature resulted
in a slight increase of the rate of synthesis. The highest activity in examined
temperature range was observed at the lowest applied temperature of 25 °C. The
highest activity of the immobilized R. miehei lipase at the lowest employed tem-
perature suggests that the lipase, like some other lipases, such as that from Psen-
domonas cepacia,1” Candida rugosa2® or porcine pancreatic lipase,21 was inacti-
vated when it was subjected to a higher temperature for a long period.
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It is clear that significant parameters in the second model are temperature,
water content and the interactive effect between temperature and water. From the
experimental data and after eliminating the insignificant parameters, for the ana-
lysis of the factors on the reaction rate per unit amount of enzyme, the second

order model (Eq. 2) with two significant parameters together with their interac-
tion was obtained:

[F=
=4
T
L
b
5

5

-

Y2 =0.0714 — 0.0198x1 — 0.0227x3 + 0.0163x2 + 0.0191 x2 —0.0219x1x3  (2)

where Y, (mmol h~1 g71) is the rate of biodiesel production per unit amount of
enzyme.

The effect of both significant parameters on the specific rate of biodiesel
production is illustrated in the response surface plot given in Fig. 2, from which it

can be observed that high yields were obtained at low temperature and high water
content or vice versa.
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Fig. 2. The response surface of the reaction rate per unit amount of enzyme
at different levels of water amount and temperature.

Comparing the two obtained models, it is clear that in the first model the
amount of enzyme is the most significant factor with positive effect on the pro-
duction rate of biodiesel, whereas in the second model it did not influence the
production rate of biodiesel per unit amount of enzyme. These findings indicate
that, although with increasing amount of enzyme in the system the rate of bio-
diesel production was increased, it is not economically justified. However, re-
ports can be found that increasing the enzyme concentration up to 30 % led to an
increase in the yield of biodiesel.” This implies that the rate of transesterification
per unit amount of enzyme should be the response variable of choice in the de-
velopment of the best method for evaluation of the effectiveness of a production
process of biodiesel.

In both models, the methanol/oil molar ratio (3:1-9:1) was not a significant
factor for the synthesis of biodiesel. In a majority of related studies, the metha-
nol/oil molar ratio significantly influenced the yield of methyl esters. For exam-
ple, Soumanou et al. also investigated the influence of methanol on the yield of
biodiesel, with the same lipase, and obtained best results with 3:1 methanol/oil
molar ratio.8 In this case, the enzyme concentration was significantly higher (10 %),
and even a slight increase of excess methanol resulted in the almost complete in-
activation of the lipase. In a different study, the best results were obtained at 4:1
alcohol/oil molar ratio with an even higher amount of enzyme (27 %). However,
the activity of the immobilized enzyme from Candida antarctica decreased at
higher methanol concentrations (5:1 and 6:1).19

The addition of water exhibited a negative effect on the reaction rate. The
highest activity was achieved without addition of water to the reaction mixture
(Figs. 1b and 1c). Increasing the amount of added water up to 6.5 % led to a steep
decrease of activity but further increase of the amount of water led to a slight
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increase of the transesterification activity. Such a behavior is a consequence of
the complex reaction mechanism of enzymatic transesterification.22 The amount
of water in the system should be a compromise between minimizing hydrolysis
and maximizing enzyme activity for the transesterification reaction.1l Immobili-
zed enzymes, however, show the highest activity in low-water systems. The hi-
ghest initial rate of the transesterification reaction using immobilized Psendo-
monas fluorescens was achieved at 0.3 % of added water.23 The capability of
lipase from R. miehei to catalyze reactions at exceptionally low activity of water,
ay, was documented in a previous study.24 It was reported that the enzyme
remained highly active at a water activity below 0.0001.

In this study, according to the test of statistical significance, only one inter-
active effect was observed, i.e., a negative interactive effect between the tempe-
rature and water content on the reaction rate per unit amount of enzyme. It can be
seen from the response surface (Fig. 2) that a higher reaction rate could be ob-
tained at a high temperature and low water content, or vice versa. The transesteri-
fication activity of lipase R. miehei rapidly decreased with the combined increase
of both the amount of water and temperature, probably due to lipase denaturation.
Additionally, with excess water, the hydrolysis of methyl esters is favorable, es-
pecially at high temperatures.

CONCLUSIONS

The response surface methodology proved to be a valuable tool for evalu-
ating the effects of various factors on the lipase-catalyzed synthesis of biodiesel
fuel from sunflower oil. The reaction temperature and the amount of added water
significantly influenced the rate of biodiesel production and these effects were
adequately described by a quadratic model. Most importantly, RSM enabled the
determination of a negative interactive effect between temperature and the
amount of water, which would have been unseen in a classical investigation of
the effects by variation of one factor while keeping the other parameters at fixed
values. Thus, the highest yield of biodiesel was achieved at 45 °C and without
water addition. Additionally, the results of this research imply that the choice of
output parameter is of crucial importance, since different models were obtained
with two particular response variables. The enzyme concentration had the most
pronounced effect on the rate of biodiesel production but had no effect on the rate
of biodiesel production per unit amount of enzyme. This fact implies that enzy-
matic synthesis of biodiesel with high amounts of lipase is not economically ac-
ceptable in a batch process, in spite of a certain increase of the product yield.
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NU3BOJ

OIITUMHU3OBAE ITOCTVIIKA IMTPOU3BO/ABE BUOAN3EJIA KOMEPLIMJAJTTHOM
JIMTTA30M Y CUCTEMY BE3 OPTAHCKOI' PACTBAPAYA ITPUMEHOM
METO/JIOJIOTUIE OJI3UBHUX ITOBPIIINHA

HEBEHA OI'ibAHOBWR, IEJAH BE35PA/TMIIA n 30PULIA KHEXKEBU'R
Texnoaouwko-meiarypuru gaxyaitieiss, Kapuezujesa 4, 11000 Beozpao

Lums oBor paga Omia je onTUMHU3aNHKja Ipoleca cuHTe3e OHnoan3ena KopumhemeM IMOOHITH-
cane nunase u3 Rhizomucor miehei. Y oBom pany ucnuTaH je yTHIG] OCHOBHHX MPOLECHUX apa-
MeTapa Ha HPUHOC GHOAM3eNa: TeMIepaType, MOIApHOT ORHOCa METaHOJ/yJbe, KOHLCHTpALje eH-
3MMa ¥ KOHILICHTpalje BOJE y CHCTeMy 0e3 opranckor pacrBapada. OnTUMH3aldja mporeca eH-
3UMCKE CHHTE3€ je M3BpILICHA KopHIfielheM poTaTabHIHOI KOMIIO3UIMOHOT IiaHa. 3a 00paiy mo-
JlaTaka KopuInhieHa je METOOJIOTHja OI3UBHIX MOBPIIMHA. Y CTAHOBJBEHO j€ Ja ce YTHIaj (akTopa
Ha Op3WHYy €H3UMCKE peakilije MOXXe OMMCATH MOJIEIIOM APYTOr peda ca Tpu ¢axropa, 6e3 mehy-
cobOne nHTepaknyje. CTaTHCTHYKA aHANK3a MOKa3yje Ja je Haj3HAuajHUju napaMerap KOJIWYHuHa SH-
3UMa y peakiuoHoj cMeind. [ToBuieHa TeMiepaTypa je UMala HeraTWBaH yTHIQ) HA Op3UHY €H-
3UMCKE peakiiyje, Kao 1 nopehana KOHICHTpalKja BOjE. 3a aHAIN3y YTHIaja pasInuuTuX (hakropa
Ha Op3MHY CH3MMCKE peaklHje 1Mo KOJWYMHH €H3MMa, AOOMjeH je Monel JpYror pexpa, ca jBa
3HauYajHA Iapamerpa ca MeljycoOHOM mHTepakiujoM. M3 Mozmena ce BumM Aa je MOIEN H3Yy3eTHO
CTa0WIaH MPU MajJoOM cajpikajy BOXE, a Ja PEakiHjy MOrojayje BelnKa KOJHYMHA BOJE CaMO IpH
HUCKHM Temneparypama. Hajsehn npunoc, ox 10,15 mol kg™ emsuma, ocrapen je npu cienehnm
napameTpuma peakuuje: 45 °C, monapau oHoC MetaHou/ysbe 6:1 1 6e3 nomare Bojie y CUCTEM.

(Mpumsbeno 14. mapra, pesuaupano 2. jyna 2007)
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Abstract: The characterization of apple pectin and its oligogalacturonic frac-
tions derived from the autochthones apple variety Budimka, characteristic for
central Serbia, is described in this paper. After extraction, the apple pectin was
subjected to controlled enzymatic hydrolysis by polygalacturonase (PG) and
pectin lyase (PL) from Aspergillus niger and then fractionated by ion-exchange
column chromatography on Dowex 1X-8 (200-400 mesh). Saturated oligo-
galacturonic acids, obtained by controlled hydrolysis with PG, were efficiently
separated by elution with a gradient of Na acetate buffer (pH 6.0), while unsa-
turated oligogalacturonic acids, obtained by controlled hydrolysis with PL, were
separated on the same resin, using a gradient of Na formate buffer (pH 4.7) as
the eluent. The yields of the fractions with the particular degree of polymeri-
zation (DP) were also determined. The total content of neutral saccharides in
the original Budimka apple pectin was detected by HPLC analysis of the 4-ni-
trobenzoyl derivatives of the sugar, and amounted to 5.31 %. Among the neu-
tral saccharides, contents of galactose, glucose, rhamnose, arabinose, xylose and
mannose were detected.

Keywords: degradation; fractionation; oligogalacturonic acids; Budimka apple
pectin; polygalacturonase; pectin lyase; neutral saccharides.

INTRODUCTION

Budimka apple is an autochthon apple variety specific for the region of cen-
tral Serbia. This apple type is very resistant to climate and ecological conditions
and has low agricultural demands, making it a good candidate for organic food
products. In addition, it is well known for its sharp flavor and deep yellow to red
color, which sometimes extends into the fruit, as well as for its good balance of
acids and sugars. It is highly sought after by industry to bring a real apple flavor
to juices and ciders. For these reasons, the Budimka is treasured in Serbia both

* Corresponding author. E-mail: Imojovic@tmf.bg.ac.yu
doi: 10.2298/JSC0802157N
157
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fresh and for baked dishes. Moreover, the beneficial and even anticancerogenic
health effects of the apple pectin and phenols are well documented.1.2

Despite a large range of industrial utilization and export of these apples or
apple-based products, including commercial pectin, no systematic study on the
degradation and characterization of this pectin has been performed. Significant
changes related to the characteristics and technological properties of fruit pro-
ducts during maturation, storing and canning are related to the physico—chemical
transformations of pectins caused by the action of pectic enzymes. Both naturally
present (endogenous) and introduced enzymes (exogenous) catalyze the decom-
position of pectins.

Previously,3 the extraction of apple pectin from Budimka apples was studied
and some general properties of the isolated pectin were determined, such as its
high degree of polymerization (DP) and high degree of esterification (DE). These
characteristics, together with the particular content of phenolics and neutral sac-
charides largely determine the technological properties and specific quality of
products derived from Budimka apple.

The aim of the present study was to characterize chemically Budimka apple
pectin and the fractions obtained by enzymatic degradation. For these purposes,
homologous series of saturated and unsaturated oligogalacturonic acids were ob-
tained by enzymatic hydrolysis of pectin compounds from the Budimka apple
using polygalacturonase (PG) and pectin lyase (PL) from Aspergillus niger.

EXPERIMENTAL
Pectin extraction and purification

Budimka apples from the Arilje locality (central Serbia) were collected for investigation
during the year 2004. The extraction and purification of polygalacturonic acids from Budimka
apple was described previously.® The resulting pectin preparations had a degree of esterifi-
cation (DE) of 75 %, an average degree of polymerization of 134 % and consisted of 93 % ga-
lacturonic acids.

Enzymes and chemicals

Enzymes. The pectic acid was degraded by polygalacturonase (PG; EC.3.2.1.15) from
Aspergillus niger (Sigma, declared activity of 5-20 U/mg) to obtain a mixture of saturated
oligogalacturonides and hydrolyzed by pectin lyase (PL; EC.4.2.2.10) also from A. niger (Sig-
ma, declared activity of 50-100 U/mg).

Chemicals. D(+)-galacturonic acid monohydrate (Sigma, USA) was used as the standard
for chromatographic analysis. Sugars and sugar alcohols were purchased from Merck (Darm-
stadt, Germany). 4-Nitrobenzoyl chloride (4-NBCI; analytical grade, Fluka), used to obtain 4-ni-
trobenzoyl sugar derivates, was recrystallized once from petroleum ether (Sigma) b.p. 60-70 °C.
The melting point of 4-NBCI after recrystallization was between 71-73 °C. Analytical grade
pyridine (Fluka), used for derivatization, was refluxed for 3 h with NaOH (Merck), distilled
(b.p. 115-116 °C) and stored over NaOH. 4-Dimethylaminopyridine purum was also purcha-
sed from Fluka. The reagent solution for derivatization of the neutral saccharides was pre-
pared by dissolving 100 mg of 4-NBCI in 1 ml of pyridine with gentle warming. All other re-
agents and solvents were of analytical or HPLC grade.
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Enzymatic hydrolysis

Preparation of saturated oligogalacturonides. Mixtures of saturated oligogalacturonic
acids were obtained by incubating apple pectin in Erlenmeyer flasks in a thermostated water
bath with shaking (150 rpm) with an appropriate amount of A. niger fungal polygalacturonase
(FPG) at 35 °C for different reaction times. The reaction mixture usually contained 1 % PGA
(w/v), 0.15 M NaCl in acetate buffer (0.05 M) and 0.15 mg ml1 of FPG (w/v). In order to ob-
tain different types of oligogalacturonides, the following conditions were applied: for penta-
mer to octamer 30 to 60 min at pH 6.0; for dimer to pentamer 12 h at pH 6.0; for dimer to te-
tramer 20 h at pH 6.0; for dimer to trimer 30 h at pH 6.0. The dimer was obtained by incu-
bation at pH 3.5 for 48 h. The enzymatic reactions were terminated by addition of 10 g of ce-
lite and activated charcoal per 1000 ml and by heating for 5 min at 100 °C. This warm suspen-
sion was then filtered and the filtrate loaded onto a Dowex-50W (H*) column and eluted with
two volumes of bidistilled water (flow rate 48.9 cm h-1). In this way, the uronides were trans-
formed into free acids. The eluate was concentrated under vacuum to about 10 % (w/v) of ga-
lacturonic acids. The mixture of the obtained saturated oligogalacturonides was stored in a re-
frigerator until further separation of the particular oligogalacturonic fractions was performed.

Preparation of unsaturated oligogalacturonides. The samples were prepared in the same
way as for the saturated oligogalacturonides except that they were incubated with 0.1 mg ml-1
PL from A. niger. Also, the same incubation times were applied to collect the unsaturated
oligogalacturonides of particular chain length. Upon termination of the enzymatic reaction,
the suspension was filtered and the filtrate loaded onto a Dowex-50W (H*), as described
above, in order to transform the uronides into free acids. When a hydrolysate contained too
much monomer (D-galacturonic acid), this compound was removed from the pectin hydro-
lysate by precipitation as the sodium strontium salt. The removal of the monomer enabled a
better separation of the higher oligogalacturonic acids. The eluate was concentrated under vac-
uum to about 10 % (w/v) of galacturonic acids. The mixture was refrigerated until further
separation of the particular oligogalacturonic fractions was performed.

Analytical methods

The anhydrogalacturonic acid (AGA) content in the pectin preparations was determined
by a photometric method with carbazole in 80 % sulfuric acid and borate ions were added.
The absorbance of the solutions was compared to that obtained from standard solutions of ga-
lacturonic acid subjected to the same procedure.*

The unsaturated oligogalacturonides content was monitored by measuring the absorbance
increase in the reaction mixture at 232 nm, due to double C,—Cs bond formation in the pectin
molecule during the enzymatic reaction. The absorbance was measured using a Zeiss PMQ 11
spectrophotometer. The degree of degradation of the pectin was calculated from the ratio of
the measured increase of the absorbance and the theoretical increase that should have occurred
if the enzyme were to break all the glycoside bonds. The theoretical absorbance increase was
calculated from the concentration of pectin acids, the degree of polymerization and the molar
extinction coefficient (&) for unsaturated bonds according to Macmillan and Vaughn.®

The degree of polymerization (DP) of the substrate was estimated by determining the
ratio of AGA to the content of reducing groups (AGA/CHO), according to Liu and Luh.® The
reducing group content was determined using the method of Somogyi.’

The degree of esterification (DE) was evaluated by the cuprizonic method of Keijbets
and Pilnik.8

The methanol content was determined using chromotropic acid.®

The phenolics were determined after saponification of pectin substrate with 1 M NaOH.
The phenolics were measured using the Folin—Ciocalteu reagent (FCR) and vanillin—sulfuric
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acid reagent (VSR). FCR reacted with monomers and higher phenolic polymers according to
the method of Ribereau—-Gayon.10 VSR reacted approximately stoichiometrically with phenol-
lic compounds of medium and lower degrees of polymerization, as described by Goldstein and
Swain.11 Changes in the degree of polymerization of the phenolics in the samples were moni-
tored from the ratio of the values obtained by the two methods.

The molecular mass, M,was estimated by determining the end-groups according to
Voragen et al.12

lon-exchange chromatography of the oligogalacturonic acids

The saturated oligogalacturonic acids were fractionated using a modified procedure of
Nagel and Wilson.13 The material obtained after digestion of 10 g of pectin was separated by
column chromatography employing a Dowex 1X-8 column (200-400 mesh). A typical co-
lumn measured 30x700 mm?2 and had a volume of about 500 ml. The column was loaded with
150 ml of the 10 % oligogalacturonic acid solution. Saturated oligogalacturonic acids were
eluted using sodium acetate buffer (pH 6.0) at a linear concentration gradient from 0.2 to 0.8
M. Before elution, the column was washed with 1 | of distilled water. Unsaturated oligogalac-
turonic acids were separated using the same column but with a different eluent. They were
eluted using sodium formate buffer (pH 4.7) at a concentration gradient of 0.1-0.6 M. In this
way, the fractions which presented homologous series of saturated and unsaturated oligogalac-
turonic acids from dimer to octamer, were eluted. The fractions collected were tested for the
content of uronide using the carbazole method* and for the content of unsaturated uronide by
measuring the absorbance increase at 232 nm.5

Purification of the oligogalacturonic acids

After analysis for their uronide content, the fractions of the oligogalacturonic acids from
the individual peaks were pooled and precipitated with SrCl,. The SrCl, was added in 100 %
excess and the salts of the uronic acids were precipitated in 4 volumes of 92 % ethanol. Then
the dimers and trimers were precipitated in 70 % ethanol and finally in 60 % ethanol, while
the oligogalacturonic acids with longer chains were precipitated in 50 % ethanol. After filtra-
tion, the precipitates were dried under vacuum over CaCl,. To ensure the purity of the indi-
vidual uronides, the salts from several column runs were combined, converted to the free acids
by treatment with Dowex-50 W (H*) and rechromatographed. Only those fractions shown by
TLC to contain the desired oligogalacturonides were pooled.

TLC of the oligogalacturonic acids

After column separation, the obtained fractions were identified and determined by thin
layer chromatography, TLC. The TLC analyses were performed on cellulose TLC plates
(Eastman E-13255). Each spot contained 35-85 ng (depending on the experiment) of the sam-
ple. The plates were developed in an ascending direction at 23 °C with ethyl acetate: acetic
acid: water (4:2:3. v/v/v). The spots were visualized by spraying the plates with 10 % ammo-
nia solution followed with bromophenol blue according to Liu and Luh.® For quantitative as-
say, an aliquot of 85 ug of hydrolysate was applied for each spot. Quantitative analysis of the
oligogalacturonic acid was performed by scraping the acidic spots from the thin-layer plates and
analyzing for the content of anhydrogalacturonic acid by the carbazole method described above.

Determination of neutral saccharides

The neutral saccharides were determined by liquid chromatography (HPLC) analysis on
a Spectra-Physics Sp 8000 instrument, with a Rheodyne fixed injector (20 ul) using a Bio Rad
HPX-87P column (30 cmx7.8 mm, packed with 9 um spherical sulfonated polystyrene—divi-
nylbenzene beads with 8 % of cross-linked bonds). The neutral saccharides present in the
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samples of the oligogalacturonic acid fractions were derivatized prior to the HPLC analysis.
Detection of the derivates was performed at 260 nm, which is the extinction maximum for 4-ni-
trobenzoyl sugar derivatives at ambient temperature. An acetonitrile—water mixture (400:100)
was used as the eluent. The flow rate was 1.0 ml min-1. The derivatization of saccharides was
performed with 4-NBCI in pyridine according to a modified procedure described by Nacht-
mann et al.1415 The reaction was performed in stoppered 10-ml centrifuge tubes. Fifty pl of
the samples with 10 % (w/v) of galacturonic acids where mixed with 150 ul of the reagent so-
lution (prepared by dissolving 100 mg of 4-NBCI in 1 ml of pyridine with gentle warming),
well shaken, and reacted for 10 min at room temperature. After the reaction, the derivatives
were extracted. The pyridine was first removed in a desiccator under a water suction vacuum.
The centrifuge tubes were then flushed with an air or nitrogen stream and 2 ml of a 5%
NaHCOj; solution containing 5 mg of 4-dimethylaminopyridine was added. The excess rea-
gent was hydrolyzed after 5 min of treatment in an ultrasonic bath. A blank treated simultane-
ously should yield a clear solution. The derivatives were then extracted with 2 ml of chloro-
form and treated with 2 ml of a 5 % NaHCOj; solution and twice with 3 ml of a 0.05 M HCI
solution containing 5 % NaCl. This led to the quantitative isolation of the derivatives and
complete exclusion of excess reagent and pyridine.

RESULTS AND DISCUSSION
Separation of oligogalacturonides

The vyields of saturated and unsaturated oligogalacturonic acids obtained by
enzymatic decomposition of pectin preparations from Budimka apple are given in
Table I. The saturated and unsaturated di- to octagalacturonides were separated
using the same Dowex-1X8 ion-exchange column chromatography but with dif-
ferent eluents. As shown in Table I, the overall yield of saturated oligogalac-
turonic acids was 60.13 % (w/w), which was higher than the overall yield of un-
saturated oligogalacturonic acids, amounting to 53.45 %. In both cases, trimers
were obtained in the largest amount (16.76 % for saturated oligogalacturonic
acids and 12.25 % for unsaturated oligogalacturonic acids), followed by dimers
(12.45 % for saturated oligogalacturonic acids and 9.61 % for unsaturated oligo-
galacturonic acids) and tetramers (9.21 and 9.02 %, respectively), and the amounts
decreased towards oligogalacturonic acids with higher degrees of polymerization,
up to octamer. The method employed for the determination of the degree of poly-
merization (DP) of the fractions of the oligogalacturonic acids, i.e., according to
the ratio of AGA to the content of reducing groups (AGA/CHQO), was found to be
an effective and precise method for both the saturated and unsaturated oligo-
galacturonic acids (Table I).

The fractions of oligogalacturonic acids present in the incubation mixtures
obtained by enzyme action were identified by TLC on the basis of the Ry, values,
which are presented in Table I (the Ry values represent the relationship between
the migration distance of the sample spot and that of the standard). It is obvious
that the oligogalacturonic acid fractions identified by the Rga values correspon-
ded very well to the DP calculated on the basis of the AGA and CHO contents.
The purity of the identified TLC spots, which was determined by scraping of the
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acidic spots from the thin-layer plates and analyzing for the content of anhydro-
galacturonic acid by the carbazole method (data not presented), was more than
98 %, thus indicating that a very good separation was achieved.

TABLE I. Yield of saturated and unsaturated oligogalacturonic acids (DP 2-8) obtained from

10.0 g of pectin preparation (extracted from Budimka apple) containing 93 % polygalacturonic
acid (DE 75, DP 134)

. . Saturated Unsaturated
Oligogalactouronic DP R bt . - .
acid ga tained  Yield AGA/CHO Obtained Yield AGA/CHO

amount, g w/w % amount, g w/w %

Dimer 2 0.67 1.16 12.45 2.01 0.92 9.61 2.02
Trimer 3 051 1.56 16.76 3.09 1.19 12.25 3.07
Tetramer 4 039 0.86 9.21 3.97 0.87 9.02 4,06
Pentamer 5 0.28 0.69 7.43 4,99 0.68 6.98 4,98
Hexamer 6 021 0.54 5.84 6.01 0.63 6.45 5.97
Heptamer 7 015 0.46 4.95 7.02 0.52 5.39 7.03
Octamer 8 011 0.32 3.49 7.98 0.38 3.95 8.05
Total - - 5.59 60.13 - 5.19 53.65 -

The presented results demonstrate that it was possible to employ the same
column but with different eluents to separate the unsaturated and saturated uro-
nides. It was noticed that the elution power of the acetate buffer used for the se-
paration of the saturated oligogalacturonides was stronger than the elution power
of the formate buffer used for the separation of the unsaturated oligogalacturo-
nides. Thus, a higher concentration of the eluent was applied for the elution of
the unsaturated uronides than that used for the elution of the saturated uronides of
the same chain length.

The elution profiles for the saturated and unsaturated oligogalacturonic acids
are shown in Figs. 1 and 2, respectively. It can be seen that the unsaturated uroni-
des were eluted as broader peaks (Fig. 2). The first small peak at the beginning of
the elution profile of the saturated oligogalacturonic acids (Fig. 1) was not part of
the homologous series of oligalactouronides. Moreover, the first two small peaks
of the profile of the unsaturated oligogalacturonic acids (Fig. 2) were also not part
of the homologous series of oligalactouronides. This was confirmed by TLC analysis.

Determination of saccharides

The content of neutral saccharides (rhamnose, galactose, arabinose, xylose,
mannose and glucose) in the original apple sample is presented in Fig. 3. The
content of the total neutral saccharides was also determined in the saturated and
unsaturated fractions of oligogalacturonic acids and expressed relative to the con-
tent of dry mass (Tables Il and Il1), as well as the content of individual saccha-
rides (data not presented).

The total content of neutral saccharides in the original Budimka apple pectin
amounted to 5.31 % (Fig. 3). Galactose was present in the greatest amount (1.16 %)
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in the original sample, while the content of mannose was the lowest (0.63 %). The
contents of rhamnose, arabinose, xylose and glucose were similar and below 1 %
in the Budimka apple pectin. The presented results of the neutral saccharides in-
dicated a heteropolysaccharide content of Budimka apple pectin compounds, since
a larger content of different saccharides in the isolated fractions of oligogalactu-
ronic acids was detected. These sugars are integral constituent of pectic polysac-
charides, which was indicated by the failure of fractionations by ion-exchange
chromatography. Generally, the neutral sugar side chains are linked to rhamnoga-
lacturonan segments within the pectin molecule.16 The presence of xylose and
glucose could be explained, in part, by the presence of xyloglucans, which have
been shown to be associated with pectic material,17 or by xylogalacturonan.18
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Fig. 1. The elution profile for saturated Fig. 2. The elution profile of unsaturated
oligogalacturonic acids (DP 2-8) isolated by oligogalacturonic acids (DP 2-8) separated by
ion-exchange chromatography on a Dowex  ion-exchange chromatography on a Dowex
1X-8 column (200-400 mesh), acetate 1X-8 column (200-400 mesh), formate
form, in a step-wise gradient using form, in a step-wise gradient using
0.2-0.8 M Na-acetate buffer at pH 6.0. 0.2-0.8 M sodium formate buffer (pH 4.7).

5.31

o ™

% [ whw

D et

Galactose Gucose Rhamnose Xylose Arabinose Mannose

Total

Fig.3. Total and individual content of individual neutral saccharides (galactose, glucose, rhamnose,
xylose, arabinose and mannose) determined in Budimka apple pectin.
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TABLE Il. Composition of the original Budimka apple pectin sample and of saturated oligo-
galacturonic acids fractions (DP 2-8) of the pectin separated on a Dowex 1X-8 (acetate) column

Original Oligogalacturonic acid

sample  Di- Tri- Tetra- Penta- Hexa- Hepta- Octa-
Degree of esterification 75 682 635 594 586 569 568 53.0
Degree of polymerization 134 207 295 301 497 6.03 7.02 8.09
M, (end groups) /g molt 17400 9500 17300 29300 27890 31090 37800 40780
Galacturonic acid content 93 947 952 939 894 837 860 837
Neutral sacch. content 531 341 324 463 547 533 628 791

Quantities in %

Methanol content 0.070 0.070 0.050 0.050 0.050 0.050 0.040 0.040
Contentof VSR 0.15 002 002 002 003 0.06 0.07 0.6
phenolics FCR 3.25 153 132 062 064 069 277 243
VSR/IFCR 4.6 6.5 4.6 4.4 3.9 3.3 2.5 24
Humidity 5.7 8.6 8.2 6.5 7.3 8.9 950 9.65
Ash 0.37 068 079 078 092 064 050 065

TABLE I11. Composition of the unsaturated oligogalacturonic acids fractions (DP 2-8) of Bu-
dimka apple pectine separated on a Dowex-1X8 (formate) column

Oligogalacturonic acid
Di- Tri- Tetra- Penta- Hexa- Hepta- Octa-
Degree of esterification 725 70.8 64.7 61.9 58.7 57.3 54.8
Degree of polymerization 2.07 3.05 4.09 5.00 6.09 7.05 8.00
M, (end groups) / g mol'l 19500 27480 32720 39650 46900 53000 58390
Galacturonic acid content  91.7 88.4 85.3 81.9 78.9 75.3 72.8
Neutral sacch. content 3.43 3.65 4.40 4.75 5.05 5.55 5.65

Quantities in %

Methanol content 0.03 0.09 0.08 0.05 0.07 0.05 0.06
Contentof VSR 1.97 1.36 0.64 0.86 0.46 0.58 0.58
phenolics FCR 6.35 5.92 4.79 4,53 4.28 4.19 2.43
VSR/FCR 4.13 4,72 5.78 7.05 8.03 10.68 10.84
Humidity 75 7.0 6.8 6.4 6.9 6.3 7.2
Ash 0.63 0.69 0.75 0.81 0.75 0.68 0.55

The amounts of neutral sugars found in the pectin preparations corresponded
to those presented in a study on a model of cell wall structure by Talmadge et
al.19 Smaller amounts of rhamnose and galactose were observed in fractions con-
taining compounds of lower M, confirming that these two sugars might be incur-
porated into the main chain of the pectin molecule. The successive increase of the
content of rhamnose and galactose in the oligogalacturonides with longer chains
suggested (data not presented) the assumption that these sugars are included in
the main chain of the pectin molecules. Direct evidence for L-rhamnose as an in-
tegral constituent in several pectic acids, for example, that from alfa (lucerne) has
been obtained by the isolation of aldobiouronic acid 2-O-(a-D-galactopyra-
nosyluronic acid)-L-rhamnose, as a product of partial acid hydrolysis.20 Other
neutral residues in pectins are probably attached as side chains as depicted on the
partial structure shown in Fig. 4.
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4)-5-D-Galph -(1—2) -p-L-Rhap-(1 =>4 -e-(1 >N —o-D - Calph {1 -
P e i 0 0
R R

E'=(D-Gap), -1 —or (L - 4raf), - (1=
R'=8-D-¥ylp—-(1l—=e-L-Fup-{1=22-33lp-(1—=, orp-D-Galp -1 =220 -F-L-Ilp-(1—

Fig. 4. Model of the partial structure of the neutral residues of pectin compounds.

Chemical composition of the fractions of oligogalacturonic acids

The overall chemical composition of the fractions of saturated and unsatura-
ted oligogalacturonic acids fractions (DP 2-8) of Budimka apple pectin are pre-
sented in Tables Il and 111, respectively. It can be seen from these Tables that the
degrees of esterification of both the saturated and unsaturated oligogalacturonic
acids decreased with increasing chain length of the oligogalacturonic acid. The
elution of poorly methylated pectin compounds was possible only at higher buf-
fer concentrations. This leads to the conclusion that pectin binding to ion-exchan-
ge resins depends on both the number of free carboxyl groups and the strength of
the negative charges in the macromolecule. The extent of esterification in the
isolated saturated oligogalacturonic fractions ranged from 68.2 to 53.0 (Table II),
while in the unsaturated oligogalacturonic acids, it ranged from 72.5 to 54.8 (Ta-
ble I11). The decrease of the degree of esterification in the isolated oligomers from
di- to octamer was accompanied by an increase in the total content of phenolics.
It is supposed that the presence of phenolics in pectin compounds amplifies the
negative charge of the molecule, which influences the strength of the bonds for-
med with ion-exchange resins. Most of the phenolics contained in the chain of
pectin compounds are not directly bound to pectin since, under the employed experi-
mental conditions for the separation of oligogalacturonides by ion-exchange chroma-
tography, the eluates contained some 96 % of the starting uronides and about
10 % of the starting amount of phenolics in the analyzed pectin preparations.

Oligomers of increasing M, were eluted with increasing buffer concentra-
tion, for both the saturated and unsaturated oligogalacturonic acid fractions (Ta-
bles Il and 111). The gel-filtration effect on the ion-exchange material used for the
isolation of oligogalacturonides cannot be the reason for this trend because the
sequence of M, values in the eluted fractions would be reversed in such a case. It
is assumed that other bonds are formed, besides the ionic ones (e.g., van der Waals
bonds), which are independent of the degree of esterification. Their number and
strength would increase with increasing pectin chain length. Moreover, the
presence of phenolic hydroxyl groups may lead to an amplification of this effect.

CONCLUSIONS

The isolation of pure homologous fractions, according to the degree of
polymerization, of saturated and unsaturated oligogalacturonic acids obtained by
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controlled enzymatic hydrolysis of the Budimka variety of apple could be simply
and efficiently performed by ion exchange chromatography on a Dowex 1X-8
column.

The saturated oligogalacturonic acids, obtained by controlled hydrolysis with
FPG, were eluted with a gradient of Na acetate buffer, pH 6.0, while the unsatu-
rated oligogalacturonic acids (4,5-dehydrogalacturonosyl unit on the non-redu-
cing end), obtained by controlled hydrolysis with PL, were separated on the same
resin but using a gradient of Na formate buffer, pH 4.7, as the eluent. The total
yields of oligogalacturonic acids recovered from the hydrolysate of polygalac-
turonic acid were 60.13 % for the saturated (DP 2-8) and 53.65 % for the unsatu-
rated (DP 2-8) forms. It was confirmed that the separated oligogalacturonides
were very pure (= 99 % of AGA).

The presence of neutral saccharides, i.e., rhamnose, galactose, arabinose, xy-
lose, mannose and glucose, in the original Budimka apple pectin and in the ob-
tained fractions was confirmed by HPLC analysis of 4-nitrobenzoyl sugar deriva-
tives. The total content of neutral saccharides in the original Budimka apple pec-
tin amounted to 5.31 %. The contents of rhamnose, arabinose, xylose and glucose
were similar and below 1 % in the Budimka apple pectin.

The degree of esterification of the isolated oligogalacturonic acids decreased
with increasing chain length.

U3BOJ
JEIPAIOAILINIA U KAPAKTEPU3ALIMJA ITEKTUHA JABYKE COPTE BYIMUMKA
MUWJIOLLI B. HUKOJIWR! 1 JbMJBAHA MOJOBUR?

L Cp6ujania", 14 000 Bameso u 2 Ynusepauitieii y Beozpady, TexHoa0uKko-mellianypuikic paxyaiieit,
Kaprezujesa 4, 11000 Beozpao

VY 0BOM pajy je UCIHTHUBAH XEMHjCKH CacTaB M KapaKTEPUCTUKE IEKTHHA jaOyKe ayTOXTOHE
copTe OyauMKa, Koja je KapakTepHUCTHYHA 3a perdoH IeHTpanHe Cpbuje. HakoH ekcTpakiuje mek-
THHA U3 jabyKe, U3BpIICHA je KOHTPOJIMCaHA €H3MMCKa XUIPOJH3a MoMohy eH3MMa MOJIUTAIAKTy-
ponase (PG) u nextun-nujase (PL) u3 Aspergillus niger u nobujern xunponuszaru cy GpakHOHH-
canu nomohy joHomsmemusauke konone Dowex 1X-8. Cenaparja 3acuhieHHX OJUTOragakTypoOH-
CKHX KHCEIJIHHA, JOOMjeHUX KOHTPOJIMCAaHOM XUIPOJIN30M MMOMONY monuraiakTypoHase je eduxac-
HO WM3BpILEHA TpaJujeHTHOM enynujoM ca Na-aneratHuM mydepom, pH 6,0, ok je cenapanuja He-
3acHeHNX OJIMTOraJaKTypOHCKHX KHCEIMHA JOOMjEeHNX KOHTPOJIMCAHOM XHAPOJIN30M Ca MEKTHH-IHU-
ja30M H3BpILIEHA HAa MCTO]j jOHOM3MEHMBAYKO] KOJOHH, anu kopuirhemem Na-popmujatHor mydepa
pH 4,7. Takolhe je yTBpheH nprHHOC MHIMBUAYATHUX (pakifja pa3auIuTOr CTEleHa IMOJUMEepH3a-
myje. YKynaH cajpxaj HeyTpalHUX caxapuaa, koju je yrephen nomohy HPLC je msnocuno 5,31 %.
Heyrpanne mehepe nektuna jabyke OyauMKa YMHE paMHO3a, apabUHO3a, KCHII03a, MaHO3a U TIIYKO3a.

(Mpumsbero 26. Gpebpyapa, peeuaupato 1. asrycra 2007)
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Abstract: Nickel(Il) amino acid dithiocarbamate complexes of the composition
[Ni(AAdtc)(PPh3)(NCS)], [Ni(AAdtc)(PPh3)(CN)] and [Ni(AAdtc)(PPhs),]CIO,
[(AAdtc = dithiocarbamate derivatives of amino acids, i.e., glycine (glydtc),
L-iso-leucine (i-leudtc) and L-proline (prodtc)] were synthesized. The com-
pounds were characterized by IR and electronic spectroscopy, thermal analysis,
cyclic voltammetry and conductivity measurements. In the case of the mixed
ligand complexes, the thioureide {C—N) values were shifted to higher wave
numbers compared to [Ni(AAdtc),]. This observation shows the increased strength
of the thioureide bond due to the presence of the m-accepting phosphine. Elec-
tronic spectral studies suggest square planar geometry for the complexes. Ther-
mal analyses of the complexes are in keeping with the proposed formulae. Al-
most all the complexes showed signs of decay above 170 °C. At around 390 °C,
the final mass corresponded to NiS. Cyclic voltammetry showed a decrease of
the electron density on the nickel in the mixed ligand complexes compared to
[Ni(AAdtc),].

Keywords: amino acid dithiocarbamate; triphenylphosphine; nickel(ll); IR; elec-
tronic spectra; cyclic voltammetry.

INTRODUCTION

Group VIII dithiolates containing planar MS4 chromophores show interesting
variations in their reactions with Lewis bases.12 Unlike its congeners, nickel(1l)
is a borderline acceptor and its planar dithiocarbamate ligand prefers to react with
Lewis bases, such as phosphines, rather than hard nitrogenous bases. Nickel(ll)
dithiocarbamates in their reaction with PR3 form NiS,P, chromophores.34

Nickel(11) complexes with phosphine ligands have been studied for their anti-
-cancer activity.> Many proteins contain cystein and methionine residues and hence
dithiocarbamate derivatives of a-amino acids may be valid models for the study
of the coordination of proteins to metal ions. The complexes formed between metal

*Corresponding author. E-mail: sthirumaran@yahoo.com
doi: 10.2298/JSC0802169G
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ions and dithiocarbamate derivatives of amino acids have been reported.5-8 In order
to understand the influence of SCN~ and CN~ donors on the coordination environ-
ment around a nickel atom and on the thioureide bond, in this work, the synthesis
and characterization of mixed-ligand complexes i.e., [Ni(AAdtc)(PPh3)(NCS)],
[Ni(AAdtc)(PPh3)(CN)] and [Ni(AAdtc)(PPh3)2]CIO4, were studied.

EXPERIMENTAL
Synthesis of the ligands

The dithiocarbamate-derivatives of the a-amino acids glycine, L-iso-leucine and L-pro-
line were synthesized following a method similar to that described by Musil and Irgolic.® The
amino acid (0.050 mol) was reacted with an aqueous solution of Ba(OH),-8H,0 (0.055 mol)
and the suspension was magnetically stirred until total dissolution was achieved. In order to
prevent precipitation of barium carbonate, the presence of air was avoided. Acetone was then
added, until its content was ca. 40 % of the total volume and CS, (0.060 mol) was added drop-
wise. Formation of the barium salt occurs according to the reaction:

H,N-CH(R)-COOH + Ba(OH), + CS, — Ba(S,C-NH-CH(R)-COO) + 2H,0

The solution was kept at 0 °C for 12 h. Addition of ethanol resulted in a white preci-
pitate, which was filtered and washed with diethyl ether. Purification was performed by dis-
solution in water and precipitation with ethanol.

Preparation of nickel(ll)-dithiocarbamate complexes

A solution of NiCl,-6H,0 (0.001 mol) was added dropwise to an aqueous solution of the
barium salt (0.001 mol) of the corresponding dithiocarbamate ligand. The light green ni-
ckel(I1) solution immediately became dark and a precipitate formed, which was characterized
as Ba[Ni(S,C—NH-CH(R)-COO0),]-3H,0. In order to remove the barium cation from the
complex, the aqueous solution was transferred to a separating funnel and diethyl ether was
added. Then the stoichiometric amount of 0.10 M HCI was added to generate BaCl,, which
remained in the aqueous layer. It should be noted that the acid solution was added after the
diethyl ether, hence, the neutral complex was removed to the organic phase before it was des-
troyed by the acidic medium:

2Ba(S,C—NH-CH(R)—COO) + NiCl, + 2HCI — Ni(S,C-NH-CH(R)-COOH), + 2BaCl,

Upon evaporation of the diethyl ether, the olive green Ni(AAdtc), complex separated.
Preparation of [Ni(AAdtc)(PPh,)(NCS)] [AAdtc = glydtc (1), i-leudtc (2), prodtc (3)]

A mixture of Ni(AAdtc), (0.001 mol), NiCl,:6H,0 (0.001 mol), PPh; (0.002 mol) and
NH,4SCN (0.002 mol) was refluxed for 3 h in acetonitrile (30 cm3) and methanol (10 cm3).
The purple red solution was filtered and left to evaporate. After two days, a purple red solid
had separated out, which was re-crystallized from CHClIs.

Preparation of [Ni(AAdtc)(PPh,)(CN)] [AAdtc = glydtc (4), i-leudtc (5), prodtc (6)]

A mixture of Ni(AAdtc), (0.001 mol), NiCl,:6H,0 (0.001 mol), PPh; (0.002 mol) and
KCN (0.002 mol) was refluxed for 3 h in acetonitrile (30 cm3) and methanol (10 cm3). The
orange solution was filtered and left to evaporate. After two days, an orange solid separated
out, which was recrystallized from Me,CO.

Preparation of [Ni(AAdtc)(PPh,),]CIO, [AAdtc = glydtc (7), i-leudtc (8), prodtc (9)]

A mixture of Ni(AAdtc), (0.001 mol), NiCl,-6H,0 (0.001 mol), PPh; (0.002 mol) and

NaClO, (0.001 mol) in CHCl; (50 cm3) and EtOH (4 cm3) was refluxed for 3 h. The resulting
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purple red solution was filtered and left to evaporate. After 2 days, a purple red solid sepa-
rated, which was recrystallized from CHCI5.10
Analytical and physical measurements

Reagent grade, high purity materials (BDH/Merck) were used as supplied. The nitrogen
content in the complex was determined by the Kjeldahl method and the nickel content was
determined by the standard EDTA method. The conductivity studies were performed using a
Pico Model 201 conductivity bridge. Acetone and acetonitrile were used as solvents. The
conductance measurements were recorded at room temperature (27 °C). The concentration of
the compounds was 1x10-3 mol dm-3 in all measurements. IR Spectra were recorded as KBr
pellets with a Nicolet Avatar 360 FT-IR spectrophotometer (range 400-4000 cm™1). UV-Vis
spectra were recorded on a Hitachi U-2001 double beam UV-spectrophotometer. A Perkin—EI-
mer TGAT instrument was used for the thermal analysis. The heating rate of the furnace was
fixed at 20 °C min-l. An ECDA 001 electrochemical system was used for recording the cyclic
voltammograms of the complexes. The working electrode was made of glassy carbon. The
counter electrode was a Pt wire and reference electrode was Ag/AgCl. Pure dichloromethane
was used as the solvent and tetrabutylammonium perchlorate (0.10 M) as the supporting elec-
trolyte. The scan rate employed was 100 mV s1. All measurements were recorded at room
temperature (27 °C) in an oxygen free atmosphere, provided by bubbling purified nitrogen
through the solution. The concentration of the compounds was 1x10-3 mol dm-3.

RESULTS AND DISCUSSION

The conductivity measurements indicated the non-electrolytic nature of the com-
plexes 1-3 and 4-6 and the 1:1 electrolytic nature of the complexes 7-9,11 Table I.

Infrared spectra

The important IR bands are listed in Table I. The energy of the 1{C—N) band
was intermediate between the stretching frequencies associated with typical single
and double bonded carbon and nitrogen atoms.12 The Ni(AAdtc), complexes
showed the thioureide stretching bands at ca. 1500 cm=1. In the case of the mixed
ligand complexes, the Y C—N) values were found to be larger than those of the
parent dithiocarbamates. This observation shows the increased strength of the
thioureide bond due to the presence of the n-accepting phosphine. In general, the
glydtc and i-leudtc complexes showed higher thioureide {C—N) values than the
prodtc complexes because the heterocyclic ring system has a smaller tendency to
release electrons to the N—C bond.13

The YC—N) bands (single bonded) appeared at ca. 1100 cm~1, while in the
mixed ligand complexes containing the perchlorate anion, a band due to CIOy4
ions also appeared in this region. The IR spectral bands at 2090 cm~1 (C=N)
and 830 cm™1 (C—S) for the complexes 1-3 may imply the assumption that the
NCS group is coordinated to the nickel via the nitrogen atom.14 In the case of
complexes 4-6, the {C=N) frequency at ca. 2135 cm~1 indicates the CN~ group
is bonded to the metal through the carbon atom.1®

The YC—S) asymmetric stretching bands are located prominently at ca. 1000 cm~1
in all the complexes and the {C-S) symmetric bands appear as weak absorptions
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at ca. 690 cm~1. All the complexes show bands at 1700+30 cm™1, indicating the
presence of free carboxylic groups.16 This observation shows that the carboxylic
group is not involved in the coordination.

TABLE I. Important IR bands, conductance and analytical data for the complexes

Important infrared spectral bands Found
em-L am (Cztlcd.)
Compound o ey e S em? mol-L %

(Thioureide) (Single bonded) (NCS/CN) C-S) Ni N
[Ni(glydtc)(PPh3)(NCS)] 1542 1098 2094 1017 11.782 110 5.2
1) (112) (5.3
[Ni(i-leudtc)(PPh3)(NCS)] 1520 1098 2091 1030 10.042 98 46
(2 (10.1) (4.8)
[Ni(prodtc)(PPh3)(NCS)] 1510 1099 2088 1034 8.012 10.3 4.6
(3) (10.4) (4.9
[Ni(glydtc)(PPh3)(CN)] 1536 1098 2137 1028 14.56P 115 54
) (11.9) (5.6)
[Ni('leudtc)(PPh3)(CN)] 1540 1097 2137 1026  15.30b 10.6 4.8
(5) (10.7) (5.1)
[Ni(prodtc)(PPh3)(CN)] 1511 1097 2132 1028 9.88b 10.8 4.9
(6) (11.0) (5.2
[Ni(glydtc)(PPh3),]CIO, 1539 1115 - 1028  121.762 68 13
. ) (7.1 @7)
[Ni('leudtc)(PPh3),]ClO, 1529 1099 - 1028  118.462 6.6 1.4
(8) (6.7) (1.6)
[Ni(prodtc)(PPhg),]ClO, 1512 1090 - 1028 138808 65 1.2
9 (6.8) (1.6)

@Measured in acetone solution, [Ni*?] = 1073 mol dm™3 at 27 °C; Pmeasured in acetonitrile solution, [Ni*]] =
=103 mol dm3 at 27 °C

Electronic spectra

In all the nickel(Il) complexes, the bands which appear below 350 nm are
due to intraligand n—n* transitions, mainly associated with N—C=S and S—C=S
groups (Table II). Several authors ascribe the intense bands at 390 nm to either
metal — ligand or ligand — metal charge transfer.1” In addition to these charge
transfer bands, the electronic spectra show weak bands at 490 and 650 nm, due to
the d—d transitions. In the dialkyldithiocarbamato complexes of nickel(ll), similar
bands were reported and ascribed to transitions from the lower filled d-orbitals to
the unoccupied dy2_y2 orbitals.18 The two bands at 650 and 490 nm correspond to
dxy — dx2_y2 and d;2 — dy2_y2 transitions, respectively.

The strong bands at around 490, 435 and 440 nm for the complexes 1-9 can
be attributed to d—d electron transitions, Table 1. Comparison of the information
already available on similar compounds of this type leads to the conclusion that
the coordination around the metal ions should be square planar.3:4
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TABLE II. Electronic spectral bands, thermogravimetric data and cyclic voltammetric reduce-
tion potentials

Decomp. temp. Weight loss, %  Final ~ Reduction

Compound Amax [ M °C Exp. Calcd. residue potential, V
[Ni(glydtc)(PPh3)(NCS)] 332, 385, 182-382 834 828 NiS -0.816
(1) 485
[Ni(i-leudtc)(PPh;)(NCS)] 258,329,  180-368 827 845 NiS  -0.837
(2) 490
[Ni(prodtc)(PPh3)(NCS)] 252, 329, 192-377 84.0 841 NiS -0.841
(3) 491
[Ni(glydtc)(PPh3)(CN)] 218, 254, 167-394 80.7 81.7 NiS -1.092
(4) 321, 432
[Ni('leudtc)(PPh3)(CN)] 241, 309, 190-370 82.7 836 NiS -1.001
(5) 438
[Ni(prodtc)(PPh3)(CN)] 225, 309, 177-376 82.0 833 NiS -1.010
(6) 433
[Ni(glydtc)(PPhs),]CIO, 239, 258, - - - - -0.645
(7)2 324, 440
[Ni('leudtc)(PPh3),]CIO, 256, 325, - - - - -0.652
(8)? 440
[Ni(prodtc)(PPh3),]CIO, 256, 327, - - - - ~0.617
(9)? 440

aThe decomposition of the complexes containing the perchlorate anion were not performed owing to their pos-
sible explosive character

Thermal analysis

TG Techniques were employed to follow the thermal behavior of complexes
1-6. Representative thermograms of [Ni(glydtc)(PPh3)(NCS)] and [Ni(i-
-leudtc)(PPh3)(NCS)] are given in Fig. 1. According to the results obtained, the

INi(glydtc)(PPh,)(NCS)] (1)
T1o

Weight (%)

[Ni(leudtc)(PPh,)(NCS)] (2)

Fig. 1.  Thermograms of
[Ni(glydtc)(PPh3)(NCS)] (1) and
[Ni(i-leudtc)(PPh3)(NCS)] (2).

T T T T T T T T 1
50 100 200 300 400 500 600 700 775
Temperature (°C)
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complexes are not volatile and their decomposition occurs in different steps; the
main features are summarized in Table I. Thermogravimetric studies on the com-
plexes confirmed their proposed molecular formulae. The thermograms of all the
complexes show an initial decomposition around 180 °C, which indicates the ab-
sence of solvent molecules. Complexes 1, 3, 6 and 9 show similar behavior with
three main processes. The other complexes show two main processes, probably
corresponding to pyrolysis of the organic matter existing in these compounds.
The final product of the decomposition is nickel sulfide, as confirmed by the
experimental and expected weight loss measurements.

Cyclic voltammetry

The cyclic voltammetry reduction potentials are given in Table Il. Represen-
tative cyclic voltammograms of [Ni(prodtc),] and [Ni(prodtc)(PPh3)(NCS)] are
given in Fig. 2. The reduction potential for the parent Ni(AAdtc), complexes is
observed around -1.3 V. All the mixed-ligand complexes 1-9 show one electron

600

[Ni(prodtc),]

500 -
400
300

200

Current (UA)

100

Potential (V)

[Ni(prodtc)(PPh,)(NCS)] (3)

Current (LA)

1 L 1 L 1 L 1 L 1 L 1 L 1
0 -0.2 -0.4 -0.6 -0.8 -1.0 -1.2

Fig. 2. Cyclic voltammo-
_ grams of [Ni(prodtc),] and
Potential (V) [Ni(prodtc)(PPhg)(NCS)] (3).
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reduction at lower potentials. The reductions are irreversible. The lower re-
duction potentials observed for complexes 1-9 indicate the ease of electron addi-
tion in the mixed-ligand complexes. The mesomeric drift of the electron density
from the dithiocarbamate moiety towards the metal centre contributes to lower
reduction potential from the normal reduction potentials of Ni(dtc), complexes
around —1.3 V.19 Comparison of [Ni(AAdtc)(PPh3),]ClO4 with the other types of
complexes show that the reduction potentials decrease in the following order:
Ni(AAdtc), > [Ni(AAdtc)(PPh3)(CN)] (4-6) > [Ni(AAdtc)(PPh3)(NCS)] (1-3) >
> [Ni(AAdtc)(PPh3)2]CIO4 (7-9), indicating the influence of the PPhs, NCS and CN
ligands, respectively, on the mesomeric drift of the electron density towards nickel.

Infrared spectral studies on the complexes show the contribution of the thio-
ureide form to the structures. In the case of mixed-ligand complexes, the C—N)
(thioureide) values shift to higher wave numbers compared to the Ni(AAdtc);
complexes. This observation is an indication of the increased electron density on
nickel in the mixed ligand complexes and, hence, these complexes are expected

R S NCS
Sv—cd W
o g7 ppn,

[Ni(AAdtc)(PPh,)(NCS)]

R S CN

AN V72D
N—C* /NI

o s” pph,

[Ni(AAdtc)(PPh,)(CN)]

R S PPh

AN AN
N—C*\ /NI\ Clo,

R/ S PPh,

[Ni(AAdtc)(PPhs),]CIO,

R,NCS, = AAdtc = glydtc (HOOC-CH,-NH-CS,),

leudtc (CH3CH2—CH—C|ZH—NH—C52>

CH; COOH
COOH
Prodtc N-CS, Fig. 3. Proposed structures of
the complexes.
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to be more difficult to reduce. However, in reality, the mixed-ligand complexes
are the most easily reduced. The reason probably is extensive m-back bonding
with the phosphorous atom, which drains the excess negative charge on the metal
and hence the low reduction potential.

Based on the above observations, the structures proposed for these com-
plexes are given in Fig. 3.

NU3BOJ

KAPAKTEPU3AIIUMIJA U LIUKIINYHA BOJITAMETPUJA HUKAJI(II)
AMHWHOKHUCEJIMHCKUX TUTUOKAPBAMATA CA
TPUGEHUIOOCOUHOM Y KOOPIUHAILIMIOHOJ COEPU

NATESAN GEETHA u SUBBIAH THIRUMARAN
Department of Chemistry, Annamalai University, Annamalainagar — 608 002, India

Cunrerucanu cy komruiekcu Hukna(ll) ca aMHHOKHCETMHCKIM JUTHOKapbaMaTiMa cacTaBa:
[Ni(AAdtc)(PPh3)(NCS)], [Ni(AAdtc)(PPh3)(CN)] u [Ni(AAdtc)(PPh3),]CIO, [(AAdtc = muruo-
KapOaMaTHH JAepUBATH aMHHOKHCeInHa, Tj. rauimHa (glydtc), L-usoneyuuna (i-leudtc) u L-nponu-
na (prodtc)]. Jenumema cy okapakrtepucana IR ¥ €JeKTPOHCKOM CIIEKTPOCKOIMjOM, TEPMUYKOM
AHAJM30M, MUKIMIHOM BOJITAMETPHjOM U MEpEHhHMa MPOBOIUBHBOCTH. Y CIydajy KOMIUIEKCa ca
MemmoBuTAM Jurasauma, troypeumae VC—N) BpemHocTH momepajy ce kKa BehuMm TamacHuM
opojesuma y mopehemy ca [Ni(AAdtc),]. OBo ykasyje Ha jady THOypeUIHY Be3y 300 IPHCYCTBA
T-aKIEeNnTopckor QocuHa. ENeKTpOHCKa CHEKTpajiHa MpoyYaBama yKasyjy Ha KBaJpaTHO-
[UIAHAPHY TEOMETPHjy OBHX Komiuiekca. CKOpPO CBM KOMIUICKCH TOKa3yjy 3HAKe pacrajia M3Ha[|
170 °C. Ha oxo 390 °C konauna maca oxrosapaia je NiS. IlukinuHa BosTaMeTpuja KOMILIEKCA
yKasyje Ha CMarmbeme eNeKTPOHCKE T'YCTHHE Ha HHUKIY Y MEIIOBUTO-JIUTAHIHUM KOMIUIEKCHMA Y
nopehemy ca [Ni(AAdLc),].

(TMpumbeno 18. jamyapa, pesuaunpano 10. jyma 2007)
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Abstract: Organotin(IV) carboxylates of the general formula R,SnL,., (where
R = Me, n-Bu or Ph, and L = a-phenyl-2,3-(methylenedioxy)cinnamate anion
or 2-(2,3-dimethlylanilino)nicotinate anion) have been prepared. The mono-,
di- and tri-organotin(IV) carboxylates were synthesized by the reaction of orga-
notin(IV) oxides or hydroxides with a stoichiometric amount of the ligand
acids at an elevated temperature in dry toluene. The composition of the synthe-
sized organotin(IV) complexes, the bonding behavior of the donor groups and
structural assignments were studied by elemental analysis, FT-IR, H-, 13C-NMR
and mass spectrometry. The spectral data suggest that the ligand acts in a bi-
dentate manner, coordinating through the oxygen atoms. These spectroscopic
techniques revealed a distorted tetrahedral geometry in the solution state for the
tri-organotins, while a mean coordination number between five to six for the
di-organotin(lV) dicarboxylates. In the solid phase, the tri-organotins were es-
sentially trigonal bipyramidal polymeric while the di-organotins were octa-
hedral. However, mono-organotin tricarboxylates were predicted to exist in the
octahedral state both in solution as well as in the solid phase.

Keywords: organotin(IV) complexes; O-donor ligands; IR, NMR and mass
spectrometry.

INTRODUCTION

In general, tri-organotin(I\VV) compounds display a larger array of biological
activity than their di-organotin and mono-organotin analogues. This has been at-
tributed to their ability to bind proteins.1 Furthermore, many organotin(IV) car-
boxylates were found to posses anticancer activity in a variety of tumor cells and
the structure of these organotin(IVV) compounds were characterized in the solid
phase and in solution.2 Di-alkytin(IV) compounds have a selective effect on lym-
phocytes34 and hence can be used in cancer chemotherapy.

*Corresponding author. E-mail: drsa54@yahoo.com
doi: 10.2298/JSC0802179H
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In addition to their medicinal and pesticidal impact,>~12 tin compounds have
a fascinating solution and solid phase chemistry, which led to countless publica-
tions, reviews and books based on structural elucidation in both phases.11713 It is
well known that organotin carboxylates have versatile molecular structures, such
as monomers, dimers, tetramers, oligomeric ladders and hexameric drums, etc.,
both in the solid phase and in solution. It has also been demonstrated that the dif-
ferent structural types are formed due to the presence of additional coordinating
sites (S, N or O, etc.) along with a carboxylic moiety.13-15 Herein, organotin(IV)
complexes of a-phenyl-2,3-(methylenedioxy)cinnamic acid (HL!, Fig. 1) and
2-(2,3-dimethlylanilino)nicotinic acid (HL2, Fig. 1) and their special characteri-
zation to ascertain their geometry in the solid and solution phase are reported.

2 14

4 5 COOH 11 HO,C 13/
6
3 C—C
10

2 7
o o

NS CHg

1 7
HL! HL2

Fig. 1. a-Phenyl-2,3-(methylenedioxy)cinnamic acid (HL1) and 2-(2,3-dimethlyl-
anilino)nicotinic acid (HL?2), with the numbering scheme.

EXPERIMENTAL
Materials and Methods

Analytical grade organotin chlorides, oxides, hydroxide, 2,3-dihydroxybenzaldehyde,
2,3-dimethylaniline, NaOH (> 97 %), 2-chloronicotinic acid and benzene were purchased from
Aldrich, Fluka and Alfa—Aesar (Johnson Matthey Chemical Company). The organic solvents,
such as toluene, chloroform and acetone, were purchased from Merck (Germany) and dried in
situ using standard procedures.16.17

Melting points were determined with melting point apparatus model MPD Mitamura
Riken Kogyo (Japan) and are uncorrected. The infrared spectra were recorded on a Bio-Rad
Excalibur FT-IR Model FTS 3000MX as KBr pellets. The 1H- and 13C-NMR spectra in solu-
tion (CDCl3) were recorded at ambient temperature on a Bruker 300 MHz FT NMR spectro-
meter using deuterated chloroform and benzene as internal references. The elemental analyses
were performed using a CHNS-932 elemental analyzer, Leco Corporation (USA). The mass
spectrometric analyses were performed on a MAT-312 mass spectrometer.

Synthesis

The acid ligands, a-phenyl-2,3-(methylenedioxy)cinnamic acid (HL1) and 2-(2,3-dime-
thylanilino)nicotinic acid (HL?2) were prepared according to a standard procedure.18 The new
organotin(lV) compounds were prepared according to the following procedure.

The ligand acid, RCOOH (HL!, 10 mmol, 2.68 g; HL2, 10 mmol, 2.42 g) and the stoi-
chiometric amount of the organotin(I\V) compound (Me,SnO, Bu,SnO, Ph3SnOH, BuSn(O)OH,
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BuSn(OH),CI) were suspended in dry toluene (100 ml) in a two-necked round bottom flask
(250 ml), equipped with a Dean—Stark apparatus, magnet bar and water condenser. The con-
tents were refluxed for 6-8 h with continuous removal of the formed water then cooled to
room temperature and toluene was removed under reduced pressure. The resulting solid was
recrystallized from a chloroform/n-hexane mixture (1:4).

RESULTS AND DISCUSSION

The physical properties, yields and elemental analysis of the compounds are
given in Table I.

TABLE I. Physical properties of the synthesized organotin(IV) complexes

Comp. Compound Molecular My M.p. Yield Content calcd.(found), %
No. P formula g mol-1 °C % C H N

1 MeSnLl, CagHogOgSn  682.69 230231 68  59.76  4.10 -
(60.20)  (4.32)

2 BuSNLL, CuHyOgSn  766.69 71-72 78 6260 521 -
(61.96) (5.01)

3 PheSLl  CayHpsO,Sn  616.69 115-116 77 6615  4.21 -
(65.79)  (4.32)

4  BUSNLL;  CsHppOppSn 976,69 147-148 71 6388  4.30 -
(64.12) (4.41)

5  BUSNCILL, CaHa0gCISn 74519 150-151 80  57.97  4.16 -
(58.00) (3.97)

6 BUzsanz C36H44N4O4Sn 714.19 100-101 68 60.48 6.16 7.84
(6021) (6.16)  (7.48)

7 Pthan CaoHogN>,O,Sn 590.19  158-160 70 65.06 4,74 4.74
(64.97) (4.69) (4.71)

8  BUSNL2; CueHugNgOgSn 89819 155-157 72 6145 534 935
(60.74) (5.50)  (9.21)

9 BUSNCIL2, CaHasN,O,CISn 692.69 219-220 74 5543 505  8.09
(55.43)  (4.96)  (7.29)

IR spectroscopy

The infrared spectra of the prepared compounds were recorded in the range
4000-400 cm™1 as KBr discs. The absorption bands were assigned by compari-
son with earlier reports19.20 and important absorption frequencies, such as {COO),
USn—0), USn—C) and {O—CH>) are listed in Table Il. In the spectra, medium
to weak bands in the region 490-434 cm™! are assigned to Sn—O, whereas those
in the region 571-529 cm™1 indicate the presence of Sn—C bonds.2! Complexa-
tion by deprotonation of the acid ligand was evidenced by the absence of a v(O—H)
broad band in the range 3434-3424 cm~1, which was supplemented by the pro-
nounced change in Av, (Av = {COO)asy — UCOO)sym), which is important to de-
scribe the tin—carboxylate—chelate interaction.2?2 Hence, the carboxylate group
acts as a bidentate ligand in these complexes in the solid state.
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TABLE II. Infrared spectral data (cm1) of organotin (V) carboxylates

Compd. YCOO0) YOCH,)

No. Compound W Av USn-C) ¢ Sn-0) (ring) UNH)

HL! Acid? 1695 1420 275 - - 928 -
1 Me,SnLl, 1630 1451 179 539 490 926 -
2 Bu,SnLl, 1677 1497 180 537 485 930 -
3 PhsSnLl 1605 1449 156 - 446 927 -
4 BuSnLl; 1625 1453 172 531 460 929 -
5 BusSnCILY, 1626 1452 174 535 488 931 -

HL2 Acid? 1678 1468 210 - - - 3316
6 Bu,SnL2, 1649 1465 184 529 434 - 3304
7 PhsSnL2 1608 1427 181 - 473 - 3314
8 BuSnL?; 1635 1446 189 579 461 - 3376
9 BusSnCIL?, 1630 1455 175 571 470 - 3318

1H-NMR spectroscopy

The characteristic resonance peaks in the 1H-NMR spectra for the complexes
are given in Tables 11l and V. The expected resonances are assigned on the basis
of their peak multiplicity, intensity pattern and/or tin satellites. The signals due to
the —OH group in the acid ligands (HL®, HL2), at 12.00 and 11.46 ppm, respecti-
vely, are absent in all the complexes, which suggests the replacement of the car-
boxylic proton by the organotin(IVV) moiety. The methyl protons of the dimethyl-
tin(1V) derivative appear as a sharp singlet around 1.22 ppm, both with well-de-
fined tin satellites; the coupling constants are included in Tables 111 and 1V.23-27
Theoretically, the phenyl ring protons must give doublet of doublets or a double
doublet of doublets on the meta and para positions but the presence of more than
one ring in these compounds results in a complex multiplet pattern. It was noti-
ced that in most of these complexes, the 1H- and 13C-NMR signals are broad,
hence satellites due to "J [119Sn — 1H] or "J [119Sn — 13C] couplings are not clearly
visible. This shows that there is a competition in the coordination behavior of the
carboxylate oxygens for the tin center.

TABLE llI. IH-NMR data of the organotin(IV) derivatives of a-phenyl-2,3-(methylenedi-
oxy)cinnamic acid?
'HNo. HL'Acid  Me,SnLl, n-BuySnLl,  PhgSnL!  n-BuSnLl; n-BuCISnLl,
1 5.95 (s) 5.89 (s) 5.89 (s) 5.89 (s) 5.85 (s) 5.88 (s)
3 6.21(d,84) 627(d,81) 625(d,81) 625(d,81) 621(d,81) 6.23-6.15(m)
4 649 (t,7.8) 652(7.8) 652(78) 651(181) 652(178) 651(7.8)
5 6.70(d,75) 6.70(d,75) 651(d,75) 667(d,78) 665(d,72) 6.69(d 7.8)
8 8.05 (m) 8.09 (m) 8.06 (m) 8.06 (m) 8.06 (m) 8.06 (m)
11,11'  7.29-7.26(m) 7.42-7.31(m) 7.40-7.35(m) 7.40-7.34(m) 7.37-7.38(m) 7.36-7.28 (m)
12,1213 7.39-7.37 (m) 7.30-7.18(m) 7.30-7.27 (m) 7.29-7.28 (m) 7.21-7.11(m) 7.36-7.28 (m)
14 12.00 (s) - - - - -
a - 1.222)[78]  1.65-1.70 (m) - 1.90-1.96 (m) 1.90-1.96 (m)
B - - - 7.6 (M) - -
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TABLE lll. Continued

'HNo. HL'Acid  MeySnLl, n-BuySnLl,  PhgSnL!  n-BuSnLl; n-BuCISnLl,
7 - - 135-142(m)  745(m)  1.46-1.39(m) 1.17-1.15(m)
) - - 0.89 (t, 7.0) 7.80 (m) 086(t7.2) 0.88(t7.0)

aMultiplicity is given as s = singlet, d = doublet, t = triplet, m = multiplet. 3 [lH,lH] in Hz are given, along
with the multiplicity in parenthesis. Protons o—& belong to the R groups. 2 [llgsn - 1H] are not visible, except
for dimethyl derivative, due to the broadness of the peaks

TABLE IV. IH-NMR data of the organotin(IV) derivatives of 2-(2,3-dimethylanilino)nicotinic acid?

IHNo.  (HL?) Acid n-Bu,SnLZ, PhsSnL2 n-BuSnL2, n-BuCISnL2,
1 7.03(d, 7.5) 7.02 (d, 6.6) 7.00 (d, 7.5) 6.60 (d, 6.9) 6.67 (d, 7.1)
2 6.72 (d, 5.4) 6.95 (d, 5.5) 6.68 (d, 4.8) 6.62 (d, 6.6) 7.56 (d, 4.7)
3 7.50 (d, 7.8) 7.38(d, 7.3) 7.16 (d, 7.2) 6.78 (d, 7.9) 7.04(d, 7.1)
5 2.21(s) 2.21(s) 2.36 (s) 2.35 (s) 2.35 (s)

7 2.36 (s) 2.31(s) 2.18 (s) 2.35(s) 2.33 (s)

10 8.8 (d, 2.1) 8.40 (d, 3.3) 8.31(d, 3.0) 8.12 (d, 2.1) 8.78 (d)
11 7.12-7.20(m)  7.00-7.07 (m) 7.74-7.93(m) 7.10-7.38(m)  7.04-7.27 (m)
12 757-7.60 (m) 7.72-7.75(m) 7.58-7.60 (m) 7.73-7.77(m)  7.04-7.27 (m)
14 11.46 (s) - - - -

15 5.4 (s) 5.4 (s) 5.4 (s) 5.4 (s) 5.4 (s)

a - 1.70-1.74 (m) - 1.90-1.96 (m)  1.90-1.94 (m)
Yij - - 7.50 (m) - -

y - 1.38-1.45 (m) 7.44 (m) 1.17 (m) 1.15 (m)

) - 0.90 (t, 7.0) 7.78 (m) 0.88 (t, 7.0) 0.90 (t, 7.0)

aMultiplicity is given as s = singlet, d = doublet, t = triplet, m = multiplet. 3 [lH,lH] in Hz are given, along
with the multiplicity in parenthesis. Protons a—¢belong to the R groups.

13C-NMR spectroscopy

The characteristic resonance peaks in the 13C-NMR spectra of the complexes
as well as those of the ligand acids (HLL, HL2) are given in Tables V and VI. The
13C-NMR spectral data for the R— groups attached to the tin atom, where R = Me,
n-Bu, and Ph, were assigned by the incremental method and comparison with
analogous compounds, on the basis of NJ [119Sn — 13C] coupling constants.28-31
The carboxylate carbon shifts to a lower field region in all the complexes,
indicating participation of the carboxyl group in the coordination to tin(1V).30
For tri-organotin compounds, the magnitudes of the 1J [119Sn —13C] coupling
suggest the typical tetrahedral geometry around the tin atom in solution, di-
organotin- and mono-organotin derivatives are expected to be octahedral in
solution as well as in the solid state.1,29.30

Mass Spectrometry

The fragment ions with their m/z (%) values for the compounds are given in
Tables VII and VIII. Molecular ion peaks were observed only for complexes 3, 6
and 7, while for the other complexes, these were either absent or of very low
intensity. In tri-organotin derivatives, the primary decomposition is due to the
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loss of the R group, while di-organotin derivatives prefer the elimination of one
ligand. Secondary decomposition is a consequence of the loss of either the R
group or CO, molecules. However, the latter is the more frequent and probable
pathway. In case of di-organotin derivatives, primary decomposition is mostly
due to the loss of one ligand. However, if primary decomposition is due to the
loss of the R group then there is successive elimination of two CO» molecu-
les.30:31 Complexes with the general formula RSnCIL, and RSnL3 behave in a
similar manner to di-organotin carboxylates after the release of the chloride ion
and L group, respectively. Peaks for [R3Sn]* and [RSn]* have either very low
intensities or are absent, thus indicating that fragmentation through these species
is not favorable.

TABLE V. 13C-NMR data of the organotin(IV) derivatives of a-phenyl-2,3-(methylenedi-
oxy)cinnamic acid?

BCNo. (HLY)Acid  Me,SnLY,  n-BuSnLY,  PhySnL! n-BusnL'; n-BuCISnLY,

1 101.22 101.11 101.08 101.01 101.01 101.18
2 147.43 147.35 147.35 147.28 147.22 147.37
3 109.28 108.98 108.87 108.62 108.79 11351
4 121.74 121.88 121.89 121.94 121.78 121.75
5 121.08 121.05 121.00 120.73 120.85 121.05
6 116.90 117.25 117.38 117.68 117.41 116.93
7 147.38 147.06 147.02 146.79 147.32 137.47
8 135.23 136.86 136.11 135.72 136.12 136.27
9 132.24 137.18 137.19 137.50 137.87 137.77
10 13459 132.89 133.84 133.86 129.06 134.99
11,11' 12814 127.96 126.79 126.53 126.52 126.52
1212° 13119 129.70 128.70 128.88 128.69 128.49
13 129.74 128.46 128.07 128.45 128.19 128.12
14 172.92 177.15 176.98 176.47 177.81 177.21
a - 4.92 22.68[654] 129.30[611]  22.73 24.17
B - - 22.72 137.0 31.96 24.17
¥ - - 13.65 128.88 26.00 25.79
5 - - 13.65 128.19 13.70 13.63

aly [llgsn - 13C] is only visible for the di-n-butyl and triphenyl derivative and are given in square brackets,
while it could not be measured for the others due to broadness of the peaks. Carbons a—dbelong to the R groups

TABLE VI. 13C-NMR data of the organotin(IV) derivatives of 2-(2,3-dimethylanilino)nico-
tinic acid®

13C No.  (HL?) Acid Bu,SnL2, PhsSnL2 n-BuSnL2, n-BuCISnL2,
1 112.59 114.04 112.11 112.38 112.61
2 126.71 125.59 126.03 126.77 126.50
3 122.12 122.13 121.98 121.87 122.08
4 137.70 136.74 137.91 137.58 137.08
5 20.70 19.61 20.86 20.78 20.78
6 125.87 125.45 125.59 125.32 125.95
7 13.90 13.06 13.85 13.41 13.64
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TABLE VI. Continued

13C No.  (HL?) Acid Bu,SnL2, Ph;SnL2 n-BuSnlL2; n-BuCISnL2,
8 142.16 142.27 141.94 141.82 141.50
9 161.32 167.64 161.90 161.60 161.03
10 156.80 152.83 153.45 157.44 155.97
11 120.80 119.63 119.45 120.36 120.89
12 137.86 137.28 137.33 137.58 137.19
13 108.87 108.99 107.45 109.38 108.61
14 171.27 173.45 173.59 173.65 173.85
a - 19.93 [650] 129.02 [615] 20.70 13.92
i - 20.21 137.33 27.75 22.72
y - 26.01 128.60 26.67 26.35
) - 13.36 129.02 13.92 14.16

aly [llgsn - 13C] is only visible for the di-n-butyl and triphenyl derivative and are given in square brackets,
while it could not be measured for the others due to broadness of the peaks. Carbons «—dbelong to the R groups

TABLE VII. Mass spectral data (m/z (%)) of the organotin(1VV) complexes of a-phenyl-2,3-
-(methylenedioxy)cinnamic acid at 70 eV

Fragmention ~ Me,SnLl, n-Bu,SnL1, PhsSnL! n-BusnLl;  n-BuSnCILL,

[R,Sn00]* 182(6) 209(8) 306(7) - -
[RsSN]* - - 351(10) - -
[RSN]* 135(15) 177(10) 197(12) 177(7) 177(9)
[CeHal* 76(11) 76(9) 76(16) 76(11) 76(16)

[sn]* 120(6) 120(5) 120(8) 120(5) 120(4)

[ocoLY* 268(24) 268(67) 268(19) 268(94) 268(84)

[C15H110,5]* 223(12) 223(26) 223(5) 223(32) 223(44)

[SnO,CH,]*  165(100) 165(100) - 165(100) 165(100)
[C4Hol" - - 57(100) - -

Table VIII. Mass spectral data (m/z (%)) of organotin(I\V) complexes of 2-(2,3-dimethylani-
lino) nicotinic acid at 70 eV

Fragment ion n-Bu,SnL2, Ph;SnL2 n-BuSnlL?2; n-BuSnCILZ,
[R,Sn00]* - 306(5) _ _
[RSN]* - 351(60) - -
[RSN]* 177(3) 195(37) 177(12) 177(3)
[CeHal* 76(48) 76(456) 76(63) 76(22)
[snJ* 120(22) 120(6) 120(32) 120(53)
[oCOL2]* 242(67) 242(6) 242(66) 242(33)
[C13H11N,0,]* 227(100) - - -
[CsHaOoNT* - - - 122(100)
[C13H13N,]* 197(68) 197(100) 197(100) 197(54)

CONCLUSIONS

Organotin(IV) derivatives were synthesized in quantitative yield by reflux-
ing the synthesized carboxylic acids and respective organotin(IVV) compounds in
dry toluene. Elemental analyses showed good agreement between the calculated
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and observed % of C, H and N. It is proposed from the FT-IR spectral data that
the organotin(IVV) moieties react with the [O,0] atoms of the ligand, which beha-
ves as bidentate. NMR data showed that the bidentate nature of carboxylate group
is probably lost in solution and that the tri-organotin(IV) derivatives contained
four-coordinated tin with a tetrahedral arrangement, while the mono- and di-or-
ganotin(V) derivatives exhibit penta- or hexa-coordinated geometry due to flux-
ional behavior.
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CUHTE3A U CTPYKTYPHA KAPAKTEPU3AIIUJA OPTAHOKAJIAJ(IV) KOMITJIEKCA
CA [0,0] IOHOPUMA KAPBOKCWJIHUX KUCEJIMHA

MUKHTIAR HUSSAINY, MUHAMMAD ZAMAN?, MUHAMMAD HANIFY, SAQIB ALI' 1 MUHAMMAD DANISH?

!Department of Chemistry, Quaid-i-Azam University, Islamabad—45320 « 2Department of Chemistry,
University of Sargodha, Sargodha, Pakistan

V pany cy nobujenu opranokanaj(lV)-kapbokcmiatu omure dpopmyne R,Snky., (tme je R =
=Me, n-Bu u Ph rpyma, a L = o-dennn-2,3-(MeTrneHauoken)-quHaMaTH aHjon u 2-(2,3-
JMMETHIAHUIMHO)-HUKOTHHATHA aHjoH). MoHO-, nu- W Tpu- opraHokanaj(lV) kapGokcumaru
CHHTETHCaHU Cy DPEaKLHjOM OpPraHOKaJIajHUX OKCHIA WIM XHIPOKCHAA Ca CTEXHOMETPHjCKOM
KOJIMYMHOM KHCCIIMHE Ha IIOBHMIICHO] TEMIICpaTypd y CyBOM ToiyeHy. CacraB H30JI0BaHHX
opranokaiaj(IV)-komiuiekca, moHamame Be3yjyinx TOHOPCKHX Ipyra U CTPYKTYPHO O3HAYaBAHE
HCIIMTHBAHH Cy eleMeHnTanHoM anamusoM, FT-IR, TH-, 13C-NMR u macenoM crnexrpomeTpujom.
CriexTpaJiHi MoJany yKasyjy Ha TO Ja je JUra"j OMICHTaHTHO Be3aH, KOOpAHHUpajyhu ce mpeko
KHCEOHUKOBHUX aroMa. OBe CIIEKTPOCKOIICKE TEXHHUKE MOTBPAWIIE CY JUCTOProBaHy TETpaeiapcKy
reOMETPHjy y PacTBOPY 3a TPHOPraHOKalaj, a KOOPANHALIMOHHU Opoj U3Mel)y meT u IecT 3a Juopra-
Hokanaj(IV)-nukap6okcunare. Y 4BpCTOM CTakby, TPH-OPraHOKAJIajHA jeAUCHa Cy TPETEHKHO TPH-
TOHATHO-OUITPaMUIAIHHU [IOJIUMEPH, a U-OpraHoKaiajHa oKTaeqapcka. MelyTum, 3a MOHOOpra-
HOKaJIajHe TPUKapOOKCHIIAaTEe IPEUIOKEHO je 1a CY OKTaelapCKu, U Y pacTBOpY Uy UBpCTOj (hasu.

(Ipumsbeno 14. maja, peeuanpano 22. oktobpa 2007)
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Abstract: The Q-conjugacy character and Markaracter tables of finite groups
were introduced by Fujita, who applied his results in this area of research to
enumerate isomers of molecules. In this paper, these tables are computed for

tetraammineplatinum(Il).
Keywords: Q-conjugacy character table; tetraammineplatinum(l1); pigments.

INTRODUCTION
The enumeration of chemical compounds has been accomplished by various
methods.1—3

The Pdlya—Redfield theorem is a standard method for combinatorial enume-
rations of graphs, polyhedra and chemical compounds. Only finite groups are
treated throughout this paper. The notation is standard and mainly taken from
Ref. 4 and the papers by Fujita.5~17

For the sake of completeness, some necessary definitions are mentioned below.

Definition 1. Let G be a finite group and hq,hy € G. If there exists t € G such
that t~1 < hy > t = ( hy), then hy,h, are said to be Q—conjugate and are denoted by
hy ~ gho.

It is easy to see that the Q-conjugacy is an equivalence relation and generates
equivalence classes which are called dominant classes, i.e., the group G is parti-
tioned into dominant classes as follows: G = K1+ Ko +:-+ K.

Definition 2. A permutation representation P of a finite group G is obtained
when the group G acts on a finite set X = {x1, Xo,..., Xt} from the right, which
means that one is given a mapping P:XxG — X via (x,g) — xg such that the fol-
lowing holds: (xg)g' = x(gg’) and x1 = x for each g,g' € Gand x € X.

Now let it be assumed that one is given an action P of G on X and a sub-
group H of G. One considers the set of its right cosets Hg; and the corresponding
partition of G into these cosets: G = Hg, + Hg, +...+ Hg,. If the cosets from the
right are multiplied by a group element g, these cosets are permuted, in fact one

* E—mail: moghani@icrc.ac.ir
doi: 10.2298/J5C0802189M
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obtains an action of G on the set X of cosets and, correspondingly, a permutation
representation which is denoted by G(/H), following Fujita's notation. When H
and H' are conjugate subgroups of G then the induced or coset-representations
G(/H) and G(/H") are equivalent.

Recalling from the theory of group actions that the sets xG = {xg| g € G},
the orbits, form a set partition of X and that the action is called transitive if there
is exactly one such orbit. Fujita®~11 introduced the notations SSGg and SCSGg.
A group contained in SCSGg is called a dominant subgroup. Any action of G on
X induces the set partition of X into its orbits, i.e., into transitive permutation
representations. Moreover it can easily be seen that a complete set of pairwise
inequivalent transitive permutation representations is formed by the set
{G(/G1),...,G(/Gy)}. Thus each permutation is a unique linear combination
P=>aG(/G;) (). The multiplicities ¢; can be obtained by using the table of
marks introduced by Burnside.12-17

Definition 3. The table of marks of G is the matrix M(G) = (mjk),{1 < ik <r},
where miji is the number of right cosets of Gy in G which remain fixed under right
multiplication by the elements of G;, mjx = |{Gk|for all s € Gj: Gys = G188 If
M(G) is restricted to rows and columns that belong to cyclic groups, the Marka-
racter table of G9 is obtained and denote it by MC.

Definition 4. Let H be a cyclic subgroup of G, the maturity of a finite group
G is defined by examining how a dominant class (Q-conjugacy class) correspon-
ding to H contains conjugacy classes. If the integer m(H) = [INg(H)|/|Cc(H)| (cal-
led the maturity discriminant) is less than ¢(|H|) where ¢ is the Euler function,
the group G is concluded to be unmatured concerning H, where Ng(H) and Cg(H)
denote the normalizer and centralizer of H within G, respectively.

Corollary 5. Let H be a cyclic group of G, the dominant class K n H in the
normalizer Ng(H) is the union of t = ¢(|H|)/m(H) conjugacy classes of G, see
Refs. 12-17.

Definition 6. Let Cyyy be the matrix of the character table of G. Cyyy is
transformed to a more concise form called the Q-conjugacy character table, the
sxs-matrix of which is denoted by CQ(s < u) as follows: if u =sthen C = CQ, i.e.,
G is a maturated group. Otherwise s < u, according to Corollary 5 and Definition
2, since the dimension of the Q-conjugacy character table is equal to that of the
corresponding Markaracter tablel? for each Gj € SCSGg and the corresponding
dominant class K;, where i =1,...,s.

If t = 1 (K| is exactly a conjugacy class), then there is no reduction in row
and column of C but if t > 1 (K;j is a union of t conjugacy classes of G, i.e., re-
duction in column), then the sum of the t-rows of irreducible characters, via the
same degree in C (reduction in rows), give one a reducible character, which are
called Q-conjugacy characters in both cases. See Section 2.2 of Ref. 12 and in
the special case (Q-conjugacy characters of cyclic groups) Ref. 5 for more details.
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COMPUTATIONAL METHOD AND DISCUSSION

Here, a free software package for group theory, named GAP (Groups, Algo-
rithms and Programming), which greatly facilitates these calculations (see http://
/lwww.gap—system.org), should be brought to the attention of the spectroscopy
community. For example, the table of marks of any finite group G is afforded by
the following command: "TableOfMarks(G)".

The full, non-rigid group and symmetry properties of tetraammineplati-
num(I1) of order 5184 with Cy, and Cyy point groups were computed.19.20

Let G be the symmetry group of tetraammineplatinum(ll) (see Fig. 1), then
by the following program in GAP:

gap>G:=Group((2,3,4,5)(6,9,12,15,7,10,13,16,8,11,14,17),(2,3,4,5)(6,9,12,15,7,10,
13,17,8,11,14,16),(2,5)(3,4)(6, 15)(7 17)(8 16)(9,12)(10,14)(11,13));

gap> t: TabIeOfMarks(G) Sort("t'

gap> c:=CharacterTable(G);

gap>Display(t); Display(c);
one obtains the mark and the character tables of tetraammineplatinum(l1), hence
its SCSGg can be calculated as follows:

SCSGg = {G1=id, G»=<(6,7,8)(9,11,10)(12,14,13)(15,16,17)>,
G3=<(9,11,10)(15,16,17)>, G4 = <(12,14,13)(15,17,16)>,
Gs =<(6,7,8)(9,11,10)(12,13,14)>, Gg = <(15,16,17)>,G7 = <(6,7,8)
(9,11,10)(12,14,13)(15,17,16)>,
Gg =<(9,11,10)(15,16,17),(6,7,8)(9,11,10)(12,14,13) (15,16,17)>,
Gg =<(12,14,13)(15,17,16),(6,7,8)(9,11,10)(12,14,13)(15,16,17)>,
G10=<(12,14,13)(15,17,16),(9,11,10)(15,16,17)>,
G11=<(12,14,13)(15,17,16),(6,7,8) (9,10,11)(12,14,13)(15,17,16)>,
G12=<(6,7,8)(9,11,10)(12,13,14),(9,11,10)(15,16,17)>,
G13=<(15,16,17),(6,7,8)(9,11,10)(12,14,13)(15,16,17)>,
G4 = <(15,16,17),(9,11,10)(15,16,17) >, G15=<(15,16,17),(6,8,7)(12,13,14)>,
G16 = <(15,16,17),(12,14,13)(15,17,16)>,
G17=<(15,16,17),(9,11,10)(15,16,17),(6,7,8)(9,11,10)(12,14,13)(15,16,17) >,
G1g=<(15,16,17), (12,14,13)(15,17,16),(6,7,8)(9,11,10)(12,14,13)(15,16,17)>,
G19=<(12,13,14),(9,11,10)(12,14,13),(6,7,8)(9,10,11)(12,14,13)(15,16,17),(12,
14,13)(15,17,16),(2,4)(3,5)(6,12,7,13, 8,14)(9,15,10,16,11,17)>,
Goo = <(12,14,13)(15,17,16),(6,7, 8)(9,10,11)(12,14,13)(15,17,16),
(2,4)(3,5)(6,12,7,13, 8,14)(9,15,10,16,11,17)>,
Go1 =<(15,16,17),(9,11,10)(15,16,17),(2,4)(3,5)(6,14)(7,12)(8,13)(9,17)(10,15)
(11,16)>,
G2 =<(6,7,8)(9,11,10)(12,14,13)(15,17,16),(6,8,7)(12,13,14),(2,4)(3,5)(6,14)(7,
12)(8,13)(9,17)(10,15)(11,16)>,
Go3=<(7,8) (10,11) (13,14)(16,17)>,
Go4=<(6,7,8)(9,11,10)(12,14,13)(15,16,17),(7, 8)(10,11)(13,14)(16,17)>,
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Gos = <(15,16,17),(7,8)(10,11)(13,14)(16,17)>,
Gop = <(12,14,13)(15,17,16),(6,7,8)(9,11,10)(12,14,13)(15,16,17),(7,8)(10,11)(13,
14)(16,17)>,
Go7=<(12,14,13)(15,17,16),(9,11,10) (15,16,17),(7, 8)(10,11)(13,14)(16,17)>,
Gog = <(15,16,17),(6,8,7)(12,13,14),(7,8)(10,11) (13,14)(16,17)>,
Gog = <(15,16,17),(6,8,7)(9,10,11)(15,16,17),(7,8)(10,11)(13,14)(16,17)>,
Gso = <(6,7,8)(9,11,10)(12,14,13)(15,17,16),(9,11,10)(15,16,17),(7,8)(10,11) (13,
14)(16,17)>,
G31=<(6,7,8)(9,11,10)(12,14,13)(15,17,16),(12,14,13)(15,17,16),(7,8)(10,11)(1,
3,14)(16,17)>,
G3,=<(6,8,7)(9,10,11)(12,13,14),(9,10,11)(12,14,13)(15,16,17),(7,8)(10,11)(13,1,
4)(16,17)>,
G33=<(6,7,8)(15,16,17),(9,11,10)(15,16,17),(12,14,13)(15,17,16),(7,8)(10,11) (13,
14)(16,17)>,
G34=<(6,7,8)(12,14,13),(9,11,10),(15,16,17),(7,8)(10,11)(13,14)(16,17)>,
G35 = <(15,16,17),(12,14,13)(15,17,16),(6,7,8)(9,11,10)(12,14,13)(15,16,17),
(7,8)(10,11)(13,14)(16,17)>,
Gse = <(15,16,17),(12,14,13)(15,17,16),(9,11,10)(15,16,17),(7,8)(10,11)(13,14)
(16,17)>,
G37=<(6,7,8)(9,11,10)(12,14,13)(15,17,16),(12,14,13)(15,17,16),(9,11,10)
(15,16,17),(7,8)(10,11)(13,14)(16,17)>,
G3g=<(9,11)(15,16)>,G3=<(6,8,7)(12,13,14),(6,7,8)(9,10)(12,14,13) (15,17)>,
Gy = <(15,16,17),(9,11)(15,16)>,G41=<(12,14,13),(9,11)(12,14,13)(16,17)>,
Gy = < (6,8,7)(12,13,14),(15,16,17),(6,7,8)(9,10)(12,14,13)(15,17)>,
Gyz = <(6,7,8)(12,14,13),(9,11,10)(15,16,17),(3,5)(6,7)(9,15)(10,17)(11,16)(13,1,4)>,
Ga4=<(6,8,7),(12,14,13),(3,5)(6,7)(9, 15)(10,17)(11,16)(13,14)>,
Gy5=<(6,7,8)(12,14,13), (9,11,10),(15,16,17),(3,5)(6,7)(9,15)(10,17)(11,16)(13,14)>}.
Now by Definitions 4 and 6, the 45x45 matrices MC and CQ of G can be
found, which are given in Tables I and I, respectively. Therefore the symmetry
of tetraammineplatinum(ll) is an unmatured group of order 5184. The reader is
encouraged to consult Refs. 20-23 for other monster molecules and pigments.

Fig 1. The structure of tetraammineplati-
num(l11).
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TABJIMLE KAPAKTEPA Q-KOHJYT'AITMJE U MAPK-KAPAKTEPA 3A
TETPAAMUH-IUTIATUHY (I1)

ALI MOGHANI
Department of Color Physics, Institute for Colorants, Paints and Coatings (ICPC), Tehran, Iran
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Abstract: The behaviour of two heteropolyacids (HPAs) with quite different
stability in aqueous solutions was systematically investigated by UV, IR and
NMR spectroscopy and potentiometric titration. It was shown that the Keggin
structure of 12-tungstosilicic acid (HsSiW 15049, WSIA) anion was sustained
over a wide range of pH from 1.0 to 7.0, while the same anion type of 12-mo-
lybdophosphoric acid (HsPMo01,049, MoOPA) was present only at pH 1.0. This
means that under physiological conditions WSIA is dominantly present in the
form of a Keggin-anion, whereas the structure of MoPA is completely decom-
posed to molybdate and phosphate. The obtained results are of special impor-
tance for bio-medical and catalytic applications of these compounds and for a
better understanding of the mechanism of their action.

Keywords: heteropolyacids of Keggin structure; 12-tungstosilicic acid; 12-mo-
lybdophosphoric acid; hydro-stability; UV; IR and NMR spectroscopy.

INTRODUCTION

Polyoxometalates (POMSs) of various classes are very interesting compounds
with unusual behaviour: they are good catalysts, superionic proton conductors,
compounds with photoconductive and magnetic characteristics and biochemical
active species.1 =6

The properties of POMs in the solid state are extensively studied and rather
well established but their behaviour in the liquid state is not well understood and
explained in spite of numerous publications. However, the behaviour of these in-
teresting compounds in solution is important from the aspect of their bio-medical
and catalytic applications and from the aspect of their formation and degradation.

For more than 20 years, the antiviral, antitumour and anticoagulant activities
of POMs have been studied.1=3:6 A fundamental limitations in the interpretation
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and application of the results on the behaviour of these compounds in
physiological media, as well as their application as biochemical active com-
pounds derives from their nature and equilibrium between different molecular
forms in aqueous solutions. Namely, the problem of all biological/medicinal in-
vestigations of POMs is whether these compounds reside in their original form
during biomedical treatment, and for how long and under which conditions. Ge-
nerally, it is considered that the parent form of the POMs anion is active.1 =36 In
order to consider and elucidate the proper mechanism of the bio-medical activity
of POMs, it is indispensable to identify the real active species under physio-
logical conditions, both in vitro and in vivo.

Due to their properties, POMs are also used as catalysts in oxidation reac-
tions, in acid catalyzed reactions and as bifunctional catalysts both in homo-
genous and heterogeneous catalysis.1=3.7.8 With the purpose of improving the
catalytic characteristics of these compounds and explaining the mechanism of
their action, it is also (as in the case of bio-medical applications) important to
specify the nature of the active species present. Many studies considered the
hydro stability of heteropolyacids (HPA), mostly of Keggin type, and their reac-
tion pathways in solution.1.3.9-15

It was shown that many POMSs degrade into a mixture of inorganic products
in aqueous solution.! Kepert and Kylel6.17 studied the decomposition of Keggin
anions containing silicon, phosphorus or boron as the central, heteroatom and
tungsten as the addenda metal atom. These authors found that the equilibrium
reaction in solution proceeds in three distinct stages, with [SiW71039]8~ and
[SiWg034]10- as intermediates. A few years later, stopped-flow kinetics studies
of 12-molybdophosphate formation and decomposition were performed by Kir-
cher and Crouch.18 Molybdophosphate complexes in aqueous solutions were
identified by 31P-NMR and Raman spectroscopy, as well as by differential pulse
polarography.19 Additionally, 31P-NMR spectroscopy was applied in a stability
study of HPAs through the rate of exchange of structural units between WPA and
MoPA.15> Moreover, McGarvey and Moffat followed the major species present in
tungstophosphate and molybdophosphate solutions as a function of pH by NMR
and IR spectroscopy.13 They found that both acids decompose to a lacunary form
of the Keggin anion, which further decomposes to phosphate species in alkaline
solutions. The same system was investigated over a wide pH range (1-12) using
preparative high performance liquid chromatography combined with IR, UV-Vis
and ICP spectroscopy.29:21 Smith and Patrick applied 31P- and 183W-NMR spec-
troscopy in a detailed study of tungstophosphoric and tungstosilicic acids in aque-
ous solutions.22-24 The species present in these systems were identified and quan-
tified as a function of pH.

The conclusions reached in all these studies were not consistent, although
the conditions of the investigations were similar. Generally, it can be concluded
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that the hydrolytic stability of HPAs depends on the anion structure, the nature of
the heteroatom and the peripheral metal atom which comprise the anion, as well
as on the conditions of the solution.

The aim of this study was to investigate thoroughly the behaviour of two HPAs
of the Keggin type with quite different hydro-stability, i.e., 12-phosphorsilicic
(WSIiA) and 12-molybdophosphoric (MoPA) acids, in order to contribute to a
better explanation of their base hydrolysis. For this purpose, UV, IR and 31P-NMR
spectroscopic methods and potentiometric titration were applied and the results
were summarized and compared in order to determine the dominant species pre-
sent in aqueous solutions at various pH values, with special attention to physio-
logical conditions.

EXPERIMENTAL
Materials

MoPA was prepared by literature method?> and confirmed by infrared spectroscopy,
while WSIA was commercially available (Fluka). Both acids were recrystallized prior to use.

Methods

The pH values of the solutions were adjusted by the addition of NaOH or HCI solutions
and measured using a pH meter with a glass electrode. The pH values of the solutions were
monitored until no apparent changes were observed. The samples were prepared one day prior
to the measurements.

The UV spectra of aqueous 2.0x10"> mol dm-3 solutions of the HPAs were obtained
using a Cintra 10e (GBS) spectrophotometer.

Solid samples for IR measurements were obtained by evaporation of the water from
5.0x102 mol dm3 solutions of the HPAs of different pH values. The IR spectra were recorded
on a Perkin-Elmer 983G spectrophotometer using the KBr pellets technique, in the wave num-
ber range 1500-300 cmt, where the bands characteristic for Keggin anions are to be found.

Sample solutions for NMR measurement were prepared by adding the estimated quan-
tities of NaOH just after dissolving. The NMR experiments were performed with a Bruker
MSL 400 spectrometer at 161.978 MHz. The concentration of the HPAs was 5.0x10-2 mol dm-3,
with 2048 scans, 9.0 ps pulse and 500 ms repetition time at 25 °C. The sample volume was
about 2.5 ml in a 10 mm tube. Methylenediphosphonate (MDP) at 17.05 ppm was used as the
external reference relative to 85 % H3PO,.

The UV, IR and 3IP-NMR spectra were recorded at pH values of 1.0, 2.0, 3.5, 5.0, 7.0,
8.5,10 and 11.5.

Potentiometric titrations were performed by adding 0.192 mol I'1 NaOH standard aque-
ous solution into each of the solutions of the HPAs (20 ml, 0.064 mol I’ MoPA and 0.087 mol I
WSIA) at a rate of 2 drops per second at room temperature.

RESULTS AND DISCUSSION
UV Spectra

In the UV range, the electronic spectra of HPAs having a Keggin structure
exhibit two intense absorption bands at about 200 and 260 nm, attributed to the
transitions Og—M and Op/O.—M, respectively.26
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The UV spectra of the WSIA solutions at various pH values, presented in Fig. 1,
show that this HPA was stable in the pH range from 1.0 to 8.5, with an absorp-
tion maximum at 262.6 nm. This band disappeared in solutions of higher pH values.

1.0_ 1-0

Y
}1.0—8.5

<C 0.5

0.0 +———7F——F7TT—7
180 200 220 240 260 280 300 Fig. 1. UV spectra of WSIA solutions of
/ nm various pH values.

In contrast, the UV spectra of the MoPA solutions changed drastically in the
pH range from 1.0 to 7.0 (Fig. 2a) but remained unchanged with further increase
in the pH value of the solution (Fig. 2b). This finding could be explained by the
fact that the Keggin anions were completely decomposed into PO3~ and Mooﬁ‘
at pH 7.0. At pH 1.0 and 2.0, the absorption maximum was at about 220 nm,
while at pH 3.5 and 5.0, there was a maximum at 210 nm with shoulder at about
230 nm (Fig. 2a).

a)
2.5—- ,5.0 2.5+
2.0 - 2 0
1.5 - 2.0 151
T - < '5_
1.0 - 1.0 1.0
0.5 - ]
3.55.0 0'5“_
0.0~|'|'|'|'I'I' O-Oll'l'l'l’l'l'
180 200 220 240 260 280 300 180 200 220 240 260 280 300
Al nm Alnm

Fig. 2. UV Spectra of MoPA solutions of various pH values:
a) from pH 1.0 to 5.0 and b) from pH 7.0 to 11.5.

All the changes in the UV spectra of HPA solutions of different pH can be
attributed to changes in the structure of the individual forms of the HPAs. How-
ever, it is difficult to conclude about the nature of the observed changes and to
identify with certainty the formed products.
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IR Spectra

IR Spectra of evaporated and dried sample solutions were recorded over the
same pH range 1.0 to 11.5 as in the case of the UV spectra and are presented in
Figs. 3 and 4. It is necessary to point out that although the pH values of solutions
changed during evaporation of the water, there was no reversible change of the
given forms of HPAs to the parent Keggin anion.

a) b)
1.0
2.0
8.5
35 10.0
W 11.5
o s s s e 1200 1000 800 600 400
c/em’ o/cm’

Fig. 3. IR Spectra of evaporated aqueous WSiA solutions of various pH values:
a) from pH 1.0 to 5.0 and b) from pH 7.0 to 11.5.

As in the case of the UV spectra, the changes in the IR spectra of the dry re-
sidues of aqueous solutions of WSIA (Fig. 3) appeared at higher pH values than
in the case of MoPA. The spectrum at pH 1 corresponds to the spectrum of solid
acid. It is characterized by four bands characteristic for the Keggin anion
[SiW15040]4: 981, 928, 880 and 785 cm~1,27 corresponding to vibrations
Vas(W—0g), 45(Si—0g), vas(W—Op—W) and v45(W-0Oc—W), respectively.

It can be noticed from the data given in Fig. 3 and Table I, that there was
almost no change in the positions of the characteristic bands for samples up to
pH 7.0, confirming that the Keggin anion was preserved in the solutions up to
this pH value. However, the first changes in spectrum were registered at pH 7.0,
which indicate the appearance of some new species in solution. This species pre-
sent at pH 8.5 can be identified as the lacunary anion, [SiW11039]8~, charac-
terized by bands at 952, 885, 870, 797 and 725 cm~1.28 Some of these bands
disappeared at pH 10 and pH 11.5. It is evident that at pH 11.5, the WSIA had
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completely decomposed to SiOf{‘ (bands at about 1000 cm~1) and WO%‘ ions
(bands at about 860, 700 and 525 cm™1).

TABLE . Vibration bands for the solid residues of aqueous WSIA solutions of various pH values

pH
1.0 2.0 3.5 5.0 7.0 8.5 10.0 11.5
1017w 1017m 1016m 1016m 1018w
1000sh
980s 979s 979s 978s 980w 982w 983w
952w
925vs 924vs 926vs 925vs 923m 927sh

879sh 880sh 880sh 880sh 880w 885s,b
865sh 868s,b 860s,b

800vs,b  800vs,b  800vs,b  800vs,b  800vs,b 795m 807w

726s,b

690w,b 700w,b

538m 535m,b 535m,b 535m,b 535m,b 530m,b 530m,b 525w,b
373m 383m 380m 380m 375m

360w 360w 365w
334m 335w 335w 335w 335w

325w 324w 321w

The present results are in accordance with the generally accepted knowledge
that tungstosilicates are more stable than other tungsten heteropolyanions. A ge-
neral scheme for the decomposition of WSIA in aqueous solution with increasing
pH was proposed in the literature.16:17 In the first stage, [SiW12040]%" is hydro-
lyzed to the lacunary [SiW11039]8 anion, a further increase in the pH results in
the formation of the [SiWgO34]10~ anion, which finally decomposes to SiO3~
and WO3~ . A quantitative determination of speciation of WSIA over the pH ran-
ge 3-13.5, performed by Smith and Patrick by NMR spectroscopy,22 showed that
the Keggin [SiW12040]4~ anion is stable up to pH 3.7; the main component in
the pH range from 3.8-9.2 is the lacunary [SiW11039]8~ monovacant anion,
which is decomposed with further increase in the pH value. The present results
confirm that the decomposition pathways of WSIA in solution proceed through
the formation of the lacunary monovacant anion, which is completely decom-
posed at pH > 8.5. However, contrary to the findings of Smith and Patrick,22 the
presented UV and IR spectra show that the Keggin anion is stable up to pH 7.0.
Based on IR spectra, it can also be concluded that the degradation to tungstate
and silicate occurs in alkaline solution of pH > 10.0.

The IR spectra recorded for the samples of MoPA are shown in Fig. 4, while
the major vibration bands are listed in Table Il. It can be seen that only spectrum
at pH 1.0 of dry residue of aqueous solution of acid have the four characteristic
bands of the Keggin anion [PMo01,040]3~ at 1067, 975, 870 and 810 cm~1.27 The
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changes in the spectrum started even at pH 2.0. The splitting of the band corres-
ponding to the vibration P-O into two bands at about 1063 and 1035 cm™1 can be
ascribed to the presence of the lacunary [PMo011039]6~ anion.13 The spectra for
pH 2.0 and 3.5 are complex, indicating the presence of different structures, which
cannot be exactly identified from the IR spectra. At pH 5.0, the decomposition of
the MoPA anion to molybdate and phosphate commenced. In alkaline solutions
(pH > 7.0), complete decomposition is evident. In contrast to these results, Song
and Barteau29 found no change in the IR spectra of H3PMo12049 evaporated
from aqueous solutions of pH 2.6-3.1. The authors explained their results as
being the consequence of the short time interval between acid dissolution and IR
measurements (20 min). However, in the present study it was found that equili-
brium with respect to the decomposition process was attained within the time
required to prepare the solutions for WSIiA and MoPA, which is in accordance
with the conclusions of Jurgensen and Moffat.30

a) b)
1.0
7.0
2.0 1.0 3 : )
3.5
11.5
50 2.0
\ 3.5 molybdate
12'00 10'00 360 660 460 12'00 10'00 sc')o 660 460
c/cm’ o /cm’

Fig. 4. IR Spectra of evaporated aqueous MoPA solutions of various pH values:
a) from pH 1.0 to 5.0 and b) from pH 7.0 to 11.5.

The solutions of MoPA, in contrast to other solutions of HPAs, are coloured
and with increasing pH values, the change in their colour can be followed visu-
ally, i.e., from the intense yellow of the pure acid, through green to light blue at
pH > 5.0, which indicates the reduction of molybdenum.
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It is obvious that pH influences the stability of both the investigated HPAs
but in different ways. The present results indicate that the Keggin anion of WSIA
is sustained in agqueous solutions up to pH 7.0, while this structure of MoPA is
present only at pH 1.0, with other Keggin anion structures appearing with further
increase in the pH value.

TABLE II. Vibration bands for the solid residues of aqueous MoPA solutions of various pH values
pH

Molybdate
1.0 2.0 35 5.0 7.0 8.5 10.0 11.5
1155m  1157sh  1155sh
1099m 1107w 1107w
1074s 1077w,b 1079m
1063s 1065s
1032m  1033s 1040s
995m 983sh 995vw  995vw
964vs
940w,b  938m 937sh
903vw 901w 902w
889vs,b 880sh
869s  855vw,b 846w 848sh 836w  844vsb 845vs,b 843vs,b 855vs
827vs
790vs,b  789m,b 797w
726w
660m,b
675w 674w 674w 680w
645w 643w 650w 640w
592w
536w 546m 545m 544m 547w
504w
459sh
374m 365w 365w 365w
341m

324w 325w 325w 320s 320s 318s 318s 320s

All the changes in the UV spectra of the HPAs solutions of different pH can
be attributed to changes in the structure of the individual HPA, but identification
of the formed products is limited. The IR spectra present a further improvement
in the identification of the dominant chemical species present in the HPAs solu-
tions of differing pH, in relation to the UV spectra, but it is difficult to identify all
the structures present. The IR spectra at higher pH values indicate the total degra-
dation of the parent anion to tungstate and silicate or molybdate and phosphate anions.

NMR Spectra

In order to overcome the drawbacks of UV and IR spectroscopy in the iden-
tification of molybdophosphate species in solutions of differing pH values, the
complementary method of 31P-NMR spectroscopy was applied.



HETEROPOLYACIDS IN AQUEOUS SOLUTIONS 205

The 31P-NMR spectra and chemical shifts of the peaks for solutions of MoPA
of different pH values are shown in Fig. 5 and Table 1ll, respectively. At pH 1.0,
the most intensive peak corresponding to [PMo012040]3 is at —2.87 ppm, while
the peaks at —2.16 ppm and -0.65 can be assigned to [P,Mo01g0g2]6~ and
[MogPO3,0H(OH>),]4, respectively.1931 The presence of these structures ma-
nifests the very complex reaction pathway of MoPA in acidic solution. The most
intensive peaks in solutions of pH 2.0 (-0.95 ppm) and 3.5 (-0.77 ppm) corres-
pond to the lacunary [PMo11039]6~ ion, which is the dominant component under
these conditions. In solution with pH 5.0, the strong peak with a chemical shift of
2.15 ppm is ascribed to [PoMo050,3]6, a structure with two P atoms, the peak at
0.65 ppm is assigned to [PMogO25]%~ and the peak at —0.49 ppm is assigned to
[PMo011039]6~.31 The difference between chemical shifts of the [PMo011039]%~
ion observed at low and at high pH (at —0.95 to —0.49 ppm, respectively) can be
explained by extensive protonation.19 In solutions of pH 7.0 and higher, peaks
corresponding to phosphate ions, H,PO;, HPO3~ and PO3~ appear, which
means that the complex structure of MoPA is completely destroyed under physio-
logical conditions.
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Fig. 5. 31P-NMR Spectra of MoPA solutions of different pH values.
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Table I11. Chemical shifts of the signals in the 31P-NMR spectra of MoPA solutions of various
pH values

pH 1.0 2.0 3.5 5.0 7.0 8.5 100 115

Chemical shift, ppm 044 053 071 2.15 3.10 351 3.78 5.50
-0.65 -095 -0.77 0.65 - - - -
-2.16 -216 -2.16 -0.49 - - - -
-2.87 - - -1.39 - - - -

Potentiometric titration

The potentiometric titrations showed how the pH of the solutions of the HPAs
changed on addition of 0.192 mol I-* NaOH. Initially, the pH increased slowly
from pH 1.7 to 3.0 as the NaOH was added. Continued addition of NaOH to the
solution of WSIA led to a rapid increase in the pH, with the endpoint at a
hydroxide to acid ratio of 4.0 (Fig. 6a). This is in accordance with conclusions
obtained from the spectroscopic results. In this pH region, WSIA is stable and
behaves as a tetrabasic acid in water. On the contrary, the potentiometric titration
of MoPA, H3[PMo012049] showed a broad endpoint at about 4 mole equivalences
of base at pH = 3.8 (Fig. 6b). The spectroscopic results showed that at this pH va-
lue, the Keggin anion is decomposed and that aqueous solutions of MoPA con-
tain mixture of various species, resulting in a higher basicity than expected based
on its parent structure.

pH
@
oo,

H
®

1

0 5 ; e[ sls 1|0 1'2 0 é Jl é :3 1|0 1I2
Volume NaOH/ ml Volume NaOH/ ml

Fig. 6. Potentiometric curves for the base decomposition of:
a) H4[SiW12040] and b) H3[PM012040].

Further addition of base to the acid solution caused no change in the pH, in-
dicating the ability of the POMs to maintain the pH of the solution, i.e., both
acids have a high buffering capacity.

The second broad endpoint in the potentiometric curve signifies the total de-
composition of the HPAs.

It is evident that the electrochemical results are in agreement with the spec-
troscopic ones.
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CONCLUSIONS

In this study, special attention was placed on the importance of the molecular
species of the POMs present in solution and their role in catalytic and biochemi-
cal and biomedical processes on a molecular level. When POMs are employed as
catalysts for homogeneous or heterogeneous catalysis, their activity depends on
the general characteristics of the solution, i.e., the nature of the solvent—organic
or aqueous, their concentration, the pH of the solution and the reduction potential
of the hetero- and addenda atoms, as well as on the strength of the acid centres.
Such studies are important if one wishes to follow the mechanism of catalytic
processes, the formation of activation complexes, as well as in formation of com-
plex catalysts on different supports by the sol-gel process or impregnation. All
the bonds formed in the activation complexes and between the substrate and the
parent catalysts depend on the molecular forms of the POMs.

It would seem that hitherto in spite of the large number of references, insuf-
ficient attention has been paid to this problem. In order to contribute to the solu-
tion of the molecular forms of the PMOs existing in solution, spectroscopic me-
thods, i.e., UV, IR and 31P-NMR spectroscopy, and a potentiometric method
were employed to gain more information.

It can be concluded that all the spectroscopic methods employed in this work
indicate the existence of different forms of HPAs in aqueous solutions with a
considerable dependence on pH with regard to the parent acid. Considering this,
literature data are not always consistent due to the complexity of the system;
many factors influence the equilibrium, primarily the pH and concentration of the
HPA, while the performances of different analytical techniques used for identi-
fication should also be taken into account.

Based on the results presented in this paper, the following can be concluded:
UV spectroscopy only indicates that some changes occur in the system but they
cannot be specified with certainty. IR Spectroscopy gives more information,
which enables the identification of the dominant species as a function of the pH
of the solution. However, in some cases, because of the similar spectra, it is not
possible to perform an exact identification of the major components. NMR Spec-
troscopy provides unique data which can be employed for more accurate inter-
pretations of the changes in the solutions in dependence on pH.

The presented results indicate that the reaction pathway of MoPA in acidic
solution is very complex. Only at pH 1.0 is the parent Keggin anion the dominant
molecular form, with additionally two other minor components, [P,Mo01g0g2]6~
and [MogPO310H(OH>),]4~. The main component in solutions of pH 2.0 and 3.5
was the lacunary [PMo11039]¢~ anion. In the solution of pH 5.0, in addition to
the lacunary anion, [PoM050,3]6~ and [PMogO25]%~ ions were present. In the so-
lution of pH 7.0, and in more alkaline solutions, complete decomposition to phos-
phate and molybdate occurred.
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The results concerning aqueous solutions of WSIA confirmed that the tungs-
tosilicate is more stable than the molybdophosphate and that the decomposition
pathways of WSIA in solution proceed via the formation of the lacunary mono-
vacant anion, which decomposes into Sioﬁ‘ and Woﬁ‘ at pH > 8.5. However,
in contrast to literature data, it was shown that the Keggin anion structure is pre-
served over a wide range of pH values, from pH 1.0 to 7.0.

Considering the activity of POMs, it is not sufficient to define only the con-
centration of the POM, but also the molecular forms of the species present in so-
lution under the experimental conditions. It is important to point out that under
physiological conditions WSIA is dominantly present as the Keggin anion, while
the parent structure of MoPA is completely destroyed.

These conclusions are of special importance for both biomedical and cata-
Iytic applications of heteropolyacids and other compounds of this type and for a
better understanding of the mechanism of their activities.

Acknowledgement. This study was financially supported by the Serbian Ministry of Science
(Grant 142047/2006).

NU3BOJ

NCITUTUBABE 12-CUJINLINTYMBOJI®PAMOBE U 12-&O0CDPOPMOJINBJEHOBE
KHCEJIMHE ¥ PACTBOPY

JIAHUILIA BAJYK-BOTIAHOBIRY, IBAHKA XOJILUIAJTHEP-AHTYHOBIRY, MAPIJA TOJIOPOBITRZ,
YBABKA B. MUOU® 1 JOANNA ZAKRZEWSKA?®

Y@ayaitieini sa pusuuiy xemujy, . ip. 47, 11158 Beozpad 118, 2Xemujcku dpaxyaitieim, ii. iip. 157, 11001 Beozpad u
SUncimuitiyi 3a ofwitly u usu;ky xemujy, ii. iip. 551, 11001 Beozpad

V pany je cucTeMaTCKd MCIHTAHO MOHauIame aBe xerepononu-kucennHe (HPA) pasnuunte
CTaOWIIHOCTH y BOAGHOM pacTBopy, npumeHoM Meroxa UV, IR u NMR cnekrpockonuje u noren-
uoMetTpujcke TuTpanuje. ITokasaHo je a jeé CTpyKTypa pOAMTEIHCKOr aHjoHa 12-CHIHLI]yMBOJI-
¢dpamose kucenune (WSIA) cauyBana y mupokoj obmactu pH Bpexsocty, ox 1,0 mo 7,0, mok je
ucra crpykrypa asjona 12-pocdopmonubaenose kucenude (MoPA) mpucyrtaa camo mpu pH 1,0.
OBo 3Hauu ja je npu Qusrosiomkum ycnosuma WSIA npucytHa y 06nuky KernHoBor aHjoHa, 10K
je crpykrypa anjona MOPA notmnyHo pasrpahena no ¢ocdara u monubnara. JJobujeHn pesyiaratu
cy ox moceGHOTr 3Hadaja 3a OMOMEAMIMHCKE M KaTAINTHYKE NIPUMEHE OBHX jeIUIerha Kao U 3a
0oJbe pasyMeBame MEXaHN3Ma BbUXOBOT JIEJI0Barba.

(MMpumsbero 21. dpebpyapa, peuaupano 19. centembpa 2007)
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Abstract: The results of an investigation of the mechanism and kinetics of the
oxidation process of synthetic a-NiS are presented in this paper. The mecha-
nism of a-NiS oxidation was investigated based on the comparative analysis of
DTA-TG-DTG and XRD results, as well as the constructed phase stability dia-
grams (PSD) for the Ni-S-O system. The kinetic investigations of the oxida-
tion process were performed under isothermal conditions (temperature range
823-1073 K). The obtained degrees of desulfurization were used in the calcu-
lation process according to the Sharp model and the kinetic parameters, inclu-
ding the activation energies and the rate constants of the characteristic reac-
tions, for the oxidation of -NiS were determined. These results enabled the
formulation of a kinetic equation for the desulfurization process: —In (1 — @) =
=ky 7 = 27.89 exp(-9860/T), with an activation energy of 82+4 kJ molt, for
the first stage of the process and —In (1 — @) = kyz = 1.177 exp(-4810/T) 7, with
an activation energy of 40+2 kJ mol-1, for the second stage.

Keywords: a-NiS; oxidation; mechanism; Kinetics; DTA.

INTRODUCTION

Knowledge of the mechanism and kinetics for oxidation processes of metal-
lic sulfides is of great significance in practical applications.1=3 The problematic
nickel sulfides (millerite — NiS, heazlewoodite — Ni3S», pentlandite — (Fe,Ni)gSg,
etc.) oxidation processes have been the subject of investigation,4~13 due to their
importance in nickel metallurgy. However, the documentation concerning on this
subject is still incomplete and some discrepancy may be noticed when comparing
different references.

Regarding to the mechanism of NiS oxidation, Dunn and Kelly4 explored the
oxidation of synthetic millerite (Nig g94S) using DTA, TG and MS analyses up to
1273 K and defined the following: a) complete oxidation of millerite followed by

# Serbian Chemical Society member.
*Corresponding author. E-mail: dzivkovic@tf.bor.ac.yu
doi: 10.2298/JSC0802211S
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the formation of NiSQOg4, Ni3So and NiO in the temperature range 823-973 K; b)
continuation of NiSO,4 formation and oxidation of Ni3So between 973 and 1073 K
and c) the existence of only NiO above 1073 K. The newest research dealing
with the oxidation of a-NiS is presented in the work of Wang et al.,8 in which a
three-step mechanism, including 1) the oxidation of a-NiS to NiO, occurring in
the temperature range 943-953 K; 2) oxidation of a-NiS to Ni3S; at 973 K and
3) oxidation of Ni3S> to NiO above 973 K. Ni3S; is a transient/intermediate spe-
cies during the oxidation of «-NiS and is not an end product of a-NiS oxidation
once the reaction reaches equilibrium.

The kinetics of the processes occurring during the oxidation of NiS was also
investigated by Wang et al.6:12 and Bishop et al.,11 in which the values of the
characteristic kinetic parameters were given.

As a contribution to a better understanding of the process of «-NiS oxida-
tion, the results of an investigation of the mechanism and kinetics of the oxida-
tion of synthetic a-NiS are presented in this paper.

EXPERIMENTAL

The main characteristics of different nickel(ll) sulfide types! are presented in Table I,
one of which, i.e., a-NiS, was synthesized and investigated in this study.

TABLE I. The main characteristics of different types of nickel(1l) sulfide types!

Nickel sulfide Color Crystal structure ~ Melting temperature, K Solubility

a-NiS Black Amorphous - HCI

SANiS Black NiAs type 810 HCI

7NiS Black Hexagonal - Sparingly in
dilute HCI

Synthesis of a-NiS samples

Samples of a-NiS synthesized at the University “Paisiy Hilendarsky”, Plovdiv, Bulgaria,
were used in this investigation.

The a-NiS sample was synthesized according to the following procedure: an aqueous so-
lution of Na,S was added slowly in proportions to an aqueous solution of NiSO, under conti-
nuous stirring with a magnetic bar, whereby nickel sulfide precipitated. The black precipitate
of a-NiS was washed a few times with water and filtered. The filtered precipitate was placed
in a crucible and then dried in a furnace at 373 (1 h), 473 (1 h) and 673 K (5 h). In order to
prevent the oxidation of the obtained -NiS, all operations are performed in a nitrogen envi-
ronment, for which special equipment was created.15.16

Applied experimental techniques

The analyses of the thermal behavior and mass changes of the starting sample during
oxidation under non-isothermal conditions were performed using the results of simultaneous
DTA-TG-DTG analysis. The thermal analysis was performed using a Derivatograph-Q (MOM,
Hungary) with the conditions: sensitivity DTA —1 mV and DTG — 1 mV, TG — 100 mg, heating
rate of 10 °C min1, sample mass 100 mg and T = 1273 K. A ceramic crucible was used.
All experiments were performed in an air atmosphere.

X-Ray diffraction analysis was performed in order to characterize the investigated sam-
ples after oxidative roasting at different temperatures. The phase composition was determined
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on a Siemens X-ray equipment with a Cu anticathode and Ni filter at a voltage of 40 kV and a
current of 18 mA.

The investigations under isothermal conditions were performed using standard equip-
ment. The experiments were performed using an electric resistance furnace with thermostatic
control. A measured volume of air was introduced into the reaction volume, while the gaseous
reaction products (mainly SO,) were passed from the furnace tube to absorption tubes filled
with an aqueous solution of hydrogen peroxide, whereby sulfuric acid was produced. The for-
med sulfuric acid produced was titrated against a standard solution of sodium hydroxide in the
presence of indicator to determine of the sulfur content. Thus, the degree of desulfurization
during oxidation roasting was calculated with an error expected to be £0.1 %.

RESULTS AND DISCUSSION
Mechanism of synthetic a-NiS oxidation process

The Ni—S-O system is of interest for the investigation of the oxidation of
NiS in air. Therefore, characteristic phase stability diagrams were constructed ba-
sed on the starting thermodynamic data for the reactions occurring in the system
of interest at temperatures of 923 and 1073 K, as shown in Fig. 1.

log pSO2
6

-10 . L L . i L | I L
-20 -18 -16 -14 -12 -10
log pO2

Fig. 1. Constructed phase stability diagrams (PSD) for the Ni—-S—O system at 923 and 1073 K.

The obtained results show equilibrium between the phases: Ni—NiS—Ni3So—
—NiSO4-NiO, with NiO as the final product of the oxidation process for defined
concentrations of SO, and O».

The results of the thermal analysis of the synthesized sample of a-NiS, ob-
tained using the simultaneous DTA-TG-DTG method, are presented in Fig. 2,
while the results of the X-ray diffraction measurements, including diffractograms
of samples heated at 923 and 1073 K and then recorded at room temperature, are
presented in Fig. 3.
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Comparative analysis of the presented results was performed in order to ob-
tain the mechanism of the process of NiS oxidation.

The first small endothermic peak in the DTA curve, shown in Fig. 2, occur-
red at a temperature near 550 K. It was not accompanied with a mass change on
the TG curve and could correspond to the « — £ phase transition of NiS, as gi-
ven in the literature.12

The oxidation of NiS commences in the temperature range 873-973 K, ac-
companied by a large exothermic effect with a maximum at 903 K and a signi-
ficant mass, evidenced on the TG curve, which corresponds to the oxidation of
nickel sulfide according to the reaction:

2NiS + 7/2 05 — NiSOy4 + NiO + SO 1)

The process of NiSO4 dissociation commences at 973 K, showing intensive
a minimum on the DTA curve at the temperature of 1123 K and a significant de-
crease of the sample mass on the TG curve, due to the occurrence of the follo-
wing reaction:

NiSO4 — NiO + SO, + 1/2 O, )

The reactions proposed using the results of thermal analysis are in accor-
dance with the obtained XRD data. Namely, the results of X-ray diffractometry
showed the existence of NiSO4 and NiO, as well as the presence of NiS still non-
-oxidized at 923 K, and the existence of NiO at the higher temperature of 1073 K,
which is also in accordance with the constructed PSD diagram.



OXIDATION OF SYNTHETIC o-NiS 215

Intensity
o
1.4695

(=2} ~ 00
2.0662

(¥

.9124-1.9055

0 I
4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34
26Cuko

X

Intensity
2.4048
2.0905

2.0699 >

1.4716

2.8916
1.8183
1.6496

: L "

4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34
20Cukol

Fig. 3. X-Ray diffractograms of the investigated sample at 923 (a) and 1073 K (b).

Kinetics of the process of synthetic NiS oxidation

The degree of desulfurization was used to determine the Kinetic parameters
of the process, using the Sharp isothermal model.1” The degree of desulfurization
presents the ratio of the sulfur reacted during the oxidation process compared to
the starting concentration of sulfur in the sample.

In the course of the experiments, samples of NiS were oxidized and the
amounts of emitted SO, were successively registered. These results are presented
in Fig. 4.

The most important information concerning the desulfurization process of
nickel sulfide, which may be concluded from the SO, emission curves, is that the
process proceeds intensely only during several minutes at the beginning (i.e., the
first five to six minutes), thereafter, the SO, emission almost completely ceases.
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The process is very rapid, particularly at higher temperatures, which means that
several first minutes are essential for the degree of sulfide transformation.
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Fig. 4. Amount of sulfur which
reacted with oxygen during the
oxidative roasting of the NiS
sample (D — degree of desulfu-
rization, - time).

Linearization of the experimental results presented in Fig. 4 was tested using
nine different Kinetic equations proposed by Sharp.1” The criteria for accepting
an equation as the best for linearization of the experimental data was the least
standard deviation of the linear data in comparison with linear fitting of the ex-
perimental data obtained by the iteration program provided by MLAB software
(MLAB, Civilized Software).18 This method for selection of the kinetic equation
for the optimal fit of the experimental data points was described earlier.19,20
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Fig. 5. Linearization of the expe-
rimental data points using the ki-
netic equation Fi: —In (1 — @) =
=k for the process.
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The best linearization of the experimental data (i.e., the minimum standard
deviation for all the isotherms) was obtained using equation F1: —In (1 — a) = kr
for desulfurization, where: « — degree of reaction, - time and k is the rate cons-
tant (Fig. 5). According to the Sharp theory, Equation F1 describes a random nu-
cleation of the new phase, with singular nuclei for each particle.l’ This stage
could be considered as being dominant in controlling the reaction rate during the
first period of time. An infraction of the linear isotherms (Fig. 5) was noticed for
temperatures above 873 K, after the first 5-6 min. From the slopes of these linear
isotherms, the rate constants were determined at the investigated temperatures (k;
before the infraction and ko after the infraction) and a characteristic Arrhenius
diagram was constructed, Fig. 6.
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Fig. 6. Arrhenius diagram for the
process of NiS oxidative roast-
ing constructed from the rate of
— ® . sulfur removal during the pro-
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According to the Arrhenius diagrams, the activation energy of the process
under isothermal conditions was calculated. The kinetic equation for the oxida-
tion stage of the desulfurization process was found to be: —In (1 — @) = kyr =
= 27.89 exp(—9860/T) 7, with an activation energy of 82+4 kJ mol-1, and —In (1 —
- a) = kot = 1.177 exp(—4810/T)z, with an activation energy 40+2 kJ mol-! for
the dissociation stage of the desulfurization process, as given above. The expec-
ted errors were calculated using the error in the slope of the relevant regression
line for each Arrhenius plot.

CONCLUSIONS

The results of this investigation of the process of synthetic a-NiS are pre-
sented in this paper. Based on the experimental results of thermal and X-ray dif-
fraction analysis, as well as thermodynamic analysis of the stability of the phases
in the Ni-S-O system in the investigated temperature range, the mechanism of
NiS oxidation was deduced. It was shown that -NiS firstly transforms to S-NiS



218 STRBAC et al.

at temperatures around 550 K, after which the oxidation process commenced
between 873 and 973 K, when NiS was oxidized to NiSO4 and NiO, while with
further increasing of the temperature, at 973 K, dissociation of the formed NiSOg4
started. Hence, the final product of oxidation was NiO. The kinetics of the pro-
cess was investigated using the Sharp method and it was determined that the
oxidation process commences quite fast at the beginning of the process (during
the first 5-6 min, depending on the temperature), with an activation energy which
places the process in the kinetic region. After this first period of the reaction, the
activation energy fell to the value on the limit of the kinetic-to-transition region,
meaning that diffusion of the reactants and the reaction products began to have
an influence on the overall rate of reaction.

N3BOJ
MEXAHU3AM U KUHETUKA ITPOLIECA OKCUJAIIMJE CUHTETUYKOT o-NiS

HAJIA LITPBALY, IPATAHA J)KMBKOBUR!, UBAH MUXAIIOBUR!, BOYAN BOYANOV? 1 YXUBAH XUBKOBUR!

YYuusepsuitieii y Beozpady, Texnuuxu akyaitiei y Bopy, Bojcke Jyzocaasuje 12, Bop, Cp6uja u 2University
“Paisiy Hilendarsky”, Plovdiv, Tsar Assen 24, 4000 Plovdiv, Bulgaria

VY 0BOM pajy Cy NpPEACTaBJbCHH PE3yJITaTH UCTPaXKMBalba MEXaHHW3Ma M KHHETHKE OKCHIa-
LMOHOT Mporieca npkewa cuaTeTnakor a-NiS. Mexanusam okcunanuje a-NiS je ucrimtuBan npu-
meHoM kommapatuBHe aHanmu3ze DTA-TG-DTG u XRD pesynraTta, Ka0 U KOHCTpyHCama Iuja-
rpama cradbunHoctd daza (PSD) 3a Ni-S-O cuctem. KuHernuka HCHUTHBaKka OKCHIALMOHOT MPO-
neca cy ypaheHa mox u3orepMckuM ycinosuma y omncery 823-1073 K. Pesynratu crenena necyi-
¢dypusauuje cy ynotpedsbeHH y Mpolecy NpopadyHa KHHETHYKHX MapaMeTapa mpoleca OKCHaa-
uuje a-NiS npema IlapnioBoj meromu. [IpopauyHare Cy BPEAHOCTH €HEPrUje aKTHBALMje M KOH-
cTaHTe Op3uHE KapakTepucTHYHUX peakuuja. OBu pesynraté omoryhmmu cy dopmysaiujy KuHe-
THYKE jefiHaunHe nporeca aecyndypusaumje: —In (1 — @) =kyz = 27,89 exp(-9860/T) 7z, ca euep-
rujom axtuamuje on 82+4 kI moll, 3a mpsu cramujym mpomeca u —In (1— @) =k,r=1,177
exp(—4810/T) 7, ca eneprujom axTupammje ox 4022 ki moll, 3a npyru cragujym.

(Mpumsbero029. mapta, pesuanpano 4. cenrrem6pa 2007)
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Periodic current oscillations of zinc in nitric acid solutions
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Abstract: This paper presents current oscillations of a Zn anode in solutions of
nitric acid and potassium dichromate. The effects of the nitric acid concentra-
tion were investigated. The system was analyzed using cyclic voltammetry,
current-time plots and attractors. It was found that the concentration of nitric
acid has a major effect on the behavior of the system and it is proposed that
zinc hydroxide precipitation—dissolution processes are responsible for the cur-
rent oscillations.

Keywords: zinc; corrosion; dynamic behavior; current oscillations; attractor.

INTRODUCTION

The dynamic behavior of some metals in the transition region from the ac-
tive to the passive state, from the steady state to simple, double or chaotic oscilla-
tions, presents a large area of research interest in the corrosion and protection of
metals and, also, for an understanding of oscillatory phenomena which occur du-
ring solid/liquid interface processes.116

Self-organization of electrochemical systems is not limited to temporal phe-
nomena but can also involve spatial pattern formation.2:9.11,13 The most studied
electrochemical system, from the point of view of dynamic behavior, is the ano-
dization of iron in sulfuric acid media.246.9 In addition to iron, there are many
other metals which exhibit current or potential oscillations (Ni, Cu, Co, Pb, Ag,
Zn, alloys) in certain media (acid, alkaline or solutions of salts). The behavior of
zinc electrodes were studied in alkaline solutions as cathodes but their behavior is
almost unknown in acidic media.14.15

Current oscillations are explained by a precipitation—dissolution mechanism
or chemical reactions having an autocatalytic step.31°> The precipitation—-dissolu-
tion mechanism is the most extensive mechanism and it seems to be the closest to
the real phenomena of current oscillations. This mechanism presumes that chemi-
cal species (salt, hydroxide or oxide) are precipitated at the electrode surface.

* Corresponding author. E-mail: florincrisan2000@yahoo.com; dfjarad@rdslink.ro
doi: 10.2298/JSC0802221C
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It is well known that zinc, as well as certain other metals and alloys, exhibit
the phenomenon of metallic passivity, i.e., the metal becomes inert under certain
environmental conditions since its surface is covered by a thin oxide film. In the
passive state, defects in the protective film may induce propagating reaction zo-
nes, which lead to the dissolution of the pacifying layer and transform the elec-
trode into its active state.

For iron in acidic media, an increase of the dissolution rate with increasing
electrode potential is observed. At the passivation potential, the dissolution rate
decreases dramatically and the electrode surface becomes passive again. Under
these conditions, the system forms an excitable medium where passivation-acti-
vation phenomena occur successively, leading to current oscillations.

This paper presents the dynamic behavior of a zinc anode in nitric acid-oxi-
dizing media and the influence of the acidity and the electrode potential on this
behavior. In addition, the attractors generated by current-time series are presen-
ted. The dynamic behavior of zinc was studied in solutions of nitric acid (0.2-1.6 M)
containing 0.15 M of potassium dichromate.

EXPERIMENTAL

The experiments were performed using a three-electrode system in a non-stirred electro-
lyte. The potential of the zinc electrode was controlled by a Voltalab 40 PGZ 301 potentiostat
and the response current was monitored by Voltamaster 7.08 software. The working electrode
was a zinc rod (8 mm diameter) of 99.9 % purity (Merck) embedded in an isolating muff, so
that only the end of the rod was exposed to the solution. The counter electrode was a Pt wire
and a saturated calomel electrode (SCE) was used as the reference electrode. The electrolytes
were prepared with purified Millipore water (> 18 MQ cm resistivity) and analytical grade po-
tassium dichromate (Riedel-de-Haén, 99.8 % purity) and nitric acid (Fluka, 65 %). The total
volume of the solution in each experiment was 100 ml. The working electrode was polished
with 600 and 1000 grade emery paper, washed with water and wiped prior to each experiment.
All experiments were performed at room temperature.

RESULTS AND DISCUSSION
Cyclic voltammetry

The four cyclic voltammograms for the four nitric acid concentrations (0.2,
0.3, 0.6 and 1.6 M), at the same potassium dichromate concentration (0.15 M),
recorded at a potential scan rate, are presented in Fig. 1. For all of the voltam-
mograms, in the positive sweep, a slow increase of the current, followed by a pla-
teau at around zero current, then an abrupt increase of the current at = 0.2 V, ac-
companied by gas evolution at the counter electrode, can be observed. The width
of the plateau zone decreased as the nitric acid concentration increased, so that at
a nitric acid concentration of 1.6 M, the plateau was very small. Nevertheless, a
maximum of the current appeared and then the electrode passivates.

For the negative sweep, the current decreased continuously but presents hi-
gher values than in the positive sweep. At around —0.2 V, the current oscillated,
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which is marked in Fig. 1 by A. The potential domain in which oscillations occur-
red increased up to a nitric acid concentration of 0.6 M and then decreased. Cur-
rent oscillations seem to appear only after the passive layer had attained a critical
thickness and the potential attained a certain value. At this moment, the system be-
came unstable and transitions between the passive and active state occurred. If
both conditions (film thickness and potential value) exist, oscillations may appear.
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Fig. 1. Cyclic voltammograms recorded in a) 0.2 M HNOj3, b) 0.3 M HNO3, ¢) 0.6 M HNO3
and d) 1.6 M HNOj3. The zones indicated with A denote oscillatory regions.
The arrows indicate the direction of potential sweeping.

In the passive state, defects in the protective film may induce propagating re-
action zones and electrode surface becomes active.13 Zinc dissolution leads to an
accumulation of zinc ions and a migration of H* ions away from the vicinity of
the electrode. Consequently, the pH increases and a temporary precipitation of
zinc hydroxide may occur, whereby zinc dissolution ceases. The electrode sur-
face becomes passive and the current decreases. Due to the precipitation of zinc
ions, H* ions migrate back from the bulk to the surface of the electrode, leading
to dissolution of the hydroxide layer, whereby the electrode reverts to its active
state, the current increases and cycle repeats itself.

In order to obtain current oscillations, the electrode potential was swept from
—1.0 V to 0.50 V then back to the potential value where oscillations occur
(around —0.2 V). No oscillations were observed for a concentration of nitric acid
of 0.2 M or lower.
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Current-time series

The current vs. time plots for nitric acid concentrations of 0.3, 0.6 and 1.6 M
at —0.20, —0.10 and —0.05 V are presented in Fig. 2. The dynamic behavior of
system changed, depending on the nitric acid concentration.
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Fig. 2. Current—time series registered in a) 0.3 M HNO3z at E =-0.2 V, b) 0.6 M HNO4
atE=-0.2V,c)1.6 MHNO3zatE=-0.1Vandd) 1.6 MHNOsatE=-0.05V.

For 0.3 M nitric acid (Fig. 2a), the current passed through a maximum and
oscillations appear after about 10 s but they rapidly ceased, then the current de-
creased to zero. For 0.6 M nitric acid (Fig. 2b), the current exhibited a minimum
but oscillations did not appear even after 4 min. A short stir of the solution resul-
ted in oscillations which occurred for 10 min. In this case, one period of oscilla-
tions could be observed but the amplitude was not very constant. For 1.6 M nitric
acid (Figs. 2c and 2d), oscillations appeared immediately which become regular,
with a double-period, after 4 min.

As observed, for 1.6M nitric acid solution, the oscillations were similar for
different potential values (Figs. 2c and 2d,) but the amplitude was smaller at the

lower potential (—=0.05 V), than at the higher potential (— 0.10 V) and the fre-
guency increased.

Attractors

The attractors for the time series in Fig. 2 and the shape of the oscillations
are presented in Fig. 3. Attractors 3a and 3b correspond to one period oscillation
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(Figs. 2a and 2b, respectively) and 3c to double-period oscillation (2c), from
which it can be concluded that as the concentration of nitric acid increased, the
complexity of the oscillations increased and their shape changed. The oscillations
for 0.3 and 0.6 M nitric acid are perfectly sinusoidal, while for 1.6 M nitric acid,
the oscillations seem to be of the relaxation type.
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Fig. 3. Attractors and part of the time-series. a) 0.3 M HNO; (for 2a); b) 0.6 M HNO; (for 2b);
¢) 1.6 M HNOg; (for 2c). The diagrams d—f present the shape of the oscillations for 2a—2d, respectively.
It is possible to find chaotic behavior for higher concentrations of nitric acid
and the route to chaos is likely to be a period-doubling one. Further investigation
is necessary to elucidate this mechanism and the role of potassium dichromate in it.
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CONCLUSIONS

According to the experimental results, current oscillations in the Zn-nitric
acid—potassium dichromate system occur within a certain potential range. In ad-
dition, the oscillations are strongly influenced by the nitric acid concentration but
not enough information is available to explain the role of the potassium dichro-
mate. The oscillations may be explained by the precipitation—dissolution mecha-
nism and it is possible that a chemical reactions mechanism with participation of
the potassium dichromate exists, which can lead to self-organization of the system.
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JofaTaK KanujyM-Ouxpomara. McnuTHBaH je yTHIaj KOHLEHTpalKje a30THE KHUCEIUHE Ha OBY I10-
jaBy. CucreM je aHanu3upaH KopuinhemeM HUKIMYHEX BOJITAMOrpaMa, rpaduika 3aBHCHOCTH CTpY-
je ox BpemeHa u arpaktopa. HaljeHo je 1a KOHIeHTpaIja a30THE KUCCIHHE UMa OJuTyuyjyhu yTu-
11aj Ha HOHAIIAkbEe CHCTEMa U MPETIIOCTABIBEHO JIa je TPOLEC TAJOKEHha U PacTBapamba LIHHK-XU/I-
POKcHaa OATOBOpPaH 3a CTPYjHE OCHMIALH]E.

(TTpumsbeno 23. maja, pesuanpaso 16. asrycra 2007)

REFERENCES

1. J. L. Hudson, M. R. Basset, Rev. Chem. Eng. 7 (1991) 111
2. 0. Teschke, D. M. Soares, F. Galembeck, J. Electrochem. Soc. 132 (1985) 741
3. C. Naitao, Z. Shiyong, W. Chao, C. Shenhao, J. Serb. Chem. Soc. 66 (2001) 563
4. L. Organ, I. Z. Kiss, J. L. Hudson, J. Phys. Chem. B 107 (2003) 6648
5. T.T. Lunt, J. R. Scully, V. Brusamarello, A. S. Mikhailov, J. L. Hudson, J. Electrochem.
Soc. 149 (2002) B163
6. P.Parmananda, B. J. Green, J. L. Hudson, Phys. Rev. E 65 (2002) 035202-1
7. W.Wang, I. Z. Kiss, J. L. Hudson, Ind. Eng. Chem. Res. 41 (2002) 330
8. 1. Z. Kiss, J. L. Hudson, Phys. Chem. Chem. Phys. 4 (2002) 2638
9. B.J. Green, J. L. Hudson, Phys. Rev. E 63 (2001) 026214-1
10. W. Wang, B. J. Green, J. L. Hudson, J. Phys. Chem. B 105 (2001) 7366
11. B.J. Green, W. Wang, J. L. Hudson, Forma 15 (2000) 257
12. 1. Z. Kiss, V. Gaspar, L. Nykos, J. Phys. Chem. A 102 (1998) 909
13. K. Agladze, S. Thouvenel-Romans, O. Steinbock, Phys. Chem. Chem. Phys. 3 (2001) 1326
14. J. St.-Pierre, D. L. Piron, J. Electrochem. Soc. 137 (1990) 2491
15. J. L. Hudson, T. T. Tsotsis, Chem. Eng. Sci. 49 (1994) 1493
16. N. Potkonjak, Lj. Kolar—Ani¢, T. Potkonjak, S. N. Blagojevi¢, S. Ani¢, Mater. Sci. Forum
518 (2006) 301.



Journal of
the Serbian
Chemical Society

www.shd.org . yu JSCS@tmf.bg.ac.yu « www.shd.org.yu/JSCS

J. Serb. Chem. Soc. 73 (2) 227-231 (2008)  UDC 535.513+512.77+517968.2:541.138-034:681.5.017

JSCS-3705 Note
NOTE
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approximation for the process of metal deposition
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Abstract: Digital simulation was employed for the solution of the general pola-
rization curve equation of metal deposition processes. By approximating the
dependence of the exchange current density on concentration with a linear
function for one- and two-electron transfer processes, an error lower than 20 %
was obtained.

Keywords: polarization curve equation; metal deposition; exchange current
density; simulation.
INTRODUCTION

The general equation of the polarization curve for metal deposition process
according to Newman,1 can be given as:

J=Jos (fa—"fc) (1)
where j is the overall current density, f; and f; are defined as:
A
f, =10Pa (2a)
_n
fo =10 B (2b)

where by and b are the anodic and cathodic Tafel slopes, respectively, 7 is the
overpotential and jg s is the concentration dependent exchange current density for
a surface concentration cs. The mathematical expression for the jos could be

given as:!
y
: C | .
Jos :(é] Jo 3)

* Corresponding author. E-mail: peca@tmf.bg.ac.yu
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where cg and cg are the surface and bulk concentration of the reacting metal ion,
respectively, jo is the exchange current density for a surface concentration equal
to the bulk concentration of the solution and the coefficient yis defined as:

_ d I;)(?OJO )
For a one-electron process of metal deposition:2
Me* + e~ = Me (5)
yis defined as:
y=1-p (6)

where gis a symmetry factor of the energetic barriers.
For a two-electron process,! assuming the first electron transfer is rate deter-
mining in the overall mechanism:

Me2* + e~ = Me™ (slow) (7)
Me™* + e~ = Me (fast) (7a)
yis defined as:
2-p
=— 8
y= (8)

If ¥ is not equal to 1, simple analytical solutions of the general equation of
the polarization curve in terms of formal Kinetics are not available and different
numerical methods must be applied.

The aim of this work was to deduce whether the approximation of the value
of yequal to 1 could be applied for the solution of the general equation of the
polarization curve in a qualitative or quantitative manner.

RESULTS AND DISCUSSION

For one-electron transfer processes given by Eq. (5), it can be calculated that
the anodic and cathodic Tafel slopes have values of 120 mV/dec, while for two-ele-
ctron transfer processes given by Egs. (7) and (7a), the anodic and cathodic Tafel
slopes have values of 40 and —120 mV/dec, respectively.

On the other hand, surface and bulk concentration of the reacting metal ion
can be connected with current density using the following equation:

3ot (©)
Co L
where j_ is the limiting diffusion current density (note: Eq. (9) is strictly valid
only in the case of forced convection, i.e., a stirred electrolyte, but many authors
use this equation for non-stirred conditions). By substituting cs/cg from Eq. (9)
into Eq. (3) and jo s from Eq. (3) into Eq. (1), the following is obtained:
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J—Jo(l—"——J (fa—fe) (10)
or.

. . 14

-L:@( ‘j(f—f) (12)

L I JL

as the general polarization curve equation.
In the first approximation, assuming the value for y =~ 1, and with further
rearrangement, a simplified version of Eq. (10) is obtained:

__Jo(fa = fc)
"1 do(fa= ) 4
L
or.
JJO(f ~f.)
T, do(faTe) 49
in

Simplified mathematical treatments of Egs. (12) and (13) are widely used in
qualitative, and in many cases in quantitative, discussions of metal deposition
and other electrochemical processes. It is again necessary to note that both equa-
tions are approximations because the value of yis not unity in many cases. Dif-
ferent numerical methods should be applied in these cases, as suggested pre-
viously.3

Hence, in this work, digital simulation was performed for one- and two-ele-
ctron transfer processes and 2= 0.5. Obviously, for a one-electron transfer pro-
cess, the values are as following: = 0.5, f, = 107120 and f, = 10-7/120, while for
a two-electron transfer process y = 0.75, f, = 107740 and f. = 10-7/120,

The polarization curves calculated using Egs. (11) and (13) for the ratio
between | jo/j_| = 10, 1 and 0.1 are shown in Figs. 1 and 2.

As can be seen from Figs. 1 and 2, the approximation of Eg. (11) by Eq. (13)
is acceptable for qualitative purposes at practically all overpotentials and ratios of
| jo/jL |- On the other hand, quantitative approximation is valid only in the over-
potential region where the Tafel approximation could be applied.

The relative error, given as the percentage difference of the current density
between Eqgs. (11) and (13), is plotted as a function of the overpotential in Figs. 3
and 4.

From Figs. 3 and 4, it can be seen that the maximum difference between the
values of current density calculated using Egs. (11) and (13) is about 20 % if y is
0.5 and about 9 % if y is 0.75.
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Hence, it can be concluded that approximation of the general polarization cur-
ve for the case of y =1 can be used in all qualitative and some quantitative esti-
mations with a maximum error lower than 20 % for the cases under consideration.

Acknowledgements. This work was financially supported by the Ministry of Science of the
Republic of Serbia, contract No. 142044,

N3BO O
BAJIMAHOCT JEJHAUYMHE ATTPOKCUMAIMIE OITIITE TTOJIAPU3AILIMOHE KPMBE
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Abstract: Individual and simultaneous determinations of some phenothiazine
drugs are described. The individual determination method is based on the reac-
tion of chlorpromazine hydrochloride (CPH), promethazine hydrochloride (PH),
trifluoperazine hydrochloride (TFPH), trimipramine maleate (TPM) and thiori-
dazine hydrochloride (TRDH) with complex of [Fe(Bpy)s]3*. In the presence
of phenothiazine derivatives, [Fe(Bpy)s]3* is reduced easily to the coloured
complex [Fe(Bpy)s]?*, which shows an absorption maximum at 525 nm. The
individual method is highly sensitive and suitable for 0.3-190 pg ml-1 concen-
trations, with detection limits in the range 0.18-2.46 ug ml-1. Simultaneous ki-
netic—spectrophotometric determination of ternary mixture of CPH, PH and TPM
using principal component regression (PCR), partial least squares (PLS) and
orthogonal signal correction (OSC)-PLS multivariate calibration methods is also
described. The simultaneous methods are based on the difference observed in
the reduction rate of the [Fe(Bpy)3]®* complex with CPH, PH and TPM in aci-
dic media. The results showed that the simultaneous determination of CPH, PH
and TPM can be performed in the concentration ranges of 0.5-120.0, 0.3-80.0
and 5.0-100.0 pg ml-L, respectively, for three methods (PCR, PLS and OSC-PLS).
The root mean square errors of prediction (RMSEP) of CPH, PH and TPM
were 0.346, 0.663 and 0.820 (for PCR) 0.317, 0.659 and 0.830 (for PLS) and
0.087, 0.124 and 0.085 (for OSC-PLS), respectively. The proposed methods
were successfully applied to the individual and simultaneous determination of
phenothiazine derivatives in pharmaceutical preparations, the results of which
compared well with those obtained by the official method, and several synthe-
tic (spiked) samples, whereby satisfactory results were obtained.
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PLS; PCR; OSC-PLS.
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INTRODUCTION

Phenothiazine derivatives, an important group of neuroleptics, are used as
antihistamines, tranquilizers, anti-emetics and antiparkinson.l The therapeutic
importance of these drugs has prompted many workers to develop methods for
their individual and simultaneous determinations in body fluids, as well as in
pharmaceutical.2~4 There are various analytical procedures for the individual assay
of phenothiazines, the most important of which being titrimetry,> conducto-
metry,® voltammetry,’ spectrofluorometry,8 chemiluminescence,® HPLC10 and GLC1!
methods. Many spectrophotometric methods for their determination have already
been proposed based on the oxidation of the drugs to a coloured radical cation
and the subsequent measurement of absorbance.l2-20 Unfortunately, some of
these methods have some disadvantages, such as the use of non-aqueous media,16
low sensitivity,17 a heating step,18 a very strong acid,1® a low linear range and
critical working conditions,12.15 a narrow linear range of application20 and a very
narrow limit of detection.13 In addition to this, the simultaneous determination of
phenothiazine derivatives in binary and ternary mixtures was also reported.21-26
Gutierrez et al. proposed a stopped-flow method for the simultaneous determina-
tion of perphenazine (PP) and chlorpromazine hydrochloride (CPH).21 Chen et
al. reported the simultaneous flow-injection determination of CPH and prometha-
zine hydrochloride (PH) by a photochemical reaction.22 The simultaneous kinetic
determination of phenothiazine drugs was also reported.23 Fasanmade reported a
multivariate calibration method based on principal component regression (PCR)
for the simultaneous ultraviolet (UV) determination of an oxidation product of
CPH sulphoxide.24 Shamsipur et al. tested partial least-squares (PLS) regression,
singular value decomposition-based PLS, and an artificial neural network (ANN)
as calibration procedures for the simultaneous determination of PH, CPH, and PP
by both conventional and derivative spectrophotometry.25 Recently, Hemmateen-
ejad et al. reported the simultaneous determination of a ternary mixture of PH,
CPH and PP based on the net analyte signal (NAS)-ANN model using conven-
tional and derivative absorbance spectra.26 To the best of our knowledge, no che-
mometrics methods for the simultaneous determination of these drugs using ki-
netic—spectrophotometric methods have been reported.

The theories and applications of chemometric methods, such as PCR and
PLS, to the analysis of multi-component mixtures have been discussed by several
workers.27-32 Multivariate calibration methods have been successfully applied to
multi-component kinetic determination in order to overcome some of the draw-
backs of classical methods. Soft algorithms, such as PCR, PLS and ANN, which
avoid co-linearity problems, have been used for the simultaneous determination
of analytes having the same chemical properties, which cannot be resolved with
common methods.
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The formation of the complex between Fe(lll) and 2,2'-bipyridine (bpy) is
the basis of existing spectrophotometric methods for the determination of trace
amounts of reducing agents.33 Reducing agents can be determined through re-
ducing the [Fe(bpy)s]3* complex, followed by treating the coloured complex of
[Fe(bpy)s]?*. Recently, a kinetic—spectrophotometric determination of a ternary
mixture of hydrazine and its derivatives by PCR and PLS methods based on the
difference observe in the rate of reduction of [Fe(bpy)s]3* with hydrazine, thio-
semicarbazide and phenylhydrazine in a micellar media of sodium dodecyl sul-
phate (SDS) and buffer of pH 3.0 was reported.34 In this paper, a new, simple,
rapid and sensitive indirect spectrophotometric method for the individual micro-
determination of five phenothiazine drugs, containing CPH, PH, trifluoperazine
hydrochloride (TFPH), trimipramine maleate (TPM) and thioridazine hydrochlo-
ride (TRDH). Also, in this study, principal component regression (PCR), partial
least squares (PLS) and orthogonal signal correction (OSC)-PLS multivariate ca-
libration methods for the analysis of ternary mixtures of CPH, PH and TPM,
using the observed difference in the reduction rate of [Fe(bpy)s]3* with these
drugs in acidic media, were used.

EXPERIMENTAL
Apparatus and software

A GBC UV-Visible Cintra 6 Spectrophotometer with 1-cm glass cells, attached to a Pen-
tium IV computer was used for recording the absorbance spectra and the kinetic spectrophoto-
metric data. A Metrohm 780 pH-meter furnished with a combined glass-saturated calomel
electrode was calibrated with at least two buffer solutions at pH 1.00 and 7.00. Measurements
of the pH were made with a Metrohm 691 pH-meter using a combined electrode. The data
were treated in an AMD 2000 XP (256 Mb RAM) microcomputer using Matlab software. PLS
and PCR analysis were performed using PLS and PCR toolboxes in the Matlab program
version 7.0.

Reagents and standard solutions

All reagents were of analytical reagent grade. Triply distilled water was used throughout.
Stock solutions (1000 pg ml-Y) of chlorpromazine hydrochloride, promethazine hydrochloride,
trifluoperazine hydrochloride, trimipramine maleate and thioridazine hydrochloride (all from
Biochemicals Inc., USA) were prepared by dissolving 100 mg each of the phenothiazine salts
in distilled water and diluting to the mark in 100 ml volumetric flasks. These solutions were
spectrophotometrically stable for at least 48 h. Standard solutions were prepared by appro-
priate dilution of the above solutions. A stock solution of 5.0x102 M 2,2'-bipyridine was pre-
pared by dissolving 0.784 g of 2,2"-bipyridine (Merck) in water and diluting to the mark in a
100 ml volumetric flask. A stock solution of 5x102 M of Fe(l1l) was prepared by dissolving
2.43 g of Fe(NH,)(SO,),-12H,0 (Merck) in water and diluting to the mark in a 100 ml volu-
metric flask. A buffer solution of pH 4 was prepared using sodium acetate and hydrochloric
acid at appropriate concentrations.

General procedure

The [Fe(bpy)s]®* complex as the oxidizing agent for both the individual and simulta-
neous method of determination was prepared daily in a 25 ml volumetric flask by the addition
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of 2.5 ml of buffer solution (pH 4.0), 0.2 ml of Fe(lll) solution (0.05 M) and 1.0 ml of bpy
solution (0.05 M) and then diluting with water to the mark. For each measurement in the
individual determination, 2.0 ml of the above solution was transferred to a spectrophotometer
cell, then an appropriate volume of CPH, PH, TFPH, TPM or TRDH in the range of 0.5-120,
0.3-100, 7-190, 5-100 and 3-120 pg ml, respectively, was injected into the cell using a
micro-syringe and the absorbance was recorded at 525 nm after 200 s. In the simultaneous
determination method, the temperature was thermostated at 25 °C for 10 min, 2.4 ml of solu-
tion was transferred into the glass cell of the spectrophotometer and the absorbance of this
solution was zeroed before injecting the analyte(s). Then, an appropriate volume of CPH, PH,
TPM or a mixture of them in their concentration ranges was injected into the cell using a
micro-syringe and absorbance was recorded at 525 nm every 2.0 s.

Sample preparation procedure for tablets and injections

Twenty tablets were weighed and finely powdered. An accurately weighed amount of the
powder equivalent to 50 mg of phenothiazine salt was transferred into a 100 ml volumetric
flask and diluted to the mark with water. The powder was completely dispersed using a me-
chanical stirrer and the solution was filtered. A suitable aliquot of this solution within the wor-
king range of the individual phenothiazine was treated as described in the recommended procedure.

An accurately measured volume from the injections was appropriately diluted to obtain
500 pug ml! of phenothiazine salt solution. A suitable aliquot of this solution was taken and
the recommended procedure followed for the analysis of the drug content.

RESULTS AND DISCUSSION

The Fe(l1)-bpy system allows the spectrophotometric determination of a re-
ducing agent, Areg, as follows:33,34

n[Fe(bpy)s]3* + Areg — n[Fe(bpy)s]?* + Aox

The above reaction is completed with the formation of an equivalent amount
of [Fe(bpy)z]?* with respect to the n-electron reductant, Areg. The reduction of
[Fe(bpy)3]3* to the complex [Fe(bpy)s]?* (With Amax = 525 nm) is completed in
the presence of a suitable reducing agent, such as phenothiazine derivatives, in a
few minutes. A linear correlation was found between the absorbance at Amax for
each drug and the concentration in the range given in Table I. The intercepts,
slopes and correlation coefficients for the calibration data of the phenothiazine
drugs are also presented in Table I.

The reduction rate of [Fe(bpy)s]3* with CPH, PH and TPM is different. This
difference provides the possibility for resolving their mixtures using PCR, PLS
and OSC-PLS multivariate calibration methods. The characteristics of the cali-
bration curves for the determination of CPH, PH and TPM for PCR, PLS and
OSC-PLS are given in Table I.

A series of experiments was conducted to establish the optimum analytical
parameters to achieve maximum sensitivity in the individual determination of
CPH, PH, TFPH, TPM and TRDH and the simultaneous determination of CPH,
PH and TPM. The experimental parameters, such as the concentrations of the
reagents, temperature and pH of the solution were optimized. The optimization
process gave similar results for both methods (individual and simultaneous deter-
minations).
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TABLE I. Analytical parameters for the determination of phenothiazine drugs

Parameter CPH PH TFPH TPM TRDH
Colour Pink Pink Pink Pink Pink
Amax [ nmM 525 525 525 525 525
Stability, h 48 48 48 48 48
The Beer law limits, ug ml-1 0.5-120 0.3-80 7-190 5-100 3-120
Detection limit?, pg ml-1 0.33 0.18 1.60 1.20 1.20
Molar absorptivity, cm? mol! 0.263 0.227 0.631 0.356 0.350
The Sandell sensitivity 135 14.1 7.6 115 11.6

ug cm2 per A unit

Regression equation?

Regression coefficient (r) 0.9982 0.9984 0.9988 0.9989 0.9987
Slope (b / cm3 mg) 13.5 14.1 6.5 11.5 11.6
Intercept (a) 0.1688 0.0490 0.1238 0.0941 0.1149
RSD® / % 1.2 1.6 0.9 1.4 1.5

8Theoritical detection limit (3Sy, or three times the standard deviation of the blank);23 bA=a + bC, where A is
the absorbance for concentration ¢ in mg cm3; Crelative standard deviation (calculated from five determinations)

Absorption spectra

The reagent blank does not absorb in visible range of the spectrum but when
CPH, PH, TFPH, TPM or TRDH has reacted with [Fe(bpy)3]3*, a pink-coloured
cationic product, [Fe(bpy)z]?*, is formed, with a peak of absorbance at 525 nm.
The absorption spectra of the products and reagent blank are shown in Fig. 1.

0.8 -
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< d
0.4
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0.2 Fig. 1. Absorption spectra of the
Fe(ll)-bpy reagent blank (a),
a Fe(l11)-bpy complex in the pre-
0+ sence of 40 pg ml- of TFPH (b),
450 500 550 600 650 700 TRDH (c), TPM (d), CPH (e)
Alnm and PH (f).

Effect of Fe(l11) and bpy concentrations

The effect of the Fe(Ill) and bpy concentrations, in the ranges 5.0x10~%-
—1.0x1072 and 5.0x1074-5.0x1073 M, respectively, were studied. At a constant
concentration of Fe(lll) of 4.0x104 M, the bpy concentration was varied in the
above-mentioned range. For each CPH, PH, TFPH, TPM and TRDH in their
individual determination and in the ternary mixture of CPH, PH, and TPM in
their simultaneous (for the three PCR, PLS and OSC-PLS methods) determi-
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nation, increasing the bpy concentration up to 2.0x10~3 M resulted in an increase
in the reaction rate and the absorbance. However, at higher concentrations of
bpy, a decrease in the reaction rate and absorbance was observed. This might be
due to the fact that high concentrations of bpy would result in a positive inter-
ference from Fe(l1l), which could have arisen from incomplete conversion of
Fe(I1) into the [Fe(bpy)3]2* complex via mixed ligand complex formation. There-
fore, the bpy concentration of 2.0x10~3 M was selected as the optimum concentration.

The effect of the Fe(l11) concentration on the reaction rate and absorbance of
CPH, PH, TFPH, TPM and TRDH at constant concentration of bpy (2.0x1073 M)
was studied. Increasing the Fe(I11) concentration up to 4.0x10~4 M resulted in an
increase in the reaction rate and absorbance in the individual determinations of
CPH, PH, TFPH, TPM and TRDH and the simultaneous determination of CPH,
PH and TPM. However, at higher concentrations of Fe(lll), a decrease in the re-
action rate and absorbance was observed. Thus, for both the individual and si-
multaneous (for each three PCR, PLS and OSC-PLS methods) determinations of
these drugs, a Fe(l1l) concentration of 4.0x10~4 M was chosen as the optimum
concentration for further studies.

Effect of pH

The effects of pH on the absorbance and reduction of [Fe(bpy)s]3* by CPH,
PH, TFPH, TPM and TRDH and the formation of the [Fe(bpy)3]?* complex, as
well as on the reaction rates were studied over the pH range 1.0-6.0. The effect
of pH on the absorbance of the solution mixture is shown in Fig. 2. The absor-
bance and reaction rate increased with increasing pH up to 4.0, but thereafter
decreased. Therefore, for both the individual and simultaneous (for each three
PCR, PLS and OSC-PLS methods) determinations of these drugs, a pH value of
4.0 (acetate buffer) was chosen as the optimal pH for further studies.

0.5

0.4
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Fig. 2. Effect of pH on the absorbance of 20 pug mi-1 of TPM (e), TFPH (A), TRDH (A), CPH
(4) and PH (m). Conditions: 4x104 M Fe(l11); 2x10-3 M bpy; 25 °C temperature.
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Effect of temperature, reaction time and stability of the colour

The effect of temperature on the absorbance and reaction rates was studied
in the range of 25—-70 °C. From the results, it can be concluded that increasing the
temperature led to an increase in the reaction rates for each five analytes but tem-
perature had no effect on the absorbance. However, for the sake of simplicity and
for a better control of temperature effects on the precision of determinations, 25 °C
was chosen as the optimal temperature. In the individual determinations, at room
temperature (25 °C), it was necessary to wait for at least 2 min after drug addition
before the absorbance was measured to allow its reaction with the [Fe(bpy)s]3*
complex to go to completion. Therefore, all absorbance values were measured
after 200 s from the initiation of the reaction. The coloured products were stable
for at least 48 h.

Absorbance—time behaviour

Under the optimized conditions, the reactions of CPH, PH and TPM with
[Fe(bpy)s]3* complex showed different kinetic behaviours (Fig. 3). These dif-
ferences in the reaction rates allowed multivariate calibration methods to be de-
signed as techniques for the simultaneous determination of CPH, PH and TPM.

0.7
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Fig. 3. Absorbance changes of the Fe(111)/bpy complex vs. time in the reaction with: 10 pg ml-L of
TPM (a), CPH (b), 1 PH (c) and a mixture of them (d).

Accuracy and precision

In the individual determination method, the accuracy of the method was
established by analyzing the pure drugs at three concentration levels and the pre-
cision by determining the relative standard deviation (RSD) for seven replicate
analyses on the same solution containing three different concentration levels for
each drug (Table I).

Multivariate calibration and statistical parameters

Multivariate calibration methods, such as PCR, PLS and OSC-PLS, require
a suitable experimental design of a standard belonging to the calibration set in
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order to provide for a good prediction. The first step in the simultaneous determi-
nation of the drugs by the PCR, PLS and OSC-PLS methodologies involved
constructing a calibration mixture for the mixtures of CPH, PH and TPM. A syn-
thetic set of 40 solutions of mixtures of CPH, PH and TPM were prepared accor-
ding to the experimental design of three factors at three levels. The concentration
ranges used were 0.5-120.0, 0.3-80.0 and 0.50-100.0 pg ml~1 for CPH, PH and
TPM, respectively. From these series, 27 solutions were chosen for the calibra-
tion set (Table I11) and the other 13 were used as the prediction set (Table 1V).
Changes in the absorbance of the solutions were recorded during a period of 300 s.

TABLE II. Accuracy and precision data

Pheothiazine derivative Amount, jig mit RSD /%
Taken Found (n=7)

CPH 2 2.0 1.9
50 50.6 2.4
110 111.7 2.9
TFPH 8 7.9 3.1
60 61.1 2.0
180 177.2 2.5
PH 0.5 0.5 2.8
10 10.3 1.6
60 59.2 25
5 4.8 2.7
TPM 30 304 2.6
70 68.9 2.1
20 19.6 2.5
TRDH 75 76.4 1.9
100 98.7 2.8

TABLE II1. Calibration set for constructing the PCR and PLS models in the determination of
CPH, PH and TPM

i -1 i -1
Sample Concentration, pg ml Sample Concentration, pg ml
CPH PH TPM CPH PH TPM
1 5.0 1.0 9.0 15.0
2 5.0 1.0 12.0 12 ;8 28 9.0
3 5.0 1.0 15.0 17 7'0 6.0 12.0
4 5.0 3.0 9.0 18 7'0 6.0 15.0
5 5.0 3.0 12.0 19 16 0 1'0 9.0
6 5.0 3.0 15.0 ' ' 12.0
20 10.0 1.0
7 5.0 6.0 9.0 15.0
21 10.0 1.0
8 5.0 6.0 12.0 29 10.0 30 9.0
9 5.0 6.0 15.0 ’ ' 12.0
23 10.0 3.0
10 7.0 1.0 9.0 15.0
24 10.0 3.0
11 7.0 1.0 12.0 25 100 6.0 9.0
12 7.0 1.0 15.0 ' ' 12.0
26 10.0 6.0
13 7.0 3.0 9.0 7 100 6.0 15.0
14 7.0 3.0 12.0 ' )
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TABLE IV. Prediction set for constructing the PCR, PLS and O-PLS models in the deter-
mination of CPH, PH and TPM

Amount added Amount predicted, pg ml-1

Sample pg mi PCR PLS 0-PLS
CPH PH TPM CPH PH TPM CPH PH TPM CPH PH TPM
575 225 9.00 579 204 955 578 204 952 570 222 882
6.00 2.00 9.00 585 2.08 821 584 208 821 595 190 892
6.00 3.10 9.75 594 317 967 594 316 9.61 595 314 9.75
450 350 825 487 292 1020 486 291 10.19 460 343 821
9.00 1.75 1275 895 174 13.01 894 1.75 13.04 892 181 12.69
950 1.25 13.00 941 136 1255 941 136 1255 95 122 13.05
775 325 1225 791 3.08 1325 790 3.10 1333 7.78 3.35 12.25
850 3.25 1325 8.62 321 13.06 861 323 13.13 8.65 3.18 13.25
9.25 5.00 15.00 9.36 4.47 16.63 9.33 450 16.73 9.12 491 15.02
10 850 6.00 1525 9.00 543 18.74 9.03 545 18.80 857 6.35 15.26
11" 875 450 1425 942 321 1997 939 3.23 2000 867 4.69 14.28
15 750 550 13.00 824 375 20.06 821 375 20.02 7.33 553 1311

1550 3.20 21.50 15.23 3.08 21.90 15.2 3.12 22.06 1520 3.16 21.68

To select the number of factors in the PCR, PLS and OSC-PLS algorithm, a
cross-validation leaving out one sample method was employed.35 The prediction
error was calculated for each compound for the prediction set. This error was ex-
pressed as the prediction residual error sum of squares (PRESS):

O©Coo~NOoO O, WNE

m
PRESS =) (cF —¢;)? (1)
i=1
where m is the total number of calibration samples, ciE represents the estimated
concentration and c;j is the reference concentration for the i-th sample left out of
the calibration during cross validation. A plot of PRESS against the number of
factors for a mixture of the components is shown in Fig. 4. To find the smallest
number of factors, F-statistics was employed to perform the significant determi-
nation.3% The optimal number of factors yielding the smallest error (PRESS) for
the three compounds was found to be 3 for PCR, PLS and OSC-PLS. The vali-
dation step of the methodologies was performed by running PCR, PLS and OSC-PLS
on the prediction set.

For the evaluation of the predictive ability of a multivariate calibration mo-
del, the root mean square error of prediction (RMSEP) and the relative standard
error of prediction (RSE) can be employed:28

E 2
rvisep = |3 (e =C)°
i=1 n

(2)
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©)

where ciE represents the estimated concentration, c¢; and n are the actual analyte
concentration and the number of samples, respectively.

700 -
600
500 -

400

PRESS

300
200

100 w
0 2 4 6 8 10 12 14 16

Number of Factors
Fig. 4. Plot of PRESS against the number of factors for a mixture of CPH, PH, TPM for the
PCR (¢), PLS (m) and O—PLS ( A) methods.
The square of the correlation coefficient (R2), which is an indication of the
quality fit of all the data to a straight line, is given by:

3 (cF ~om)?
Re=EL 4)

%(Ci _Cm)z
j=1

where ¢, represents the mean of the actual concentration in the prediction set.36

The values of RSE, RMSEP and R2 for each component using PLS, PCR and
OSC-PLS are given in Table V, from which it can be seen that the obtained va-
lues for the statistical parameters were almost the same for the PLS and PCR me-
thods, while the best results were obtained using the OSC-PLS method.

TABLE V. Statistical parameters calculated for the prediction set using the PCR, PLS and
O-PLS models

RSE / % RMSEP R?
Component
PCR  PLS O-PLS PCR PLS O-PLS PCR PLS O-PLS
CPH 397 378 103 0346 0.317 0.087 0.9869 0.9879 0.9988
PH 450 436 330 0.663 0.659 0.124 0.8836 0.8812 0.9949

TPM 508 480 065 0.820 0.830 0.085 0.7273 0.7335 0.9998
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Interference studies

Interference by commonly associated excipients in pharmaceutical prepara-
tion, such as talc, glucose, starch, lactose, dextrose, sodium alginate and magne-
sium stearate, was investigated by preparing synthetic mixtures containing 20 ug mi—1
of each drug and 10-fold excess amounts of the excipients. The tolerance limit
was defined as the concentration which gave an error of 3 % or less in the deter-
mination of 20 ug mi~1 of drug. The results are presented in Table VI, from
which it is clear that the method is free from interferences of excipient species.
Only ascorbic acid appeared to interfere with drugs in this method. The interfe-
rence of ascorbic acid was eliminated when the synthetic sample solution was
measured after times greater or equal to one hour.

TABLE VI. Recovery of 20 pg ml'1 of phenothiazine drugs from solutions with a 10-fold
concentration of various additives used as excipients

Recovery of phenothiazine drug = RSD?, %

Additive
CPH TPM TRDH PH TFPH

Talc 100.6+1.1 101.0+0.8 100.8+0.9 101.8+1.4 101.0+0.6
Glucose 101.9+1.2 100.8+1.3 102.8+1.5 99.6+1.1 100.5+0.8
Starch 98.7+1.3 100.2+0.7 100.4+0.9 99.2+1.4 103.0+1.2
Lactose 102.5+1.0 100.6+1.7 101.9+1.3 100.8+0.8 98.0£1.5
Dextrose 98.5£1.3 101.3+0.8 101.6+1.3 102.6+1.4 101.4+1.1
Sodium alginate 101.6+1.0 100.9+1.5 01.6+1.0 100.2+0.7 101.4+1.4

Magnesium stearate 100.6+1.4 100.4+0.6 102.8+1.6 100.2+0.7 101.7£1.4
8Average of four determinations

Application

The proposed individual method was successfully applied to the determi-
nation of CPH, PH, TFPH, TPM and TRDH in pharmaceutical preparations. The
same samples were also analyzed by the British Pharmaceutical (BP) official me-
thod,37 and recovery percent, standard deviation (SD), T-test and F-test values
were calculated (Table VII). The results reveal that similar degrees of accuracy
and precision are afforded by both methods.

TABLE VII. Results of the determination of the studied drugs in pharmaceutical formulations

Drug and Label claim Found® (recovery + SD / %)
= E- d
formulation? mgrngzl:/Jrlﬁlt or Proposed method  Official BP method ?—t_uvdaiﬂzcs F-value
CPH
Tablet (1) 25 99.42+0.86 99.23+1.14 1.64 3.85
Tablet (1) 100 98.89+0.96 100.76+0.92 1.44 1.90
Injection (1) 25 99.85+0.54 101.24+0.82 1.96 2.65
TFPH
Tablet (2) 1 99.34+1.12 99.64+0.89 2.24 2.84

Tablet (2) 5 100.8+0.70 99.36+0.58 1.85 2.75
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TABLE VII. Continued

Drug and Label claim Found® (recovery + SD / %)
. mgltablet or . Student's F-valued
formulation mg/ml Proposed method  Official BP method T-valuec
TFPH
Tablet (2) 10 99.04+1.06 100.60+0.81 1.45 2.90
Injection (2) 1 98.96+0.70 100.34+0.58 1.76 3.85
PH
Tablet (1) 25 99.10+0.82 99.56+0.76 2.34 2.65
Injection (1) 25 98.28+0.56 98.56+0.64 250 375
TPM
Tablet (1) 25 101.60+0.48 99.42+0.72 1.90 1.82
Injection (1) 100 101.84+0.64 100.30+0.43 1.58 2.95
TRDH
Tablet (3) 10 100.80+0.94 99.92+0.82 2.15 2.88
Tablet (3) 25 100.40+0.76 100.74+0.54 2.60 2.05
Tablet (3) 100 101.24+0.98 100.16+0.42 2.05 3.25

@Marketed by: 1 — Tehran Chimi; 2 — Iran Daru Pakhsh; 3 — Pars Minoo; baverage of five determinations + stan-
dard deviation; Stabulated Student's T-value at the 95 % confidence level is 2.78; Ytabulated F-value at the 95 %
confidence level is 6.39

In order to assess the applicability of the proposed simultaneous determi-
nation methods (PCR, PLS and OSC-PLYS) to the analysis of real samples, it was
applied to the determination of the three phenothiazine derivatives in different
synthetic mixtures. Thus, six different mixtures used in commercially available
CPH, PH and TPM tablets were prepared and analyzed. Each measurement was
repeated 3 times. The deviation results (Table VIII) show that the calculated
values for all mixtures were in satisfactory agreement with the declared values.

TABLE VIII. Simultaneous determination of phenothiazines in tablet mixtures by application
of PLS, PCR and OSC-PLS

Recovery, %
Taken, mg

Sample PCR PLS O-PLS
CPH PH TPM CPH PH TPM  CPH PH TPM  CPH PH TPM
1 6.00 3.00 11.00 95.66 103.53 95.63 102.42 101.24 101.25 100.64 101.20 97.36
+0.98 +1.26 +1.04 £122 096 +1.13 +0.62 +1.05 £1.40
2 7.00 350 12.00 97.85 99.42 99.00 99.20 105.20 104.34 98.82 97.23 104.17
+1.06 +0.86 +0.92 +0.82 +1.15 +0.74 +1.30 +0.65 +0.81
3 10.00 5.00 17.00 98,50 104.00 9552 9850 102.10 96.47 103.23 105.32 96.25
+0.75 +1.47 +058 +056 +1.18 +0.83 +1.17 +122 +0.85
4 650 3.20 10.00 97.38 106.20 97.80 104.52 97.20 100.52 99.05 102.06 99.08
+0.68 +1.80 =+0.66 +0.67 +1.24 +0.89 +0.57 +1.25 +0.98
5 950 5.00 1650 96.31 103.20 96.54 100.66 102.76 101.35 94.78 98.32 103.45
+0.94 072 +£133 +0.78 +1.14 +1.69 +185 +094 +1.63
6 10.00 4.50 13.00 98.30 105.05 100.92 96.24 103.02 99.48 103.88 102.76 102.29
+0.63 *1.08 +0.90 +0.66 +0.88 +0.96 +0.86 +156 +1.39
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CONCLUSIONS

This individual determination method is simple, rapid, quite selective and
highly sensitive in comparison to other reported methods. The other advantages
of the present method over the previous methods include rate of development and
stability of the colour of the product, wide range of determination without the
necessity for heating or extracting, low detection limit with high accuracy and
precision. The high Amax (in the visible region) of the proposed method is a de-
cisive advantage, since interference from associated excipients was not observed.
Furthermore, in this method, toxic organic solvents are not required. In other
words, it belongs to green chemistry. Thus, it is hoped that this method can be
used as an alternative for the rapid and routine microdetermination of bulk
samples and various pharmaceutical formulations. In short, the proposed method
is a step towards this direction.

In this study, it was shown that the application of multivariate calibration
methods, such as PCR, PLS and OSC-PLS, could be well applied for the simul-
taneous determination of CPH, PH and TPM. The three proposed methods are
cheaper than chromatographic methods. Furthermore, in these methods, the use
of toxic organic solvents is not required. In other words, they belong to green
chemistry. The proposed methods as new, inexpensive and sensitive methods of-
fers good selectivity, accuracy and precision and can be applied for a wide range
of CPH, PH and TPM concentrations.

U3BOJ

NNOJEAMHAYAHA U VIIOPEJJHA OAPEBUBABA ®EHOTHA3MHCKUX
JIEKOBA TIOMORY CR, PLS 1 (OSC)-PLS KAJIMBPAITMOHUX
METOJIA CA BUIIE ITPOMEHJ/BMBUX

MOHAMMAD ALI KARIMI*23 MOHAMMAD MAZLOUM ARDAKANI*, REZA BEHJATMANESH-ARDAKANI?,
MOHAMMAD REZA HORMOZI NEZHAD® u HAMZEH AMIRYAN?

!Department of Chemistry, Payame Noor University of Sirjan, Sirjan, 2Department of Chemistry,
Payame Noor University of Ardakan, Ardakan, 3Department of Chemistry, Shahid Bahonar
University of Kerman, Kerman, “Department of Chemistry, Yazd University,

Yazd and °Department of Chemistry, Persian Gulf University, Bushehr, Iran

VY pany je ommcaHO MOjeIUHAYHO U YHNOPEeOHO oapehuBame HEKMX (PEHOTHA3UHCKUX JEKOBA.
Metona mojenuHayHOT onpehuBama 3aCHOBaHA je Ha PEAKIMjH XJIOPIPOMAa3HH-XHIPOXJIOpHAA
(CPH), npomerasun-xunpoxiopuzaa (PH), tpuduoyponepaszun-xuapoxiaopuia (TFPH), tpumumnpa-
mun-maneara (TPM) u topugasus-xuapoxnopuaa (TRDH) ca xommnexcunm jonom [Fe(bpy)s]®*.
V npucyctBy bennTasusckux aepusara, [Fe(bpy)s]3* ce mako pemykyje hopmupajyhu 060jer kom-
mexcuu jou [Fe(bpy)s]®*, xoju noxasyje aGcopOGUHMORM MAKCHMYM IPH TATACHO] AyKHHH 011 525 nm.
Meroza je BeoMa OCeT/bHBA | ITOTOAHA 3a ofpeljuBamac y oncery konnenrpamuja 0,3-190 pg miL,
ca rparmmom gerekrmje ox 0,18-2,46 ug mll. V paxy je taxole ommcano crieKTpooTOMETpH]CKO
onpehuBame Tpojuux cmemma CPH, PH u TPM npumeHoM MyJITHBapHjaHTHHX METO/a Kaaubparuje
(PCR, PLS u OSC-PLS). Metoze cumynTaHor oJpeliBarmba 3aCHUBajy ce Ha Pa3inuMTOj Op3UHH
penyxuuje komriexcHor jona [Fe(6py)s]®* ca CPH, PH u TPM y kucenoj cpeauuu. Pesymratu
ykasyjy Ha To 1a CPH, PH u TPM mory 6urtn ynopenso onpehenn meromama PCR, PLS 1 OSC-PLS y
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obmactuma koHuetparmje 0,5-120,0; 0,3-80,0 u 5,0-100,0 ug mlL, pecniexktuBHO. Cpenma KBa-
IpaTHa rpemka npensuhama koHnenTpanuje CPH, PH u TPM usnocu 0,346; 0,663 u 0,820 3a me-
tony PCR, 0,317; 0,659 u 0.830 3a meroxy PLS u 0,087; 0,124 and 0,085 3a meromy OSC-PLS,
pecriektrBHO. [Ipeioxkene MeTo/ie Cy YCIEITHO NMPUMEHEHE 3a T10jeIMHAYHO M HCTOBPEMEHO OJpe-
huBame (heHOTHA3MHCKHMX JepuBaTa y (GapManeyTCKUM MpernapaTiMa, YHju Ce pe3yaTaTH J00po
CJIaXy ca 3BAHUYHOM METOJOM, M Ha HEKOJIOKO CHHTETHYKUX y30paKa, MpH YeMy cy AOOWjeHHU 3a-
I0BOJbaBajyhu pesynraru.

(Mpumsbeno 14. cenrrem6pa 2006, pesuanpano 24. jyna 2007)
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Abstract: This paper reports the preparation of a phosphorylated cotton chelator
(PCC) by solid phase esterification of phosphoric acid (PA) onto defatted cot-
ton fibres using urea as the catalyst. The synthesized PCC was employed for
the preconcentration of copper from water samples prior to its determination by
flame atomic absorption spectrometry (FAAS). The preconcentration of copper
was studied under both batch and column techniques. The pH range for the
quantitative preconcentration of copper was 4.0-7.0. The sorption time requi-
red for each sample was less than 30 min by the batch method. The copper
sorption capacity of the PCC was found to be 15.3 mg/g at the optimum pH
value. Elution with 1.0 mol dm3 hydrochloric acid was found to be quantita-
tive. Feasible flow rates of the copper solution for quantitative sorption onto the
column packed with PCC were 0.5-4.0 ml min!, whereas the optimum flow
rate of the hydrochloric acid solution for desorption was less than 1.5 ml min-1,
An 80-fold preconcentration factor could be achieved under the optimum co-
lumn conditions. The tolerance limits for common metal ions on the precon-
centration of copper and the number of times of column reuse were investiga-
ted. The proposed method was successfully applied for the preconcentration and
determination of trace copper in natural and drinking water samples by FAAS.

Keywords: phosphoric acid; PCC; trace copper; preconcentration; FAAS; de-
termination.

INTRODUCTION

Determination of heavy metals at trace levels in environmental and food
samples is of great importance nowadays due to the non-degradability, bioac-
cumulation and high toxicity of heavy metals in the environment and living
organisms. Most heavy metals have a high affinity for thiol groups, carboxyl
groups and/or amine groups; hence, they attack and inactivate enzymes and pro-
tein sites where these kinds of groups are present. It also has been demonstrated

*Corresponding author. E-mail: rmgong.nju@163.com
doi: 10.2298/JSC0802249G
249
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that heavy metals bind to cell membranes, obstructing transport processes
through the membranes. Therefore, heavy metals are of particular importance
from the ecotoxicological point of view.!

Copper, an important metal in many industries, is considered as an essential
micronutrient for human health and plays an important role in carbohydrate and
lipid metabolism and in the maintenance of heart and blood vessel activity. The
requirement of an adult human is about 1-5 mg of copper per day, but excess
amounts in the body can be toxic.2 Acute symptoms from excessive ingested
copper include salivation, epigastria pain, nausea, vomiting, diarrhoea, intra-
vascular haemolytic anaemia, acute hepatic and renal failure, shock, and coma.

Flame atomic absorption spectrometry (FAAS) is a simple and well avai-
lable technique for the determination of heavy metals in diverse samples. Due to
the limited sensibility of FAAS and to the low concentration levels of heavy me-
tal in natural samples, prior to FAAS analysis some preconcentration procedures
based on liquid-liquid extraction,3 ion exchange# and solid phase extraction®
have been developed. Solid phase extraction of heavy metals is considered supe-
rior to liquid-liquid extraction due to its simplicity, rapidity, low cost, and higher
recovery. Macromolecular chelators have been found to be more selective for so-
lid phase extraction in comparison to ion exchangers. Among different kinds of
support materials used to design macromolecular chelator, cellulose appears at-
tractive due to its good porosity, high hydrophilicity, low swelling, chemical re-
sistance, wide availability and easy biodegradability.6

Cellulose sorbents containing diverse functional groups or reagents, such as
pyrocatechol, iminodiacetate,” diethylenetriaminetetraacetic acid,8 triethylenete-
traminepentaacetic acid,® 8-hydroxyquinoline,10 2 3-dihydroxypyridine,11 8-hy-
droxyquinoline-5-sulphonic acid,12 hexamethylenedithiocarbamates,13 methyl-
iminodiacetic acid,14 have been reported for metal preconcentration. Lésztity et
al.15 examined oxime, sulphoxine and 2,2’-diamino-diethylamine cellulose based
macromolecular chelators for platinum. Aoki et al.16 investigated 6-deoxy-6-mer-
captocellulose and its S-substituted derivatives for their sorption characteristics.
Dietz et al.17 functionalized acetoacetamide chelating groups onto microcrys-
talline cellulose and studied its affinity for Fe(lll), Cu(ll) and U(V1). In addition
to cellulose, thiol cotton fibre (a functionalised cellulose sorbent)18-20 were also
employed for methylmercury, selenium and multielement preconcentration.

This paper presents the preparation of a phosphorylated cotton chelator (PCC)
by solid phase esterification of phosphoric acid (PA) onto defatted cotton fibre
using urea as the catalyst. The synthesized PCC was employed for the preconcen-
tration of copper in water samples prior to its determination by FAAS. The pre-
concentration of Cu on a column packed with PCC was investigated. The opti-
mum conditions for the preconcentration and desorption procedures were also
elucidated. By applying the proposed method, the Cu contents in natural and
drinking water samples were determined.
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EXPERIMENTAL
Reagents and Instrumentation

All chemicals were of analytical reagent grade unless otherwise stated. Doubly distilled
deionised water was used throughout this study. A copper stock solution (200 pg mlt) was
prepared by dissolving 0.3802 g of Cu(NOj3),-3H,O (Merck) in 500 ml of water. Working
solutions were prepared by diluting the stock solution to the required volumes. The esteri-
fication agent was prepared by dissolving 1.67 g of urea in 11 of 0.5 mol dm=3 PA and then
the pH value of the solution was adjusted to 3.5 with NaOH.

The glassware was washed with chromic acid, soaked in 10 % HNO4 overnight and sub-
sequently cleaned with doubly distilled water before use.

A Perkin—Elmer Model 5100PC flame atomic absorption spectrophotometer was used
for the determination of copper under the manufacturer’s recommended conditions. The cali-
bration curve (0.25-5.0 pug ml-1) for copper was established with solutions prepared from the
200 pg ml-L stock solution.

The reference measurements were made on Jobin-Yvon Panorama ICP-AES instrument
using the axial viewing configuration. The operating condition was as follows: RF power 1.0 kKW,
nebuliser pressure 3.0 bar, plasma gas flow 16.0 | min1, auxiliary gas flow 1.7 | minl, sample up-
take rate 0.8 ml min1, stabilization time 15 s, read time 1 s, emission line for Cu 324.754 nm.

Preparation of PCC

The PCC was prepared according to a method similar to one given in the literature but
free of any solvent.2!

Thus, defatted cotton fibre, purchased from a local drugstore, was mixed with the pre-
viously mentioned esterification agent in the ratio 1:12 (fibre:esterification agent, w/v) and
stirred for 30 min. The esterification agent/fibre slurry was placed in a stainless steel tray and
dried at 50 °C in a forced air oven. After 24 h, the esterification reaction between PA and fibre
was initiated by raising the oven temperature to 120 °C for 90 min. After cooling, the PA-mo-
dified cotton fibre was extensively washed to neutral pH with doubly distilled deionised wa-
ter. After filtration, the PA-modified cotton fibre was transformed into the Na form by sus-
pension in a suitable amount of 0.10 mol dm~ NaOH and stirring for 60 min. Subsequently, the
residual alkali was removed by washing thoroughly with doubly distilled deionised water. The
PCC was then dried at 50 °C to constant weight and stored in a desiccator before use as the
extractant for preconcentration.

The preparation of PCC can be schematically expressed by the following Equation:

OPO ;Na,

OH OPO 3H,
H SNe) H o H
Ho, -nH ,0 H
OH nH3PO4*>Aurea OH H T~
o H H| 2nNaOH 2nH ,0 H
H OH n H OH n H OH n

Copper preconcentration procedures

Batch experiment. Batch experiments were conducted by adding 0.2 g of PCC to 250 ml
shaking flasks containing 100.0 ml of copper solution having different concentrations or ini-
tial pH values. The initial pH values of the solution were previous adjusted with dilute HNO3
or NaOH using a pH meter. After sealing to prevent volume change during the experiments,
the flasks were maintained at ambient temperature (20£2 °C) and agitated at 150 rpm in a ro-
tary shaker for predetermined time intervals. The PCC was separated by filtration through a
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membrane filter (0.45 um). The filtrate was analysed for the concentration of the remaining
copper ions by FAAS. When the copper ion concentration in the filtrate was too low to be
analysed by FAAS, the copper sorbed by the PCC was eluted into a suitable volume of
1.0 mol dm3 hydrochloric acid for its determination.

Column procedure. A glass column (10 mmx200 mm) was packed with 0.1 g of PCC,
then 100 ml doubly distilled deionised water was passed through the column for cleaning and
preconditioning. A copper solution at the optimum pH value was loaded onto the column with
a peristaltic pump at a flow rate of 2 ml min-1, after which the column was washed with 5 ml
of doubly distilled deionised water. The copper sorbed on the column was preconcentrated
into a 5.0 ml volumetric flask by eluting with 5.0 ml of 1.0 mol dm-1 hydrochloric acid at a
flow rate of 1 ml min-1. The copper ion in the eluate was determined by FAAS.

RESULTS AND DISCUSSION
Batch experiment

Influence of initial pH. Preliminary studies indicated that the initial pH of the
solution significantly affected Cu sorption. Hence, in all the experimental para-
meters affecting copper sorption by the PCC, the influence of the initial pH was
studied first. The initial pH of copper solution was systematically examined over
a range from 0.5 to 7.0, thus avoiding copper precipitation. As can be seen from
Fig. 1, the percent copper sorbed was the lowest at the initial pH 0.5. The amount
of Cu sorbed increased with increasing pH until a plateau was reached at about
pH 4.0. These results show the strong pH dependence of Cu sorption on PCC.
Thus, pH 4.5 was selected for the subsequent experiments.

At the optimal initial pH, the sorption equilibrium of Cu was attained after
about 30 min.

100 *> e . *

80 - b
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S 40 ?
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20 /’
- Fig. 1. Influence of the initial pH
0 on the removal of Cu by PCC
0 1 2 3 4 5 6 7 (Batch experiment: Cu concentra-

tion: 20 mg dm3; PCC dose: 2 g dm3;
pH contact time: 1 h).
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Effect of initial copper concentration. The influence of copper concentration
on the sorption percent of Cu and sorption capacity of PCC for copper was inves-

tigated. As shown in Fig. 2, when the copper concentration was increased from 5
to 70 mg dm=3, the percent Cu sorbed on the PCC decreased from 99.4 to 44.4 %.

100
80 -
60 -

40

Cu removed, %

20 -

Fig. 2. Effect of the initial copper con-

. 1'0 2'0 3‘0 4‘0 5'0 6‘0 " centration on the removal of Cu by PCC
s (Batch experiment: PCC dose: 2 g dm3;
¢(Cu)/ mg dm contact time: 1 h; pH 4.5).

Using the data in Fig. 2, the Langmuir equation was employed to study the
sorption isotherm of Cu.

The Langmuir equation is based on the assumption that maximum sorption
corresponds to a saturated monolayer of sorbate molecule on the sorbent surface,
that the energy of sorption is constant and that there is no transmigration of sor-
bate in the plane of the surface.

The linear Langmuir equation is as follows:

Ce/Ge = 1/(aQm) + Ce/Qm
where ce (mg dm-3) is the concentration of the Cu solution at equilibrium, ge
(mg/g) is the amount of Cu sorbed at equilibrium, Qp, is the maximum sorption
capacity and represents the practical limiting sorption capacity when the sorbent
surface is fully covered with a monolayer of sorbate molecules and a is the
Langmuir constant.

The Langmuir sorption isotherm of Cu sorbed on PCC is shown in Fig. 3.
The experimental result indicate that the sorption isotherm of Cu trapped on PCC
fitted the Langmuir model (R2 = 0.9988). The maximum sorption capacity (Qp,) of
PCC for Cu, obtained from the slope (1/Qy) of the linear plot of ce/ge versus ce,
was 15.27 mg/g. The capacity of the PCC for other divalent metals is 12.62 mg/g
for cobalt, 13.89 mg/g for zinc and 12.91 mg/g for nickel.
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Fig. 3. Langmuir sorption isotherm
C. of Cu by PCC.

Column procedure

Column operation conditions. The column operation conditions were exami-
ned with different volumes of a solution containing 20.0 pg copper at the opti-
mum pH value. The volume of the copper solution was varied in the range of 50—
—500 ml under the optimum conditions, keeping the other variable constant. The
experimental results indicated that the sorption was almost constant up to 400 ml.
However, for convenience, all experiments were conducted with 100 ml of aque-
ous phase. The flow rate of the copper solution was varied from 0.5-5 ml min-1.
Figure 4 shows that the flow rate in the range 0.5-4 ml min-1 did not affect the
copper sorption. A flow rate of 2 ml min-1 was used in all further experiments.
Preliminary observations indicated that copper was eluted quantitatively with 5.0 ml
of 1.0 mol dm=3 hydrochloric acid. It was found that a flow rate lower than
1.5 ml min-1 did not affect the elution of copper (Fig. 4). Therefore, 5.0 ml of
1.0 mol dm=3 hydrochloric acid and eluant flow rate of 1.0 ml min-1 were used in
the present work. Thus, the quotient of the largest sample volume and the eluant
volume was 80. After elution, the column was washed to neutral pH with doubly
distilled deionised water and then 5 ml of 0.10 mol dm=3 sodium hydroxide was
passed through before finally thoroughly washing with sufficient doubly distilled
deionised water for reuse of the PCC.

Interference of foreign ions. The interference of common foreign metal ions
on the preconcentration of copper were investigated by adding individual foreign
metal ions to 100 ml of a 200 pg dm=3 copper solution at the optimum pH value
and determining the recoveries of copper applying the proposed procedure. The
tolerance limits of the foreign metal ions, defined as the largest amount making
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the recoveries of copper less than 95 %, were found to be 2.000 g dm=3 for
Na*and K*, 1.000 g dm=3 for Ca2*, 0.500 g dm=3 for Mg2*, 100 mg dm=3 for
Co2*, Mn2+, Ni2*, Pb2+ and Zn2*. As the contents of these metal ions in com-
mon samples are within the tolerated concentration range, they will not interfere
with the preconcentration of copper.
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L —e— sampl .
2 S?mpte Fig. 4. Influence of the sample and eluant
et flow rate on the removal of Cu by PCC (Co-
0 e v v v v lumnexperiment: Cu — 20 pg; sample volu-
05 1 15 2 25 3 35 4 45 5 me—100 ml; sample/eluant flow rate — 2/1
Flow rate, ml min™ ml min-1;pH 4.5).

Regeneration of column. The stability and potential regeneration of the co-
lumn were investigated. Twenty sorption—elution cycles were performed by ma-
king four runs on the same day and the next four runs one day later. The column
was stored in doubly distilled deionised water. As shown in Fig. 5, the column
was relatively stable up to at least 20 preconcentration—elution cycles without an
obvious decrease in the recovery of copper.
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Fig. 5. Effect of recycle time on the removal
0 : : ‘ : ‘ of Cu by PCC (Column experiment: Cu — 20 pg;
. & U o 13 16 19  sample volume — 100 ml; sample/eluant flow
Number of cycles rate — 2/1 ml min'%; pH 4.5).
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Copper determination in real water samples

In order to check the validity of the proposed method, the method was ap-
plied to determine trace amounts of copper in natural and drinking water sam-
ples. The natural water samples were collected from the Mirror Lake, the Yang-
tze River in or around Wuhu city, China. The drinking water sample was pur-
chased from a local supermarket. The natural water samples were filtered through
a membrane filter (0.45 um), and then 100.0 ml of the filtrates or drinking water
were subjected to the recommended column procedure for the preconcentration
and determination of copper ions directly and after standard addition. The ana-
lysis was repeated five times and the results obtained were compared with the
values determined by ICP-AES in Table I. It could be seen that the recovery ob-
tained from the real water samples (97.9-102.1 %) was comparable to that gained
by ICP-AES (97.8-100.5 %, data not shown), and the performance of the me-
thod was very good in natural and drinking water samples. Finally, the relative
standard deviation of the copper determination in the examined real water sam-
ples ranged between 2.6 and 4.1 %.

TABLE I. The results of copper determination in natural and drinking water samples

Copper
Sample Added Found Recovery RSD ICP-AES
ug dm3 ug dm3 % % ug dm3
Lake water 0 23.5 - 3.6 24.4
100 125.6 102.1 2.7 124.9
River water 0 28.6 - 3.8 28.2
100 126.9 98.3 2.6 126.0
Nongfu spring® natural 0 8.4 - 41 8.2
drinking water 100 106.3 97.9 34 107.8

CONCLUSIONS

A simple, accurate and sensitive method for the preconcentration and deter-
mination of copper by FAAS in large volumes of water samples using PCC as the
extractant has been developed. The preconcentration technique used in this work
is very inexpensive since only 0.10 g of sorbent is required in column operation
and which could be repeatedly used at least 20 times. An 80-fold preconcentra-
tion factor can be achieved under the optimum column conditions. The duration
of the preconcentration step, which includes preconcentration of the sample and
regeneration of the column, is about 70 min for 100 ml of sample solution. More-
over, as copper can be sorbed quantitatively over a wide pH range, no buffer was
required to control precisely the pH values. The detection limit achieved was sa-
tisfactory for the examined samples. The proposed method was employed for
preconcentration and determination of copper in natural and drinking water sam-
ples by FAAS with satisfactory results. In conclusion, the proposed method is
excellent in regards to simplicity, sensitivity, selectivity, reliability, accuracy and
column stability.
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U3BOJ

OJPEBUBAILE TPAI'OBA BAKPA V Y30PLITUMA BOJE INTAMEHOM ATOMCKOM
ABCOPITIMOHOM CIIEKTPOCKOIINJOM IIOCIJIE TTIPEKOHIIEHTPHCAIBA HA
MMTAMYYHOM XEJIATOPY TPETUPAHOM ®OCPOPHOM KHMCEJIMHOM

RENMIN GONG, DEMIN ZHANG, KEDING ZHONG, MIN FENG u XINGYAN LIU

The Laboratory of Bio-Macromolecular Evolution, College of Life Science,
Anhui Normal University, Wuhu, 241000, P R China

VY pamy je mpukazaHo nobujame Qocdopucanor namyusor xenaropa (PCC) ecrepuduxka-
mujom ochopre kucenuue (PA) y uBpcroj das3m, Ha ogMamtheHUM MamMydHHM BiIakHEMa momohy
ypee kao karanusaropa. JJooujenn PCC ymnorpedibeH je 3a MpeKOHLEHTpHCcame Oakpa U3 y3opaka
BOJIE pajy oApehBama MIaMeHOM aTOMCKOM abcopmiroHoM criekrpockorujoM (FAAS). TIpexoH-
LIeHTpHUCcambe Oakpa NCIUTHUBAHO je TeXHUKaMa rpynucama 1 kojione y oonactu pH 4,0-7,0. Bpeme
COpIILHjE 32 CBaKU y30paKk y METOAM Ipynucama u3HocH Mawme og 30 min. JobujeHo je na kama-
uurer PCC 3a copruujy 6akpa uzHocu 15,3 mg/g npu ontumanHoj pH BpexHoct. KBaHTHTATHBHO
HCIHpame mocTUrHyTo je pactBopom 1,0 mol dm3 xmoposogoumune kucennme. IIpoTok pacTBOpa
Gaxpa MoTpebaH 3a KBAHTUTATHBHY COpIIHjy y Koronu ca PCC mymemem usocu 0,5-4,0 ml minL,
JIOK je ONTHMAJIHM IPOTOK PacTBOPa XJIOPOBOJOHWYHE KUCEJIHHE IOTPEOHOT 3a JECOPILHjy MambH
ox 1,5 ml min-l, ®axrop npexoruenTpucama ox oko 80 MosKe ce MOCTHAM IO ONTHMAITHIM yCII0-
BUMa Yy KOJIOHH. VICHTHBaHHU Cy TpaHHUIIC TOJEPAHLHjE 32 NPEKOHLICHTPHUCAHE METAIHHUX jOHA CIIH-
4HUX Gakpy W Opoj MOHOBHUX Kopumhema KonoHe. IIpe/ioxKeHn METO I YCIICIIHO je IIPUMCHCH 3a
MpeKOHLIETpUCake 0aKpa y TparoBuMa W HEroBo oapehuBame y y3opumma mpupoaHe u nujahe
Boze Meroziom FAAS.

(Mpumsseno 20. ¢ebpyapa, peBuaupano 8. arycra 2007)
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