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Synthesis and characterization of heterocyclic
substituted fluoran compounds

SACHIN V. PATEL, MANISH P. PATEL* and RANJAN G. PATEL
Department of Chemistry, Sardar Patel University, Vallabh Vidyanagar-388 120, Gujarat, India
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Abstract: New quinazolinone-substituted fluoran compounds were synthesized by
reaction of keto acid, 2’-carboxy-2-hydroxy-4-N-pyrrolidinylbenzophenone with dif-
ferent quinazolinone derivatives in the presence of conc. sulphuric acid. All the syn-
thesized fluoran compounds were characterized by spectroscopic methods (IR, *H-NMR
and UV-visible spectroscopy) and elemental analysis. The fluoran compounds are co-
lourless or nearly colourless and develop colour on contact with electron-accepting
compounds.

Keywords: fluoran, keto acid, synthesis, quinazolinone.

INTRODUCTION

Spiro[isobenzofuran-1(3H),9’-xanthen]-3-one,! commonly known as fluoran,
is a parent compound of a class of leuco dyes. Fluoran compounds are substanti-
ally colourless or nearly colourless and produce colouration when they are brought
into intimate contact with electron-accepting substances, such as acid clays, activa-
ted clays, phenol formaldehyde resins, bisphenol, etc. Fluoran compounds con-
taining various heterocycles, such as pyrrole,2 pyridine,3 morpholine,4 benzothia-
zole® and piperazine,® have been reported earlier. Fluoran compounds are widely
used in a variety of fields, such as pressure sensitive adhesive tap,’ paint and toys,8
thermochromic polymers,® thermochromic printing inks,10 carbonless copying pa-
pers,11 etc. In the present paper, the synthesis and characterization of nearly co-
lourless pyrrolidinyl fluoran compounds prepared from various substituted quina-
zolinones are described.

EXPERIMENTAL

All the used raw materials were of commercial grade and were further purified by recrystal-
lization and redistillation before use. All melting points (m.p.) are uncorrected and expressed in °C.
The IR spectra of all compounds were recorded on a Nicolet Impact-400D FTIR spectrophotometer
using the KBr pellet technique. The IH-NMR spectra were recorded on a Hitachi R-1500 instru-
ment (60 MHz) using TMS as the internal standard. Chemical shifts are given in & (ppm). The ab-

* Corresponding author. E-mail: patelmanish1069@yahoo.com
doi: 10.2298/JSC0711039P
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sorption spectra (Amay) Of the compounds in chloroform and 95 % acetic acid were recorded on a
Shimadzu UV-240 instrument.
General procedure for the preparation of A and By,.¢ and By
A mixture of 81.5 g 1-(3-hydroxyphenyl)pyrrolidine (a), 74 g phthalic anhydride (b) and 350 ml
toluene were stirred at reflux for 6-7 h under dry conditions. The reaction mixture was cooled to room
temperature and the precipitate was filtered off through a funnel, washed with methanol to obtain
yellow coloured 2’-carboxy-2-hydroxy-4-N-pyrrolidinylbenzophenone (A),12 m.p. 196-8 °C (Scheme 1).
Various quinazolinone derivatives By, and B, were prepared as reported in the literature. 1314

o]
N OH N OH
Toluene
+ 0O ——»
Reflux, 6-7 hrs
o
al (e]
(@ ®)

COOH
[A]
o OH o)
Ry

)\

N)\R N R
R, R2

Bia-f Boa-f

Scheme 1. 2'-Carboxy-2-hydroxy-4-N-pyrrolidinylbenzophenone [A];
quinazolinones By, s and B,,.f; R = CH3, CgHs; Ry and R, = H, Br.

Preparation of fluoran compounds Cq,.¢and C,,.¢

2’-Carboxy-2-hydroxy-4-N-pyrrolidinylbenzophenone (A) (0.01 mol) and the corresponding
quinazolinone By ¢ Or Boa ¢ (0.01 mol) were dissolved in conc. H,SO,4 (10 ml) and stirred at 80-85 °C
for 56 h. After the completion of the reaction, the reaction mixture was poured into ice-cold water.
The precipitate was filtered and washed with water. The acid-free compound was charged into water
and the pH was made alkaline (pH 9-10) using aqueous NaOH to obtain the corresponding light co-
loured fluoran compound (Scheme 2, Table ). The product was filtered and washed with water un-
til neutral. TLC showed a purple-coloured single spot in the solvent system toluene:ethyl acetate 7:3 (v/v).

RESULTS AND DISCUSSION

The results of the chemical and spectroscopic analyses of the prepared
compounds are given below.

2-Methyl-3-(3-0x0-6’-N-pyrrolidinylspiro[isobenzofuran-1(3H),9’-[9H]xanthen-
-3’-yl]-4(3H)-quinazolinone (C13): Anal. calcd. for C33Ho5N304: C, 75.12; H, 4.77;
N, 7.96. Found: C, 75.42; H, 4.45; N, 7.79. IR (KBr, cm~1): 3070, 2858, 1441, 1355
(Ar-CHg); 1775 (C=0 group of lactone ring); 1660 (—C=0 group of quinazolinone);
1595 (C=N); 1332 (C—N stretching of phenyl pyrrolidine). 1H-NMR (CDCls, &, ppm):
7.0-7.7 (m, 14H, ArH), 3.2 (t, 4H, NCH,CH>), 2.2 (s, 3H, ArCHg), 1.9 (m, 4H,
NCH>CHpy).
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3-(3-0x0-6’-N-pyrrolidinylspiro[isobenzofuran-1(3H),9’-[9H] xanthen]-3’-yl]-
-4(3H)-quinazolinone (C1p): Anal. calcd. for C3gHo7N304: C, 77.40; H, 4.61; N,
7.12. Found: C, 77.35; H, 4.22; N, 7.03. IR (KBr, cm~1): 1770 (C=0 group of lac-
tone ring); 1650 (C=0O group of quinazolinone); 1595 (C=N); 1330 (C—N stretch-
ing of phenyl pyrrolidine). IH-NMR (CDCl3, 6, ppm): 6.5-7.8 (m, 19H, ArH),
3.2 (t, 4H, NCH,CH>), 1.9 (m, 4H, NCH,CH)>).

6-Bromo-2-methyl-3-(3-0x0-6’-N-pyrrolidinylspiro[isobenzofuran-1(3H),9’-
-[9H]xanthen]-3’-yI]-4(3H)-quinazolinone (C1c): Anal. calcd. for C33Hp4BrN3Oy:
C, 65.35; H, 3.98; N, 6.92. Found: C, 65.78; H, 3.79; N, 6.53. IR (KBr, cm™1):
3080, 2910, 1465, 1356 (ArCHgz); 1760 (C=0 group of lactone ring); 1680 (C=0
group of quinazolinone); 1605 (C=N); 1336 (C-N stretching of phenyl pyrrolidi-
ne); 565 (C—Br). 1H-NMR (CDCl3, 6, ppm): 7.0-8.1 (m, 13H, ArH), 3.2 (t, 4H,
NCH>CHpy), 2.2 (s, 3H, ArCHj3), 1.9 (m, 4H, NCH2CH>).

Conc. H ,S0 Ry
(A + Bra) ——t—w O O
o (Cla-f)

D A

(Ca)

Scheme 2. Fluorans Cy,sand Cy,+.

6-Bromo-3-(3-0x0-6’-N-pyrrolidinylspiro[isobenzofuran-1(3H),9’-[9H] xan-
then]-3’-yl]-2-phenyl-4(3H)-quinazolinone (C1g): Anal. calcd. for C3gHogBrN3O4:
C, 68.27; H, 3.92; N, 6.28. Found: C, 68.42; H, 3.89; N, 6.42. IR (KBr, cm™1):
1760 (C=0 group of lactone ring); 1670 (C=0 group of quinazolinone); 1600 (C=N);
1332 (C—N stretching of phenyl pyrrolidine); 545 (C—Br). 1H-NMR (CDCls, 6,
ppm): 7.0-8.3 (m, 18H, ArH), 3.2 (t, 4H, NCH2CH>), 1.9 (m, 4H, NCH2CH)>).
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6,8-Dibromo-2-methyl-3-(3-ox0-6’-N-pyrrolidinylspiro[isobenzofuran-1(3H),-
9’-[9H]xanthen]-3’-yl]-4(3H)-quinazolinone (C1¢): Anal. calcd. for C33H23BroN3Oy:
C, 57.83; H, 3.38; N, 6.13. Found: C, 57.62; H, 3.12; N, 6.34. IR (KBr, cm™1):
3010, 2880, 1445, 1350 (ArCHg); 1765 (C=0 group of lactone ring); 1650 (C=0
group of quinazolinone); 1594 (C=N); 1310 (C—N stretching of phenyl pyrrolidi-
ne); 532 (C—Br). IH-NMR (CDCl3, J, ppm): 6.9-7.4 (m, 12H, ArH), 3.2 (t, 4H,
NCH>CHpy), 2.2 (s, 3H, ArCHj3), 1.9 (m, 4H, NCH,CH>).
6,8-Dibromo-3-(3-0x0-6’-N-pyrrolidinylspiro[isobenzofuran-1(3H),9’-[9H] xan-
then]-3’-yl]-2-phenyl-4(3H)-quinazolinone (C1s): Anal. calcd. for C3gH5BroN3O4:
C, 61.06; H, 3.37; N, 5.62. Found: C, 61.27; H, 3.28; N, 5.71. IR (KBr, cm™1):
1775 (C=0 group of lactone ring); 1650 (C=0 group of quinazolinone); 1595 (C=N);
1320 (C—N stretching of phenyl pyrrolidine); 587 (C—Br). 1H-NMR: (CDCl3, 6,
ppm): 7.0-7.3 (m, 17H, ArH), 3.2 (t, 4H, NCH2CH>), 1.9 (m, 4H, NCH2CH>).
2-Methyl-3-(3-0x0-6’-N-pyrrolidinylspiro[isobenzofuran-1(3H),9’-[9H]xanthen-
-2’-yl]-4(3H)-quinazolinone (Cog): Anal. calcd. for C33Hp5N3O4: C, 75.12; H, 4.77;
N, 7.96. Found: C, 75.37; H, 4.84; N, 7.84. IR (KBr, cm1): 3052, 2880, 1472,
1362 (ArCHg); 1760 (C=0 group of lactone ring); 1680 (C=0 group of quinazo-
linone); 1590 (C=N); 1330 (C—N stretching of phenyl pyrrolidine). 1H-NMR (CDClg,
J, ppm): 7.0-8.1 (m, 14H, ArH), 3.2 (t, 4H, NCH»CH>), 2.2 (s, 3H, ArCH3), 1.9
(m, 4H, NCH2CH>).
3-(3-0x0-6’-N-pyrrolidinylspiro[isobenzofuran-1(3H),9’-[9H] xanthen]-2’-yl]-
-4(3H)-quinazolinone (Cyp): Anal. calcd. for C3gHo7N304: C, 77.40; H, 4.61; N,
7.12. Found: C, 77.58; H, 4.23; N, 7.29. IR (KBr, cm~1): 1760 (C=0 group of lac-
tone ring); 1660 (C=0O group of quinazolinone); 1600 (C=N); 1333 (C—N stretch-
ing of phenyl pyrrolidine). 1H-NMR (CDCls, ¢, ppm): 7.5-8.3 (m, 19H, ArH),
3.2 (t, 4H, NCH,CH>), 1.9 (m, 4H, NCH,CH)).
6-Bromo-2-methyl-3-(3-0x0-6’-N-pyrrolidinylspiro[isobenzofuran-1(3H),9’-
-[9H]xanthen]-2’-yI]-4(3H)-quinazolinone (Cyc): Anal. calcd. for C33H24BrN3O4:
C, 65.35; H, 3.98; N, 6.92. Found: C, 65.69; H, 3.76; N, 6.84. IR (KBr, cm™1):
3060, 2852, 1492, 1362 (ArCH3); 1755 (C=0 group of lactone ring); 1650 (C=0
group of quinazolinone); 1600 (C=N); 1325 (C—N stretching of phenyl pyrrolidi-
ne); 590 (C—Br). IH-NMR (CDCl3, J, ppm): 6.5-8.2 (m, 13H, ArH), 3.2 (t, 4H,
NCH,CHy), 2.17 (s, 3H, ArCH3), 1.9 (m, 4H, NCH,CH>).
6-Bromo-3-(3-o0x0-6’-N-pyrrolidinylspiro[isobenzofuran-1(3H),9’-[9H] xan-
then]-2’-yl]-2-phenyl-4(3H)-quinazolinone (Cpg): Anal. calcd. for C3gHogBrN3O4:
C, 68.27; H, 3.92; N, 6.28. Found: C, 68.32; H, 3.88; N, 6.47. IR (KBr, cm™1):
1765 (C=0 group of lactone ring); 1660 (C=0 group of quinazolinone); 1595 (C=N);
1325 (C—N stretching of phenyl pyrrolidine); 582 (C—Br). IH-NMR (CDCls, 6,
ppm): 6.9-8.3 (m, 18H, ArH), 3.2 (t, 4H, NCH2CH>), 1.9 (m, 4H, NCH,CH>).
6,8-Dibromo-2-methyl-3-(3-ox0-6’-N-pyrrolidinylspiro[isobenzofuran-1(3H),-
9’-[9H]xanthen]-2’-yl]-4(3H)-quinazolinone (Cyg): Anal. calcd. for C33H23BroN3Oy:
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C, 57.83; H, 3.38; N, 6.13. Found: 57.71; H, 3.14; N, 6.24. IR (KBr, cm™1):
3045, 2895, 1425, 1350 (ArCHg); 1770 (C=0 group of lactone ring); 1645 (C=0
group of quinazolinone); 1590 (C=N); 1310 (C—N stretching of phenyl pyrrolidi-
ne); 562 (C—Br). IH-NMR (CDCls, J, ppm): 7.3-8.1 (m, 12H, ArH), 3.3 (t, 4H,
NCH,CHy), 2.2 (s, 3H, ArCH3), 1.9 (m, 4H, NCH,CH>).
6,8-Dibromo-3-(3-0x0-6’-N-pyrrolidinylspiro[isobenzofuran-1(3H),9’-[9H] xan-
then]-3’-yl]-2-phenyl-4(3H)-quinazolinone (C»y): Anal. calcd. for C3gHo5BroN3O4:
C, 61.06; H, 3.37; N, 5.62. Found: C, 61.37; H, 3.59; N, 5.79. IR (KBr, cm™1):
1765 (C=0 group of lactone ring); 1670 (C=0 group of quinazolinone); 1600 (C=N);
1320 (C—N stretching of phenyl pyrrolidine); 555 (C—Br). IH-NMR (CDCls, 4,
ppm): 6.3-8.1 (m, 17H, ArH), 3.2 (t, 4H, NCH2CH>), 1.9 (m, 4H, NCH,CH>).

TABLE I. Physical data of fluorans C,.s and Co, ¢

Comp. No. C()Loundcheld, % M.p., °C %max_/nm Colour on
R R; Ry In 95 % acetic acid  In chloroform silica gel

Cia CH; H H 67 268 528, 369, 275 267 Purple
Cp GCHs H H 62 223 535, 318, 281 284 Purple
C. CH; Br H 60 250 532, 316, 284 280 Purple
Ciy GCeHs Br H 63 204 547, 316, 289 200 Purple
C,. CH; Br Br 58 262 500, 379, 273 273 Purple
Cy C¢Hs Br Br 69 208 530, 367, 276 252 Purple
Coa CH; H H 66 234 536, 380, 278 252 Purple
Chpb GCHs H H 62 182 546, 378, 282 249 Purple
C, CH; Br H 6l 225 549, 366, 279 247 Purple
C,y GCeHs Br H 68 252 534, 355, 280 249 Purple
C, CH; Br Br 60 308 502, 365, 280 249 Purple
Cy C¢Hs Br Br 68 321 532, 372, 280 254 Purple

The IR spectra of all the synthesised fluoran compounds showed the disap-
pearance of the characteristic absorption band of the OH group of quinazolinone
and the appearance of C-N stretching of the phenyl pyrrolidine group and also
appearance of the C=0 group of the lactone ring at 1745-1790 cm~1 and at
1640—1700 cm~1 for the C=0 group of quinazolinone and other characteristic
absorption bands for the rest of the molecules.

Absorption spectra (Amax) of the compounds in chloroform and 95 % acetic
acid showed a single peak in chloroform due to the lactone ring and three peaks
in 95 % acetic acid due to the quinone, zwitterion and lactone forms.15.16

CONCLUSIONS

The chromogenic fluoran compounds of the present investigation are soluble
in organic solvent without colouration and show spontaneous colour formation in
aqueous solution and acidic colour-activating substances.
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U3BOJ

JOBUJABE U KAPAKTEPU3AIIUJA ®JIYOPAHA
CVIICTUTYUCAHUX XETEPOLTUKJIMMA

SACHIN V. PATEL, MANISH P. PATEL u RANJAN G. PATEL
Department of Chemistry, Sardar Patel University, Vallabh Vidyanagar-388 120, Gujarat, India

Hoga jenumema (yopana y3 CyNCTHTYIH]y KHHAa30JIMHOHOM JOOMjeHA Cy PEaKIUjoM KETO
KucesrHe, 2’-kapOokcu-2-xuapokcu-4-N-muponunuann OGenzodeHoHa W Pa3IMYUTHX JepHuBaTa
KUHA30JIMHOHA y NPUCYCTBY KOHIIEHTPOBaHE CyMIopHe kucenune. JloOujeHa jenumema diyopaHa
oxapakTepucana cy crnekrpockonckuM merogama (IR, H-NMR u UV-vis criexrpockonujom) u
€JIEMEHTAITHOM aHalM30M. Jemumemema (ryopana cy 6e300jHa miH c1abo obojeHa, T0K y JOIUpy
ca eJICKTPOH-aKLENTOoP jeMUBEHUMA I10CTajy 000jeHa.

(ITpumsseno 5. cenremGpa 2005, peuanpano 1. Gpedpyapa 2006)

REFERENCES

1. R.Muthyalal, Chemistry and Applications of Leuco dyes, Plenum Press, New York, 1997, p.159
2. S. Spatz, US 3,989,716 [C.A.86/1977 44769n]
3. A. Takashi, K. Kohichi, K. Makoto, M. Makoto, I. Hiroshi (Sumitomo Chemical Co., Ltd.), JP
73 00,168 [C.A.80/1974 28468j]
4. L. F. Dixon, (Holliday Dyes & Chemical Ltd.), GB 2,097,013 [C.A.98/1983 73839p]
5. P. Theodor, R. Rolf, S. Ernst (Farbwerke Hoechst A.—G.), Ger.Offen. 2,036,817 [C.A.76/1972
155606V]
6. Yamamoto Synthetic Chemical Co. Ltd., Brit. 1,336,955 [C.A.80/1974 122413j]
7. N. Sakai, Jpn. Kokai Tokkyo Koho, JP 2004 91,769 [C.A.140/2004 272003x]
8. M. Ito, Jpn. Kokai Tokkyo Koho, JP 2004 136, 477. [C.A.140/2004 397413n]
9. N. Nakasuji, T. Kataoka, H. Inagaki, S. Nakashima (Pilot Ink Co., Ltd.), U.S. 4,028,118 (1977)
10. Y. Shibahashi, N. Nakasuji, T. Kataoka, H. Inagaki, U.S. 4,425,161 (1984)
11. V. G. Atkinson (Carrs Paper Ltd.), US 6071852 (2000)
12. G. Robert, P. Jean C. (Ciba—Geigy A.G.), U.S. 4,007,195 [C.A.86/1977 173071c]
13. R. G. Patel, M. P.Patel, R. G. Patel, J. Serb. Chem. Soc. 69 (2004) 327
14. S. V. Patel, M. P. Patel, R. G. Patel, J. Iran Chem. Soc. 2 (2005) 220
15. A. V. Despande, E. B. Namdas, J. Photochem. Photobiol., A 110 (1997) 177
16. S. Kimura, T. Kodayashi, S. Ishige, Fuji Photo Film Co. Ltd., Japan, JP 71 12,312 (1968).



Journal of
the Serbian
.% Chemical Society

i abak Grsiyis JSCS@tmf bg.ac.yu » www.shd org yu/JSCS

J. Serb. Chem. Soc. 72 (11) 1045-1051 (2007) UDC *Cotinus coggygria:665.52/.54+615.281/.282(497.11)
JSCS-3638 Original scientific paper

Chemical composition, antibacterial and antifungal activity of
the essential oils of Cotinus coggygria from Serbia
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Abstract: Essential oils from leaves with young branches of Cotinus coggygria Scop.
from two localities in Serbia (Deliblatska peS¢ara and Zemun), obtained by hydro-
distillation, were analysed by GC-MS. Thirty-one component were identified from
both oils and among them monoterpenic hydrocarbons were the dominant class (87.4
and 93.1 %). The dominant constituent in both essential oils was limonene (47.0
and 39.2 %). Both oils were also tested for antibacterial and antifungal activities. In
comparison to streptomycin, both oils showed slightly higher activity (against most
Gram-positive bacteria) in the disc diffusion method and slightly lower activity when
the microdilution method was employed. They also exhibited antifungal potential
higher than that of the commercial fungicide bifonazole.

Keywords: Cotinus coggygria, essential oil composition, antibacterial activity, anti-
fungal potential.

INTRODUCTION

Cotinus is a small genus of the family Anacardiaceae with two species: Co-
tinus coggygria Scop., Eurasian smoketree, and Cotinus obovatus Raf., American
smoketree.l The flora of Serbia comprises two varieties of C. coggygria: var. lae-
vis and var. arenaria. C. coggygria is a deciduous, polygamous shrub or little tree
up to 7 m tall. It has a wide distribution from southern Europe, the Mediterrane-
an, Moldova, and the Caucasus to central China and the Himalayas. It is frequent
and locally common in some parts of Serbia, especially on limestone and sedi-
mentary rocks and in the forests of black hornbeam and black pine.2 The Serbian
local names for this plant are “rujevina” and “ruj”, which indicate the dark red
colour of the leaves in autumn. In the folk medicine of various countries, the lea-
ves are used as antiseptic, anti-inflammatory, antimicrobial, anti-haemorrhagic,

# Serbian Chemical Society member.
* Corresponding author. E-mail: smilo@chem.bg.ac.yu
doi: 10.2298/JSC0711045N
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wound-healing and against diarrhoea.3 The leaves and the hardwood are used for
the dyeing of leather, wool and silk into a yellowish colour.2 Extracts of C.
coggygria from the USA showed in vitro anti-oxidant activity.# The leaves and
young branches are utilized for the production of essential oil with a terpenic od-
our for use in perfumery.® The antibacterial and antifungal activity of the essen-
tial oils of C. coggygria have hitherto not been significantly investigated. The es-
sential oil of C. coggygria from Hungary inhibited the growth of bacteria (espe-
cially Gram-positive strains) and some fungi.®

Previous studies of the volatiles from C. coggygria included essential oils from
Turkey, Bulgaria, Hungary and Greece.3°~7 In the oils from Turkey, the main
constituents were limonene 48.5 %, (Z)-g-ocimene 27.9 % and (E)-f-ocimene 9.7 %.3
In the oils from Bulgaria, the main components were a-pinene 44.0 %, limonene
20.0 %, S-pinene 11.4 %.° In the oils from Hungary, the main constituents were
limonene 30.0-40.0 %, a-pinene 24.4-34.3 %, p-pinene 7.6-20.2 %, A3-carene
4.6-11.0 % and a-terpinolene 3.3-10.6 %.6 In the oils from Greece, the main com-
ponents were different in different samples: in the first oil, the main constituents
were limonene 67.4 %, a-pinene 14.7 % and terpinolene 8.6 %; in the second, my-
rcene 32.0 %, sabinene 18.0 % and a-pinene 15.9 %; in the third oil, main compo-
nents were sabinene 24.2 %, myrcene 14.0 %, limonene 10.9 % and terpin-4-ol 10.9 %.”

In this work, the analyses of two essential oils, both obtained from the leaves
with young twigs of wild-growing C. coggygria from two localities in Serbia, as
well as the antifungal and antibacterial activity of the oils are reported.

EXPERIMENTAL

Plant material. The plant material was collected in June 2005 in Serbia at two localities: Deli-
blatska peScara (Deliblato Sand) and Zemun.

Isolation of the essential oils. The fresh leaves and twigs were cut up together into small pie-
ces and subjected to hydrodistillation for 2 h using a Clevenger apparatus to obtain the essential
oils, having a characteristic terpene-like smell, in yields of 0.23 % (w/w) for the essential oil from
Deliblatska peSc¢ara and 0.20 % (w/w) for the essential oil from Zemun.

Analysis of the essential oils. The oils were analyzed by GC-FID and GC-MS. The GC analy-
sis was carried out on a gas chromatograph HP 5890 Series Il (Hewlett—Packard, USA) fitted with
an FID (300 °C), split/splitless injector (250 °C) and an HP-5MS column (30 mx0.25 mmx0.25 pm
film thickness). The temperature program was 50-285 °C at a rate of 4.3 °C min'! and the carrier
gas was helium (1 ml min'1) measured at 210 °C.

Gas chromatographic—mass spectrometric analysis (GC-MS) was performed using an Agilent
6890 gas chromatograph (Agilent, USA) coupled with an Agilent 5973 Network mass selective de-
tector (MSD) (Agilent, USA), operating in the positive ion electron impact (EI) mode. The separa-
tion was achieved using an Agilent 19091S-433 HP-5MS fused silica capillary column, 30 mx0.25 mm
i.d., 0.25 um film thickness. The GC oven temperature was programmed from 60 to 285 °C at a
rate of 4.3 °C min'l. Helium was used as the carrier gas, the inlet pressure was 25 kPa, the linear
velocity was 1 ml min'! at 210 °C. The injector temperature was 250 °C, and the injection mode
splitless. MS scan conditions: source temperature, 200 °C; interface temperature, 250 °C; E energy,
70 eV; mass scan range, 40-350 amu (atomic mass units).

Identification of components. A library search and mass spectral deconvolution and extraction
were performed using NIST AMDIS (Automated Mass Spectral Deconvolution and Identification
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System) software version 2.4 using retention index (RI) calibration data analysis parameters with a
“strong” level and 7 % penalty for compounds without a RI. The retention indices were experi-
mentally determined using the standard method® involving retention times of n-alkanes, injected
after the essential oil under the same chromatographic conditions. The search was performed using our
own library, containing 4951 spectra.

Antibacterial activity. The tests were performed against the following bacteria: Bacillus ce-
reus (isolated from food), Bacillus subtilis (ATCC 10707), Escherichia coli (ATCC 35218), Micro-
coccus flavus (ATCC 10240), Micrococcus luteus (ATCC 9341), Proteus mirabilis (isolated from
food), Salmonella typhimurium (ATCC 13311), Staphylococcus aureus (ATCC 6538), Staphylo-
coccus epidermidis (ATCC 12228) and Staphylococcus faecalis (ATCC 25922).

Disc diffusion test. Oils were investigated by disc diffusion using 4 mm filter discs. Bacterial
species were cultured overnight at 28 °C in LB (Luria broth) medium. The bacterial suspension
containing 10° cell/ml was added to the top agar and then dissolved in Petri dishes with solid Mul-
ler—Hinton medium. Filter discs with 5 pl of essential oil and another one with 5 pl of streptomycin
solution (stock solution in DMSO, concentration of 1 mg ml-1) per disc were placed on the agar
plates. After 24 h of incubation at the appropriate temperature, the diameter of the growth inhibi-
tion zones was measured.8 Streptomycin (Sigma P 7794, USA) was used as a positive control.

The minimum inhibitory and minimum bactericidal concentrations, MIC and MBC, respecti-
vely, were determined using 96-well microtitre plates. Series of different concentrations of the tes-
ted oils (within the range of 1.25-5.00 pl/ml) were prepared by dissolving in LB medium inocula-
ted with bacterial suspension in saline solution, with a cell concentration of 10° cell/ml. The micro-
plates were incubated for 24 h at 28 °C. The lowest concentrations without visible growth (under a
binocular microscope) were defined as the concentrations that completely inhibited bacterial growth
(MICs). The minimum bactericidal concentrations (MBCs) were determined by serial subcultivation
of 2 ul into microtitre plates containing 100 pl of broth per well and further incubation for 72 h. The
lowest concentration that killed the bacteria was defined as the MBC, indicating 99.5 % killing of
the original inoculums. The optical density of each well was measured at a wavelength of 655 nm by
Microplate manager 4.0 (Bio-Rad Laboratories) and compared with the blank and positive control.
Commercial antibiotic, streptomycin (stock solution in DMSO, concentration of 1 mg mI'l) was
used as the positive control.®

Antifungal activity. In order to investigate the antifungal activity of the essential oils of C. cog-
gygria, a modified microdilution technique was used.1® The fungal spores were washed from the
surface of agar plates with sterile 0.85 % saline containing 0.1 % Tween 80 (v/v). The spore sus-
pension was adjusted with sterile saline to a concentration of approximately 1.0x10° in a final volu-
me of 100 pl. The tests were performed against the following fungal species: Aspergillus niger
(ATCC 6275), Aspergillus ochraceus (ATCC 12066), Aspergillus versicolor (ATCC 11730), Aspergil-
lus flavus (ATCC 9170), Aspergillus fumigatus (isolated from animals), Penicillium ochrochloron
(ATCC 9112), Penicillium funiculosum (ATCC 10509), Trichoderma viride (IAM 5061), Candida
albicans (clinical isolate) and Trichophyton mentagrophytes (clinical isolate). The commercial fun-
gicide bifonazole (Srbolek, Serbia) concentration of 1 % (w/v) was used as the positive control.

The minimum inhibitory concentrations (MICs) determination was performed by the dilution
technique using 96-well microtitre plates. The tested essential oils were dissolved in broth MA
(Malt agar) medium; the final concentration range was 1.25-20.00 ul/ml. The microplates were in-
cubated for 72 h at 28 °C. The lowest concentration without visible growth (under a binocular mi-
croscope) was defined as the concentration which completely inhibited fungal growth (MIC), while
those that killed the fungi were the minimal fungicidal concentrations (MFC). The optical density
of each well was measured at a wavelength of 655 nm by Microplate manager 4.0 (Bio-Rad Labora-
tories, USA) and compared with the blank and the positive control.
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RESULTS AND DISCUSSION

The yields of the oils of both samples of C. coggygria, calculated per weight
of fresh plant material (leaves and branches), were 0.23 % (w/w) for oil from De-
liblatska peSc¢ara and 0.20 % (w/w) for oil from Zemun. 21 and 22 Components
were identified in each of the oils from Deliblatska PeS¢ara and Zemun, respec-
tively. Both oils showed very similar chemical composition with monoterpenic hy-
drocarbons dominating (87.4 and 93.1 %, respectively) The major components,
i.e., limonene (47.0 and 39.2 %), (2)-f-ocimene (16.4 and 26.3 %), a-pinene (8.2
and 8.4 %), (E)-p-ocimene (4.6 and 9.0 %) and terpinolene (6.8 and 5.3 %) were
the same in both oils (Table I). Limonene was also the main constituent of the es-
sential oils of C. coggygria from Turkey,3 Hungary® and Greece (Mt Pilio).” The
essential oil from Bulgaria contained a-pinene (44 %) as the main component and
a high percentage of limonene (20 %).°> High percentage of (Z)- and (E)-$-ocime-
nes (21 and 35.3 %), present in a similar ratio (Z:E ca. 3:1) to that observed in the
oil of Turkish origin,3 is another characteristic of these oils.

TABLE I. Composition of the studied C. coggygria essential oils

Components RRI2 Deliblatska pescara® Zemun®
(2)-3-Hexenal 800 0.4 -
(E)-2-Hexenal 854 7.6 1.2
Tricyclene 926 t -
a-Pinene 939 8.2 8.8
a-Fenchene 951 t -
Camphene 953 - 1.0
S-Pinene 980 21 2.1
[-Myrcene 991 15 14
a-Phellandrene 1005 0.4 -
(2)-Hex-3-en-1-ol acetate 1007 t -
A3-Carene 1011 - t
Limonene 1031 47.0 39.2
(2)-p-Ocimene 1040 16.4 26.3
(E)-p-Ocimene 1050 4.6 9.0
y-Terpinene 1062 t t
Terpinolene 1088 6.8 5.3
p-Cymenene 1089 t -
Linalool 1098 t -
Alloocimene 1129 0.4 14
a-Terpineol 1189 t t
Bornyl acetate 1285 - t
pS-Caryophyllene 1418 1.1 2.5

o-Humulene 1454 - t
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TABLE I. Continued

Components RRI Deliblatska peScara Zemun
y-Muurolene 1477 0.8 t
Germacrene D 1480 - 0.5
Bicyclogermacrene 1494 - -
y-Cadinene 1513 - t
d-Cadinene 1524 0.4 0.7
Caryophyllene oxide 1581 - t
a-Cadinol 1653 - t
Total 97.3 99.4

8RRI, relative retention indices calculated against C,~C, n-alkanes under the same GC conditions; Boil yield
0.23 % (w/w); Coil yield 0.20 % (w/w); t — concentration less than 0.4 %

The antibacterial activity obtained by the disc diffusion method is presented in
Table Il. The essential oil from Deliblatska peS¢ara showed inhibition zones from
6-23 mm. The highest zones were obtained against the Staphylococcus and Mi-
crococcus species, while the lowest activity was against Proteus mirabilis. Inhi-
bition zones of 6-28 mm were obtained for the oil from Zemun, with slightly hi-
gher activity against Staphylococcus species than of the oil from Deliblatska pes-
c¢ara. Both oils exhibited the same actitivity against Micrococcus species, while Sta-
phylococcus and Micrococcus species showed higher sensitivity than other bacte-
ria species. According to these tests, both oils showed higher antibacterial activi-
ty than streptomycin used as the positive control, except in the case of P. mirabilis.

TABLE II. Diameters of the inhibition zones (mm) in the disc diffusion method of determining the
antibacterial activity of the studied C. coggygria essential oils (5 pl/disc)

Bacteria Deliblatska peScara Zemun Streptomycin?
Bacillus cereus 15 18 10
Bacillus subtilis 15 17 10
Escherichia coli 9 10 10
Micrococcus flavus 22 23 22
Micrococcus luteus 20 20 20
Proteus mirabilis 6 6 8
Salmonella typhimurium 9 11 12
Staphylococcus aureus 23 28 15
Staphylococcus epidermidis 19 25 12
Staphylococcus faecalis 23 27 14

8positive control, streptomycin, concentration 1 mg mi (in DMSO)

The results of antibacterial activity (MIC and MBC) are presented in Table .
The oil from Deliblatska peSc¢ara showed lower antibacterial activity in this test
with bacteriostatic activity in the concentration range 2.5-5.0 pl/ml, while bacte-
ricidal concentrations were in the range of 2.5-10.0 ul/ml. The essential oil from
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Zemun showed activity with MIC and MBC values ranging from 1.25-5.0 pl/ml.
P. mirabilis showed a higher resistance than other bacteria in this test, while Sal-
monella typhymurium, the Bacillus species and Escherichia coli showed higher
sensitivity to the tested oils. The commercial antibiotic, streptomycin, showed
slightly better antibacterial activity than the two essential oils.

TABLE I1l. Antimicrobial activity expressed as minimum inhibitory (MIC) and minimum bacteri-
cidal concentrations (MBC), in pl/ml, of the studied C. coggygria essential oils, determined by the
microdilution method

. Deliblatska peS¢ara Zemun Streptomycin@

Bacteria
MIC MBC MIC MBC MICP  MBCP

Bacillus cereus 2.5 25 1.25 1.25 0.25 0.5
Bacillus subtilis 2.5 25 1.25 1.25 0.25 0.5
Escherichia coli 5.0 5.0 1.25 1.25 0.5 1.0
Micrococcus flavus 2.5 25 25 25 1.0 2.0
Micrococcus luteus 2.5 25 25 25 1.0 2.0
Proteus mirabilis 5.0 10.0 25 5.0 1.0 1.0
Salmonella typhimurium 2.5 25 1.25 1.25 0.25 0.5
Staphylococcus aureus 2.5 25 1.25 25 1.0 2.0
Staphylococcus epidermidis 2.5 25 25 25 1.0 2.0
Staphylococcus faecalis 2.5 25 1.25 25 1.0 2.0

8positive control, streptomycin concentration 1 mg mi (in DMSO); bin Hg ml-t

The antifungal activity of the essential oils is presented in Table IV. It can be
noticed that the oil from Deliblatska peS¢ara showed antifungal activity with MIC
values of 5.0-40.0 pl/ml and MFC values of 10.0-40.0 pl/ml. The antifungal ac-
tivity of the oil from Zemun was even better with MIC values between 1.25-10.0 pl/ml
and MFC values of 2.5-20.0 pl/ml. Trichoderma viride showed higher resistance
to both oils, while Candida albicans and Trichophyton mentagrophytes were more
sensitive than the other fungi. The commercial fungicide, bifonazole, used as the
positive control showed activity with higher MIC and MFC values than the essential oils.

TABLE IV. Minimum inhibitory (MIC) and minimum fungicidal concentrations (MFC), in pl/ml,
of the studied C. coggygria essential oils, determined by the microdilution method

. Deliblatska peSc¢ara Zemun Bifonazole?

Micromycetes

MIC MFC MIC MFC MIC MFC
Aspergillus niger 10.0 10.0 2.5 5.0 20.0 20.0
Aspergillus ochraceus 10.0 10.0 2.5 5.0 20.0 20.0
Aspergillus versicolor 5.0 10.0 2.5 5.0 20.0 20.0
Aspergillus flavus 10.0 20.0 5.0 10.0 20.0 20.0
Aspergillus fumigatus 10.0 20.0 5.0 10.0 40.0 40.0
Penicillium ochrochloron 20.0 20.0 5.0 10.0 40.0 80.0

Penicillium funiculosum 20.0 20.0 5.0 10.0 40.0 80.0
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TABLE V. Continued

. Deliblatska peScara Zemun Bifonazole
Micromycetes
MIC MFC MIC MFC MIC MFC
Trichoderma viride 40.0 40.0 10.0 20.0 80.0 80.0
Candida albicans 5.0 10.0 1.25 2.5 20.0 20.0
Trichophyton mentagrophytes 5.0 10.0 1.25 2.5 20.0 20.0

8positive control, commercial preparation containing 1 % (w/v) of bifonazole in ethanol.
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U3BOJ

XEMHUJCKU CACTAB, AHTUBAKTEPUJCKA U AHTU®YHI'AJTHA AKTUBHOCT
ETAPCKUX VJbA BUJBHE BPCTE Cotinus coggygria U3 CPBUIJE

MHPOCJIAB HOBAKOBWRY, UBAH BYYKOBWRY, IIEBA JAHARKOBIRZ, MAPHHA COKOBHR®,
AHKA OUJIAIIOBUR?, BEJIE TEILIEBUR® 1 CJIOBOJJAH MIJIOCABJBEBUR®

Uncimuigiyin sa xemujy, fexnonozujy u seiianypzujy, Bezouesa 12, 11000 Beozpad, 2Buosowku gaxyitieiti, Ciliydeniticku
wpz 16, 11001 Beozpao, SHucimuimiyini 3a 6uoaowika ucimpaxcusarsa “Curiua Citianxosuh”, Byaesap [leciioimia
Citieghana 142, 11000 Beozpad, *I'padcku 3a600 3a sawitiuiy 30passva, Byaesap [eciioiia Citiehana 54a,

11000 Beozpad u > Xemujcku paxyaiieiss, CiiyOeniticku wipz 16, 11001 Beozpad

ITpumenom GC-MS merone nnenTHNKOBaHa je YKyIHO 31 KOoMIOHeHTa y o0a eTapcka yJba
M30JI0BaHa JIECTHIALMjOM BOACHOM MapoM u3 jumha ¥ Miagux rpanduna OwsHe Bpcre Cotinus
coggygria Scop. ca asa nokanutera y Cpouju ([enubnarcka nemrvapa u 3emyH). Takobe je ucrnu-
TaHa aHTHOAaKTepHjcKa W aHTH(YHTalHa aKTHBHOCT 00a y3opka. Y oba yjba Haj3acTYIUbEHUJU Cy
Oui MOHOTepHeHCKH yriboBogoHuIM (87,4 u 93,1 %), mely kojuma je JOMHHAHTHA KOMIIOHEHTA
numoneH (47,0 u 39,2 %). AntubakTepHjcKa akKTHBHOCT je oapeleHa Mudy3MOHOM U MHUKpPOIHITY-
LMOHOM METO/IOM, a aHTU(yHTaJlHa aKTHBHOCT MOJM(HUKOBAHOM MHKPOIMIYLHOHOM METOJIOM.
Ipema ayhy3nuoHoj MeToIH, 002 yiba Cy MOoKa3aia HemTo 00Jbe aHTHOAKTEPHjCKO ejCTBO (MPBEH-
CTBEHO Ha IPaM-IIO3UTHBHE GaKTEpHje) HEro CTPENTOMHLHH, JOK je Ha OCHOBY MHKPOIMIYLHOHE
METO/Ie IMXO0Ba aKTHBHOCT Owia Hemrto crnabuja. Y mopehemwy ca 6udponasonom, oba Tectupana
yJba Cy TOKa3aia HemTo 60Jbe aHTH(YHTAIHO [1€]CTBO.

(TTpumubero 19. neuemGpa 2006, pesuauparo 6. jyna 2007)
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Different possibilities for the formation of complexes of
copper and zinc with chlorophyll inside photosynthetic
organelles: chloroplasts and thylakoids
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Abstract: The possibility of the formation of copper and zinc complexes with chlo-
rophyll in photosynthetic organelles (chloroplasts) and suborganelles (thylakoids)
was studied. The visible and fluorescence spectra obtained from chloroplasts and thy-
lakoids in the presence of the two metals confirmed complex formation in the case
of copper, while such possibility appears to be very minor in the case of zinc. The
reason for this distinction lies in the different type of complexes which chlorophyll
forms with the two metals: only “central” or “substitution” copper—chlorophyll com-
plexes may be formed inside the two isolated entities, while the formation of a pos-
sible zinc—chlorophyll “peripheral” type of complex is prevented for steric reasons.
The latter fact is of high biological relevance, since both complexes may cause an
irreversible impairment and damage of photosynthetic function.

Keywaords: chlorophyll, copper, zinc, fluorescence, chloroplasts, thylakoids.

INTRODUCTION

Chlorophyll (Chl), the major photosynthesis pigment, in chemical terms is a
chlorin, a dihydroporphyrin derivative containing an isocyclic cyclopentanone ring
(fused to a pyrrole ring between C-13 and C-15 positions), where central metal Mg
atom coordinates four symmetric pyrrole rings (Fig. 1). The major function of chlo-
rophyll in photosynthesis is related to light collection and light conversion pro-
cesses. Significant progress has been made in understanding of the in vitro pro-
perties of Chl and this contributed to a better understanding of the role of Chl in
photosynthesis on the molecular level.12

Plants easily absorb many toxic heavy metals.3:4 Once absorbed, they penetra-
te to plant tissues (including leaves) and at higher concentrations, they may inhi-
bit photosynthesis.>~7 Heavy metals can replace the relatively weakly bound cen-
tral magnesium atom (Mg) of chlorophyll, to form heavy metal complexes (Chl-
—HMS).8-10 The Chl-HMS complexes may cause an impairment of photosynthetic
function, which can have fatal consequences.1! The detailed consequences of this sub-
stitution for higher plants and green algae have been discussed by Kiipper et al 812,13

* Corresponding author: E-mail: markovic57 @info-net.co.yu
doi: 10.2298/JSC0711053Z
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COOCH

133 134 3

Fig. 1. Structure of chlorophyll a, with nu-
merated C-positions.

CH; H  cH, H

The general reactions of Chl with heavy metals in vitroll and in vivol415
have already been reported. Early in vivo studies of Chl-HMS formation in hi-
gher plants and green algae8:12 showed that this reaction was strongly dependent
on the light intensity: in the dark, the majority of antenna Chls are accessible for
Chl-HMS formation13 (“shade reaction”), while under high light conditions, only
a small fraction of antenna Chls undergoes it (“sun reaction”).8:11,12 Chl-HMS
complexes can be prepared by heating Chls with metal salts in acid or organic so-
lutions.18 Also, acidification of Chl solutions with hydrochloric acid followed by
the addition of a heavy metals solution leads to the formation of Chl-HMS.7.8,16-18
Kipper performed experiments in vitro by adding solutions of heavy metals to
96 % ethanolic grass extracts.8

Chl-HMS shows a spectroscopic behavior different to that of Chl itself,8.17-21
qualitatively (shift of the characteristic band maxima), as well as quantitatively (dif-
ferent intensities of the corresponding bands). For example, Cu—Chl formation is
followed by a hypsochromic (“blue”) shift of the long wavelength (“red”) absorp-
tion band,8:12.17,18 with significantly lower coefficient of absorption value com-
pared to Chl itself.1” A not so expressed “blue” shift of the “red” Chl band was
observed for Zn-Chl.19.22

In this work, the possible formation of Chl-HMS complexes in isolated pho-
tosynthetic organelles, chloroplasts and their sub-units, thylakoids, with two cho-
sen heavy metals, zinc and copper, was studied. In lower concentrations, copper
is an essential micronutrient for higher plants and algae and it is even a consti-
tuent of the primary electron-donor of photosystem I, the Cu—protein, plastocya-
nin.23 However, high external Cu concentrations (and those of Zn as well) — like
the ones in this work — may produce many damaging effects. Zinc may be inclu-
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ded in the degradation of chloroplasts stromal proteins.24 Copper may affect all
kinds of photosynthetic activities, such as electron-transport and ATP production,25-28
or oxygen evolution.29

The complexes Cu-Chl and Zn—Chl were examined in this study by visible
and fluorescence spectroscopy.

EXPERIMENTAL

The Chl-HMS formation may occur under low light (“shade reaction”) and under high light
conditions (“sun reaction™).13 Since just a minority of antenna chlorophylls (in vivo) is accessible to
Chl-HMS formation under high light conditions,13 the experimental part of this work was perfor-
med under shade conditions as much as possible.

Isolation of intact chloroplasts

Intact chloroplasts from spinach were prepared using a described procedure.39 Healthy, intact
spinach leaves floating in a basin of water were exposed to bright light for 30 min, before removing the
midribs. The plant material (50 g) was immersed in 200 cm® of grinding medium, which had pre-
viously been brought to a consistency of melting snow. The grinding was done in a couple of seconds.
The suspension was then squeezed through two layers of muslin and filtered through 8 layers of mu-
slin and a layer of cotton-wool. The chloroplasts were quickly separated from the supernatant by
centrifugation in four tubes at 4000 rpm for 100 s. The supernatant was decanted and the pellet, re-
suspended in about 80 cm? of grinding medium, was recentrifuged in two tubes at 4000 rpm for 100 s.

A low cation medium was employed as the grinding and resuspending medium.3%:32 It con-
tained 12.035 g of sorbitol, 2 cm3 of 1 M KCI, 0.8 cm3 of 0.25 M EDTA, 95 cm3 of water and
2.383 g of Hepes (4-(2-hydroxyethyl)-1-piperazine ethanesulphonic acid) buffer, pH 7.8. The grin-
ding medium was prepared daily by mixing about 6 cm3 of the low cation medium with 18 g sorbitol
and 276 cm? of water.

The clean, final pellet of chloroplasts was resuspended in 0.5-1.0 cm?3 of resuspending medi-
um, containing 5 cm? of the low-cation medium, 0.02 cm? of 1 M MgCl,, 0.02 cm3 of 1 M MnCl,,
0.1 g of serum albumin and 5 cm3 of water.

The chlorophyll content (Chla — Chib) in the suspension of chloroplasts was calculated as
reported (2.2x1073 M).33

Content of intact chloroplasts in the suspension of chloroplasts

The content was calculated by comparing the reduction of KzFe(CN)g in a suspension of in-
tact chloroplasts and broken chloroplasts (spectrophotometrically). The mixture contained 10x10-3 cm?
of chloroplasts suspension, 1 cm? of the low-cation medium, 1 cm? of water, 20x10°3 cm? of 1 M MgCl,,
and 40x10-3 cmd of a solution containing 164 mg of K3Fe(CN)g dissolved in 1 cmd of water. The
absorbance of the mixture was measured at 420 nm (following a 1 min exposure to bright light) and
then upon the subsequent addition of 10x10-3 cm3 of 1 M NH,CI. The same procedure was also
applied to broken chloroplasts (the chloroplasts were broken by hard mixing in an excess of water).
Calculated content of intact chloroplasts was 65 %.

Incubation of chloroplasts and thylakoids with zinc and copper

The reaction mixture containing 1.5 cm3 of the low-cation medium, 20x10-3 cm3 of chloro-
plasts or thylakoids suspension, 1.25 cm3 of water and 0.25 cm3 of 0.05 M aqueous solution of
ZnS0O, or CuSO, was prepared. After the incubation period (tj,c = 3 h— 7 d), the copper or zinc com-
plexes with chlorophyll from the incubated chloroplasts or thylakoids were extracted by adding
acetone (4 cm3), and then cyclohexane (5 cm3) in 2 cm3 of the reaction mixture. The acetone relea-
ses the chlorophyll from the incubated chloroplasts and thylakoids (making them “disorganized™)
and increases their solubility in the cyclohexane phase, in which the complex formation is stopped.®



1056 ZVEZDANOVIC, MARKOVIC and NIKOLIC

Finally, the Vis spectra of the complexes were recorded in cyclohexane using the Vis spectrophoto-
metric method for in vitro conditions.22

Vis spectroscopy

The Vis spectra of “disorganized” Cu-Chl and Zn-Chl complexes (obtained from the incuba-
ted chloroplasts and thylakoids) were recorded on a Varian Cary-100 spectrophotometer in the wa-
velength range of 350 to 750 nm with a constant concentration of ions (Cu?* or Zn?*), after diffe-
rent tj periods.

Fluorescence spectroscopy
The fluorescence spectra of the chloroplasts and thylakoids in the resuspension medium were re-
corded on a Fluorolog Jobin Yvon Horiba spectrofluorimeter. The excitation wavelength was 430 nm.
RESULTS

Before the addition of any metal ions to the chloroplasts and thylakoids, a con-
trol experiment was performed in order to assign all possible absorption changes
in the absorption of Chl to factors other than the formation of the complexes. The
control was performed over a period of one week. A hardly detectable change oc-
curred just at the end of this period (not shown). This means that changes in the
Vis spectra of “disorganized chlorophylls” and the fluorescent spectra of treated
chloroplasts and thylakoids occurring in a period of less than one week, shown in
Figs. 2—4 could be assigned only to the formation of the complexes.

A QAre B Q-A__
0.2
(@) 663.00 nm 024
(a) non-incubated (2) 663.00 nm
(a) non-incubated | (b)t _=3days
(b) t . =3 days (c) tm = 5 days
< (c)t = 5days o (d) t_=7days
0.1 (d)t =7 days did
{b) 860.93 nm (ti) 663.00 nm
(c) 659.13 nm (0{?63.00 nm
(d) 654.00 nm (d) 862.99 nm
| e
0.0 ! ; 0.0 , : ;
550 600 650 700 550 600 650 700
Alnm Alnm

Fig. 2. Vis spectra of “disorganized chlorophylls” obtained from isolated intact chloroplasts (65 %)
incubated for two time periods (tj,c.) with (A) copper and (B) zinc. The Chl concentration in the
chloroplasts was Chl,, = 0.015 mmol dm3, while the two concentrations
ratio was n(Cu?*,Zn2*)/n(Chl,y,) = 3000:1.

The Vis spectra of “disorganized chlorophylls” obtained from chloroplasts in-
cubated with zinc and copper ions for several different periods of time are shown
in Figs. 2A and 2B, respectively. The spectra of “disorganized chlorophylls” ob-
tained from non-incubated chloroplasts serve as blanks. The Q or “red band” is
an exclusive (“diagnostic”) characteristic of chlorophyll and its derivatives,2:34.35
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thus eventual changes in its intensity or position should be attributed only to Chl
and not to any other pigment (such as for Soret or the B (“blue”)-band, where ac-
cessory pigments, carotenoids, can make a significant contribution).

Fluorescence spectra obtained from isolated photosynthetic organelles, chlo-
roplasts, and sub-organelles, thylakoids, incubated with copper ions for two dif-
ferent periods of time, are shown in Figs. 3a and 3b, respectively. The fluores-
cence of non-incubated chloroplasts again plays the role of the “blank”. While
the position of the fluorescence maximum (Fyax) barely shows any change du-
ring the incubation, the intensity of the Fyax shows a huge drop (> 75 %).

(a) 881.0 (b)
4.0 abiiii
3.04 681.0 nm
3.0
‘S ___chloroplasts ‘S 2.0+
: _ . Cu-chloroplasts (6 h} ~
v 2.0+ _._. Cu-chioroplasts (24 h) -~ __ thylakoids
a i i Cu-chioroplasts (48 h) g_) ... Cu-thylakeids (3 h}
O S R Cu-thylakoids (5 days)
1.0+
104 | 682.0 nm
T +682.0 pm ,682.55 nm
RN 1
I 7 682.0 nm\h /.- 882.0 Am
‘ "“ =‘>’=—1. B "}-\w \\\___’
00 sty e 00
850 700 750 800 600 850 700 750 800
Al nm Alnm

Fig. 3. The chlorophyll Q-band fluorescence spectra of (a) chloroplasts, and (b) thylakoids in the re-
suspended medium in the presence of copper for two different time periods following the beginning
of the formation of the complexes (t;,c). Clearly, a very similar type of change can be seen. The fluo-
rescence (cps — counts per second) from non-incubated chloroplasts served as the blank.

The completely opposite behavior was observed with the chloroplasts and thy-
lakoids incubated with Zn2* ions (Figs. 4a and 4b, respectively), i.e., the intensity
of Fmax of the chloroplasts did not change significantly even after 2 days of incu-
bation (Fig. 4a), or even a certain rise was evidenced after 5 days of incubation of
the thylakoids (Fig. 4b).

DISCUSSION
Vis spectra

The Vis spectra of isolated chloroplasts incubated with copper, and then con-
verted into disorganized chlorophylls, clearly proved the formation of the Cu com-
plex. The hypsochromic (“blue”) shift of 9 nm after 7 days of incubation (follo-
wed by a hypochromic effect, fall of the intensity) is clearly visible (Fig. 2A). The
same effect was detected with the isolated thylakoids (shown in the Appendix).
The results shown in Fig. 2A were obtained with an about 10 times higher con-
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centration of Cu2* ions, compared to that used for recording the fluorescent spec-
tra; an additional experiment performed with a comparable Cu2* concentration also
expressed a “blue” shift (a concentration effect, in addition to the hypsochromic ef-
fect, shown in Appendix), although two times smaller than the one shown in
Fig. 2A. On the other hand, isolated chloroplasts incubated with zinc, and then also
converted in disorganized chlorophylls, did not prove the formation of a Zn com-
plex (Fig. 2B), at least not one of the same type as the one formed with Cu, since a
hypsochromic shift was hardly visible. This is in good agreement with the results
found in a study of isolated Chl fractions,22 where a clear and significant hypso-
chromic effect (also followed by a hypochromic effect, proving the instability of
complexes) was found for the Chl fractions incubated with copper, confirming *“cen-
tral” complex formation (in which the central Mg atom of chlorophyll was repla-
ced by copper); at the same time, the “peripheral” complex (6-membered chelate
cycle fused at the periphery of the Chl structure) was not clearly confirmed in the
case of Cu—Chl, but was in the case of Zn—-Chl.22

(a) (b)
4.0 4 681.0 nm 4.0+
7682.0 nm ;e81.0nm
. E Y
681.8 nm 41682.0 nm
3.0+ 3.0+ AN
*681.0 nm
Yo}
o 0
-~ @)
S~ § ~
o 2.0 1 __ chioropiasts ~ 2.0+ F thylakoids
?.5 4§ __ Zn-chioroplasts (6 h) CDI_J | __ Zn-thylakoids (3 h)
A Zn-chloroplasts (2 days) I3 b ... Zn-thylakoids (5 days)

1.04

0.0 T g T u T T 1 0.0 N T T T ¥ T ¥ 1
850 700 750 800 600 650 700 750 800
Al nm Al nm
Fig. 4. The chlorophyll Q-band fluorescence spectra of (a) chloroplasts, and (b) thylakoids in the
resuspended medium in the presence of zinc for two different time periods following the beginning
of the formation of the complexes (t;,c). Clearly, while a very similar type of change can be seen
(a—b), the behavior is quite the opposite compared to that shown in Figs. 3a and 3b (copper effect).

The fluorescence (cps — counts per second) from non-incubated chloroplasts served as the blank.

Fluorescence spectra

Bearing in mind that Chl fluorescence represents an intrinsic probe of photo-
synthesis,36 it was reasonable to expect another proof for Chl-HMS formation
from fluorescence spectra (in vitro). Generally, it is well known that Chl-HMS
formation leads to a decrease of the intensity of the fluorescence emission, indi-
cating the formation of an unstable first excitation state, which relaxes to a grea-
ter extent thermally.13 Considering that chlorophyll fluorescence emission and ki-
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netics in vivo are influenced by toxic heavy metals, including copper and zinc,12:37
and bearing in mind the high complexity of the involved isolated photosynthetic
organelles and sub-organelles, it is to be expected that the fluorescent spectra of
chloroplasts and thylakoids would also be affected by the action of toxic metals.
This is clearly seen with copper through a rough observation of the magnitude of
the change in AFax Obtained with chloroplasts and thylakoids, compared to non-
incubated chloroplasts and thylakoids (Figs. 3a and 3b) (Fmax of Chl fluorescence
in chloroplasts and thylakoids was red-shifted, to 681 nm, compared to isolated
Chls due to the aggregation of the Chl molecules in the antennas).2 The fluo-
rescence emission was greatly suppressed in Cu-treated chloroplasts and thyla-
koids: the organization of the antennas of the photosystems favors the formation
of non-fluorescent “central complexes”, even after 3 h (thylakoids — Fig. 3b) or 6 h
(chloroplasts — Fig. 3a). Prolongation of the incubation period (tj,c) up to 2 days
(chloroplasts — Fig. 3a) or to 5 days (thylakoids — Fig. 3b) did not change the si-
tuation very much, even the almost negligible “red shift” of Fpyax (681 nm for
non-incubated chloroplasts and thylakoids vs. 682 nm for the complex) remains
the same. This remarkable decrease of fluorescence intensity (>75 %) induced by
the action of copper is in accordance with copper-induced suppression of fluore-
scence induction in spinach chloroplasts,® or the induction kinetics in isolated
thylakoids.38 It is also necessary to note that the great similarity of the fluores-
cence spectra obtained from the chloroplasts and thylakoids (Figs. 3a and 3b)
proves a predominance of the Cu—Chl interaction inside the photosynthetic an-
tennas compared to the potential Cu interactions with the stromal lipo-protein
matrix of the chloroplasts.

On the other hand, the fluorescence spectra of the chloroplasts and thyla-
koids exposed to the action of Zn2* exhibited the completely opposite behavior
(Figs. 4a and 4b). The magnitude of Fyax decreased just a little after 6 h, and ano-
ther few percents after 48 h, compared to the non-incubated chloroplasts (Fig. 4a).
On the other hand the magnitude of the change in Fyax for the thylakoids was of
a higher magnitude but in the opposite direction (more than 20 % after 5 days,
Fig. 4b). There is no clear explanation for this distinction, although Zn—-Chl com-
plexes have been reported to fluoresce at least as much as Chl itself in benzene and
diethyl ether.3® However, Zn—-Chl can not replace Chl in higher plants and green
algae — comparable systems to chloroplasts and thylakoids — because its “blue-shif-
ted” absorbance detected in solutions3® could reduce the spectral overlap of fluo-
rescence/absorbance bands required for excitation transfer to the reaction centers
of the photosynthetic apparatus of plants.13 Therefore, in both cases — chloro-
plasts and thylakoids — there is not an extremely large drop in the Chl fluores-
cence intensity, as is the case with copper (Figs. 3a and 3b). A possible explana-
tion could come from a nature of aggregated antennas structures. Chl molecules in-
side photosynthetic antennas are aggregated most probably through (C-131) =
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= O---Mg interaction and this could potentially be the key factor preventing the
formation of Zn-Chl “peripheral” complexes,22 rather than a possible interaction
with the stromal lipo-protein matrix (otherwise copper would react in a similar man-
ner); the formation of “central” complexes in the case of zinc is certainly excluded.

Finally, the question is how much this in vitro behavior of the Chl-HMS
complexes can mimic the expected in vivo situation, where plants and algae ab-
sorb copper and zinc from the surrounding environment, permitting the pene-
tration within photosynthetic apparatus and the formation of Zn— and Cu—Chl
complexes within it. One of the main limiting factors is the sensitivity of chloro-
phyll: Chl can undergo “light” and “dark” reactions. The first ones are mostly
photo-oxidation reactions involving the chlorin structures, resulting in different
porphyrin modifications.40 The other ones involve the periphery of the chlorin
structure but do not change the chlorin nucleus.1® While the first ones can be
prevented by simply keeping chlorophyll in the dark, the second ones can not be
avoided and potentially, they can influence chelate formation.22 The peripheral
chelate formation is especially sensitive to oxidation reaction at the C-132 po-
sition (the allomerization reaction — see Fig. 1) yielding several derivatives inca-
pable of enolization at the isocyclic ring.16 Structures of the allomer products
may exclude any possibility for the chelate formation (“peripheral complexes”).
Generally, allomerization products are less abundant in fresh spinach samples
than in the older ones; in the latter case, prolonged senescence may lead to chlo-
rophyll breakdown and the appearance of monopyrrolic compounds.41

However, from a biological point of view, the formation of either type of
complex, “central” or “peripheral”, has pathological consequences on the functi-
oning of chloroplasts and thylakoids, ranging from irreversible impairment (in
the “light phase™) to complete breakdown of photosynthesis, a fatal end for the
plants.8.11 The two complexes are selectively connected to particular steps in this
pathological process. Thus while “central” complexes are generally related to pri-
mary photosynthesis photochemistry,13 “peripheral” complexes certainly affect
the process of photon transfer inside the photosynthesis antennas, by widening
the gap in the spectral overlapping between neighboring Chl molecules.12

CONCLUSIONS

Of the studied metals, only copper forms complexes with Chl inside the
photosynthetic antennas of isolated chloroplasts and thylakoids. The complexes
are of “central” or “substitution” type. Zinc cannot form this type of complex and
the other, “peripheral” type of Zn—-Chl complex is not possible in chloroplasts
and thylakoids for steric reasons.



1061

COMPLEXES OF COPPER AND ZINC WITH CHLOROPHYLL

APPENDIX
Cu-incubated thylakoids, Cu”"/Chl=250:1

Cu-Incubated thylakoids, Cu**/Chl=3000:1

O 'Amﬂx 0'2 =
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Ine
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Al nm Incubation of isolated thylakoids by Cu2* ions:

Incubation of isolated thylakoids by Cu2* ions:

the effect on A, position of disorganized
chlorophylls’ Q (“red”) band. The Cu2*/Chl
ratio the same as for Fig. 2A (3000:1).

the effect on A,y position of disorganized
chlorophylls’ Q (“red”) band. The Cu2*/Chl

ratio is an order of magnitude smaller (250:1)

than the one for Fig. 2A.

U3BOJ

PA3JIMYUTE MOI'YRHOCTHU 3A ®OPMUPABE KOMITJIIEKCA BAKPA 1 IMHKA
CA XJIOPOOUIIOM Y ®OTOCUHTETUYHUM OPTI'AHEJIAMA:
XJIOPOIUTACTUMA U TUWJIAKOUJANMA

JEJIEHA 3BE3JIAHOBUR, IEJAH MAPKOBWH u TOPAH HUKOJINh
Texnoaowku gaxyaitiein, 16000 JIeckosay

VY oBoM pany cy ucnutHBaHe MoryhHocTH 3a (opMupame KOMIUIEKca 0akpa M IMHKa ca
XIOpOoGHIOM Y POTOCHHTETHIHUM OpraHenama (XJIOopoIIacTiumMa) i cyb-opranenama (THIaKOUIU-
Ma). DIyOopeceHTHH CIeKTPH AOOHMjeHH U3 XJIOPOIUIACTa M THIAKOMAA y IPUCYCTBY [Ba MeTana
MOTBPANIIH Cy GpopMHpae KOMILIEKca y ciy4ajy 6akpa, oK je y cllydajy [HMHKa Ta MOryhHOCT MH-
HOpHA. Pa3nor 3a 0oBakBy pa3IMUYHTOCT j€ y Pa3NIMYUTUM THIOBHMAa KOMIUIEKCA KOje XJIOpodmi
¢dopmupa ca oBa J{Ba MeTana: caMo “HEHTPAIHK WIN “CyNCTUTYIHOHH Oakap—XIopo(IIHA KOM-
IUIEKCH MOTY OWTH ()OpPMUpaHU YHyTap JBa M30JI0BaHA EHTUTETA, JOK je (OpMHUpPAE TUHK—XJIOPO-
¢uaHOr “nepudepHOr” TUMa KOMIUIEKCa CIPEYeHO M3 CTepHUxX pasiora. [locientha unmeHUIa je
0]] BEJMKE OMOJIOIIKE BAKHOCTH MOIITO 00a THIA KOMIUIEKCA MOTY IPOY3POKOBATH HEHOBPATHY
muchyHKOHjy u omreheme (OTOCHHTETHIKOT IpoIieca.

(ITpumsbeno 8. cenrembpa 2006, pesuaupano 21. mapra 2007)
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Abstract: Pl and Szeged indices are two of the most important topological indices
defined in chemistry. In this study, the Pl and Szeged indices of linear [n]-phenyl-
enes and a cyclic hexagonal-square chain consisting of n mutually isomorphic hexa-
gonal chains were computed. The Pl and Szeged indices of a multiple phenylene,
which is the 2-dimensional case of a phenylenic nanotube and nanotorus, were determined.

Keywords: Pl index, Szeged index, linear [n]-phenylenes, multiple phenylenes nanotube.

INTRODUCTION

Let G be a simple molecular graph without directed and multiple edges and
without loops, the vertex and edge-sets of which are represented by V(G) and
E(G), respectively. A topological index of a graph G is a numeric quantity related
to G. The oldest topological index is the Wiener index. Numerous of its chemical ap-
plications have been reported and its mathematical properties are well understood.1-4

Khadikar and co-authors>-® defined a new topological index and named it
the Padmakar—Ivan index. Here Padmakar comes from Padmakar Khadikar, and
Ivan from lvan Gutman. They abbreviated this new topological index as PI. This
newly proposed topological index does not coincide with the Wiener index for
acyclic molecules. It is defined as PI(G) = Zeca[Neu(€|G) + ney(e|G)], where
ny(e|G) is the number of edges of G lying closer to u than to v and ny(e|G) is the
number of edges of G lying closer to v than to u.

The Szeged index is another topological index which was introduced by lvan
Gutman.10-13 To define the Szeged index of a graph G, it is assumed that e = uv
is an edge connecting the vertices u and v. Suppose Ny(e|G) is the number of
vertices of G lying closer to u and Ny(e|G) is the number of vertices of G lying
closer to v. Edges equidistance from u and v are not taken into account. Then the

* Corresponding author. E-mail: hyousefi@ut.ac.ir
doi: 10.2998/JSC0711063Y
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Szeged index of the graph G is defined as: Sz(G) = 2e = uveg(G)Nu(EIG)N([G),
see also Ref. 14.

The Pl and Szeged indices of some hexagonal graphs containing nanotubes
and nanotorus have been computed.1>-19 In this study, this work is continued
with the computation of the Pl and Szeged indices of some other important
classes of chemical graphs. The notation is standard and mainly taken from the
literature.20.21

RESULTS AND DISCUSSION
PI1 index of multiple phenylenes and cyclic hexagonal-square chains

In this section, the PI index of linear [n]-phenylenes, multiple phenylenes and
a cyclic hexagonal-square chain consisting of n mutually isomorphic hexagonal
chains are computed.22.23 To do this, suppose that G is a graph, e = uveE(G) and
N(e) = [E| - [ney(e|G) + ney(e|G)]. Then PI(G) = [EJ2 — ZeceN(e). Therefore, for
computing the Pl index of G, it is sufficient to calculate N(e) for every ecE.

Consider the molecular graph of a linear [n]-phenylene, Fig. 1. Then |E(T)| =
= 6h + 2(h-1) = 8h — 2 and, hence, PI(T) = 64h2 — 32h + 4 — X, .eN(e). To calcu-
late N(e), three cases are considered, i.e., that e is vertical, horizontal or obligue.
If e is horizontal or oblique, then N(e) =2 and for vertical edges, one has
N(e) = 2h. Thus, PI(T) = 60hZ — 44h + 8.

Fig. 1. The molecular graph of a linear [n]-phenylene.

Suppose Xm n is the chemical graph of a multiple phenylene, Fig. 2. Apply-
ing our method for computing PI1(Xm n), suppose = Min{m,n}. It is clear that
|E(Xm n)| = 2m(3n-1) and, hence, one obtains:

> ecE(Xmn) N(e) =2 eishorizontal N (&) + 2. e is oblique N (8) + 2_ e is vertical N (€) =

a=2
- 2{ X 2(2+2i)° +4a2(|m—n|+1)}+4m2(n ~1)+4n’m =%a+8a2 +%a3 +
i=0

+16a2|m - n|+4m?n —4m? +4n’m

Therefore, PI(X ) = 36m?2n2 — 28m2n + 8m2 — 8/3— 82 — 16/308 — 16 a2jm—n| — 4n?m.

Let Cyy n denote the molecular graph of a cyclic hexagonal-square chain con-
sisting of n mutually isomorphic hexagonal chains Hi, Ho,..., Hyp, cyclically
concatenated by circuits «; of length 4, in which the Hjs are chains containing m
hexagons, Fig. 3. Some exact formulas for the algebraic structure count (ASC) of
the linear [n]-phenylene, Fig. 1, the multiple phenylenes, Fig. 2 and the molecu-
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lar graph of Cy, n, Fig. 3 were computed.2021 At the end of this section, PI(Cy )
is computed.

Obviously, |E(Cm n)| = n(5m+3). Hence, one obtains:
PI(Cmn) = n2(5m + 3)2 -2 eeE(Cmyn)N (e)= n2(5m + 3)2 — 2. eis horizontal N (&) +

+2_ eisobliqueN (€) + 2 e is vertical N (€) = 25m?2n2 +9n2 +30mn? —33n —nm? — 66mn.

2 ot
S o

Fig. 2. The molecular graph of a multiple phenylene.

Fig. 3. The molecular graph of a cyclic
hexagonal-square chain Cy, .

Szeged index of multiple phenylenes and cyclic hexagonal-square chains

In the literature, there is a paper by Diudea in which the Szeged index is
tested in QSPR.24 In this paper, the use of the Szeged index and several other
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distance-based indices on the correlation with the boiling points of 45 cyclo-
alkanes were examined. Moreover, Khadikar et al.2> described various applica-
tions of the Szeged index for modeling physicochemical properties, as well as the
physiological activities of organic compounds acting as drugs or possessing phar-
macological activity. The authors of this paper reviewed 175 papers published on
the subject of the Szeged index. This shows that the subject of the Szeged index
is growing more and more in chemistry, physics and also biology.

In this section, the Szeged index of the linear [n]-phenylene X; n, the multi-
ple phenylene Xy, n and Cp,  were computed. First it should be noticed that v, =
= [V(Xg,n)| = 6N, V2 = [V(Xm n)| = 6mn and v3 = [V(Cp )| = 4mn+2n. The Szeged in-
dex of Xy was first calculated. To do this, it was assumed that A, B and C to be
the set of all vertical, oblique and horizontal edges, respectively. Then one obtains:
Sz(Xy,n)= 2 Ny(e)Ny(e)= 2 Ny(e)Ny(e)+ 2 Ny(e)Ny(e)+ 2 Ny(e)Ny(e)=

ecE ecA eeB eeC

n-1 n-1
= Y 2{(3+6i)(6n—6i —3)}+18n3 + ¥ (12i) =30n° + 6n?
i=0 i=1
Then the Szeged index of a multiple phenylene Xy,  was calculated. Similarly,
Sz(Xm,;n)= 2Nu(e)Ny(e)= 2 Ny(e)Ny(e)+ 2 Ny(e)Ny(e)+ X Ny(e)Ny(e)=

eckE eecA eeB eeC

= nZ_jl{(Gmi)(Gnm —6mi)(2m)}+ 2r%:_{1(C’>ni)(6nm —6ni)(2n)}+ > Ny (e)Ny (e).
i=1 i=1 eecB

To compute the last summation, it was supposed that U = ¥ ._.gN, (e)N, (e)
and two separate cases were considered, as follows:
Case 1: m # n. In this case one obtains:
Im—n|-1

U= _gl{(Zﬂ)(Sﬁ +(64 - 3)i))(6mn - Sz — (65 - 3)i},

where §j = 3+9+15+...+(6i-3) and #= min(m,n). Hence, the Szeged index of Xm n
is equal to 942nm-18n+9mnS+18mnS3+3/242-15/2 49,453 45+72n2+72n3m—
-36mn2+36mn4-72n4-36n3-18nd.

Case 2: m = n. In this case one has U = 2n(S,+6n—3)(6nm-S,—6n+3) and hen-
ce the Szeged index of Xy, n is equal to 6n6+27n5+3/2n4-72n3+147/2n2-18n.

In the end of this section, the Szeged index of Cp,  is computed. Obviously,
V3=V (C,n)| =2n(2m+1). If A, B and C are set as before, then

Sz(Cmn) =2 ece Nu(e)Ny(e) = 2 ecANu(E)Ny (€) + 2 ecB Nu ()N (€) +

> ecc Ny ()N (€) =n(m+1)(2m +1)(v3)(2m—1) + 2n(v3/2)(v3/2) +

+4mn(vz/2)(v3/2) =16m?n? +8m3n? —4nm? +10mn? —5mn+2n% —n +

+24m2n3 +16m3n3 +12mn3 + 2n3.



PI' AND SZEGED INDICES OF MULTIPLE PHENYLENES 1067

U3BOJ

N3PAYYHABARE Pl 1 SZEGED MHAEKCA BULLIECTPYKUX ®EHUJIEHA 1
HUKIIMYHOI' XEKCAT'OHAJIHO-KBAJIPATHOI" JIAHIJA CAYUMBEHOI O
MEBYCOBHO U30MOP®HUX XEKCAT'OHAJIHUX JTAHALTA

H. YOUSEFI-AZARIY, J. YAZDANIY, A. BAHRAMI! 1 A. R. ASHRAFI?

1school of Mathematics, Statistics and Computer Science, University of Tehran, Tehran, 2Department of
Mathematics, Faculty of Science,University of Kashan, Kashan 87317-51167, Iran

Pl u Szeged unzexcH cy aBa HajBaXKHHM]ja TOIOJIOIIKA MHIEKCa e(UHICAHA y XeMHjH. Y OBOM pa-

ny cy uzpauyHaru Pl u Szeged unnekcu nuHeapHux [N]-GeHuIeHa U LMKINYHOT XeKCaroHaIHO—KBa-
JIPATHOT JIaHIIa CAauUEbEeHOT o1 N MelycoOHo m3oMopdHUX XekcaroHanHux ynanana. Onpehenu cy Pl
u Szeged MHIEKCH BHIIECTPYKOr (DEHHUIICHA, KA0 JBOAUMEH3UOHOT 00JMKa (HEHUIICHCKUX HaHOIIe-
BU ¥ HAHOIIPCTEHA.
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Abstract: A novel series of complexes of the type [M(TML)X]X,, where TML is a
tetradentate macrocyclic ligand, M = Cr(l11), Mn(I11) or Fe(l11), X = CI=, CH3COO~
or NO3, were synthesized by template condensation of dibenzoyl and thiocarbo-
hydrazide in the presence of trivalent metal salts in a methanolic medium. The com-
plexes were characterized with the help of elemental analyses, conductance measu-
rements, molecular weight determination, magnetic measurements, electronic, NMR,
infrared and far infrared spectral studies. The electronic spectra together with the
magnetic moments suggest five coordinate square pyramidal geometry for these
complexes. The molar conductance indicates them to be 1:2 electrolytes.

Keywords: macrocyclic complexes, dibenzoyl, trivalent metal salts, thiocarbohydra-
zide, template synthesis.

INTRODUCTION

The field of coordination chemistry of macrocyclic complexes has under-
gone spectacular growth during the past few decades. This enormous growth is due
to the synthesis of a large number and variety of synthetic macrocycles, which be-
have as coordinating agents for metal ions.1.2 Template reactions have been wi-
dely used as the synthetic routes for macrocyclic complexes.3= Nitrogen contain-
ing macrocycles have a strong tendency to form stable complexes with transition
metals.5 A number of nitrogen donor macrocyclic derivatives have long been used
in analytical, industrial and medical applications.” Macrocyclic transition metal
complexes have been regarded as being better model compounds for metallopor-
phyrins and metallocorrins.8-11 Some macrocyclic complexes have been reported
to exhibit antibacterial and antifungal activities.12.13 In a previous paper, divalent
metal macrocyclic complexes derived from thiocarbohydrazide and dibenzoyl were
reported.13 In the present paper, the trivalent chromium, manganese and iron com-
plexes derived from thiocarbohydrazide and dibenzoil are discussed.

* Author for correspondence.
doi: 10.2298/JSC0711069S
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EXPERIMENTAL

All the complexes described in this paper were obtained by template synthesis. To a stirring
MeOH solution (=50 cm?3) of thiocarbohydrazide (10 mmol) was added trivalent chromium, man-
ganese or iron salt (5 mmol) dissolved in the minimum quantity of MeOH (20 cm3). The resulting
solution was refluxed for 0.5 h. Subsequently, dibenzoyl (10 mmol) dissolved in ~ 20 cm3 MeOH
was added to the refluxing mixture and the refluxing was continued for 6—8 h. The mixture was
concentrated to half its volume and kept in a desiccator for two days. The complexes were then fil-
tered, washed with MeOH, Me,CO and Et,0 and dried in vacuo; yield ~ 45 %. The complexes are
soluble in DMF and DMSO but are insoluble in other common organic solvents and water. They
were thermally stable up to = 225-250 °C and then decomposed.

Analytical and physical measurements

The microanalysis of C, H, and N were recorded using an Elementar Vario EL 11l (Carlo Erba
1108) at CDRI, Lucknow. The metal percentage was determined by the EDTA titration method. The
molecular weight was determined cryoscopically. The magnetic susceptibility measurements were
performed on a Vibrating Sample Magnetometer (PAR 155) at IIT Roorkee. The electronic spectra
were recorded on a Perkin—Elmer spectrophotometer. The IR spectra were recorded on a Beckman
infrared spectrophotometer in the range 4000667 cm™® as KBr pellets. The NMR spectra were re-
corded on a Bruker NMR spectrometer (300 MHz). The conductivity was measured on a digital con-
ductivity meter (HPG System, G-3001).

RESULTS AND DISCUSSION

Several attempts to isolate the free macrocyclic ligand were unsuccessful.
The template synthesis of the complexes may be shown by the following scheme:

2SC(NHNH,), + 2(CgHECO)5 + MXg —MEOH 680 ras i rvi )X,

where M = Cr(111), Mn(l11) or Fe(lll), X = CI-, CH3COO~ or NO3 and TML =te-
tradentate macrocyclic ligand.

The analytical data of the metal chelates are given in Table I, which shows
that the chelates may be represented by the formula: [M(C3gH24NgS2)X]X>». The
measurements of the molar conductance in DMSO show that these chelates are
1:2 electrolytes (conductance 150—180 Q~1 cm2 mol~1).14 The test for anions was
positive before decomposing and after decomposing, the chelates showed their
presence outside and inside of the coordination sphere.

The presence of a single medium band in the region =~ 3250—-3300 cm™1 in the
complexes may be assigned to N-H stretch.19.16 |t was noted that a pair of bands
corresponding to v(NH,) at 3245 cm~1 and 3309 cm™1 are present in the spec-
trum of the thiocarbohydrazide but are absent in the infrared spectra of all the
complexes. Furthermore, the disappearance of the absorption band near 1700 cm~1
due to v(C=0) and the appearance of an absorption band near 1595-1615 cm~1
indicates the formation of a macrocyclic Schiff’s base.l” The lower values of
v(C=N) may be explained on the basis of a drift of the lone pair density of the
azomethine nitrogen towards the metal atom,18.19 indicating that coordination oc-
curs through the nitrogen of the C=N groups. Another set of medium intensity
bands in the region = 1490-1580 cm™1 are attributed to v(C=C) of phenyl groups



CHARACTERIZATION OF MACROCYCLIC COMPLEXES 1071

and the bands at =~ 840—-880 cm~1 to C-H out of plane bending of phenyl groups.
The band near 780 cm™1 in thiocarbohydrazide may be assigned as being due to
free v(C=S). This band is also present in the spectra of all the complexes, which in-
dicates that sulphur is not coordinating to the metal atom.20.21 The absence of
bands near 2550 cm~1 (characteristic of a thiol group) rules out the possibility of
thione—thiol tautomerism.21 The C-N stretch occurs in the range 1300—-1000 cm™1,

TABLE I. Analytical data of the trivalent chromium, manganese and iron complexes derived from
thiocarbohydrazide and dibenzoyl

My

Complexes M C H N Colour 1
g mol

7.16 49.87 3.27 15.34 .
[Cr(C39H24NgS,)CI]ICI, (7.23) (50.06) (3.33) (1557) Greenish brown 719

643 4508 297  19.20
(651) (45.11) (3.00) (19.29)

6.47 54.56 4.09 14.15 .
[Cr(C3oH24NgS2)(OAC)1(OAC), (659) (54.75) (4.18) (14.19) Yellowish brown 789

7.68 49.67 3.19 15.37

[Cr(C3oH24NgS2)(NO3)](NO3), Light brown 798

6.89 54.23 4.06 14.12 .
[Mn(C3oH24NgS2)(OAC)](OAC), (6.94) (5454) (4.16) (14.14) Blackish brown 792

768 4967 319 1537
(7.74)  (49.79) (3.31) (15.49)

6.89 44,79 2.78 19.11 .
[Fe(C30H24N852)(N03)](N03)2 (698) (4488) (299) (1920) Reddish brown 802

6.92 54.43 411 14.05
[Fe(C3oH24NgS2)(OAC)1(OAC), (7.06) (5447) (4.16) (14.12) Dark brown 793

[Fe(C3oH24NgS2)CI]CI, Orange red 723

The far IR spectra show bands in the region = 420-470 cm~1 corresponding
to v(M—N) vibrations.22-24 The presence of bands in the spectra of all the com-
plexes in the 420—470 cm™1 region originate from (M—N) azomethine vibrational
modes and gives some indication about the coordination of azomethine nitro-
gens.25 The bands present at 290—310 cm™1 may be assigned to v(M—CI) vibrati-
ons.22 The characteristic bands due to v(M—S) are not present in the far IR spec-
tra, which again rules out the possibility of coordination through sulphur atom.

The IH-NMR spectra of the complexes show peaks at 7.08—7.78 ppm (multi-
plets), corresponding to aromatic ring protons.26 The singlet at 11.7-12.1 ppm may
be assigned to —NH protons.2?

The magnetic moment of the chromium complexes was in the range from 4.12
to 4.46 ug. The electronic spectra of the chromium complexes show bands at
~9000-9300 cm™1, 13000-13300 cm~1, 1745018300 cm~1, 27400-27800 cm™1 and
34800 cm™1. However, these spectral bands cannot be interpreted in terms of four
or six coordinated environment around the metal atom. In turn, the spectra are
consistent with that of five coordinated Cr(l11) complexes, the structures of which



1072 SINGH and KUMAR

have been confirmed from X-ray measurements.28 Thus, bearing in mind the ana-
Iytical data and electrolytic nature of these complexes, a five coordinated square
pyramidal geometry can be assumed for these complexes. Thus, assuming the sym-
metry C4y for these complexes,29 the various spectral bands can be assigned as:
4B; — 4E2 4B; — 4B,, 4B1 — 4A, and 4B1 — 4EP.

The magnetic moment of the manganese complexes lay in the range from 4.85
to 4.92 ug. The manganese complexes show bands in their electronic spectra which
lay in the range 22200—12570 cm™1, 16000—18900 cm~1 and 35400—35700 cm™1.
The higher energy band at 35400—-35700 cm~1 may be assigned to charge trans-
fer transitions. The spectra resemble those reported for five coordinate square py-
ramidal manganese porphyrins.2529 This idea is further supported by the presen-
ce of the broad ligand field band at 20400 cm™1, diagnostic of C4y symmetry,
and thus the various bands may be assigned as follows: °B; — SAq, °B; — °By,
and °B1 — °E, respectively. The band assignment in single electron transition may
be made as: dzz—0y2—y2, dxy—dx2—y2 and dyy, dy,—dx2—y2, respectively, in order of
increasing energy. However, the complexes do not have an idealized C4y symmetry.

The magnetic moment of the iron complexes lay in the range from 5.78 to
5.94 ug. The iron (1) complexes show bands in their electronic spectra in the
range 9830—9980 cm~1, 15500—15580 cm~1 and 27500—27700 cm1 and these bands
do not suggest an octahedral or tetrahedral geometry around the metal atom. The
spectral bands are consistent with the range of spectral bands reported for five
coordinate square pyramidal iron(I11) complexes.30 Assuming C4yy Symmetry for
these complexes, the various bands can be assigned as: dyy—dyz, dy; and dyy—d,2.
Any attempt to make an accurate assignment is difficult due to the interactions of
the metal-ligand n-bond systems lifting the degeneracy of the dy; and dy;, pair.

Based on all the above-given results, the proposed structure of the com-
plexes described in this paper is as shown in Fig. 1.

— — 2+

Fig. 1. The proposed structure of the [M(C3gH,4NgS2)X]*,
— —where M(Ill) = Cr, Mn or Fe and X = CI~, NO3 or CH3COO.
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U3BOJ

YCMEPEHA CUHTE3A U KAPAKTEPU3AITUJA MAKPOLIMKJIMYHUX
KOMIUIEKCA TPOBAJIEHTHUX METAJIHUX JOHA

DHARAM PAL SINGH n RAMESH KUMAR
Department of Chemistry, National Institute of Technology, Kurukshetra—136 119, India

Hoga cepuja kommiekca tuna [M(TML)X]X,, rae je TML TeTpageHTaHTHH MakpOLMKINYHA
muraug, M = Cr(I11), Mn(lI1) wu Fe(lll) u X = ClI~, CH3COO™ unu NO3, cuHTeHTHCaHa je TeM-
IUTATHOM KOHZEH3AIMjOM IHOEH30MIIa U THOKapOOXHUapasuia y METaHOIy, Y NMPUCYCTBY TPOBAJIEHT-
HHUX coyii MeTajna. KOMIUIeKcH Cy OKapaKTepHCaHH €JIEMEHTAIHOM aHAaJIM30M, MEPeHmeM HPOBOJ-
JBUBOCTH, ofpehuBambeM MOJIEKYJICKe Mace, MarHeTHUM MepemumMa u enekrpoHckuM, NMR, undpa-
LPBEHUM U JTJICKUM HH(PALPBEHUM CHEKTPAIHUM UCIUTHBAabUMA. EJIEKTPOHCKH CHEKTPH M BPEAHO-
CTU MarHeTHUX MOMEHAaTa KOMIUIEKca yKa3yjy Ha IbUXOBY KBaJIpaTHy NHPaMUATIHY CTPYKTYpPY ca KO-
OpIMHALOHUM OpojeM 1ieT. MornapHa IpoBOJBMBOCT yKa3yje Ha TO Jia Cy KOMIUIEKCH 1:2 eNeKTposnTHL.

(Ilpumibeno 22. janyapa, peBuaupano 15. jyna 2007)
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Abstract: Phenylazo- and thiazolylazo-2,4-pentanediones on reaction with 2-amino-
phenol and 2-aminothiophenol yielded a new series of polydentate Schiff’s base li-
gands. The structure and tautomeric nature of these compounds and their metal com-
plexes were established on the basis of their IR, TH-NMR and mass spectral data. The
spectral and analytical data revealed the condensation of both carbonyl groups of 3-(2-thi-
azolylazo)-2,4-pentanedione with 2-aminophenol to form an N,O, tetradentate ligand.
Details on the formation of its [ML] complexes with Ni(ll), Cu(ll) and Zn(11) and the na-
ture of their bonding are discussed based on analytical, IR, TH-NMR and mass spectral data.

Keywords: 3-(arylazo)-2,4-pentanediones, Schiff’s bases, metal complexes, IR spec-
tra, 1H-NMR spectra, mass spectra.

INTRODUCTION

Design and synthesis of polydentate Schiff’s bases and their metal comple-
xes having novel structural features and unusual physico—chemical properties have
considerable importance in biological processes and constitute an active area of
research in modern coordination chemistry.! In this context Schiff’s bases of 1,3-
-diketones have been extensively studied.2 However little attention has been paid
to Schiff’s bases derived from arylazo derivatives of 1,3-diketones in which two
nitrogen donor sites are additionally present. Besides having wide application as
yellow dyes and pigments,3 arylazo-1,3-diketones have been widely used as in-
termediates in the preparation of a large number of biologically important hetero-
cyclic compounds and as precursors of potential anti-diabetic drugs.4 As part of
our investigation on arylazo derivatives of 1,3-diketones,>6 the synthesis and cha-
racterization of four Schiff’s bases from phenylazo- and thiazolylazo- derivatives
of acetylacetone and aromatic amines are reported. Typical metal complexes of
these ligand systems were also studied.

* Corresponding author. E-mail: mbummathur@rediffmail.com
doi: 10.2298/JSC0711075K
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EXPERIMENTAL

Methods and instruments

Carbon, hydrogen and nitrogen percentages were determined by micro analyses (Heraeus Ele-
mental analyzer) and the metal contents by AAS (Perkin Elmer 2380). The electronic spectra of the
compounds were recorded in methanol solution (104 M) on a 1601 Shimadzu UV-Vis spectrophoto-
meter; the IR spectra (KBr discs) on a 8101 Shimadzu FTIR spectrophotometer; the TH-NMR spec-
tra (CDCl; or DMSO-dg) on a Varian 300 NMR spectrometer; the ESR spectra (X-band) at 77 K using
a Varian E 112 ESR spectrometer and the mass spectra on a Jeol/SX-102 mass spectrometer (FAB
using argon and meta-nitrobenzyl alcohol as the matrix). The molar conductance of the complexes
was determined in DMF at 28+1 °C using a solution of about 103 M concentration. The magnetic sus-
ceptibilities were determined at room temperature on a Guoy-type magnetic balance.
Synthesis of Schiff’s bases derived from 3-(phenylazo)acetylacetone

The phenylazo derivative of acetylacetone was prepared as previously reported.> Condensa-
tion of the compound with 2-aminophenol and 2-aminothiophenol yielded the Schiff’s bases H,pap
and Hypat, respectively. The synthetic details are given below.
Synthesis of Hopap

An ethanolic solution of 2-aminophenol (1.09 g, 0.01 mol, 20 ml) was added to an ethanolic
solution of 3-(phenylazo)acetylacetone (2.04 g, 0.01 mol, 20 ml). The mixture was refluxed on a boil-
ing water bath for = 5 h and kept over night. The solution was then poured into hot water (= 70 °C)
under vigorous stirring. The precipitated compound was filtered, washed with hot water and recrys-
tallized twice from hot methanol to obtain the chromatographically (tlc) pure compound.
Synthesis of Hppat

An ethanolic solution of 2-aminothiophenol (1.25 g, 0.01 mol, 20 ml) was added to an etha-
nolic solution of 3-(phenylazo)acetylacetone (2.04 g, 0.01 mol, 20 ml). The mixture was refluxed on a
boiling water bath for = 4 h and then the volume was reduced. After cooling to room temperature,
the precipitated compound was filtered, washed with an excess water and recrystallized from hot me-
thanol to obtain the chromatographically (tlc) pure compound.

Synthesis of Schiff’s bases derived from 3-(2-thiazolylazo)acetylacetone
Thiazolylazo derivative of acetylacetone was prepared as reported.” Condensation of the com-

pound with 2-aminophenol and 2-aminothiophenol yielded the Schiff’s bases Hotap and Htat. Syn-
thetic details are given below.
Synthesis of Hotap

An ethanolic solution of 2-aminophenol (1.09 g, 0.01 mol, 20 ml) was added to an ethanolic
solution of 3-(2-thiazolylazo)acetylacetone (2.11 g, 0.01 mol, 20 ml) and refluxed on a boiling wa-
ter bath for ~ 8 h. The volume was reduced and the mixture poured onto crushed ice under vigorous
stirring. The formed precipitate was filtered and recrystallized twice from hot methanol to obtain
the chromatographically (tlc) pure compound.
Synthesis of Hotat

To an ethanolic solution of 3-(2-thiazolylazo)acetylacetone (2.11 g, 0.01 mol, 20 ml) was ad-
ded dropwise an ethanolic solution of 2-aminothiophenol (1.25 g, 0.01 mol, 20 ml). The solution
was stirred for =9 h in a closed flask, whereby the temperature was maintained between 50 and
55 °C. The formed crystalline product was filtered and recrystallized from hot methanol to obtain
the chromatographically (tlc) pure compound.
Synthesis of metal complexes of Hopap, Hopat, Hytap and Hjtat

A concentrated aqueous solution of metal(I1) acetate (0.001 mol, 15 ml) was added to an etha-
nolic solution of the ligand (0.001 mol, 20 ml) and the mixture was refluxed for =~ 4 h on a boiling
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water bath. The solution was kept overnight. The precipitated complex was filtered, washed with
water, then with methanol, recrystallized from hot ethanol and dried under vacuum.

RESULTS AND DISCUSSION

The analytical, IR, IH-NMR and mass spectral data (Tables I and 11) of the
reaction products of 3-(arylazo)acetylacetone with the aromatic amines suggest
that the condensation occurred in a 1:1 ratio, except for 3-(2-thiazolylazo)acetyl-
acetone with 2-aminophenol where a 1:2 condensation product was formed. The
analytical data (Table I11), together with the non-electrolytic nature in DMF (spe-
cific conductance < 10 Q~1cm™1; 10-3 M solution) suggest 1:1 metal ligand stoi-
chiometry of the complexes. The Ni(Il) and Zn(ll) chelates are diamagnetic while
the Cu(ll) complexes showed a normal paramagnetic moment. The IR, IH-NMR
and mass spectral data of the Schiff’s bases, Hopap, Hopat and Hotat, are in con-
formity with Fig. 1 and their complexes with Fig. 2. The analytical (Table V) and
spectral data of Hptap are in agreement with Fig. 3 and of its complexes with
Fig. 4. These data of the compounds are discussed separately.

TABLE I. Analytical, IR and TH-NMR spectral data of H,pap, Hopat and Htat

M.p. Yield Found (Calcd.), % viem?! S/ ppm
Compound o
C % C H N C=0 C=N C=C NH OH/SH CHj,
1591, 2.32
Hopap 72 76 69.00 5.64 14.20 1678 1624, 1588, 14.45 10.80 (3H),
Cy17H17N30, (69.15) (5.76) (14.24) 1618 1584, (1H) (1H) 2.58
1580 (3H)
1598, 2.36
Hypat 62 70 65.42 544 1343 1672 1622, 1592, 14.20 6.20 (3H),
Cy7H17N3S0O (65.60) (5.47) (13.50) 1612 1586, (1H) (1H) 2.68
1582 (3H)
1630 1596, 2.38
Hytat 130 74 50.84 452 18.33 1670 1618] 1590, 13.25 5.85 (3H),
C13H14N,S,0 (50.98) (4.58) (18.30) 161, 1586, (1H) (1H) 272
1580 (3H)
TABLE Il. Mass spectral data of H,pap, Hopat, Hotat and their Cu(Il) complexes
Compound m/z
Hopap 295, 252, 218, 203, 202, 175, 160, 125, 93, 92, 77
Hypat 311, 268, 248, 234, 219, 202, 191,176, 125, 109, 92, 77
Hytat 306, 263, 229, 222, 215, 207, 197, 186, 154, 109, 99, 91, 84, 77
[Cu(pap)(H,0)] 376, 374, 333, 331, 299, 297, 282, 280, 252, 218, 202, 160, 92, 77

[Cu(pat)(H,0)] 392, 390, 349, 347, 377, 375, 315, 313, 299, 268, 248, 219, 191, 176, 109, 92, 77
[Cu(tat)(H,0)] 387, 385, 344, 342, 308, 303, 301, 294, 276, 260, 258, 229, 222, 207, 154, 109, 91, 84

Characterization of Hopap, Hopat, Hotat and their metal complexes

Infrared spectra. The IR spectra of Hopap, Hopat and Hstat show strong bands
at~ 1670 cm™1 and = 1625 cm~1 due to v(C=0) and v(C=N) vibrations, respecti-
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vely.8 The thiazole C=N of Hotat is observed at 1612 cm~1. The v(C=C) vibrati-
ons of the aromatic rings are observed as several medium intensity bands in the
1580-1600 cm~ region (Table 1).® The broad band observed in the 2500-3500 cm™1
region is due to the intramolecularly hydrogen-bonded N-H proton. A slightly
broadened medium intensity band which appeared at = 2425 cm™1 in the spectra
of Hppat and Hotat can be assigned to v(S—-H).

TABLE Il1. Physical and analytical data of the metal complexes of H,pap, Hopat and Hotat

Compl Yield M.p. Found (Calcd.), %
omplex % oC c H N v
[Ni(pap)(H0)], CyHyN:NiO; 70 208 o34 476 - 1158 = 1596

(55.18)  (4.60)  (11.36) (15.88)
5300  4.40 1072 1536
(52.90)  (4.41) (10.89) (15.22)
44.00 371 1480 1558
(40.98) (368) (1471) (15.42)
5456  4.66 1137 16.80
(54.47)  (454) (1121) (16.96)
5212 430 1060  16.32
(52.24)  (435) (10.75) (16.27)
40.45 3.70 1442 1650
(40.46)  (3.63) (1453) (16.48)
5430  4.66 1128 1759
(54.20) (452) (11.16) (17.37)
5201  4.22 1081  16.44
(51.99) (433) (10.70)  (16.66)
4044  3.72 1444  16.95
(40.27)  (361) (14.46) (16.88)

[Ni(pat)(H,0)], C17H17N3NiSO, 65 286
[Ni(tat)(H,0)], C1sH1NNiS,0, 72 293
[Cu(pap)(H,0)], C17H17CuN;O; 76 296
[Cu(pat)(H,0)], CisH1;CuN;SO, 74 288
[Cu(tat)(H,0)], C13H14CuN,S,0, 68 284
[Zn(pap)(H,0)], C17H17N305Zn 72 244
[Zn(pat)(H,0)], C17H17N3S0,Zn 74 258

[Zn(tat)(H,0)], C1sH1aN,S,0,Zn 76 220

The acetyl carbonyl band of the ligand at =~ 1670 cm~1 remained almost un-
affected in the spectra of all the complexes, indicating its non-involvement in the
bonding with the metal ion. The bands at = 1625 cm™1, due to v(C=N), shifted to
a lower wave number and appeared as a new broad band at =~ 1600 cm™1 in the spec-
tra of all the complexes.10 The thiazole v(C=N) of Hotat was only marginally
affected, indicating the non-involvement of the thiazole nitrogen in the coordina-
tion. That the intramolecularly hydrogen—-bonded O-H/S—H and N-H protons are
replaced by the metal ion is confirmed by the disappearance of the broad free li-
gand band in the region 2500—-3500 cm~1. Instead, several medium intensity bands
assignable to various aliphatic and aromatic v(C—H) vibrations appeared in this
region. The spectra of all the complexes show additional medium intensity bands
in the 420—-450 cm™1 and 520-550 cm~1 regions, presumably due to v(M-0) and
v(M-N) vibrations.11 That the complexes contain coordinated water molecule is
clearly indicated by the presence of a band at 3500 cm~1 in the spectra. Thus, the
observed IR spectra strongly suggest that the phenolic O—H/thiol sulphur, the imi-
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no nitrogen and the hydrazone nitrogen are involved in coordination with the me-
tal ion. Important bands which appeared in the spectra of the complexes are given
in Table IV.

TABLE IV. IR spectral data (cm™1) of the metal complexes of Hopap, Hopat and Htat

Complex v(C=0) v(C=N) v(C=C) v(M-0) v(M-N)
[Ni(pap)(H,0)] 1672 1601 1592, 1585 428, 437 532, 540
[Ni(pat)(H,0)] 1670 1602 1595, 1590 428, 438 522, 540
[Ni(tat)(H,0)] 1669 1604, 1610 1592, 1588 422, 442 532, 542
[Cu(pap)(H,0)] 1675 1603 1592, 1582 422, 440 530, 542
[Cu(pat)(H,0)] 1668 1598 1594, 1590 420, 438 528, 536
[Cu(tat)(H,0)] 1668 1601, 1612 1597, 1591 418, 430 528, 546
[Zn(pap)(H,0)] 1676 1604 1595, 1590 420, 432 522,535
[Zn(pat)(H,0)] 1670 1597 1590, 1585 422, 432 530, 540
[Zn(tat)(H,0)] 1668 1600, 1611 1587, 1582 430, 446 520, 542

IH-NMR spectra. The 1H-NMR spectra of Hopap, Hopat and Hotat show a low
field one proton singlet at 6= 14 ppm due to the intramolecularly hydrogen-bon-
ded hydrazone N-H proton.6:12 The O-H and S—H proton signals are observed at
0=10.8 ppm and o~ 6 ppm, respectively (Table I). The methyl proton signals
are observed as two singlets at 6~ 2.3 (3H) and 2.6 (3H) ppm. The absence of
any signal due to the methine proton supports the hydrazone form of the com-
pound. The aryl protons appeared in the ¢ range 6.8—7.8 ppm as a complex mul-
tiplet. In the IH-NMR spectra of the diamagnetic Ni(ll) and Zn(ll) complexes,
the low field signals due to the N-H and O-H/S-H protons disappeared, indi-
cating that these protons are replaced by the metal ion.> The methyl and aryl pro-
ton signals are slightly low field shifted and the integrated intensities of these sig-
nals agree well with the formulation of the complexes.

Mass spectra. The mass spectra of the compounds show an intense molecu-
lar ion peak. Peaks due to the elimination of CH3CO, ArNH, CgHs50/CgHsS,
CgHs/thiazole, etc., from the molecular ion are present in the spectra.5’13 The
FAB mass spectra of the Cu(ll) complexes showed molecular ion peaks correspon-
ding to [CuL(H20)] stoichiometry. Peaks due to the elimination of CH3CO, ArNH,
CgHs50/CgH5S, etc., from P* also appeared in the spectra. The spectra of all the
chelates contain a number of fragments containing copper in the natural 3:1 abun-
dance of 63Cu and 65Cu isotopes (Table I1).

Electronic spectra. The UV spectra of the compounds show two broad bands
with maxima at = 380 nm and = 250 nm due to the various n—n* and n—>n*
transitions. In the complexes, these absorption maxima shifted appreciably to lo-
wer wave numbers. The Cu(ll) complexes showed a broad visible band, Anax at
~ 15,000 cm~1. This, together with the measured s vValues (= 1.72 ug) suggests
square-planar geometry.14 The observed diamagnetism and broad medium-intensity
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band at ~ 17,600 cm™1 in the spectra of the Ni(ll) chelates suggest their square-pla-
nar geometry.

Compound R
o CHs Hypap Phenyl

>:( Hopat Phenyl
{j Hotat 2-Thiazolyl

Fig. 1. Structure of H,pap, Hopat and Htat.

nw »w O|X

H.C
o)
/N_ M = Ni(Il), Cu(ll), Zn(I1)
= NI , CU VA| .
R—N\ / CH,
M—N
HZO//
X

Fig. 2. Structure of metal complexes of Hopap, H,pat and Htat.

Characterization of Hotap and its metal complexes

Infrared spectra. That both the carbonyl groups of 3-(2-thiazolylazo)acetyl-
acetone are involved in the Schiff’s base condensation with 2-aminophenol is
clearly indicated in the IR spectrum of Hotap. Thus, the spectrum of the compound in
the region 1600—-1800 cm~1 showed no band assignable to a free acetyl carbonyl.
However, the spectrum displayed three medium intensity bands at 1605 cm™1,
1615 cm~1 and 1625 cm™1, assignable, respectively, to the stretching of the hyd-
razone C=N, CH3—C=N and the thiazole ring C=N. The broad band observed in
the 2500-3800 cm~1 region suggest the involvement of the OH function in
strong hydrogen bonding with the C=N group. In the IR spectra of all the com-
plexes, the v(C=N) bands are shifted appreciably to low wave numbers, indica-
ting the involvement of these groups in bonding with the metal ion. The thiazole
v(C=N) is only marginally affected, indicating the non-involvement of the thia-
zole nitrogen in coordination. The bending mode of the hydrazone N—-H remained
almost unaffected in the spectra of complexes, indicating its non-involvement in
complexation. The broad free ligand band in the region 2500—-3800 cm~1 almost
vanished in the spectra of complexes and instead several weak and medium inten-
sity bands appeared in this region, assignable to v(N-H) and various v(C-H) vi-
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brations. That the imino nitrogens and the phenolic oxygens are involved in com-
plexation with the metal ion is clearly evident from the appearance of new medium
intensity bands at =~ 425 cm™1 and = 530 cm™1, assignable to v(M-0) and v(M-N)
in the spectra.1l Important bands that appeared in the spectra are given in Table V.

IH-NMR spectra. The 1H-NMR spectrum of the compound displayed a sli-
ghtly broadened, two proton signal at 5= 12.18 ppm and a one proton signal at
6=13.5 ppm, due to intramolecularly hydrogen bonded phenolic groups and the
hydrazone N-H proton, respectively.>6 The spectrum of the compound also dis-
played two three proton signals at 6= 2.35 ppm and 6= 2.58 ppm due to two me-
thyl groups. The aryl proton signals are observed in the §6.68—7.90 region. In the
1H-NMR spectra of the diamagnetic Ni(Il) and Zn(1l) complexes, the signals due
to the phenolic proton of the free ligand disappeared, while the hydrazone proton
signal remained almost unaltered, indicating that only the phenolic hydrogens are
replaced by metal ion and the hydrazone N—H proton remained as such.

Table V. Analytical, IR and 1H-NMR spectral data of H,tap and its metal complexes

Compound M.p. Yield Found (Calcd.), % viem? S/ ppm
°C % C H N M C=N M-O M-N NH OH CHj
H,tap 125 60 58.74 5.08 18.68 - 1625, - - 13.5012.18 2.35
C1gH1gN5SO, (58.54) (5.15) (18.97) 1615, (1H) (2H) (3H),
1605 2.58
(3H)
[Ni(tap)] 298 76 5094 392 16.23 1394 1622 432, 550, 13.46 - 2.33
C1gH17NsNiSO, (50.74) (3.99) (16.44) (13.79) 1602 420 538 (1H) (3H),
1560 2.56
(3H)
[Cu(tap)] 290 72 5020 3.85 16.18 14.82 1620 422, 555, - - -
C1gH17CuN5SO, (50.17) (3.95) (16.26) (14.76) 1600 415 540
1565
[Zn(tap)] 224 68 50.00 3.83 16.14 15.00 1622 428, 545, 13.48 - 2.34
C1gH17N5SO,2Zn (49.96) (3.93) (16.19) (15.12) 1600 418 530 (1H) (3H),
1570 2.59
(3H)

Mass spectra. The formation of the compound is well confirmed from the pre-
sence of an intense P* peak at m/z 369 in its mass spectrum. Fragments corres-
ponding to the elimination of C3HyNS, C3H3N», C3H3N3S and CgHsO from the
parent ion were present in the spectrum (Table V1). The mass spectrum of the Cu(ll)
complex clearly shows the presence of a molecular ion peak. Other important peaks
appearing in the spectrum are due to the elimination of thiazole, tz—NH, etc.,
from the molecular ion (Table V1).

TABLE VI. Mass spectral data of Hytap and its Cu(ll) complex

Compound m/z

Hytap 369, 302, 285, 276, 270, 256, 113, 99, 93, 84, 77
[Cu(tap)] 432, 430, 348, 346, 366, 364, 339, 337, 331, 319, 317, 303, 285, 256, 113, 93, 84
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Electronic spectra. The UV spectrum of the compound show two broad bands
with maxima at 370 nm and 245 nm due to n—n* and n—>=* transitions. In the
complexes these absorption maxima shifted appreciably to lower wave numbers.
The Cu(ll) complex showed a broad visible band, Amax at 15,000 cm~1. This, to-
gether with the measured s value (1.74 1) suggests square-planar geometry.14
The observed diamagnetism and broad medium-intensity band at 17,500 cm™1 in
the spectrum of the Ni(Il) chelate suggest its square-planar geometry.

H,C H,C
N (0] N O
e \M/
N— N
/ Ho / 7/ N\
R— N N e} R— N\ N O
H H,C H H,C
R = 2-Thiazolyl M = Ni(ll), Cu(ll), Zn(I1)
Fig. 3. Structure of Hytap. Fig. 4. Structure of the metal complexes of Htap.

ESR Spectra. The ESR spectra of the Cu(ll) complexes were recorded at 77 K
in DMF solution. The spectra gave four well-resolved peaks due to the hyperfine in-
teraction of copper (Table V1), indicating considerable covalent characterl® for the
metal-ligand bonds. The observed A values indicate that the odd electron density is
less on [Cu(tap)] compared to the other three chelates. Hence the delocalization of
the metal d-electrons is greater in [Cu(tap)] compared to the other three complexes.

TABLE VII. ESR parameters of the Cu(ll) complexes in DMF at 77 K

Complex gy g, Ax104/em?t A x10%/cm?t
[Cu(pap)(H,0)] 2172 2.052 210 25
[Cu(pat)(H,0)] 2171 2.075 202 26
[Cu(tat)(H,0)] 2.182 2.068 198 28
[Cu(tap)] 2.160 2.065 183 38

CONCLUSIONS

Four new polydentate Schiff base ligands have been prepared by the conden-
sation of 3-(phenylazo)- and 3-(2-thiazolylazo)-2,4-pentanediones with 2-amino-
phenol and 2-aminothiophenol. Analytical, IR, 1H-NMR and mass spectral data
revealed a 1:2 product (Hotap) with 3-(2-thiazolylazo)-2,4-pentanedione and 2-ami-
nophenol in which both carbonyl groups of the dione are involved in the Schiff
base formation. In all other cases, 1:1 condensation products (Hopap, Hopat and
Hotat) are formed. The analytical, physical and spectral data of the [ML] com-
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plexes of Ni(Il), Cu(ll) and Zn(Il) showed dibasic tetradentate NoO» coordination
involving the azomethine nitrogens and the phenolic oxygens of Hytap. All the
other ligands functioned as dibasic tridentates where the imine and hydrazone ni-
trogens and the O—H/S—H groups are coordinated in their 1:1 metal chelates.

U3BOJ

METAJIH KOMIUIEKCHU HIN®OBUX BA3A JIOBUJEHU Y PEAKITUIN 3-(APMUITA30)-
-2, 4-TIEHTAHAUOHA CA 2-AMUHO®EHOJIOM U 2-AMUHOTUO®EHOJIOM

K. KRISHNANKUTTY?, P. SAYUDEVI? 1 MUHAMMED BASHEER UMMATHUR?®

!Department of Chemistry, University of Calicut, Kerala—673635, 2Department of Chemistry, NSS College,
Manjeri, Kerala-676122 u 3Department of Chemistry,Unity Women’s College, Manjeri, Kerala-676122, India

Oenmnazo- ¥ THA30IMIIA30-2,4-TICHTAHANOHN Y PEaKIHji ca 2-aMUHO(EHOIOM U 2-aMHHOTHO-
(eHoTIOM /1ajy HOBY CepHjy MOJIMIEHTATHUX JuraHna koju cy Ilndose 6aze. CTpykTypa u Tayro-
MepHa NMPUPOJA OBHX jeUbCHA U HBUXOBHX KOMIUIEKCA YCTAHOBJbCHA je Ha OCHOBY HUXOBHX IR,
IH-NMR u macennx crnexrapa. CrieKTpaTHH W aHATHTHYKH TIOJAH YKasyjy Ha To aa ce NoO, Te-
TpPaJCHTATHH JIMTaHAK (OPMUPE]Jy KOHICH3alrjoM 00e KapOoHutHe rpyre 3-(2-THasommiaso)-2,4-1eH-
TaHUOHa ca 2-amuHO(eHonoM. Jlerabu oko popmupama [ML] komruiekca osux suranga ca Ni(ll),
Cu(ll) and Zn(l1), xao u mpuposa Bese, JUCKYTOBAHH Cy HA OCHOBY aHaIuTHUkuX, IR, TH-NMR 1 ma-
CCHHX CIIEKTPAJHHUX MO/aTaKa.

(Ilpumsseno 8. pedpyapa 2007)
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Abstract: The interaction of acridine orange (AO) with double-stranded (ds) DNA
in aqueous solution was investigated by linear sweep polarography (LSP) on a
dropping mercury working electrode (DME). In pH 2.5 Britton-Robinson (B-R)
buffer solution, AO had a sensitive linear sweep polarographic reductive peak at
—0.89 V (vs. SCE), which could be greatly inhibited by the addition of dSDNA, with
a positive shift of the peak potential. Based on the decrease of the reductive peak
current, a new quantitative electrochemical determination method for dSDNA was
developed with a linear range of 2.0—20.0 mg I"* and the linear regression equation:
Aly” (nA) = 111.90 C (mg I'1)+125.32 (n=9, y=0.997). The influences of com-
monly co-existing substances, such as metal ions, amino acid, etc., on the determi-
nation were also investigated. The method is sensitive, rapid and simple with good
selectivity. The new proposed method was further applied to the detection of RNA
and three synthetic samples containing dsDNA with satisfactory results. The bin-
ding number and the equilibrium constant between dsDNA and AO were calculated
by an electrochemical method.

Keywords: acridine orange, nucleic acids, linear sweep polarography, electroanalysis.

INTRODUCTION

The electrochemistry of DNA was first discovered by Palecek et al. in the
1960s. DNA can produce redox signals at a mercury electrode and other solid
electrodes, such as a metals, carbon and carbon nanotube modified electrodes.1-3
Some reviews have reported recent progress in the electrochemistry of DNA,
electrochemical DNA biosensors, etc.4~7 The signals obtained from the working
electrode were related to structural or conformational changes, hybridization and
damage of DNA. The interaction of DNA with small molecules can result in the
formation of DNA-molecule biocomplexes and have a large influence on the
properties of DNA.8 Many analytical methods, such as spectrophotometry,® fluo-
rometry,10 light scattering,1! etc., were also proposed for the detection of nucleic

* Corresponding author. E-mail: sunwei@qust.edu.cn
doi: 10.2298/JSC0711085S
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acids based on the interaction of DNA with organic dyes. Compared with these
methods, electrochemical methods have some advantages, such as cheaper and
smaller devices, a wider linear range and lower detection limit.12 The explanation
of the mechanism of the interaction of DNA with small molecules can further
approach action mechanisms in cells or elucidate the binding process of drugs
with DNA. Recently, the interaction of toxic chemicals and drugs with DNA was
widely studied by an electrochemical method. Wang et al.13 established an
electrochemical equation for examining the interaction of irreversible redox com-
pounds with DNA. The electrochemical behavior of Hoechst 33258 and its inter-
action with DNA was investigated using cyclic voltammetry and other electro-
chemical techniques. The results showed that Hoechst 33258 binds tightly to the
minor groove of DNA and covers four base pairs. Jiao et al. used some organic dyes,
such as Toluidine Bluel4 and Malachite Greenl> for the detection of dsDNA based
on the formation of electroinactive complexes after the mixture of dsDNA with
dye in solution. Bard et al. reported the interaction of metal chelates of tris(1,10-
-phenanthroline)cobalt(l11) with DNA in an aqueous medium by cyclic voltam-
metry and established a redox current equation for the intercalator—-DNA com-
plex. The result showed that after the addition of DNA, the change of the voltam-
metric responses of the reaction solution were caused by changes of the diffusion
coefficient of the DNA complex.16-17 Palecek et al. studied the interaction bet-
ween the anti-cancer drug mitomycin C and DNA by cyclic voltammetry on a
hanging mercury drop electrode, which resulted in a decrease of the voltammetric
current of the nucleic acid activated mitomycin C and a guanine oxidation signal .18

The interactions of the cationic dye acridine orange (AO, molecular structure
shown in Fig. 1) with nucleic acids, such as dsDNA and RNA, have been care-
fully investigated by different methods.19-21 For example, AO has been used as a
sensitive fluorescence probe for DNA. Bi et al.22 studied the interaction of fla-
vonoids, such as quercetin, kaempferide and luteolin, with fish sperm dsDNA
using AO as a fluorescence probe to distinguish the variation of spectroscopic
characteristics. Cao et al.23 applied the fluorescence energy transfer between AO
and safranine T for the determination of DNA. Gherghi et al.24 studied the inter-
action of AO and ethidium bromide (EB) with DNA in solution by alternating
current voltammetry on a hanging mercury drop electrode based on the changes
of the direct electrochemical responses of DNA at —1.20 V.

In this study, the linear sweep polarographic method was employed to inves-
tigate the interaction of AO with dsDNA. It was found that the addition of dSDNA
into AO solution greatly decreased the reductive peak current of AO with a posi-
tive shift of the peak potential, which are typical characteristic of the intercala-
tion model of small molecules with DNA. By monitoring the electrochemical be-
havior of AO before and after the addition of dsDNA, the electrochemical pa-
rameters were calculated and compared. The decrease of reductive peak current
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was further used to establish a sensitive detection method for microamounts of
nucleic acids.

(HsC),N N/ ‘ N(CHs), Fig.1. The molecular structure of acri-

HCl dine orange (AO).

EXPERIMENTAL
Instruments

A JP-303 polarographic analyzer (Chengdu Instrumental Factory, China) was used for pola-
rographic detection with a drop mercury electrode (DME) as the working electrode, a saturated
calomel electrode (SCE) as the reference electrode and a platinum wire as the auxiliary electrode. A
DS model 2004 electrochemical analyzer (Shandong Dongsheng Electronic Instrument, China) was
used for the cyclic voltammetric experiments with a DS-991 hanging mercury drop electrode (HMDE)
as the working electrode, a saturated calomel reference electrode (SCE) and a platinum wire auxi-
liary electrode. All the measurements were carried out at a temperature of 25+1 °C, except when
otherwise stated. The UV-Vis absorption spectra were recorded on a Cary 50 probe spectrophoto-
meter (Varian, Australia). A pHs-3C pH meter (Shanghai Leici Instrumental Factory, China) was
used for pH measurements.

Chemicals

Double-stranded (ds) calf thymus DNA was obtained from Beijing Jinke Biochemical Com-
pany and used without further purification. A 1.0 g I'! stock solution of dsDNA was prepared by
dissolving the DNA in doubly distilled water and stored at 4 °C. The purity of the dsSDNA was
determined by the absorbance value of A,g0/A,g9 = 1.85, which indicated that it was free of protein.
The concentration of dSDNA was determined by measuring the absorbance at 260 nm. RNA was
obtained from Sinopharm Chemical Reagent Co. Ltd, and the preparation procedure was the same
as that of ds DNA. 1.0x1073 mol I'! acridine orange (AO, Shanghai Chemical Reagent Company)
was prepared by directly dissolving 0.04380 g AO in water and diluting to 100 ml. A series of
0.2 mol I'1 Britton-Robinson (B-R) buffer solution was used to control the acidity of the inter-
action solution and also used as the supporting electrolyte for the electrochemical measurements.
All the employed chemicals were of analytical reagents grade and doubly distilled water was used
throughout the experiments.

Procedure

In a 10 ml flask, the interaction solutions were prepared with 2.0 ml pH 2.5 B-R buffer
solution, 4.0 ml of 1.0x10* mol I'Y AO solution and different amounts of dsDNA solution. The
mixture was shaken homogeneously, stood at 25 °C for 20 min and then subjected to the electro-
chemical studies. The potential range was selected in the range from —0.7 to —1.0 V and the peak
current of AO at —0.89 V (vs. SCE) was recorded.

RESULTS AND DISCUSSION
UV-Vis absorption spectra

The UV-Vis absorption spectra of AO and its mixture with dSDNA are shown
in Fig. 2, from which it can be seen that AO exhibits an absorption maximum at
495 nm with a shoulder at 488 nm (curve 1). When dsDNA was added into the
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AO solution, the absorbance maximum decreased and was red-shifted by about
4 nm (curve 2 and 3). According to Barton,25 the hypochromism and red shift of
the wavelength are typical characteristics of intercalation of small molecules with
dsDNA. Hence, the changes of the UV-Vis absorption spectrum of AO in the
presence of dsDNA indicate that intercalation had occurred in the mixed solution.

1.5

1.0
é
0.5 Fig. 2. The UV-Vis absorption
spectra of AO and dsDNA in
B-R buffer pH 2.5: 1) 4,010
\ mol I'1 AO; 2) 4.0x10° mol I
0.0+ = AO + 10.0 mg I'! dsDNA and
300 400 500 600 700 goo 3) 4.0x10° mol I AO + 20.0
Wavelength {nm) mg I"1 dsDNA.

Cyclic voltammogram of AO and its mixture with dSDNA

The cyclic voltammograms of AO and its mixture with dsDNA are shown in
Fig. 3. AO had a reduction peak at —0.89 V (vs. SCE) (curve 1) and did not have
any oxidation peak in the potential range from —0.7 to —1.0 V. These results in-
dicated that AO participated in an irreversible electrode process on the mercury
electrode. After the addition of dsDNA into the AO solution, the peak current de-
creesed and the peak potential moved positively (curve 2), which are typical
characteristics of intercalation of small molecules with dsDNA.12

134

I e
=
=

2,95 [oeeee

i 5 L ; Fig. 3. Cyclic voltammogram of AO

o ; é - in B-R buffer pH 2.5: 1) 4.0x10°®

o 0w om e o 0 mol It AO and 2) 4.0x10° mol I'2
E/V AO +10.0 mg I'1 dsDNA.

The peak current increased with increasing scan rate and the relationship of

peak current and scan rate is shown in Fig. 4. Irrespective of the presence of
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DNA, a good linear relationship of the peak current vs. the square root of scan
rate (v1/2) was obtained, indicating that the electrode process was completely
controlled by the diffusion of the electroactive substances to the surface of the
mercury electrode.

8000
7000 [ 1
6000 [

5000

Fo/nA

4000 [ 2
3000 [
2000 [

1000 [

Fig. 4. The dependence of the peak current
15 2 25 20 35 on the square root of the scan rate. Data ta-
V12 | mv1/2 g-112 ken from Fig. 3.

0

The electrochemical parameters of the reaction solution before and after the
addition of dsDNA were calculated by the following equation for an irreversible
electrode process:12

Int, = —%(Ep _Ey)+1n0.227nFAKC
where « is the electron transfer coefficient, kg the standard rate constant of the
surface reaction, Eq the formal potential, n the electron transfer number, A the
surface area of a mercury drop and cg the concentration of AO.

According to the above equation, an and ks can be determined from the slope
and the intercept of the linear equation of In I, against (Ep—Ep). Eg can be deter-
mined from the intercept of Ep vs. v plot by extrapolating the line to v=0. By
this method, the electrochemical parameters were calculated and the results are
shown in Table I.

TABLE I. The electrochemical parameters of AO in the absence and in the presence of dsSDNA

Parameter AO AO-dsDNA
Eq/V -0.975 -0.955
on 0.504 0.253
ke /s 0.357 0.220

Comparing the two groups of the parameters, the values of an and ks in the
absence and presence of dsDNA show distinct differences; hence the formed
AO-dsDNA supramolecular complex was electroactive. In the mixed reaction
solution, the diffusion coefficient of AO-dsDNA complex was decreased, which
resulted in the decrease of the reduction peak currents.
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Measurement of stoichiometry of dsSDNA-mAO supramolecular complex

After the method proposed by Li,26 it was assumed that AO and dsDNA
produced a single complex of dSDNA-mAOQO. The binding number (m) and the
equilibrium constant (fs) between dsDNA and AO could be determined by the
following method:

dsDNA + mAO — dsDNA-mAO @

The equilibrium constant of the reaction, fs is:
_ [dsDNA —mAQ]

= 2
b [dsSDNA]J[AO]™ @)
The following equations can be deduced:
Almax = KCgspna (3)
Al = k[dsDNA-mAOQ] 4)
[dsDNA] + [dsSDNA-mMAO] = Cgspna (5)
Therefore:
Alax—Al = k(Cgspna—[dSDNA-mMAQ]) = k[dsDNA] (6)
Introducing Egs. (1), (3) and (5) gives:
log [Al/(Almax—Al)] = log s + mlog [AO] @)

where Al is the difference between the peak current of the sample and blank,
Almax corresponds to the maximum value of the difference of the peak currents,
Casonas, [ASDNA-mAQ], [dsDNA] corresponds to the total, bound and free con-
centration of dsDNA in the solution, respectively.

From Eq. (7), the relation of log [Al/(Almax—Al] with log [AO] was calcu-
lated and plotted with the linear regression equation as log [Al/(Almax—Al)] =
= 1.113log [AO]+4.963 (n =7, y = 0.995). From the intercept and the slope, a va-
lue of m=1 and ps= 9.183x10% were deduced, which indicates that a stable 1:1
complex of dsSDNA-AO was formed under the selected conditions.

Second-order derivative linear sweep voltammogram

In order to improve the detection sensitivity, second-order derivative linear
sweep polarography was used for nucleic acids and their determination. A typical
linear sweep voltammogram of the AO—-dsDNA reaction system is shown in Fig. 5.
Curve 1 is the voltammogram of B-R buffer, for which no redox response appea-
red. Curve 2 is the voltammogram of AO in B-R buffer solution and a sensitive
linear sweep reduction peak at —0.89 V (vs. SCE) appeared, which was due to the
electrode reduction of the pyridine group. After the addition of dsDNA into the
AO solution, the peak current decreased greatly with a positive shift of the peak
potential (curve 3 and 4), which indicates that dsSDNA intercalation with AO
could lead to decrease in the electrochemical response. With increasing amount
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of added dsDNA, the greater was the decrease in the peak current, a fact which
could be employed for the determination of dsDNA.
8000

7000

6000

"/ nA

5000
4000

Fig.5. Second order derivative linear
sweep voltammogram of 1) B-R buf-
fer pH 2.5; 2) B-R buffer pH 2.5 +
+4.0x10° mol I AO; 3) B-R buffer
pH 2.5 + 4.0x10% mol I'* AO + 10.0

3000

2000

1000

0 1 : : : . . ' mg It dsDNA and 4) B-R buffer
0.70 0.75 0.80 0.85 0.90 0.95 1.00 1.05 pH 2'5 + 4'0><10_5 m0| |_1 Ao + 15'0
—E/V mg I'1 dsDNA.

Optimal of reaction conditions

The influence of pH on the binding reaction was investigated and the results are
shown in Fig. 6. The highest value of the difference of peak current was observed
at pH 2.5, hence this pH was chosen for the assay. The amount of 0.2 mol I-1 B-R
was varied and in the volume range 1.0 to 3.0 ml, the peak current remained
constant, hence 2.0 ml of B-R buffer solution was selected.

2000 [
1800 [
1600 [
E 1400 [
¥ 1200 |
1000 [
800 [
600 [

400 1 Fig.6. Influence of the pH of the

200 1 . . . . ‘ . - B-R buffer solution on the binding

0 reaction. The solution contained

0 1 2 3 4 5 6 7 3.0x10° mol It AO + 10.0 mg It

pH dsDNA.

The concentration of AO on the binding reaction was examined by fixing the
dsDNA concentration at 10.0 mg I-1. As shown in Fig. 7, the peak current increa-
sed with increasing AO concentration and reached maximum at 4.0x10~° mol I-1
AO. Hence, an AO concentration of 4.0x10° mol I-1 was used in this experiment.

The binding reaction occurred rapidly at 25 °C and reached equilibrium in about
20 min. The peak current remained constant for about 2 h and showed good stability.
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2000 [
1800 [
1600 [
€ 1400 |
221200 [
< 1000 [
800 [
600 [

400 [ Fig.7. The influence of AO concen-

200 tration on the current peak in B-R

0 | . . ,buffer pH 2.5 containing 10.0 mg It

0 2 4 6 g OSDNA and different concentration

¢/ 10-5mol I-1 of AO.

Optimal of detection conditions

The experimental conditions, such as dropping mercury standing time and
the scan rate, on the peak currents were varied. With increasing the mercury drop
standing time and the scan rate, the peak current increased correspondingly. The
results were recorded at a standing time of 10 s and at a scan rate of 700 mV s-1,

Calibration curves

Under the selected condition, the proposed electrochemical method was ap-
plied to the determination of dsSDNA and RNA. The decrease of the peak current
was proportional to the concentration of the nucleic acids and the analytical
results are shown in Table II. It can be seen that this method had good sensitivity
and a wide linear range.

TABLE Il. Analytical parameters for different nucleic acids

Nuc_leic Standard regression equation Linear range Detection limits Reg_re_ssion
acid mg I mg I coefficient (y)
DNA  Al,” (nA) =111.90c (mg I')+125.32 2.0-20.0 0.051 0.997
RNA Al,” (nA)= 131.84c (mg I'1)+88.46 1.0-20.0 0.020 0.998

Influence of interferences

The influence of metal ions, amino acids, detergents, etc., on the determi-
nation of 10.0 mg I-1 dsDNA was investigated and the results are shown in Table I11.
It can be seen that some metal ions and amino acids interfered with this assay.
However, the detergents had a great influence on the determination, which was
due to the adsorption of the detergent on the surface of the mercury electrode.

Sample determinations

Three synthetic samples containing dsDNA and different coexisting substan-
ces were determined by the proposed method and the results are shown in Table IV.
It can be seen that the results are satisfactory with the recovery in the range of
101.5-105.6 %.
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TABLE I11. Effect of co-existing substances on the determination of 10.0 mg 1" DNA

Concentration Relative error Co-existing Concentration Relative error

Co-existing substance

mg I'1 % substances mol pl-t %
L-Arginine 2.0 -151 Mg?2* 2.0 3.43
L-Leucine 2.0 1.87 Ni2* 2.0 0.72
L-Glutamine 2.0 -4.15 Pb2* 2.0 -0.53
L-Cysteine 2.0 0.74 Cu%t 2.0 1.81
L-Glycine 2.0 -1.87 CATB? 2.0 20.23
L-Threonine 2.0 3.00 SDsP 2.0 19.26
Citric acid 2.0 -1.70 B-CDS 2.0 11.11

Cetyltrimethylammonium bromide; bsodiumdodecylsulfate; Cp-cyclodextrin.

TABLE IV. Analytical results of dsDNA in synthetic samples (n = 5)

Sample  Foreign co-existing substances Added Found Recovery RSD
mg I mg I % %

1. L-Arginine, L-Tyrosine, Ni2*, Zn2* 10.0 10.15 101.5 5.46

2. L-Arginine, L-Tyrosine, Fe3*, Zn2* 10.0 10.56 105.6 5.02

3, L-Arginine, Urea, Ni2*, Zn2* 10.0 10.52 105.2 511

CONCLUSIONS

In this work the interaction of AO with dsSDNA was studied by linear sweep
polarography and the electrochemical parameters were calculated and compared.
The results indicate that an electroactive complex was formed, which resulted in
a decrease of the diffusion coefficient of the complex and a decrease of the re-
duction peak current. The positive movement of the reduction peak potential of
the reaction system indicated that AO can intercalate with dsSDNA. Based on the
decrease of the peak current, a sensitive electrochemical method was developed
for the determination of nucleic acids, such as dsDNA and RNA. The proposed
method is sensitive, practicable, reproducible and applicable to the determination
of synthetic samples.
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U3BOJ

OJIPEBUBAE HYKJIEMHCKUX KMCEJIMHA IIOMORY AKPUJIMH-OPAHX
BUO-TIPOBE TIOJIAPOTPA®UIOM CA JIMHEAPHO ITPOMEHJBMBUM
IIOTEHIIUJAJIOM

WEI SUN, NA ZHAO, XIANLONG YUAN u KUI JIAO

College of Chemistry and Molecular Engineering, Qingdao University of Science and Technology,
Qingdao 266042, P. R. China

VcntuBana je uHTepakuuja akpunuH—opatxa (AO) u mymekc-JTHK y BoseHOM pacTBopy,
kopunrhemeM nosaporpaguje ca JIMHeapHO IPOMEHIJFMBHM IOTSHIMjAJIOM M Kaljbyhe >KHBHHE elle-
ktpoze. Y Britton-Robinson mydepckom pactsopy, pH 2,5, AO nokasyje peAyKIHOHH CTPYjHH
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Bpx Ha —0,89 V (mpema 3KE) koju ce gomarkom ayruiekc-JIHK 3HauajHo mHXMOMpa U mioMepa Ka
MO3UTHBHHjUM MOTeHIKjanuMa. Ha OCHOBY cMamema PefLyKIMOHOT CTPYjHOT BpXa pa3BujeHa je HoBa
KBaHTUTATHBHA CJICKTPOXEMHUjcKa Metoza ojapehuBama aymiekc-JIHK ca omncerom nuHEapHOCTH
2,0-20,0 mg I'! u jennaunsom nuHeapre perpecuje: Alp” (nA) = 111,90C (mg I'1)+125,32 (n = 9,
y = 0,997). Takole je UCIUTHUBAH YTHI[aj CYIICTAHLH KOje Cy yoOu4ajeHu mpatuouu (joHH Meraa,
aMHHO-KHCEJIMHE) Ha TaYHOCT MeToe. MeTozia je oceT/brBa, Op3a, jeIHOCTaBHA M OJUIHKYje ce 0~
6pom cenextuBHohy. Takolhe je mpumemena Ha nerekunjy PHK u Ha Tpu cuHTeTHYKa y30pKa
koju cy cagpxanu aymiekc-JIHK u y cBum ciyuajeBuMa cy pesyiratu Ouim 3a10BoJbaBajyhu.
EnexrpoxeMujckoM METOJIOM je m3padyHaT u Opoj Moiekyna AO Besanux 3a maymiekc-JIHK kao n
oarosapajyha KOHCTaHTa paBHOTEXKE.

(TIpumibeno 7. HoBembpa 2006, peuaupano 2. anpua 2007)
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SHORT COMMUNICATION
Kinetic study of methanol oxidation on
Pt,Rus/C catalyst in the alkaline media

A. V. TRIPKOVIC**, K. DJ. POPOVIC# and J. D. LOVIC#

ICTM - Institute of Electrochemistry, University of Belgrade, NjegoSeva 12,

P.O. Box 473, 11000 Belgrade, Serbia
(Received 20 June, revised 6 August 2007)
Abstract: The electrochemical oxidation of methanol in NaOH solution was exami-
ned on a thin film Pt,Rus/C electrode. The XRD pattern revealed that the Pt,Rus
alloy consisted of a solid solution of Ru in Pt and a small amount of Ru or a solid
solution of Pt in Ru. It was shown that in alkaline solution, the difference in activity
between Pt/C and Pt,Ru,/C is significantly smaller than in acid solution. It is pro-
posed that the reaction follows a quasi bifunctional mechanism. The kinetic para-
meters indicated that the chemical reaction between adsorbed CO,q and OH,q Spe-
cies could be the rate limiting step.

Keywords: platinum-ruthenium alloy, supported nanocatalyst; XRD analysis, me-
thanol oxidation, alkaline solution.

INTRODUCTION

There is a general consensus at present that Pt/Ru offers the most promising
results in methanol oxidation in acid solution. The catalytic effect has been ob-
served using different Pt/Ru electrodes, including Pt/Ru alloys,1~3 electrochemi-
cal and spontaneously deposited Ru on Pt4=6 and carbon supported Pt/Ru.7-10
When discussing the reason for the catalytic effect of the Pt—Ru surface in the re-
action of methanol oxidation, the bifunctional mechanism is often invoked,11 which
suggest the joint activities of both metals. The Pt sites acting as adsorption and
dehydrogenation centers produce various adsorbed carbonaceous species and the
Ru sites adsorb oxygen-containing species at lower potentials than a pure Pt surface.

The bifunctional mechanism is related to low potentials (E < 0.5 V) and low
temperatures (t < 60 °C), since at high potentials Pt dissociates water and at high
temperatures Ru adsorbs methanol.2:12

There is lack of data dealing with methanol oxidation on PtRu catalyst in al-
kaline solution10.13 although from a fundamental viewpoint, the study of the ki-

* Corresponding author. E-mail: amalija@tmf.bg.ac.yu
# Serbian Chemical Society member.
doi: 10.2298/JSC0711095T
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netics of methanol oxidation in alkaline solution may provide some new insight
into developing new catalysts.

In this work, the kinetics of methanol oxidation on a PtyRus/C catalyst in
alkaline solution was investigated and compared with a Pt/C catalyst.

EXPERIMENTAL

Electrode preparation

The platinum-ruthenium and platinum electrocatalysts supported on high area carbon (Pt,Rus/C
and Pt/C) with 54 wt % alloy and 47.5 wt % Pt (Tanaka Precious Metal Group) were applied to a
glassy carbon substrate in the form of a thin film using the procedure described elsewhere.® The
mass transfer resistance through the Nafion® film was negligible.10

Electrode characterization
The electrodes were characterized by X-ray diffraction analysis.
Electrochemical measurements

All electrochemical measurements were conducted at 22 °C in a thermostated three-compart-
ment electrochemical cell with a Pt spiral as the counter electrode and a saturated calomel electrode
(SCE) as the reference electrode. The potentials refer to the reversible hydrogen electrode (RHE).
The thin film rotating disk method was used.

All measurements were performed in a nitrogen purged sodium hydroxide solution. Methanol
was added to the solution while holding the electrode potential at E = 0.05 VV (RHE) for 3 min. The
catalytic activity was measured either by recording the potentiodynamic polarization curves (sweep
rate 50 mV s'1) or quasi-steady state curves (sweep rate 1 mV s'1).

RESULTS AND DISCUSSION
Electrode characterization

In the diffraction pattern of the PtoRu3/C catalyst (Fig. 1), two phases were
found: a solid solution of ruthenium in platinum (fcc) and a phase associated with
an overlapped peak at 43.7° and a weak peak at 58° assigned to the hexagonal
phase of ruthenium or a solid solution of platinum in ruthenium (hcp). Pt-Ru fcc
reflections in the PtoRus/C pattern are systematically shifted towards higher an-
gles in relation to the platinum peaks in the Pt/C pattern due to the incorporation
of smaller ruthenium atoms into platinum crystal lattice. It was assumed in the
calculations that the second phase is Ru hcp. The two structures, i.e., Pt-Ru fcc
and Ru hcp were refined using the Rietveld method. The presence of the carbon
support was not taken into account. The crystallite sizes determined with the
TOPAS program were 3.9 nm for Pt—-Ru fcc and 2.8 nm for Ru hcp. The crystal-
lite size determined using the Scherer method based on the (220) breadth was
3.5 nm for the Pt—Ru fcc phase.

Methanol oxidation on PtyRu3/C catalyst

The polarization curve for methanol oxidation on Pt;Ru3/C in alkaline media
and the corresponding basic curve for PtoRus/C are presented in Fig. 2.

According to the phase diagram4 as well as the analysis of the XRD spectra,
the PtyRu3/C catalyst has a complex structure consisting mostly of a solid solu-
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tion of Ru in Pt, with a small contribution of pure Ru or a solid solution of Pt in
Ru. Consequently, electrochemical characterization by cyclic voltammetry can
provide only the general characteristics of the surface structure, such as the hy-
drogen adsorption/desorption region (0.05V < E < 0.3 V) followed by the rever-
sible and irreversible formation of oxygen-containing species (RuOH, Ru,0,
RuOy-H,0)1516 at E > 0.3 V. The continuous and fast transition from reversible
to irreversible state of oxides results in a broad capacitive feature of a Ru rich
alloy such as PtyRus.

Pt(111)
600 A
500 A

400 + Ru(101)

Intensity

300 +

200 +

100 120

Fig. 1. XRD Pattern of Pt,Ru3/C (54 wt. % alloy) catalysts. Vertical lines
represent the position of the peaks of pure Pt and pure Ru.

The onset of the methanol oxidation reaction at Ej, = 0.35 V coincides with
the beginning of surface oxidation. The current densities increase with potential
up to 0.9 V and then sharply decrease. The current maximum is attained at
potentials where the Kinetics is optimized by a balance between the rate of
methanol dehydrogenation and the rate of oxidation of dehydrogenated products
with OHgq species.10.17 This balance is rapidly disturbed immediately upon
reaching the maximum reaction rate, probably due to the fast transformation of
the reversible to the irreversible state of oxygenated species.18:19

The quasi steady state polarization curve for methanol oxidation on Pt;Ru3/C
recorded at a slow sweep of 1 mV s1, shown in Fig. 3, has a Tafel slope of
~ 120 mV dec 1.

The influence of the methanol concentration was examined in 0.1 M NaOH
containing 0.05—-1 M methanol. In the entire concentration range, the reaction
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rate increases with increasing methanol concentration. The current density at se-
veral potentials in the linear Tafel region as a function of the methanol concen-
tration is shown in Fig. 4a. Parallel lines with a slope of about 0.55 imply that
methanol oxidation follows half-order Kkinetics with respect to methanol. The
same value was reported for a carbon-supported PtRu catalyst in HCIO,4” as well
as for a bulk PtRu catalyst.12

250
200 0gl [01MNaOH+05MCHOH] |
| ]
-
»
150 07} .
= -
N .
€ u
< i 08} ]
E 100 T .
T g_’ L]
-
2 05}
50 L
041 slope = 120 mV dec”
0
L L f L L L 03r
00 02 04 06 08 10 12 T S
E 1V (RHE) 1 10 100

. -1
Fig. 2. Cyclic voltammograms for the oxidation JImAmg

of 0.5 M CH30H in 0.1 M NaOH at a Pt,Ruz/C  Fig. 3. Tafel plot for the oxidation of 0.5 M
electrode and the corresponding basic curve. CH30H at Pt,Ru/C in 0.1 M NaOH solution.
Sweep rate: 50 mV s1; T =295 K. Sweep rate: 1 mV s1; T =295 K.

The pH dependence of methanol oxidation was investigated in electrolytes
containing 0.5 M CH30H and 0.05—-1 M NaOH. The reaction rate increases with
increasing OH™ ion concentration. The estimated reaction order with respect to
the OH™ ion is = 0.5 (Fig. 4b).

Comparison of methanol oxidation at PtoRu3/C andPt/C catalysts and
the reaction mechanism

The polarization curves for methanol oxidation at Pt/C and PtoRu3/C in 0.1 M
NaOH recorded at the slow sweep of 1mV s~1 are shown in Fig. 5.

Methanol oxidation commences at PtoRu3/C at less positive potentials com-
pared to Pt/C and proceeds at a higher reaction rate up to = 0.55 V. PtoRu3/C is
more active than Pt/C by a factor of two at E = 0.5 V. At higher potentials Pt/C is
more active than Pt,Rus/C, since the oxide covered Ru leads to a decrease of the
PtoRus/C activity.13
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T R N LTl

o -0.55V (SCE)
= .0.60 V (SCE)
« 065V (SCE)

o -0.55V (SCE)
® 060V (SCE)
v -0.65V(SCE)

10

j/mAmg’

L1
1 slope: = 0.55 slope: = 0.5
[ 1L
4
C)] ()]
0.1 5 1 0.1 1
ccH@H/mo‘ dm C,,, [ mol dm®

Fig 4. Dependence of the methanol oxidation rate on the CH3;OH and NaOH
concentrations at a Pt,Rus/C electrode.
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Fig. 5. Tafel plots for the oxidation of 0.5 M CH3OH at Pt,Rus/C and Pt/C electrodes in 0.1 M
NaOH solution. Inset: Tafel plots for the oxidation of 0.5 M CH3OH at Pt,Ru3/C and
Pt/C electrodes in 0.1 M H,S0O, solution. Sweep rate: 1 mV s'1; T = 295 K.

The enhanced activity of the PtRu catalyst for methanol oxidation compared
to Pt can be explained by the bifunctional mechanism as was done in acid solu-
tion.10 However, in alkaline solution, Pt is able to adsorb OH species at almost as
low potentials as Ru causing the reaction also on Pt. For this reason the dif-
ference in activity between Pt/C and Pt,Rus/C electrodes is smaller in alkaline
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than in acid solution, as is shown in Fig. 5. In this sense, it could be concluded
that Ru in alkaline media is not the only donor of OHyq species as is the case in
acid solution.

In fact, oxidation of methanol in alkaline solution proceeds through a quasi-bi-
functional mechanism, summarized as follows:

Pt + CH30Hgo) — Pt—-CH30Hyq — Pt=COpgq + 4H* + 4e~ 1)
Ru+ OH™ — Ru-OHyq + e~ (2

Pt+ OH™ — Pt-OHyq + €~ (3)

Pt—-CO,q + Ru—OHyq — Pt—-COOHgq + Ru (@)
Pt—COgq + Pt—-OHpgq — Pt—-COQOH,q + Pt (5)
Pt—-COOH,q + Pt—-OH,4q — 2Pt + CO5 + H,O (6)

In view of the kinetic parameters obtained by this study of methanol oxida-
tion at PtoRus/C, the chemical reaction between adsorbed COzq and OHgq Spe-
cies is proposed as the rate-limiting step (Egs. (4) or (5)). The kinetic expression
for the rds has the form:

J =k16cobon (7)

Based on the experimental data (Tafel slope of ~ 120 mV dec™1 and the reac-

tion orders with respect to methanol and OH™ ions of 0.5), the current density of
methanol oxidation for the overall reaction can be summarized as:

j= ancCHSOHcOH_ exp(ﬁj (8)

assuming that the adsorption of methanol and OH species obey Temkin isotherm.

Acknowledgement: This work was financially supported by the Ministry of Science of the Republic
of Serbia, Contract No. H-142056.

U3BOJ

KMHETUKA OKCUJAITUIJE METAHOJIA HA Pt,Ru3/C KATAJIU3ATOPY
Y AJIKAJIHOJ CPEJJUHU

A. B. TPUIIKOBWR, K. 'b. IIOIIOBUHR u J. 1. JOBUHR
HUXTM — Lenitiap 3a eaexitipoxemujy, Yrusepauitieii y beozpaoy, thezowesa 12, ii. iip. 473, 11000 Beozpao

EnexrpoxeMujcka OKCHIalMja METaHOJa MCIMTHBAHA je Ha HaHOKartaiau3zaTopy PtyRus aucmepro-
BaHOM Ha aKTHBHOM YIJbY Kao HOCady y alKaJiHOj cpeamHu. Karanusarop je xapakrepucaH qud-
pakiujom X-3paka (XRD) u nobujenu pesynratu cy nokasanu jaa ce jerypa Pt,Ruz cacroju on nse
¢aze: uBpcror pacrBopa RU y Pt n ox manmx xomauHa guctor RU mmm uBperor pactsopa Pty Ru.
IMopehemwem aktuBaoctu Pt/C u Pty,RuU3/C karannzaropa y OKCHIALMjH METAHOJA y alKaJHO] cpe-
JTMHH, TTOKA3aHo j€ JIa je Ta pa3iiKa 3HaTHO Marba Hero y Kucesoj cpeautu. [Ipeaioxen je kBa3u-6u-
(GYHKUMOHATHU MeXaHu3aM peakuuje. JJoOujeHn KMHeTHYKK apaMeTpy yKas3yjy Ha TO Ja je XeMHj-
cka peakuuja nzmely agcopboBannx CO,q u OH,q decTuia ciopu CTynam y OKCHIALM]H METaHOIa
Ha Pt,RU3/C kaTtanuszaTopy y ajakajiHoj CpeJuHH.

(IIpumsbeno 20. jyna, peBuaupano 6. asrycra 2007)
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NEVENKA BOSKOVIC-VRAGOLOVIC* RADMILA GARIC-GRULOVICZ and
ZELJKO GRBAVCIC!

Faculty of Technology and Metallurgy, Department of Chemical Engineering, University of
Belgrade, Karnegijeva 4, 11000 Belgrade and 2Institute for Chemistry, Technology and
Metallurgy, NjegoSeva 12 11000 Belgrade, Serbia

(Received 23 February, revised 1 June 2007)

Abstract: Mass transfer coefficients in single phase flow, liquid fluidized beds and
vertical hydraulic transport of spherical inert particles were studied experimentally
using 40 mm and 25.4 mm diameter columns. The mass transfer data were obtained
by studying the transfer of benzoic acid from a tube segment to water using the dis-
solution method. In all runs, the mass transfer rates were determined in the presence
of spherical glass particles 1.2, 1.94 and 2.98 mm in diameter. The influence of dif-
ferent parameters, such as liquid velocity, particles size and voids on mass transfer
in fluidized beds and hydraulic transport are presented. The data for mass transfer
in all the investigated systems are shown using the Sherwood number (Sh) and mass
transfer factor — Colburn factor (jp) — as a function of Reynolds number (Re) for the
particles and for the column. The data for mass transfer in particulate fluidized beds
and for vertical hydraulic transport of spherical particles were correlated by treating
the flowing fluid—particle mixture as a pseudo fluid by introducing a modified mix-
ture Reynolds number (Re,,). A new correlation for the mass transfer factor in flui-
dized beds and in vertical hydraulic transport is proposed.

Keywords: mass transfer, fluidized bed, vertical transport, pseudofluid.

INTRODUCTION

Research of mass transfer in liquid—solid systems is very important for equ-
ipment design for many applications. Due to industrial use, especially following
the fast development of bioprocesses and water cleaning processes, a better know-
ledge of these systems becomes increasing important. An industrial application
of liquid—solid systems requires the determination of transfer characteristics, es-
pecially mass transfer. Mass transfer in fluidized beds has been widely investi-
gated in terms of particle—fluid mass transfer by dissolution, by electrochemical
and by ion-exchange methods.1=7 Some of the results of mass transfer in fluidi-

* Corresponding author. E-mail: nevenka@tmf.bg.ac.yu
doi: 10.2298/JSC0711103B
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zed beds have been obtained as the transfer between an immersed surface and the
liquid.8:® Wall-to-bed mass transfer has been intensively studied for several years
because of its theoretical and practical importance.10.11 In contrast to fluidized
beds data, there are no published data on mass transfer in vertical and horizontal
hydrotransport of particles.

This paper presents the experimental data for wall-to-liquid mass transfer in co-
arse particle-liquid systems: fluidized beds and vertical transport. A correlation for
the mass transfer coefficient was developed on the bases of the Colburn jp factor.

EXPERIMENTAL

The rates of mass transfer between a fluid and the wall in fluidized beds and vertical transport
of spherical inert particles were studied. A schematic diagram of the experimental systems is shown
in Fig. 1.

Fig. 1. Schematic diagram of the experimental system: A) fluidization setup; B) vertical transport
setup (a— inlet nozzle, 20 mm ID; b — screen; ¢ — fluidizing column 40 mm ID, transport tube
25.4 mm ID; d — segment prepared with benzoic acid; e — overflow; f — water overflow;

g — box for water and particle flowrate measurements; h — modified spouted bed
70x70 mm? in cross-section; i — pressure taps; j — rotameter; k — valve; L — distance
of 20 mm; T — thermocouple; V — inlet flowrate; V1 — tube flow; V, — annular flow.

Detail d: m — segment, n —melt of benzoic acid).
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The experiments were conducted using 40 mm (fluidized beds, Fig. 1A) and 25 mm (fluidized
beds and vertical transport, Fig. 1B) diameter columns. The fluidizing and transporting fluid was
water. The experiments were conducted using inert glass spheres 1.20, 1.94 and 2.98 mm in dia-
meter. The relevant properties of the fluid and particles are summarized in Table I.

TABLE I. Particle and fluid characteristics

Particles (glass spheres)

dp / mm pp ! kg m3 Emf Ups/ mst U/ ms14)
12 2641 0.39 0.013 0.19
1.94 2507 0.42 0.026 0.29
2.98 2509 0.46 0.044 0.37
Fluid (water at 25 °C)
¢l kg m3 ulPas D/m?s? c* /kgm3 Sc
977 0.893x103 9.24x10°10 3.3554 969

In the vertical transport experiments, the fluid and particle flowrates were measured using a
specially designed box (g), which allows all of the flow (fluid and particles) to be collected, sepa-
rated and weighed (Fig. 1B). Normally, the particles recirculate and the suspension overflows at
(e), while water overflows at (f). When the fluid and particle flowrates were to be measured, the
box (g) was moved to the left to collect the entire flow for a short period of time (10 s to 1 min).
The water was then separated from the particles. The particles were dried and weighed and the vo-
lume of water was recorded.

The range of experimental conditions is summarized in Table II.

TABLE Il. Range of experimental conditions

dp / mm 1.2 1.94 2.98
U/U s (Fluidized beds) 1.66-6.67 1.56-4.54 1.45-3.2

& (Fluidized beds) 0.49-0.83 0.48-0.72 0.53-0.71
U/U; (Transport) 0.475-4.904 0.405-4.724 0.267-3.884
W,/ kgm2st 9.7-218.8 15.2-318.6 2.5-372.4
Gp/Gt 0.108-0.253 0.113-0.474 0.026-0.331
& (Transport) 0.827-0.923 0.729-0.897 0.712-0.864

The dissolution of benzoic acid from a tube segment was followed. The tube segment was co-
ated with benzoic acid by immersing an empty ring on a wire support into molten benzoic acid. By
repeating the procedure, a compact layer of benzoic acid was formed on the ring segment of the
column. The mass transfer coefficient was calculated from the equation:

Am Am

TAtAc  (D.rh)tAc

Ke @

The transferred mass, Am, was determined by measuring the weight loss of benzoic acid. The
mass transfer area A was calculated from the mean value of the diameter of the tube segment before
and after dissolution. Since the weight loss of benzoic acid Am is small, the bulk concentration was
negligible; hence the equilibrium concentration c* was taken as a driving force Ac.

The benzoic acid solubility and diffusivity were taken from the literature.1213 In each run, the
average fluid temperature was recorded and the corresponding values of the diffusion coefficients,
fluid viscosity, fluid density and equilibrium solubility were considered in the calculations.
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RESULTS AND DISCUSSION

The relationships between the particle Sherwood number and the particle Rey-
nolds number for different particle diameters in fluidized beds and vertical tran-
sport are presented in Fig. 2. From this Figure, the influence of liquid velocity on
mass transfer can be seen. The data are separated into three groups with the par-
ticle diameter as the critical parameter. The experimental results show that with
increasing liquid velocity (or Reynolds number), the mass transfer coefficient (or
Sherwood number) slightly decreases in fluidized beds.

d,,mm  Fluidized bed  Vertical transport
d,=1.20mm O O
1000 -+ d,=1.94mm A A
i d;=2.98mm O O
dp:1.94mm
— — Upadhyay and Tripathi, 1975 (eqgn. 2)
— — Tournie et all., 1977 (eqgn. 3)
Boskovic et all., 1994 (eqgn. 4)
o
<
wn
100 +
| 4 il il
T ' T T

10000

Fig. 2. The relationship between the Sherwood number and Reynolds number for the particles.

The influence of liquid velocity in fluidized beds is connected with the influ-
ence of the bed concentration (bed voidage). There are two modes of influence:
increasing the liquid velocity increases the mass transfer, but increasing the li-
quid velocity decreases the particle concentration. Increasing velocity and con-
centration have a positive influence on mass transfer. Due to both effects, the dif-
fusion boundary layer becomes thinner and mass transfer increases. Finally, as can
be seen in Fig. 2, the influence of particle concentration is slightly greater than
the influence of liquid velocity.

With increasing liquid velocity, the Sherwood number or mass transfer coef-
ficient is constant for low transport velocities, but for higher transport velocities,
the mass transfer increases. This implies that because of the low particle concen-
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tration in a transport column, the influence of particles on the diffusivity boun-
dary layer is smaller.

Comparison of the data for fluidized bed (dy = 1.94 mm) with several lite-
rature correlations®.15.16 show significant difference between our data and the avai-
lable correlations. As shown, there are significant differences among the systems
investigated. Upadhyay and Tripathil® proposed the following correlation for
mass transfer in packed and fluidized beds (Fig. 2):

Shy =1.6218Re"0-5553 5¢1/3 for Re” > 20 (2)

where Re" = Rep/(1-¢), in the following range of variables: 0.01 < Re" < 12000,
572 < Sc < 70000 and 0.268 < ¢ < 0.9653. The data calculated using Eq. (2) show
a maximum which was not confirmed by our experimental data.

Also, Tournie et al.16 gave the following correlation for mass transfer par-
ticle—fluid in a fluidized bed:

Shy, = 0.253ReQ-004Ga0-319My 0299504 ©)

where Mv = (p—pp)/ pr. EQ. (3) is recommended in the following range of vari-
ables: 1.6< Rep <1320, 2470< Ga <442106, 0.27< Mv <1.14, 305< Sc <1595 (also
shown in Fig. 2). The data show significant difference between this correlation
and our experimental values.

Mass transfers in a liquid fluidized bed, were correlated by BoSkovi¢ et al.,
by the Equation:®

Shy =0.261Red-03Ga0-3245¢1/3 (4)

in the following range of variables: Rep = 15-400, Sc = 1361-1932. The predict-
ted values using correlation (4) for mass transfer between fluid and an immersed
sphere in fluidized beds of spherical inert particles are in good agreement with
the experimental data.

The influence of particle diameter on mass transfer can be seen in Fig. 3,
which presents data for the Sherwood number as a function of the Reynolds
number for the column in fluidized beds and vertical transport. The data for mass
transfer for single phase flow are shown in the same plot for comparison. As can be
seen, there is no influence of particle diameter on mass transfer in systems with
particles. The presence of particles improves mass transfer for lower fluid velo-
cities, i.e., Reynolds number, when the particle concentration in the flowing mix-
ture is generally higher. A decrease in the liquid velocity (Re < 10000), increases
the mass transfer for fluidized bed relative to the values in single phase flow by a
factor of about 10. For higher Reynolds number (approximately Re > 10000),
there is no significant difference in mass transfer between single phase flow and
hydraulic transport. For a high liquid velocity, the concentration of particles is
small and their influence on the mass transfer coefficient is negligible.
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dp, mm Fluidized bed  Vertical transport

dp=1.94mm A YA
d,=2.98mm O O

[ single phase flow:
— — - Harriot and Hamilton, 1965 (eqn. 5)
10000 + —— Linton and Sherwood, 1950 (egn. 6)
T —— Hausen, 1943 (eqgn. 7)

Sh

1000 =

100 ——+—+ t —t—t—+—+—++1 t e
1000 10000 100000
Re
Fig. 3. The relationship between the Sherwood number and Reynolds number for the column.

A comparison of several literature correlations17-19 of mass transfer for sin-
gle phase flow are shown in Fig. 3.

The Harriot and Hamiltonl” Equation for a wide range of values of Reynolds
and Schmidt numbers (2000 < Re < 70000 and 1000 < Sc < 2260),

Sh = 0.0096Re0-91350.346 (5)

indicates the adverse ratio Lt o/Dy, give a value of 0.73 in the present investiga-
tion. The predicted values from correlation (5) and the present experimental data
show a significant difference.

For specific systems (concentration boundary layer is not formed, small ratio
Lt a/Dy), the Equation is:18

0.7
Sh = 0.023Re085c1/3| 14| 2L (6)
Lt A

The Linton and Sherwood, Eq. (6), for turbulent flow (Re > 10000), gives bet-
ter results than Eq. (5).

An Equation for the average heat transfer coefficient for the entrance region
and the latter part of the tube in laminar flow was proposed by Hausen,1® which
when applied to mass transfer is:
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PR
2/3 [ﬂzid] 0

0.0668ReSc &
Lt A

D 1/2
1+0.4 ReSthj

Shyam = 3.66+

Lt, A

The data calculated using Eq. (7) are in good agreement with the experi-
mental data.

The experimental data of wall-to-liquid mass transfer in fluidized beds and
hydraulic transport are presented using the Colburn mass transfer factor jp. The
mass transfer factor as a function of Reynolds number for particles is shown in
Fig. 4 and as a function of Reynolds number for the column in Fig. 5. From the
definition of the mass transfer factor:

. Sh Ke
— N _Xogeo 8
ID = Rescl3 " U ®)
and the previous conclusions from Figs. 4 and 5, it is clearly seen that with the
increasing fluid velocity, the mass transfer factor decreases. The same trend is
observed for Re > 10000.

10 I
dg, mm Fluidized bed  Vertical transport

d,=1.20mm [ | L]

d,=1.94mm A A

1+ d,=2.98mm O O
£ 01x%
0.01 +

0.001 A SRR A SRR P
10 100 1000 10000

Fig. 4. Variation of the mass transfer factor with Reynolds number for the particles.
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1 T
[J Fluidized bed
O \Vertical transport
0.1
£
0.01 +
0.001 R ; ; R BN
1000 10000
Re

Fig. 5. Variation of the mass transfer factor with Reynolds number for the column.
As can be seen in Fig. 5, there is a significant difference between the experimen-

tal data for mass transfer in fluidized beds and vertical transport. As a result of this,
the whole system was treated as a pseudo fluid or suspension with a mean density:

Pm =€ ps +(1_5)pp 9)
An effective mixture viscosity:20
51-¢
Hm = ueXp[%J (10)
&
and a mean mixture superficial velocity:
G
Upy=—2F 4 P (12)
Pi A ppAt
For the suspension mixture, the Reynolds number is:
Re, = UmD—Cpm (12)

Hm
Also, the fluidized bed and the vertical transport data overlap for 2000 < Re, < 4000
because the concentrations of the particles in these systems are nearly the same.
The results of the mass transfer factor as a function of the Reynolds number
of the mixture are presented in Fig. 6. There is a unique correlation for the mass
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transfer data for fluidized beds and vertical transport. These data are correlated
by the Equation:

ip =45 Re,;qo-88 (13)
with an absolute deviation of 15.7 % and a relative deviation of —2.0 %.
17
[J Fluidized bed
O \Vertical transport
Correlation (13)
0.1 +
2
0.01 +
100 1000 10000

Fig. 6. Correlation between the mass transfer factor and the Reynolds number of the mixture.
CONCLUSIONS

Experiments were performed to determine the mass transfer coefficient bet-
ween the fluid and the wall in liquid fluidized beds and vertical transport of inert
particles. These experiments showed the following:

— With increasing liquid velocity, the mass transfer coefficient slightly de-
creases in fluidized beds. In vertical transport, the mass transfer coefficient is
constant for low velocities and increases for higher velocities.

— The wall-to-liquid mass transfer in fluidized beds and in hydraulic trans-
port is higher than in single phase flow for Reynolds number of the column lower
than 10000. For higher Reynolds numbers, there is no significant difference bet-
ween single phase flow and hydraulic transport.

— The mass transfer factor as a function of Reynolds number is independent
of the particle size in fluidized beds and vertical transport.

— A new correlation for the mass transfer factor in particulate fluidized beds
and vertical hydraulic transport is proposed.
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NOMENCLATURE

A Mass transfer area, m?

c*  Equilibrium concentration, kg m™

Ac  Concentration difference (driving force), kg m™
D  Molecular diffusion coefficient, m? s

D. Column diameter, m

dp, Particle diameter, m

G;  Fluid mass flowrate, kg s1

Gp Particle mass flowrate, kg st

h High of tube segment, m

jo  Mass transfer factor, (k./U)Sc2/3

ke  Mass transfer coefficient, m st

Am  Total mass transferred, kg

Re  Reynolds number for column, UD.ps /
Rem Mixture Reynolds number, U Do /4,
Rep,  Reynolds number for particles, Ud, oy /,u
Sc  Schmidt number, u/pfD

Sh  Sherwood number for column, k.D./D
Sh,  Sherwood number for particles, kcdp/D
t Exposure time, s

U  Superficial fluid velocity, m s

U, Terminal velocity, m s

U, Superficial fluid mixture velocity, m s
Uy Minimum fluidization velocity, m st

W, Particle mass flux, kg m? s

Greek letters

€ Voidage
&ne Voidage at minimum fluidization
u  Viscosity of the fluid, Pa s
Hym  Viscosity of the fluid-particle mixture, Pa s
pr Fluid density, kg m™
pp  Particle density, kg m3
m  Mean mixture density, kg m3

U3BOJ

MMPEHOC MACE 3UJI-®JIVUA Y OIIYUIU30BAHUM CJIIOJEBUMA U ITPU
BEPTHUKAJIHOM TPAHCIIOPTY UHEPTHUX YECTUIIA

HEBEHKA BOIIKOBUR-BPATOJIOBIR?, PAIMUIIA TAPUR-TPYJIOBUR? u JKEJbKO I'PEABUMR?

1Texm)/zomxo—/uezﬂaﬂypumu chakyaitieiti, KaitieOpa 3a xemujcko utxcerepcitiso, Yuusepauitieiti y beozpaoy,
Kapnezujeea 4, 11000 Beozpad u > Hucitiuiiyiti 3a xemujy, iiexHoA0ZUjy U
metianypaujy, thezowesa 12, 11000 Beozpeao
VY oBOM pajly je eKCIepHMEHTaJHO MCIUTUBAH Ipena3 mace usMelhy 3una u uynna npu
cTpyjamy (uynaa Kpo3 KOJOHY U y NMPUCYCTBY (GIyHIN30BaHUX CHEPHUX MHEPTHHX YECTHIA U
YecTHUI[a y TpaHcmopTy. 3a oapehuBame KoeduiujeHTa npeiaza Mace kopuiiheHa je Mmerona npahe-
a pacTBapama c1ado pacTBOpHE CyICTaHIE — OEH30eBe KUCENNHE — ca JIeNa 3U/1a KOJIOHE Y BOJIH.
Kopumthene cy xonone npeurnka 40 mm u 25,4 mm, a kao MHEPTHE YECTHIE KOPUIINEHe Cy CTaK-
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nene cdepe mpeunuka 1,2; 1,94 u 2,98 mm. Ilpukazanu cy yTHLAjH pa3IMuUTUX [apaMerapa Kao
wro cy Op3uHa ¢uyuaa, BeIMYMHA YECTUIA U MOPO3HOCT ClI0ja Ha KOSQHIMjEHT Mpesa3a Mace y
Gbiynau30BaHUM CIIOjeBUMA U [IPH BEPTHKAIHOM TPAHCIOPTY YeCTHLA. EKCliepuMEeHTaIHH pe3yli-
TaTH Cy MpHKa3zaHu y oOiuky 3aBucHoctH lllepBynoBor Opoja u dakropa mpeHoca Mace ox Pej-
HOJIZICOBHX OpojeBa 3a KOJIOHY M YECTHIE. YBEICHA je M BeJIMUMHA MceyH0(IIy ]| KOja TpeThpa JIBO-
(a3HU CHCTEM TEYHOCT—YECTHUIIC Kao CYCIICH3HUjy OJaKie je mpoucrekao monudukoBanu PejHona-
coB Opoj Meurama. YBolermeM OBUX BEJIMYMHA JaTa je M 3aBpIIHA eKCIePHMEHTAIHA KOpenaluja,
jenuHCcTBEHA 3a (IyHaM30BaHEe CIIOjeBE U BEPTHKAIHHU TPAHCIIOPT YECTHULIA.

NG~ WNE

10.
11.
12.
13.
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Abstract: This paper presents the synthesis of nano-composite Cu-Al,O3 powder by
a thermochemical method and sintering, with a comparative analysis of the mecha-
nical and electrical properties of the obtained solid samples. Nano-crystalline Cu-Al,O3
powders were produced by a thermochemical method through the following stages:
spray-drying, oxidation of the precursor powder, reduction by hydrogen and homo-
genization. Characterization of powders included analytical electron microscopy (AEM)
coupled with energy dispersive spectroscopy (EDS), differenttial thermal and ther-
mogravimetric (DTA-TGA) analysis and X-ray diffraction (XRD) analysis. The size
of the produced powders was 20-50 nm, with a noticeable presence of agglomera-
tes. The composite powders were characterized by a homogenous distribution of Al,03
in a copper matrix. The powders were cold pressed at a pressure of 500 MPa and
sintered in a hydrogen atmosphere under isothermal conditions in the temperature ran-
ge from 800 to 900 °C for up to 120 min. Characterization of the Cu-Al,Oj sinte-
red system included determination of the density, relative volume change, electrical
and mechanical properties, examination of the microstructure by SEM and focused
ion beam (FIB) analysis, as well as by EDS. The obtained nano-composite, the struc-
ture of which was, with certain changes, presserved in the final structure, provided
a sintered material with a homogeneous distribution of dispersoid in a copper mat-
rix, with exceptional effects of reinforcement and an excellent combination of me-
chanical and electrical properties.

Keywords: copper, alumina, powder, nano-composite, sintering.

INTRODUCTION

Research of nano-crystalline materials has intensified in recent years, prima-
rily due to their attractive potential, i.e., their properties which are significantly im-
proved compared to conventional grain materials.1-3 Nano-structured materials rank
in the group of ultra fine, metastable structures containing a high concentration of
defects (point defects, dislocations) and boundaries (grain boundaries, interphase
boundaries, etc.). These materials are structurally different from crystals and amor-

* Corresponding author. E-mail: marijakorac@tmf.bg.ac.yu
doi: 10.2298/JSC0711115K
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phous forms because of the fact that grain boundaries and interphases represent a
specific state of the solid matter, since the atoms on boundaries are subjected to a pe-
riodical potential field of the crystal from both sides of the boundary.2 Nano-struc-
tured materials can be synthesized in controlled processes by the following me-
thods: condensation from the gas phase, synthesis in vacuum, high energy reac-
tive milling, solution precipitation (sol-gel, hydrothermal synthesis, electroche-
mical synthesis, reactions in aerosol-reactive spraying, sublimation drying).2:4

The introduction of fine dispersed particles into a metal matrix has signifi-
cant reinforcing effects, which can be maintained at elevated temperatures. For
such a reinforcement, ultra fine and nano-particles of oxides are suitable, which,
due to their hardness, stability and insolubility in the base metal, also represent
obstacles to dislocation motion at elevated temperatures. The maximum effects
of reinforcement are achieved by an even distribution of oxide particles and short
distances of their fine dispersion in the matrix of the base metal.# Research of
dispersion reinforced materials, indicates the significance of the properties of the
starting powders and the importance of the starting structure, which, although un-
dergoing certain changes during the further processing, basically remains preser-
ved in the structure of the final product.3:5> A very important aspect of dispersion
strengthening is also the introduction of as small as possible amount of dispersed
particles into the volume of the base material.

The above characteristics significantly determine the later-stage processing
and sintering properties and eventually determine the microstructure of the com-
posite. Uniform powder shape and a narrow size distribution provide reduced mi-
crostructural defects in the sintered composites, by enhancing powder flow and
packing efficiency during slip casting and cold isostatic pressing (CIP).6

Obtaining powders by a thermochemical method, in which the input mate-
rials are in the liquid state, is not a new procedure but recently, due to the deve-
lopment of contemporary materials with advanced properties, intensive interest in
this method for production of ultra fine and nano-powders has occurred.”9 Ac-
cording to Jena et al.8:10 the synthesis of nano-composite powders by a chemical
method is possible in two ways. The first method comprises adding of a certain
guantity of CuO into a solution of aluminum nitrate. In the second synthesis me-
thod, aluminum nitrate and CuO are also mixed in appropriate proportions in dis-
tilled water. However, in this case, ammonium hydroxide is added to form a gel
for the hydrolysis of aluminum nitrate to hydroxide. In both cases, the mixture was
annealed at 850 °C and then reduced in a hydrogen atmosphere at 975 °C for 2 h
until the final structure was obtained.

Nano-powders give better performance in sintering due to their high surface
area and, therefore, can tremendously improve the sintering process. The part pro-
duced with nano-powders will have a high density, hardness and fracture toughness.11

Sintering of ultradispersed powders occurs due to sliding of the particles along
their borders,’ followed by a dislocative mechanism responsible for the creation
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of surplus vacancies. The concentration of surplus vacancies can reach a value cor-
responding to the concentration of vacancies in the range of temperatures near
the melting temperature of the materials. On this basis, it could be concluded that
diffusion activity during sintering of ultradispersed particles in the area of really
low temperatures (0.1-0.3 Ty,) is conditioned by the presence of unbalancing “re-
crystallization” vacancies. The high recrystallization rate of ultradispersed parti-
cles is the consequence of a self-activated recrystallization process.

EXPERIMENTAL

Previous papers related to a similar topicl? show soluble nitrates of copper and aluminum,
Cu(NO3),-3H,0 and Al(NO3)3-9H,0, could be used as a transient components for the thermoche-
mical synthesis of nano-composite Cu-Al,O03 powders.

The synthesis process in this work followed four stages:

— making a 50 wt. % aqueous solution of Cu(NO3), and AI(NO3)3-9H,0; the quantities of
salts were taken so that the required composition of the Cu-Al,03 nano-composite system with 3
and 5 wt. % of alumina would be attained;

— spray drying using a modified house sprayer at a temperature 180 °C to produce the pre-
cursor powder;

— annealing of precursor powder in an air atmosphere at 900 °C for 1 h, thereby forming cop-
per oxide and the phase transformation of Al,0O5 to the thermodynamically stable phase (a-Al,O3);

— reduction of thermally treated powders in a hydrogen atmosphere at a temperature of 400 °C
for one hour, whereby the copper oxide was transformed into elementary copper and the a-Al,0O4
remained unchanged;

— homogenization in a jar mill, type TMF HM1, with milling chamber dimensions of: internal
diameter 180 mm, height 160 mm and volume 4 I.

Characterization of the synthesized powders included AEM (JEOL 200CX), XRD (Siemens
D500 PC, CuKa, 260 = 1-100°, step (26) 0.02° and DTA-TGA (Netzch STA model 49EP).

After characterization, the powders were cold pressed from the both sides in an appropriate tool,
8x32x2 mm?3 at a compacting pressure of 500 MPa. A laboratory hydraulic power press “Zim”, Rus-
sia, was used for the pressing. The obtained samples were sintered in a hydrogen atomsphere under
isothermal conditions at two different temperatures, 800 and 900 °C, for 30, 60, 90 and 120 min. Sin-
tering was performed in a laboratory electroresistance tube furnace, power 3 kW with thermoregu-
lation £1 °C. The internal diameter of the furnace was 45 mm and the length 100 cm. The maximum
temperature in working area (55 cm) was 1300+1 °C.

The characterization of the sintered system of nano-composite Cu—-Al,O3 included determina-
tion of the density, relative volume change, electrical and mechanical properties and examination of
the microstructure by SEM, as well as by EDS analysis.

RESULTS AND DISCUSSION
Characterization of the Cu-AloO3 powders

DTA-TGA Analysis of the nano-composite Cu—Al,03 powder with 5 wt. %
Al>O3, obtained by the thermochemical procedure, showed two endothermic
peaks, at approximately 150 and 250 °C, which are related to the evaporation and
dehydration of the residual moisture. The exothermic peak at 324 °C is accompa-
nied by a mass increase of 5.88 %, which represents the beginning of the oxida-
tion process of the fine copper powder present. An intensive mass increase was
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registered on the TG curve at a temperature of approximately 550 °C, thereafter
only an insignificant mass increase of some percents occurred, whereas the over-
all mass increment during heating was 28.43 %. A further increase of the tempe-
rature indicated the existence of four exothermic peaks at 684, 820, 885 and 938 °C,
which correspond to the phase transformations of Al,O3 occurring in the system.

Only peaks corresponding to the nitrates of copper and aluminum were iden-
tified in the structure during XRD examination of the precursor powder produced
by spray drying an aqueous solution of copper and aluminum nitrates, which is in
accordance with the experiment set-up.13 X-Ray diffraction analysis after anneal-
ing the dried powder exhibited peaks corresponding to CuO and Al,O3, as well
as one unidentified peak. According to Lee,” this peak corresponds to a third pha-
se, CuxAl,O, which appears in the structure due to the eutectic reaction of
(Cu+Cu0) with Al,03. The formation of this phase is thermodynamically pos-
sible on Cu-Al contact surfaces. During eutectic joining of copper and Al,O3,
the eutecticum formed by heating up to the eutectic temperature expands and
reacts with Al,O3 creating CuyAlyO,, which is compatible with both phases on
the inter-surface. XRD analysis of the powder after reduction shows the presence
of peaks corresponding to elementary copper and Al,03.13

The characterization of the nano-composite Cu-Al,03 powder obtained by
the thermochemical procedure also included examination by AEM, the results of
which are shown in Fig. 1.
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Fig. 1. AEM Analysis of the Cu-Al,O4
powder with 5 wt % of Al,Os.

Typical microstructural analysis of the powders shows the possibility of syn-
thesis of the nano-composite Cu-Al,O3 system by the thermochemical proce-
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dure, starting from aqueous nitrate solutions. Particles with a size of 20-50 nm
are clearly visible, as well as the presence of agglomerates >100 nm. The parti-
cles are irregularly shaped, with the presence of individual nodular particles with
a rough surface morphology.

The agglomeration of finer particles is a consequence of their large surface,
i.e., high surface energy, and the effect of bonding forces between them. Due to
the contacts between the particles, interatomic bonds were formed. The magnitu-
de of those bonds depends directly on surface energy of particles. Taking into ac-
count the appearance of agglomerates, particular attention will be paid in future
research to the production of non-agglomerated powders, where surface-active
agents will be used for de-agglomeration. Presently, the application of poly(ethy-
lene glycol)14 and ultrasonification1®-17 are considered.

Sintering

The results of density examination, relative volume change, specific electric
resistance and hardness are given in Table I.

TABLE |. Average density, AV/V, specific electric resistance and hardness of the sintered samples
of Cu-Al,03 with different aluminum content

t/°C Time Density AVIVg Specific electric resistance Hardness HRB 10/40

min gem3 (average) 108Qm (average)
Cu + 3 wt. % Al,04
15 5.58 0.1042 0.07413 88.2
800 30 5.62 0.1194 0.07128 94.1
60 5.70 0.1442 0.06581 102.1
120 5.68 0.1448 0.06232 107.1
15 5.84 0.1821 0.06127 96.2
900 30 6.14 0.1932 0.04027 101.9
60 6.42 0.1933 0.03971 102.7
120 6.44 0.1929 0.03927 102.3
Cu + 5 wt. % Al,04
15 5.28 0.0612 0.08941 89.1
800 30 5.34 0.0982 0.08827 101.2
60 5.52 0.1191 0.08146 107.5
120 5.58 0.1332 0.08007 109.1
15 5.94 0.1763 0.07413 99.1
30 5.98 0.1824 0.06981 108.4
900 60 6.14 0.1894 0.06218 118.5
120 6.20 0.1888 0.06127 124.7

At temperatures higher than 900 °C, e.g., 1000 °C, the sintered plates were
distorted because of the presence of a molten phase. Due to the small size of the
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Cu-Al>03 nano-powders, their maximum temperature of sintering is 900 °C,
which is lower than for conventional powders.>

The results given in Table I show that the density of the sintered samples pre-
pared at the same sintering temperature and time decrease with increasing content
of Al>,O3. However, with increasing temperature, the density of sintered samples
increases. In the higher temperature range, where the diffusion mobility of the
atoms is sufficiently high, a complex diffusion mechanism of mass transport, res-
ponsible for the sintering process occurred. With increasing sintering tempera-
ture, the actions of the complex mechanisms are more intense, directly affecting
the formation of contacts between the particles, contact surface growth, forma-
tion of closed pores and grain growth. Therefore, with increasing temperature,
the sintered density increases with time.

The available phenomenological sintering equations are based on the kine-
tics description of real dispersion systems, from the analysis of relative volume
change. Relative volume change represents a measure of the activity a system as
a function of temperature and time and is independent of the porosity of a pressed
sample.3 Regarding this, the influence of temperature, time and different content
of Al,O3 on the relative volume change was investigated in this study. The chan-
ge of relative volume, as a measure of system activity, increased with increasing
sintering temperature for the same time and Al,O3 content. At a given Al,O3 con-
tent and temperature, the relative volume change increased with increasing time
of sintering. The values of the relative volume change decreased with increasing
content of Al,O3 for a constant temperature and time of sintering. Commencing
from the general kinetic equations, with the aim of analyzing the sintering kine-
tics, the obtained results are in accordance with other research results and certain-
ly confirm earlier investigations on the possibility employing existing phenome-
nological equations of sintering.3

The dependence of the specific electric resistance and hardness on the tempera-
ture, time of sintering and alumina content are presented in Figs. 2 and 3, respectively.

With increasing content of Al,Og3, the duration of the sintering process in-
creases. However, with increasing sintering temperature for the same time, the
value of specific electric resistance decreases. In accordance with all these facts
and bearing in mind that the change of specific electric resistance represents a
measure of the structural stabilization of the system, it can be concluded that at
certain temperatures structural stabilization of the system did not occur, i.e., the
structural stabilization process was not completed. Also, with increased sintering
temperature, the duration of the sintering process is shortened (Fig. 2). Based on
the value of specific electric resistance for the system with 3 % Al,O3 during
sintering at 800 °C, the sintering process lasted for 120 min, while for the same
system sintered at 900 °C, the sintering process lasted for 30 min.

The values of hardness of the sintered samples are in agreement with the va-
lues of the specific electric resistance, i.e., the structural stabilization of the sys-
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tem. These results also show an increase of hardness with increasing content of
Al,O3, for the same temperature and sintering time. The obtained hardness re-
sults are the consequence of the relatively even distribution of Al,Og3 particles in
the copper matrix. A relatively even distribution of alumina in the nano-composi-
te system, achieved during the synthesis of the powder during deposition from the
liquid phase, leads to stabilization of the dislocation structure and achievement of
significant reinforcing effects by the complex action of several mechanisms. The-
reby, reinforcement of the small-grain material structure can be caused by reinforcing
of the grain boundaries, dissolving reinforcement and the Orowan mechanism. Also
dislocations can disappear in the grain boundaries or cease to multiply, since the
Frenk—Read sources of dislocations cannot be activated in small-grained multi-phase
materials, which represents an additional mechanism of reinforcement.18

0.094  a__ 1 ;-3
] \\\ i /

0.08 ——————— /

0.07 N S 1104

0.06 5 s
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Fig. 2. Dependence of the specific electric resis-  Fig. 3. Dependence of the hardness on the sin-
tance on the sintering time at different tempera- tering time at different temperatures and
tures and different alumina contents. different alumina contents.

6
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Analysis of the electrical and mechanical properties of Cu-Al>O3 sintered
systems showed that for the system with 3 wt. % of Al,O3 the structural stabili-
zation had finished after 30 min of sintering at 900 °C, with significant reinforce-
ment effects. For the other systems, the structural stabilization was not completed
even after 120 min. As the optimal solution for the production of dispersed strengthe-
ned Cu-Al,03 is the process conducted at 900 °C for 30 min with 3 wt. % of
Al>O3, which was confirmed by microstructural analysis, presented in Figs. 4—6.

Analysis of the microstructure of the different sintered samples confirms these
assumptions. The microstructure of the sample sintered at 800 °C for 30 min is gi-
ven in Fig. 4, which clearly shows that the structural stabilization process was not
completed. The microstructure is characterized by the formation of closed pores,
typical for the medium stage of sintering. In certain areas, contacts between cer-
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tain particles were achieved, which is typical for the starting stage of sintering. The
microstructure of samples sintered at 900 °C for 15 and 30 min are presented in
Figs. 5 and 6, respectively. The shown microstructures are characteristic for the me-
dium (Fig. 5) and final stage (Fig. 6) of sintering, confirming the analysis of struc-
tural stabilization of the system based on the values of the specific electric re-
sistance of sintered samples. In addition to this, a relatively even distribution of po-
res can be seen in the examined samples, which, together with other factors, sig-
nificantly contributes to the reinforcement of the highly-conductive copper matrix.
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Fig. 4. SEM Microphotograph of the sintered Fig. 5. SEM Microphotograph of the sintered
Cu + 3 wt. % Al,0O5 system (800 °C, 30 min). Cu + 3 wt. % Al,0O5 system (900 °C, 15 min).
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) REELT . — Fig. 6. SEM Microphotograph of the sintered
P . Cu + 3 wt. % Al,O3 system (900 °C, 30 min).

In order to determine the distribution of elements in the structure, surface
analysis of the sample was performed by EDS. The SEM microphotograph of the
examined sample with the surface on which the surface scanning was performed
marked is shown in Fig. 8, and the results of the examination of the sample of the
sintered Cu-3 wt. % Al>O3 system by EDS are given in Fig. 9.

The results of surface scanning show a homogeneous distribution of elements in
the structure. From Fig. 9, it can be seen that copper covers almost the entire sur-
face of the sample. The results of surface scanning for aluminum and oxygen show
that these two elements are present less in the structure of the sintered sample and
the surfaces they occupy are inter-lapping, which corresponds to the existence of an
Al>O3 dispersoid in the structure. Except for aluminum and oxygen, an inter-
lapping of all three elements is also noticeable, which leads to the assumption of
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the presence of a CuyAlyO, phase.10 Finally, for a detailed characterization of the
third CuyAlyO; phase, an apparatus of exceptionally high resolution is necessary.

10pm Electron Image 1

Mag | FWD| Spot

S | H 45265 100kX15.016] 3 | 0.0 Fig. 8. SEM Microphotograph of a sintered
Fig. 7. Focused lon Beam (FIB) analysis of the Cu-3 wt. % Al,04 sample with the
sintered Cu + 5 wt. % Al,O3 system. surface scanning area marked.

Copper Aluminum Oxygen
Fig. 9. Surface scanning of a sintered Cu-3 wt. % Al,O3 sample by EDS.

CONCLUSIONS

Detailed characterization of the obtained powders indicate the possibility of
the synthesis of nano-composite Cu—-Al,O3 powders, with a particle size 20-50 nm,
by a thermochemical method.

Such obtained nano-composite powders, the structures of which are preser-
ved in the structure of the final product, enabled the production of a sintered sys-
tem with exceptional reinforcement and a good combination of mechanical and
electrical properties. Thus, the results of hardness examination of the sintered
samples showed that the increase of the hardness is in reverse relationship to the
reduction of the specific electric resistance, i.e., structural stabilization of the sys-
tem, which was confirmed by microstructural examination. The significant ef-
fects of reinforcement achieved are the consequence of a relatively even distribu-
tion of Al,Os3 in a copper metal matrix, already achieved in the process of pow-
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der synthesis by depositing from the liquid phase. This was also confirmed by the
results of analysis by EDS of the surface of the samples.

The identification of CuxAlyO, phases in the structure and a study its influ-
ence on the stabilization of the dislocated structure and consequential improve-
ment of mechanical properties, as well as the attainment of a better combination of
mechanical and electrical properties of the sintered systems are essential aspects
of this research, which will be continued.

Acknowledgement: The authors are grateful to Prof. Dr. Velimir Radmilovic from the National Cen-
ter for Electron Microscopy, Berkeley, USA, for his assistance with the AEM and FIB analysis.

U3BOJ

CUHTEPOBAIE HAHO-KOMITIO3UTHUX ITPAXOBA Cu-Al,03
JOBUJEHNX TEPMOXEMMJCKUX ITOCTYIIKOM

MAPUJA KOPARY, 30PAH AHBURZ, MIJIOLI TACUR? 1 )KEJBKO KAMBEPOBUR!

lTexnom)mxo—memaﬂypumu paxyaiuei, Kapnezujesa 4, 11000 bozpao u
2Hayuno-ucimipaxcusauxu yenitiap, Huxoae Hawwha 26, 31000 Yracuye

V 0BOM pajly mpejcTaB/beHa je CHHTe3a HaHO-KoMIo3uTHOr npaxa Cu—Al,O3 Tepmoxemujc-
KOM METOJIOM U CHHTEPOBAaH-ECM, Y3 YIIOPEIHY aHAIM3y MEXaHUUKHX U eJIEKTPUYHHUX CBOjCTaBa J0-
6ujennx uBpctuxX y3opaka. Haro-kpucranau Cu-Al,Oz mpaxoBu JOOMjEHH CY TEPMOXEMH]jCKOM
METO/IOM y clieZichuM KopaluMa: CyIIeHhe paclpliiBabeM, OKCHAALN]a TT0Ja3HHUX TIPaxoBa, PeayK-
[Mja BOJOHHMKOM M XOMOreHu3auuja. IIpaxoBH Cy OKapakTepUCaHH aHAIMTHYKOM EJICKTPOHCKOM
mukpockonujom (AEM) criperHyTom ca CIeKTpOCKONHjoM eHepruje pacejama (EDS), nudepenun-
JATHOM TepMHjCKOM U TepmorpasumMerpujckom aHanu3om (DTA-TGA) u audpakimjom X-3paka
(XRD). Benuuunna vectria 1o00ujeHnx mpaxosa nzxocuia je 20-50 nm, y3 3HATHO NPHCYCTBO ar-
nomepara. KOMIIO3UTHH IPaxoBH KapakTepHIly ce xoMoreHom pacrozneiom Al,O3 y GakapHoj Ma-
Tpumm. [IpaxoBu cy mpecoBanu Ha xiaaHo nputrckoM ox 500 MPa u cuntepoBanu y atMochepu
BOJIOHHKA TIO/I N30TEPMCKIM yCJI0BHMa y TemrepatypHoM orcery ox 800 mo 900 °C y tpajamy 1o
120 mun. Kapakrepusanuja Cu—Al,O3 CHHTEpOBAHOT CHCTEMa yK/bydHBala je oapehuBame ryc-
THHE, PeJIaTHBHE NPOMEHE 3alIPEMUHE, SNCKTPHYHUX U MEXaHMYKHUX CBOjCTaBa, UCITUTHBAKE MH-
KpoCTpyKType TexHukoM SEM, ananuzom momohy ycmepenor joHckor cxoma (FIB) u TexHHKOM
EDS. Jlo6ujeHn HaHO-KOMIIO3HT, YHja je CTPYKTYpa, y3 U3BECHE IPOMEHE, IPUCYTHA H Y KOHAYHO]
CTPYKTYPH CHHTEpPOBAaHOI Marepujajia, oMoryhaBa XOMOreHy pachoeiy AucIep3onaa y 6akapHoj
MaTpHILH CHHTEPOBAHOT MaTepHjaia, ca U3paXeHUM e()eKTHMA Ojadarba, M OUIMYHY KOMOHHALH]Y
MEXaHHYKHX U CJICKTPHYHHUX CBOjCTaBA.

(Tpumsbeno 25. anpuna 2006)
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Fabrication of SiO2-based microcantilevers by anisotropic
chemical etching of (100) single crystal Si
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Abstract: The undercutting process of thermal SiO, microcantilevers with different
orientations on (100) Si wafer was studied. The silicon substrate was removed by
anisotropic chemical etching with a 25 wt. % aqueous solution of TMAH or a 30 wt. %
aqueous KOH solution at 80 °C. It was found that (110) oriented cantilevers were
undercutting frontally along the length and (100) oriented cantilevers experience
undercutting along the width of the cantilever, which is a less time consuming pro-
cess. The studies showed that the (100) orientation of SiO, microbridges enables
theirs fabrication on a (100) oriented Si substrate.

Keywords: anisotropic wet chemical etching, TMAH, KOH, SiO, microcantilever,
SiO, microbridge, (100) oriented Si substrate.

INTRODUCTION

Since its discovery in the middle of the 1960s, anisotropic wet chemical et-
ching! of single crystal silicon (sc Si) has been widely used in the semiconductor
industry. Nowadays this technique is applied in the fabrication of different types
of sensors and actuators and optical components in micro-electro-mechanical-sys-
tem (MEMS) technologies.?

Microcantilevers and microbridges are one of the major diagnostic structures
not only in a variety of sensors,3 but also for measuring mechanical (e.g. residual
stress and Young’s modules)4 or thermal (e.g. thermal expansion coefficients)®
properties of thin films used in MEMS technologies.

This paper describes the experimental results used to investigate the correla-
tion between the orientation of the microcantilevers and microbridges after aniso-
tropic wet etching of silicon substrates. In the fabrication of SiO, microcanti-
levers or microbridges, anisotropic wet etching of Si substrate beneath the SiO,
film creates free standing structures. Silicon dioxide is relatively insoluble in aque-

* Corresponding author. E-mail: vjovic@nanosys.ihtm.bg.ac.yu
# Serbian Chemical Society member.
doi: 10.2298/JSC0711127)]
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ous alkaline solutions of TMAH (tetramethylammonium hydroxide) or KOH which
are used for anisotropic etching.2 SiO; thin films are transparent which enables
the observation of the Si undercut processes during etching. Conclusions about
the anisotropic etching of sc Si substrates could be useful in etching microcanti-
levers made from opaque materials insoluble in these solutions. Also, many SiO»-ba-
sed microcantilever systems are successfully designed and fabricated for various
MEMS applications.6:” Hence, the main aim of this work was to establish the con-
ditions for Si substrate undercutting during the course of etching and find the op-
timal orientation of the released microcantilevers and microbridges.

EXPERIMENTAL

The SiO, microcantilevers used for these experiments had been fabricated on n-type (boron-do-
ped) sc Si wafers with the (100) orientation. The Si wafers were mirror polished and has resistivity
values between 5 and 3 Q2 cm. Approximately 1 um thermal oxide was grown on the Si substrate in
oxygen ambient saturated with H,O vapor. The temperature for the silicon oxide growth was 1115 °C.
Designed structures were patterned using a standard photolithographic technique® and openings in
the SiO, were etched using a buffer oxide etch. The cantilevers patterns were aligned to the prime
wafer flat on the (100) Si substrate, i.e., along the (110) direction. Two types of cantilevers and mi-
crobridges orientations were investigated: one parallel to the prime flat or aligned to the (110) dire-
ction and the other was oriented to the (100) direction, which is 45° from the prime wafer flat. The
dimensions of the designed cantilevers and microbridges were 25, 50 or 100 um in width and 100,
200, 300 or 500 um in length.

The etching process was carried out using two alkaline solutions which are the most frequent-
tly used in MEMS processing, namely: a 25 wt. % aqueous TMAH solution or a 30 wt. % aqueous
KOH solution. The solutions are held in a thermostated Pyrex glass vessel at the etching temperatu-
re of 80 °C (temperature stabilization £0.5 °C) for both solutions. The vessel was sealed with a screw
on lid which included a tap water cooled condenser, to minimize evaporation during the etching.
During the etching, the wafer was held in a Teflon holder in the horizontal position above a ma-
gnetic stirrer bar. The solution was electromagnetically stirred at 700 rpm. A detailed description of
the apparatus is given in the literature.®

After the etching process, the etched wafers were removed from the solution and thoroughly
rinsed with deionized water without the application of any procedure? for the prevention of cra-
cking or stiction of the released microcantilevers. In future work with the aim of fabricating micro-
cantilevers for specific application, drying and stiction problems should be resolved because they
are directly connected with yield of fabricated devices.

The released structures were subjected to microscopic observations using a high power optical
microscope “Epival Interphako”, Carl Zeiss, Germany, which allows for longitudinal in plane mea-
surement. To estimate the etch rates of the examined crystal planes, the depth of etching was mea-
sured using a special micrometric gauge.

RESULTS AND DISCUSSION

It is well known that Si has a diamond cubic structure and its anisotropic et-
ching behavior strongly depends on the crystal orientation.2 The family of {100}
planes in silicon posses four fold symmetry and their anisotropic etching can pro-
duce either vertical {100} walls or sloping {110} or {111} walls, inclined at 45°
or 54.7°, respectively.1l Plane formation of a sidewall during anisotropic wet
chemical etching is the one with the slowest etch rate aligned to the mask edge.
All these possibilities are shown in Fig. 1.
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Fig. 1. Different structure types which can be produced by anisotropic etch-
ing on a (100) Si substrate. Gray field represents the masking material (SiO,).

To achieve {111} walls, the pattern edges must be in the (110} direction, which
is also the direction of the prime flat in (100) Si wafers. {111} Planes are the slo-
west etching planes in both the solutions examined in this work.

When the pattern edge is aligned along the (100} direction, i.e., 45° from the
prime flat, the selection of walls bounded pattern depends on relative etch rates
of the {110} and {100} planes. There is small difference between these two etch
rates and they are very sensitive toward the employed solution, etching condi-
tions, temperature, additives, impurities in solution, etc.

The method of evaluation of the etching rates of some crystallographic plane
is illustrated in Fig. 2. The etched depths (d) on Si (100) substrate were measured
using a micrometer gauge and the lateral distances were measured under an opti-
cal microscope.

X

(0]
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X L
[ ‘ l \L dSO R<J.00>

R ; T . <110> Fig. 2. The method for estima-
A e <100> ting the etch rate of Si crystal-
‘ lographic planes. A SiO, mi-
— > < <110 Crocantilever is released by un-
{100} dercutting of the Si substrate.

By measuring the etching depth (d) in the (100) direction and knowing the etch-
ing time (z), the etch rate of the (100) plane, R(100), is calculated from the Equation:

Reooy =d 77 1)
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By measuring the distance a, which is the side wall projection on the (100)
surface, the angle of inclination, 6, of the developed plane toward the (100) sub-
strate surface can be estimated as:

0 = arctg d (2)
a

This angle determines unambiguously which crystallographic plane has develo-
ped in the considered crystal direction. The etch rate of a developed sloped plane
with {hkl} orientation can be estimated from the formula:

Xsin @

©)

where x is the undercutting of the oxide mask. It is important to notice that x de-
notes not only the undercutting of the oxide mask, but also the distance which
defines how ideally the microcantilever is clamped. For ideally clamped micro-
cantilevers, x = 0.

By measuring the etching depth in the (100) direction for a given etching ti-
me, it is possible to determine the etching rate (Eq. (1)) of the (100) planes in
both solutions. Etching rates are 0.44 um min—1 for the 25 wt. % aqueous TMAH
solution at 80 °C and 1.30 pm min~1 for the 30 wt. % aqueous KOH solution at
80 °C. The etching rate of the sloped {111} planes were determined in both so-
lutions using Eq. (3), knowing the slope angle (8= 54.7°) and measuring x for a
given etching time. The determined etching rates of the {111} planes are 2.2x102
and 5.0x10-3 um min~1 for the TMAH and KOH solution, respectively.

The etching rates experimentally determined in this work are in agreement
with those reported in the literature.11

The photographs in Fig. 3 display the undercut process of various microcan-
tilevers oriented in the (110) direction on a (100) Si wafer. The photographs were
obtained using the optical microscope (OM) working in reflected light. The mi-
crocantilevers of different widths and lengths were etched in a 25 wt. % aqueous
TMAMH solution for two different etching times. These photographs illustrate the
Si undercutting process and the release of SiO, microcantilevers. The lateral si-
des of the microcantilevers are bounded with the slowest etching {111} planes and
the release process was practically performed by undercutting of the convex-cor-
ners at the top of the microcantilever.

The successive steps during undercutting of the substrate below the masking
material are schematically presented in Fig. 4. The dashed lines are traces of Si
planes in the (100) substrate during the course of undercutting. For microcanti-
levers oriented in the (110) direction, the general picture of Si undercutting was
similar for both applied solutions (i.e., TMAH and KOH).

This is well illustrated for etching in 30 wt. % KOH solution in Fig. 5. The
OM photographs of microcantilevers oriented in the (110) directions are shown in

Ry =
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Fig. 5a after their etching for 30 min. in the KOH solution. Completely released
SiO, microcantilevers of 200 um length but of different widths are shown in Fig. 5b.

Y \' Fig. 3. OM Photographs of the microcantilevers undercut
process in 25 wt. % TMAH solution on (100) Si wafers when
the etching time was 0.75 h (top) and 1.25 h (bottom). The
microcantilevers were oriented in the (110) direction.

"\
L
Qu— 4 ‘ | X
N L0 )’—\_’\_) Fig. 4. Schematic presentation show-
ing the evolution of an undercut-
d o ting configuration of (110) orient-

o ted microcantilevers, which results
{100} in their release.

From the evolution of Si undercutting during the release of (110) oriented mi-
crocantilevers, it can be seen that {111} crystallographic planes stop the undercut
from the edge of the microcantilevers. Hence, for (110) oriented microcantilevers
the undercutting results from the convex corner effect, this spreads along the can-
tilever length. The undercutting mechanism was the same in both solution, and
only difference lay in type of the fastest etching planes which bound the convex
corners at the fronts of the microcantilevers. This means that the angles shown in
Fig. 4 are different for each solution. Details of the values of the angles from
Fig. 4 for both solutions are compiled in Table I. Traces in the (100) substrate of
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the fastest etching planes, the undercutting of which determines the undercutting
of the convex corner,2:13 are given in Table I.

(a)
Fig. 5. OM Photographs of (110) oriented microcantilevers relea-

sed by wet chemical etching in 30 wt. % aqueous KOH solution:

(a) etching time 30 min, (b) completely released SiO, microcanti-

lever. The released SiO, microcantilever shows color variations

due to the change in thickness as a result of chemical dissolution
(b) in the used solution.

TABLE I. Numerical values of the angles characterizing the undercutting of the substrate for (110)
oriented microcantilevers on (100) Si substrate for etching in KOH and TMAH solutions at the
temperature of 80 °C (according to the sketch in Fig. 4)

30 wt. % KOH 25 wt. % TMAH
Angle
{410} {520}
al® 152 136.4
ple 118 133.6
ol° 62 46.5
yl° 149 156.8

Knowledge of the exact orientation of the planes binding the convex corner
of Si is very important when the microcantilever is made from silicon itself. In
this case, undercutting of the convex corners must be avoided in order for the mi-
crocantilever to maintain its predetermined shape.14

The schematic presentation in Fig. 3 shows a cross-section of a released SiO»
microcantilever along its longer axis, from which it can be seen that there is con-
tinuous thickness change. The change in the thickness of a microcantilever is
more pronounced when the etch rate of the material (SiO> in this case) is higher.
The geometry (especially thickness) of a microcantilever is a key factor for the
accuracy of a measurement when microcantilevers are applied as measurement or
diagnostic devices.1®

By measuring the height of the SiO, steps after etching, the etching rates of
cantilever’s material were estimated as: 0.13 nm min~1 in the TMAH solution
(25 wt. %, 80 °C) and 7.3 nm min~1 in the KOH solution (30 wt. %, 80 °C). Thus
SiO, is much more stable in the TMAH solution, which is well illustrated in
Fig. 5b. The completely released microcantilevers in this photograph show a va-
riety colors, which is the outcome of the different thickness of the SiO». Such
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color changes were not observable for the SiOo microcantilevers released in the
TMAMH solution, which is quite understandable bearing in mind that the SiO»
etch rate is approximately sixty times slower in TMAH than in KOH under the
given etching conditions.

Sometimes, microcracks were observed during the etching of microcanti-
levers oriented along the (110) direction, as can be seen in Fig. 6a. In addition,
some cantilevers broke along the microcracks (Fig. 6b). The appearance of cra-
cks is due to the effect of stress concentration at the tip of the sharp corner shown
in Fig. 4 (angle 9).

Fig. 6. MO Photographs of (a) (110)
oriented SiO, microcantilevers with
microcracks on the wider one (mar-
ked with the arrows) and (b) the
breakage of a microcantilever along
a previously formed microcrack.

Concerning microcracks in SiO, microcantilevers, it must be born in mind
that internal stress is unavoidable in thermally grown silicon dioxide.1® Undoubt-
edly, the interference of these stresses facilitate cantilever breakage.

Knowledge of the etching time required to fabricate a cantilever with a given
length (L) and width () is very important. Every time a wafer with cantilevers has
to be removed from the etching solution to control the completeness of under-
cutting, the probability for the cantilever to break or stick increases. As indicated
by the dashed lines in Fig. 4, the undercut of a (110) oriented cantilever is along
its length. This means that cantilevers of the same lengths are going to undercut
for a longer time the broader they are. The measured results for undercutting Si
substrate in (110) direction (u, in um) in dependence of etching time (z, in min) is
shown in Figs. 7a and 7b, for the KOH solution and TMAH solution, respectively.

When the undercutting, u, equals to the length of cantilever (L), it is comple-
tely released. The sloped plane under the place where the microcantilever was
clamped is a plane from the {111} family, the slowest etching plane in the exa-
mined solutions, thus 8= 54.7° (Fig. 2).

To release a SiO, microcantilever of 500 um length and 25 um width with a
(110) orientation on a (100) Si substrate, 120 min etching in the KOH solution
and 180 min etching in the TMAH solution were required. The etching depth of a
(100) substrate (d in Fig. 2) was 79 um for the TMAH solution and 156 um for
the KOH solution. The SiO» undercutting (denoted by x in Figs. 2 and 4 and cal-
culated from Eq. (3)) for these etching times was 0.7 um and 4.3 um for etching
in the KOH and TMAH solutions, respectively.
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Considering SiO, microbridges as beams clamped at both ends, it can be seen
that their fabrication for the (110) orientation on Si (100) substrates is impossible.
(@) (b)

500 500

400 + 400

300 300 -

200 4 200 +

30 wt. % KOH, 80 °C
n o=25um
® w=50um
A ©»=100um

25 wt. % TMAH, 80 °C
¥ o=25um
® »=50um
A ©=100um

100 100 4

Undercutting in <110> direction, um
Undercutting in <110> direction, pm

' ! T T T
50 100 150 50 100 150 200
7/ min 7/ min

Fig. 7. The experimental relation between undercutting and etching time for (110) oriented SiO,
cantilevers on a (100) Si substrate with different widths (w). The cantilevers were released
by anisotropic chemical etching in (a) 30 wt. % aqueous KOH solution and
(b) 25 wt. % aqueous TMAH solution. The etching temperature was 80°C.

Photographs from the optical microscope of microcantilevers oriented in the (100)
direction on a Si (100) substrate (i.e., 45° from the prime wafer flat) after etching in
the TMAH solution and KOH solution are shown in Figs. 8 and 9, respectively.

From these photographs it is obvious that the release of (100) oriented SiO»
microcantilevers on a (100) Si substrate occurs by undercutting of the substrate
along the length of a microcantilever. At the very first moments of undercutting,
the Si structure beneath the cantilever is bound by high index planes with the hi-
ghest etch rates but as the etch time elapses, the dominant undercutting mecha-
nism is lateral etching, as is schematically shown in Fig. 10.

This undercut process protects the cantilever from the formation of microcracks
due to the stress concentration effect of the sharp corner. Also, the etching time re-
quired to fabricate a cantilever is independent of the cantilever length and de-
pends only of its width. The cross-section of microcantilever is trapezium (Fig. 10) and
the change of thickness is symmetrical about longitudinal axis of the microcantilever.

For (100) oriented microcantilevers fabricated by etching in the TMAH solu-
tion, the sloped plane underneath the clamp position is from the {110} family,
hence the angle 8= 45° (Fig. 10). In the TMAH solution, under the given etching
conditions, R(110y < R(100y, @is determined from Eq. (2) by measuring the etching
depth (d) of the Si substrate (in the (100) direction) and the length of the side-wall
projection of this oblique plane on the (100) substrate surface (a). The etching rate
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of the {110} planes was calculated from Eq. (3) and the measured value of x, as
Rq110y = 0.32 um min~1,

Fig. 9. OM Photographs of SiO,
microcantilevers etched in a
30 wt. % KOH solution at
80 °C for 30 min. The mi-
crocantilevers are oriented
in the (100) direction on a
(100) Si substrate.

Fig. 8. OM Photographs of SiO, microcantilevers etched in a 25 wt. %
aqueous TMAH solution at 80 °C. The microcantilevers are ori-
ented in (100) direction on a (100) Si substrate. The etching
time was: (a) 60 min. and (b) 120 min. It can be seen that
some of the microcantilevers are stuck on the substrate.

N
dSlOz
|
< d >

x Fig. 10. Undercut process
B of a SiO, microcantilever
oriented in the (100) direc-
AT é J tion on a (100) Si substrate.

For the etching of (100) oriented microcantilevers in the KOH solution, there
is no sloping planes underneath the clamp positions because under these etching
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conditions R¢100y < R(110y. From Fig. 9 and the calculations from the measured
values, it can be seen that &= 90° (in Fig. 2).

The results shown in Fig. 11 indicate that the etching time for (100) oriented
microcantilevers is smaller than for microcantilevers oriented in the (110) direc-
tion if they have same width and length. This is true for both examined solutions.

@ (b)
250 ° 160 -
25 wt. % TMAH in H0, 80 VC 30 wt. % KOH in H0, 80 °¢c
| —8— = 25 um, <110> direction —a— ¢y = 25 um, <110> direction
—8— = 100 um, " 1 —@— =100 pum, "
200 ~ e g5 = 100 pm, —ae— = 100 pm, N
- 1= = 25 ym, <100> direction 120 - —— o = 25 um, <100> direction
]= O~ w=100pum, —O— =100 pm,
- &= =100 pm, —— = 100 um,
150 - 1
fo o
E—] = 804
S R A =
= 100 ™
————————————— 40
50
B I SR
O T T T T T T T T T T 0 T T T T ¥ T ! T N 1 N
0.00 0.10 0.20 0.30 0.40 0.50 0.00 0.10 0.20 0.30 0.40 0.50
LIimm L/mm

Fig. 11. The relation between beam length, L, and etching time, z, for microcantilevers orientated in
the (110) direction (black symbols) and the (100) direction (open symbols) on aSi (100) substrate
for both employed etching solutions: (a) 25 wt. % aqueous TMAH solution and
(b) 30 wt. % KOH solution at 80 °C.

ke 100 ym

Fig. 12. SiO, microbridges oriented in the (100) di-
rection on a (100) Si substrate which were (a) almost
released by chemical etching in a 30 wt. % aque-
ous KOH solution and (b) completely released
after etching in a 25 wt. % aqueous TMAH solution.

According to the undercut mechanism and the results shown in Fig. 11, the ad-
vantages of fabricating a microcantilevers with a (100) orientation over ones orien-
ted in the (110) direction on a (100) Si substrate is the reduction of the etching
time and the more appropriate cross-section of the cantilever for various applications.
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Inspecting the SiO, microbridges oriented in the (100) direction in the Si
(100) substrate, it is obvious that they could be released by wet chemical etching
in these solutions, as is shown in Fig. 12.

CONCLUSIONS

This paper introduces some aspects of fabricating microcantilevers made from
thermally grown SiO,, with different orientation on Si (100) substrates. SiO, mi-
crocantilevers with either a (110) or (100) orientation were released by silicon un-
dercutting in two solutions most often employed in micromachining technolo-
gies, namely 25 wt. % TMAH and 30 wt. % KOH aqueous solutions. The etching
temperature was 80 °C for both solutions.

The (110) oriented microcantilevers are released by frontal undercutting and
their etching time depends both on the width and length of the cantilevers. Also,
such oriented microcantilevers exhibit thickness variation along their lengths and,
due to the undercutting mechanism, are subject to microcrack development.

SiO2 microcantilevers oriented in the (110) direction were fabricated by un-
dercutting of the Si (100) substrate along theirs widths. The release of (100) ori-
ented microcantilevers depends only of their widths and not on their lengths. The
cross-section of SiO, microcantilevers oriented in such a way remains roughly
rectangular, which is better for their further application.

It is possible to fabricate SiO, microbridges on a (100) oriented Si substrate
by wet chemical etching only if they are oriented in the (100) direction.

Acknowledgment: This work was performed in the frame of the project “Micro and Nanosystems
Technologies, Structures and Sensors”, supported by grants from the Ministry for Science of the
Republic of Serbia, Grant No. TP-6151B.

U3BOJ

N3PAJA MUKPOT'PEIMIIA O[] SiO, AHM30TPOITHUM XEMUJCKHUM HATPU3ABLEM
HA MOHOKPHUCTAJIHOM CUJINLINIYMYV (100) OPUJEHTALTAJE

BECHA JOBWH, JEJIEHA JJAMOBEL, MUPJAHA IIOIIOBWR u XXAPKO JIABh

HHcimiuinyi 3a xemujy, tiexnoao2ujy u meiianypujy — Llenitiap 3a mukpoeaekiuporcke iiexHoaozuje u
MoHOKpucitiane, Fbezowesa 12, beozpao

W3yuaBaHa je peanu3anidja MEKpOrpeMIia O] TePMUUKH JernoHoBaHor SiO, Ha MOHOKpHC-
tanauM noiorama Si (100) opujentaumje. I'peaune cy peaan3oBaHe aHH3OTPOIHHM XEMHjCKHM
HarpusameM y ciefehinM BogeHuM pactBopuma: 25 Tex. % TMAH (TerpamerriaMOHHjyM XHIPO-
keun) u 30 tex. % KOH. Temneparypa Harpusama je 6una 80 °C. SiO, Mukporpeauie opujeHTH-
cane y (110) mpasuy Ha Si (100) moamosu ce ocnobabhajy ueonum moarpusameM Si nojiore u Op-
3MHA peayi3aliije IPeAnLIe 3aBIUCH U Ol HheHE IIMPUHE U O]l IheHe NyXKHHe. YTBpheHe cy u Op3uHe
Harpusama SiO, y OBUM pacTBOpHMA U MOKA3aJIo ce Jia MPOMEeHa JeOIbUHE TPeIulie, Koja 3a OBaKO
OpHjeHTHCAHE IPEAULIC MOCTOjH MO Iy>KMHH, OuBa u3paxenuja y pacrsopuma KOH. Ha SiO, mu-
KpoTpeanIiaMa OBe OpHjeHTAIje je ONaKeHa M0jaBa MUKPOIPCKOTHHA KOje Cy 00jallmbeHe CaMIM
MEXaHHU3MOM MoArpusama Si y muby “ocnobaljama” Mukporpenuia ose opujeHrauuje. SiO, mu-
kporpeauiie opujertucane y (110) npasiy na (100) Si moamosu ce “ocno6ahajy” GounnM moarpu-
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3ambeM Si moiore ¥ Op3MHA BHHXOBE pealn3alije He 3aBUCH OJ1 AyXKHHE MHKporpeauie Beh camo

on

eHe mupuHe. Mukpomoctuhe o Tepmuuku aenonosanor SiO; je Moryhie peaqn30BaTi aHU30-

TPOITHUM XEMHjCKHM Harpu3ameM Yy pa3MaTpaHhM pacTBOPHMa CaMO Kaja Cy OPHjeHTHUCAHU Y
(100) mpapwy Ha (100) Si nomiosw.

NoakowhE
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11.
12.
13.
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15.
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Abstract: The isothermal kinetics curves of the swelling of a poly(acrylic acid) hy-
drogel in distilled water and physiological solution at temperatures ranging from 20
to 40 °C were determined. The possibility of applying both the Fick’s kinetics mo-
del and kinetics model of the first order chemical reaction to the swelling kinetics
of the PAA hydrogel in distilled water and physiological solution were examined. It
was found that the possibilities of applying these models were limited. The new
model of the kinetics of swelling in distilled water and physiological solution was
established. The kinetic parameters (E,, In A) for the swelling in distilled water and
physiological solution were determined. The decrease of the equilibrium degree of
swelling and the saturation swelling rate of the swelling of the PAA hydrogel in
physiological solution compared to swelling in distilled water could be explained by
the decreased differences in the ionic osmotic pressures between the hydrogel and
the swelling medium. The increase of the initial swelling rate in the physiological
solution might be caused by an increased density of charges at the network and by
an increased affinity of the network towards the water molecules. The increase of
the activation energy of the swelling of the PAA hydrogel in the physiological solu-
tion is a consequence of its additional “ionic crosslinking”.

Keywords: swelling kinetics, kinetics parameters, model, poly(acrylic acid) hydrogel.

INTRODUCTION

Hydrogels are three-dimensional cross-linked polymeric structures which are
able to swell in an aqueous environment. Due to their characteristic properties,
such as swellability in water, hydrophilicity, biocompatibility, and lack of toxi-
city, hydrogels have been utilized in a wide range of biological, medical, pharma-
ceutical and environmental applications.12 In the biomedical field, hydrogels are
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* Corresponding author. E-mail: jelenaj@ffh.bg.ac.yu
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used in diagnostics, therapeutics and implantable devices (catheters, biosensors,
artificial skin, controlled release drug delivery systems and contact lenses). Envi-
ronmental chemists are interested in utilizing these superabsorbent materials to
purify waste water by removing heavy metal ions and organic pollutants.3:4

The application of hydrogels could be affected significantly by their swelling
properties. The swelling kinetics and equilibrium degree of swelling are influen-
ced by many factors, such as the type of monomers, pH, ionic strength, network
structure, hydrophilicity, degree of ionization of functional groups, cross-linking
ratio, etc. The equilibrium degree of swelling is also a function of the properties
of the swelling medium, including the pH and the ionic strength.> lonizable “en-
vironmentally sensitive” hydrogel networks are especially attractive because their
properties can be controlled not only by changing their molecular structure but
also by adjusting external conditions.®

Hydrogels of acrylic polymers and their copolymers have been reported as
having adjustable swelling kinetics, which display special properties® and that the
presence of polyacrylic segments in the hydrogels significantly increases their
ability to uptake water.’ It is predictable that, due to the presence of carboxylic
acid side groups, the swelling behavior of a poly(acrylic acid) (PAA) hydrogel
would be highly dependent on the pH of the surrounding medium.® The swelling
behavior of copolymeric acrylic hydrogels also depends on the pH value of the
solution.89 It was shown that the swelling equilibria are primarily governed by
an energy balance between the osmotic pressure within the polymer network and
the elastic repulsive force of the network structure.8 It is known that PAA hydro-
gels swell significantly in a medium with a pH higher than 5 and that they do not
swell significantly in an environment with pH below 4, which is the pH of the
stomach. Thus one of the major applications of acrylic acid gels is in sustained
gastro-intestinal drug delivery systems.>10 A change in pH from 3-6 causes the
ionization of the hydrogels and an increase of the degree of swelling.

In the field of hydrogels, research on the kinetics of swelling is important
and numerous papers have been published on this topic, dealing with the swelling
kinetics of various types of hydrogels. The kinetics of the swelling of hydrogels
are most frequently formally described as first order chemical reaction or as a
process controlled by diffusion.

The swelling behavior of hydrogels synthesized by y-radiation cross-linking
of poly(acrylic acid) was investigated by swelling the hydrogels in buffered me-
dia of pH 4 and 7. It was found that the swelling mechanism was dependent on
the pH of the swelling medium and the concentration of PAA during irradiation.
Based on the results of Jabbary et al., all possible mechanisms of transport of the
solution into the gel were observed: Fickian diffusion, a combination of Fickian
and anomalous diffusion, anomalous diffusion and diffusion between anomalous
diffusion and case-11 diffusion.11
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Completely neutralized poly(acrylic acid) showed the highest degree of swel-
ling in pure water compared to several salt solutions. In this case, free counter
ions remain inside the gel to neutralize the fixed charges on the network chains.
The driving force of the swelling process is the presence of mobile osmotically
active counter ions. When salt is added to the system (1:1 salts; LiCl, NaCl, KCI
and CsCl), ions diffuse from the solution into the network. The overall concen-
tration of mobile ions in the gel is higher than before but the difference between
ion concentrations inside and outside is reduced. Consequently, the driving force
of swelling decreases gradually with increasing salt concentration.12

Bearing in mind the possible biomedical applications of PAA hydrogels, the
kinetics of the isothermal swelling of a PAA hydrogel in bidistilled water and
physiological solution in the temperature range of 20 to 40 °C were investigated.
This investigation employed both usual and newly-established methods. The aim
of this work was to compare the swelling kinetics of the PAA hydrogel in bidis-
tilled water and a physiological solution and to determine the kinetic parameters (ac-
tivation energy and pre-exponential factor) for the investigated swelling processes.

EXPERIMENTAL
Materials

Acrylic acid, in glacial form, was obtained from Merck, Darmstadt, Germany and was stored
in a refrigerator before use. Sodium persulfate and sodium thiosulfate both p.a. purity, were also
supplied by Merck and were used as a redox initiator pair with 30 % hydrogen peroxide, obtained
from Zorka-Sabac, Serbia. N,N’-Methylenebisacrylamide (NMBA), purchased from Merck, Da-
rmstadt, Germany, was used as the cross-linking agent. An activator, ethylenediaminetetraacetic
acid (EDTA), p.a., was purchased from Merck, Darmstadt, Germany. Sodium carbonate (Na,CO,),
p.a., Zorka-Sabac, Serbia, was used for neutralization. All chemicals were used as received. Bidis-
tilled water was used in the polymerization and swelling experiments. Physiological solution was
purchased from Hemofarm, Vr8ac, Serbia.

Synthesis of the partially neutralized poly(acrylic acid) hydrogel

The partially neutralized poly(acrylic acid) hydrogel used in this investigation was synthe-
sized following a procedure based on the simultaneous radical polymerization of acrylic acid and
cross-linking the formed poly(acrylic acid) according to the procedure described in a previous in-
vestigation,3 which is described below.

The hydrogel was synthesized under a nitrogen atmosphere in a polymerization reactor equip-
ped with a magnetic stirrer, reflux condenser, nitrogen inlet and thermometer. The monomer solu-
tion was prepared from 80 ml of acrylic acid dissolved in 180 ml of distilled water and 0.8 g of
NMBA and 0.08 g of EDTA, both dissolved in 60 ml of distilled water. This monomer solution was
placed in the reactor, stirred and de-oxygenated with nitrogen gas bubbling through the solution for
60 min. Initiator stock solutions were: sodium persulfate and sodium thiosulfate (both 2.5 g dissol-
ved in 22.5 ml bidistilled water) and hydrogen peroxide, 30 %. After completion of the de-oxyge-
nation, the initiator solutions were added to the monomer solutions: 2.4 ml of sodium persulfate so-
lution, 10 ml of hydrogen peroxide and 1.2 ml of sodium thiosulfate solution. Then, the reaction
mixture was slightly warmed up to 50 °C until the temperature of the reaction mixture dramatically
increased (gel point) and it was then left at 50 °C for a further 4 h. The obtained gel-type product
was converted to the Na* form (60 %) by neutralizing it with a 3 % solution of Na,CO3. Next, the
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synthesized hydrogel was thoroughly washed with distilled water. The water was changed 7 times
every 5 h or left over night and changed the following morning in order to remove the residual mo-
nomers and soluble fraction of the polymer. The hydrogel obtained in bulk was cut into small discs
approximately the same size and then dried in an air oven in the temperature regime of 2 °C min!
up to 105 °C, to constant mass. The obtained product was stored in a vacuum desiccator before use.
Swelling experiments

To determine the swelling parameters, the samples of xerogels (with diameter of about 0.5 cm
and thickness of 1 mm) of average weight of 0.1 g (5 %) were left to swell in distilled water and a
physiological solution at temperatures ranging from 20 to 40 °C. At the beginning of each experi-
ment, a piece of xerogel was weighed and immersed in an excess of the desired swelling medium to
swell. At predetermined time intervals until a constant mass was attained, the swollen gel was re-
moved from the swelling medium and weighed. Since the swollen gels appeared to be fragile, they
were put on a grid boat with a mesh size of 1 mm. This technique allowed the polymer to be placed in
water and to be weighed without it breaking. Each time the grid boat with the polymer was remo-
ved from the swelling medium, it was gently dried with a paper tissue in order to remove excess liquid.
Determination of the degree of swelling

The isothermal degree of swelling (SD), defined as the difference between the weight of the
swollen hydrogel sample at time t, m;, and the weight of the xerogel sample, mg, divided by the
xerogel weight, was calculated according to Eq. (1) and determined as a function of time:

sp[oe] =M —Mo 100 Q)
Mo
The equilibrium degree of swelling, SDeg, is the degree of swelling of the swollen hydrogel at
equilibrium, i.e., the hydrogel sample which had reached constant mass, meq. At least three swelling
measurements were performed for each sample and the mean values are reported. The maximal
error of the measurements was 0.5 %, i.e., 10 % of the determined SD.
The normalized swelling degree, ¢, is defined as the ratio between the degree of swelling, SD,
at time, t, and the equilibrium swelling degree, SDeq:
SD

= 2
“= oo @

Physico—chemical characterization of the xerogel

The xerogel was characterized by the following structural properties: density, pyg, cross-link
density, o, and the distance between the macromolecular chains, d, according to the methods pro-
posed by Gudeman and Peppas.®

Xerogel density, pyg, determination. The apparent density of the synthesized sample was de-
termined by the picnometry method using n-hexane as the non-solvent.

The cross-link density, o, and the distance between the macromolecular chains were calcula-
ted using the following equations:

P
SV ®)

Cc
d =0.154v5/3(0.19M )2 4

where M, is the molar mass between the network cross-links and is a nominal value estimated from
the initial composition:
72

c —X (5)
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where X is the nominal cross-link ratio (moles of NMBA/moles of acrylic acid in the reaction
mixture) and v, is the volume fraction of the polymer gel in the equilibrium swollen state at 25 °C,
which was determined as follows (Eq. 6):

V2= ®)
ag,s

where V,, is the volume of the xerogel sample and Vg is the volume of the gel sample after

equilibrium swelling:

W, s =W,
Vg,s = a,sp = )
h

where W, ¢ is the weight of the polymer after swelling in air, Wy, 5 is the weight of the polymer after
swelling in n-hexane and py, is the density of n-hexane.
RESULTS AND DISCUSSION

The determined basic structural properties of the synthesized PAA xerogel and
the nominal cross-linking ratio, X, are given in Table I. Based on the results pre-
sented in Table I, it may be concluded that the synthesized xerogel was of a me-
dium cross-linking density and macroporous (pores with average diameter > 50 nm).

The swelling isotherms of the synthesized partially neutralized poly(acrylic
acid) (PAA) xerogel in (a) distilled water and (b) physiological solution at
temperatures from 20 to 40 °C are shown in Fig. 1.

TABLE 1. The basic structural properties of the synthesized PAA xerogel sample and its nominal
cross-linking ratio (X) in the reaction mixture

X Pxg | kg m3 M / g mol-1 pex10%/ mol cm3 V) d/nm
0.005 994 7200 14 0.6 1.02

As can be seen from the results presented in Fig. 1, the swelling isotherm
curves are similar in shape at all of the investigated temperatures, both in distilled
water and in the physiological solution. Three characteristic regions of the degree
of swelling changes with swelling time may be distinguished in all the swelling
curves: a linear part, a non-linear part and a saturation range or plateau.

To analyze the influence of temperature on the kinetics curves of swelling,
the following specific parameters were used: the initial swelling time, tj,, the ini-
tial swelling degree, SDjp, the initial swelling rate, vj,, the equilibrium swelling
time, teg, the saturation swelling rate, veg, and the equilibrium swelling degree,
SDeq. These parameters are defined as follows: tj, is the time interval within
which the degree of swelling increases linearly with swelling time (from the be-
ginning of the process), SDj,, is the degree of swelling at the end of this linear in-
crease, Vip is the rate of swelling during the initial, linear region of swelling (Eqg. (8)):

(8)
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teq represents the time when the equilibrium swelling degree is first attained, vegq
is the saturation swelling rate and is defined as the swelling rate when SDgq is
attained for the first time (Eq. 9):

Veq =— )

2 i § . A
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Fig. 1. Swelling isotherms of the PAA hydrogel at different temperatures in
(a) distilled water and (b) physiological solution.

The changes of tin, Vin, teg, Veq and SDeq With temperature for the swelling of the
investigated hydrogel in water and the physiological solution are presented in Table .

TABLE II. The influence of temperature on the specific parameters of the swelling kinetics curves:
tin, Viny teg Veq and SDeq

Distilled water Physiological solution
t/°C t, v g Veq SDegx10%  tj, Vin teg Veq  SDggx107
min % minl min % min‘! % min % mint  min % min! %

20 90 555 350 3143 11.0 10.0 89.2 300 7.87 2.36
25 60 783 250 45.20 11.3 9.2 118.3 250 10.88 2.72
30 38 1052 180 64.44 116 8.8 141.8 200 14.25 2.85
35 30 1333 150 78.67 118 8.7 164.7 150 19.53 2.93
40 22 1820 120 100.00 120 8.5 188.5 100 30.00 3.00

From the presented results, it is clear that as the temperature of the swelling
increased, the initial swelling rate and the equilibrium degree of swelling increa-
sed in both investigated systems, while simultaneously, the values of tjy and teq
decreased. The values of the initial swelling time and equilibrium degree swel-
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ling, at the same swelling temperature, were significantly higher in water (2-9
times) than in the physiological solution. On the contrary however, the calculated
values for the initial swelling rate were higher in the physiological solution than
in distilled water.

When the kinetics of swelling are determined by the kinetics of penetration
of molecules of the swelling medium, Fick’s law of diffusion: SD = kt1/2,14.15
could be used as a model for the kinetics of the isothermal swelling.

Plots of the degree of swelling as a function of the square root of time at diffe-
rent swelling temperatures in distilled water and in the physiological solution are
presented in Fig. 2. These results deviate significantly from straight lines, both for
distilled water and the physiological solution. In fact, it is possible to obtain straight
lines only in certain period of swelling. For swelling in distilled water, the middle
region of the swelling process gives a straight line for the dependence SD vs. t1/2,
while for swelling in the physiological solution, only the first stages give straight
lines. Also, the shapes of the obtained curves of the process in water and in the phy-
siological solution differ significantly from each other. These results imply that the
so-called Fickian type of solvent diffusion into the hydrogel is not the dominant fac-
tor influencing the swelling kinetics of the hydrogel. They also imply that the swel-
ling mechanisms in water and in the physiological solution are probably different.

124

N-YXX. v-v-y
S ‘,r‘_ A-b—A—A
/9 —u—u /v" . o—o—0—0—0
o ¥ A

—a—a—0
|

a‘?‘
o
q £ t1°c
\Z} —u—20 —u—20
—e—25 —e—25
30 A— 30
—y—235 —y—35
40 40
T T T T T v T
16 20 10 15 20
% 112 l‘ minﬂ:’ e 12 ; min1|’2
(@ (b)

Fig. 2. Plots of the degree of swelling as a function of the square root of time in
(a) distilled water and (b) physiological solution.

If the kinetics of swelling is determined by diffusion of the network, the
isothermal swelling kinetics of the gel could be described by the Eg. (10):

SDgq —SD

In =kt (10)

eq
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I.e., the plots of In (SDeg/(SDeg—SD)) vs. t give straight lines.

The dependences of In (SDgq/(SDeq—SD)) on time for the swelling of the in-
vestigated hydrogel at the investigated temperatures are presented in Fig. 3, from
which it can be seen that the plots of In (SDeg/(SDeq—SD)) as a function of time
give straight lines only in parts of both of the investigated swelling processes.
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Fig. 3. Plot of In (SD¢g/(SDeq-SD)) vs. time in (a) distilled water and (b) physiological solution.

Bearing in mind that the isothermal swelling kinetics, both in water and in
the physiological solution may be described by the actually known models of
swelling only over limited time intervals, an attempt was made to investigate the
possible applicability of a new model for swelling kinetics. The choice of the
new model is based on the so-called “model-fitting method” which is widely
used to establish the reaction models for reactions occurring in the solid state.16

According to this procedure, the best choice of the approximate reaction mo-
del of the swelling process is achieved by comparing (both graphically and ana-
Iytically) the shapes of the function: ae = f (tg,red) of the investigated systems to
the shape of the function a =f (toq) of common reaction kinetics models for
heterogeneous processes, where, o is the normalized degree of swelling and tyqq
is the reduced time:

tred = te/t0.9 (11)

where t, is the swelling time which corresponds to the normalized degree of
swelling a, while tg g is the swelling time which corresponds to SD = 0.9SDg,

The sets of the common kinetics reaction models which were used to analyze
the investigated swelling kinetics models are presented in Table 111.17.18
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TABLE Ill. The set of kinetics models used for the determination of the kinetics model of the swel-
ling of the PAA hydrogel

General expression of  Integral form of the

Model Reaction mechanism the kinetics model, f() kinetics model, g(«)
P1 Power law 48/ al/4
P2 Power law 3a23 alf3
P3 Power law 20112 alf2
P4 Power law 2/3a7112 o32
R1 Zero-order (Polany—Winger equation) 1 o

Phase-boundary controlled reaction (con-

_ )12 _(1_)112
R2 tracting area, i.e., bidimensional shape) 2(1-a) [1-(1-0)~]
Phase-boundary controlled reaction (con- 213 o N1/3
R3 tracting volume, i.e., tridimensional shape) 3(1-a) [1-(1-0)*"]
F1 First-order (Mampel) (1-a) -In(1-a)
F2 Second-order (1-a)? (1-a)t-1
F3 Third-order (1-a)3 0.5[(1-a)2-1]
A2 Avrami-Erofe’ev 2(1-a)[-In(1-0)]Y/2 [-In(1-a)]22
A3 Avrami-Erofe’ev 3(1-a)[-In(1-0)]?3 [-In(1-a)]*3
A4 Avrami-Erofe’ev 4(1-a)[-In(1-0)]34 [-In(1-a)]4
D1 One-dimensional diffusion 1/2a o?
Two-dimensional diffusion (bidimensio-
D2 nal particle shape) U[-In(1-a)] (1-0) In(1-a) + &
Three-dimensional diffusion (tridimen- 231011 (1 A1/3 i N1372
D3 sional particle shape), Jander equation 3(1-a)™*/2[1-(1-0)""] [1-(1-0)*"]
D4 Three-dimensional diffusion (tridimensio- 3/2[(1-a)13-1] (1-20/3)~(1-0) 23

nal particle shape), Ginstling—Brounshtein

Fig. 4 shows the plots ae =f (t;red) for the theoretical reaction models pre-
sented in Table 111 (solid curves) and the experimental plots ae = f (tg,red) for the
swelling of the employed partially neutralized poly(acrylic acid) hydrogel in dis-
tilled water and in physiological solution, 4a and b, respectively.

Based on the results presented in Fig. 4, it may be concluded that the isother-
mal swelling kinetics of PAA in distilled water could be described with the so-cal-
led kinetics model of “contracting area” which is characteristic for phase-boun-
dary controlled reactions, of bidimensional shape.19 Furthermore, the isothermal
swelling kinetics in the physiological solution could be described by the so-called
kinetics model of tridimensional diffusion, which is characteristic for tridimen-
sional shaped particles (Jander equation).20 This means that the following expres-
sions are, respectively, valid:

1-(1-a)12 = kit (12)
[1-(1-0)Y/3]2 = knt (13)
where Kk, is the model rate constant.
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Fig. 4. Plot of @ = f (t;’red) for swelling in distilled water (o) and in
physiological solution (o) and the theoretical models (solid lines).

Fig. 5 presents the dependence of 1-(1-a)Y/2 on time for the swelling of
PAA in distilled water at the investigated temperatures.

g

ti°c
—n—20
—8—25

A— 30
—y—25
40

0.2

0.0

200 300 Fig 5. Plot of 1-(1-«)Y2 vs. time for swellling
r/ min in distilled water at the investigated temperatures.
Over a very wide range of “periods of applicability” (P >90 %) at all the
investigated temperature in distilled water, the dependence 1-(1-a)1/2 vs. time gi-
ves a straight line. The values of the model swelling rate constants (k) were de-
termined from the slopes of the lines obtained according to Eq. (12), which are
presented in Fig. 5. These values are shown in Table IV.
The dependences of 1-(1-a)1/3 on the square root of time at the varying in-
vestigated temperatures are in Fig. 6 shown for the swelling process of PAA in
the physiological solution.

T
0 100
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TABLE V. The temperature changes of model swelling rates constants (k) and their periods of
applicability (P) for the swelling of the PAA hydrogel in distilled water and physiological solution

t/°C Distilled water Physiological solution
P/% Km / 1073 mint P/% Km / 1073 mint
20 0-99 3.0 0-100 2.1
25 0-94 3.9 0-100 3.1
30 0-90 5.0 0-100 4.2
35 0-95 6.4 0-100 5.7
40 0-92 7.8 0-98 7.7

Over a very wide range of “periods of applicability” (P > 90 %), namely for
the entire range at all of the investigated temperatures in the physiological solu-
tion, the dependence 1-(1-a)/3 on the square root of time gives a straight line.
The swelling rate constants (ky) of the model were determined based on the
slopes of the lines obtained according to Eq. (13), which are presented in Fig. 6.
These values are also shown in Table V.

1.0
0.8
:? 0.6 1
= B t1°c
—u—20
—e—25
0.2 - A— 30
—v—35
40

0.0 —— _ Fig 6. A plot of 1-(1-a)* versus the square
0 5 10 15 20 root of time for swelling in the physiological
£ 1 min"® solution at the investigated temperatures.

Based on the results presented in Table IV, it is easy to observe that as the
temperature of swelling increases, the swelling rate constants (kp,) of the model
also increases. As the swelling rate constants calculated for the determined “peri-
ods of applicability” (P) using the applied models exponentially increase with
increasing temperature, it is possible to determine the kinetic parameters: activa-
tion energy (Ez) and pre-exponential factor (InA) for the applied kinetic models
using the well-known Arrhenius equation.

The results of the determined values of the kinetic parameters (E; and InA)
determined for the reaction models and their corresponding “periods of applicabi-
lity” (P) in distilled water and the physiological solution are summarized in Table V.
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TABLE V. The values of the kinetics parameters obtained using the different kinetics models

Model Distilled water Physiological solution
P/% Ej/kimoll In(A/minY) P/% E,/kImol?l In(A/min?)
Initial rate 0—(30-46) 44.36 2224  0-(37.7-70) 27.9 16.01
Fickian diffusion 22-82 21.68 15.69 0-(37-62) 277 17.06
First order 0—(50-70) 32.07 8.38 0—-(50-78) 49.6 16.14
Model 0-(9-95) 35.01 8.60 0-(99-100) 48.3 13.7

For all of the swelling kinetics models examined, the calculated kinetic para-
meters for the swelling of PAA hydrogels in the physiological solution are higher
than the calculated values for the same process in distilled water.

The values of the kinetic parameters for both investigated processes, deter-
mined by the newly established models and those of the first order kinetics
model, are mutually comparable and differ from one another by 5-10 %. The nu-
merical values of the kinetics parameters determined using Fick’s kinetics model
are significantly lower. The established changes of the swelling kinetics model
and the swelling kinetics parameters in physiological solution when compared to
those obtained with distilled water imply that the swelling mechanism in the phy-
siological solution when compared to distilled water is changed. Based on the
obtained results, it may be proposed that the swelling kinetics of PAA hydrogel
in distilled water are caused by the rate of two-dimensional movement of the
reactive interface, which is formed during the interaction of the polymer network
with the molecules of the swelling medium. On the contrary, the isothermal
swelling kinetics in physiological solution can be described by the kinetics model
of three-dimensional movement of the reactive phase boundary.2!

According to Flory’s theory,22 the degree of swelling of a gel in a specific
medium is a function of its characteristic properties (cross-link density, affinity
towards the molecules of the swelling medium, concentrations of the bonded
charges, degree of ionization of the functional groups, etc.), as well as of the
characteristics of the swelling medium (pH, ionic strength, valences of the oppo-
site ions). This theory simply explains the established decrease of both the equi-
librium degrees of swelling and the saturation swelling rate at all applied tempe-
ratures in the physiological solution when compared to those in distilled water.
The penetration of the physiological solution into the gel, due to the higher con-
tent of cations, leads to an increase in the Na* concentration onto the gel, as well
as to an increase of the osmotic pressure in the gel, i.e., to a decrease in the
difference in the osmotic pressure between the gel and the swelling medium,23
which leads to decrease of SDeg and Veg

The established increase of the rate of the initial swelling in the physiolo-
gical solution compared to that in distilled water can be explained as a conse-
guence of the increased concentration of the charges bonded to the network and
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the affinity of the network to the molecules of the swelling medium compared to
the molecules of distilled water. In the physiological solution (pH 6.4) the
network’s functional carboxylic groups of the network of the PAA hydrogel are
completely ionized because the pK, of PAA is 4.6. Thus, increasing the con-
centration of COO~ groups, i.e., the fixed charges, leads to an increase of the af-
finity towards the molecules of the swelling medium, which in turn leads to ele-
ctrostatic repulsion. This causes the initial swelling rate to increase in the phy-
siological solution more than in distilled water (note: this comparison concerns
two different time intervals. Approximately 10 min for the swelling in the phy-
siological solution and about 80-100 min in distilled water). If the activation
energy of the swelling process is equal to the energy necessary to cause elastic
shrinkage of the hydrogel network, the established increase of the activation
energy of the swelling process in the physiological solution compared to the one
in distilled water, can be explained by the existence of so-called “ionic cross-lin-
king”23 in the physiological solution. That is, “ionic cross-linking” occurs due to
the interaction of Na* ions with COO~ (of the network), which mainly occurs at
the surfaces and makes them stronger, which additionally decreases the flexibi-
lity of the network.

The established changes of the swelling kinetics models in the physiological
solution compared to that in distilled water, are in accordance with the theoretical
and mathematical prediction of Wang and co-workers.24 The hypothesis was
postulated on the theory of gel swelling kinetics, which is based on the collective
motions of both the network and swelling medium during the swelling process,
i.e., the diffusion motion of the “adsorption complex” formed from the network
and diffusion of the swelling medium. According to their theory, the swelling
medium moves together with the network, the swelling medium rate is the same
as the network rate and the motion of the polymer network of a gel during the
course of swelling is described by an equation called the “collective diffusion
equation”.24 When the rate of axial movement of the reactive interface is higher
than the rate of radial movement of the reactive interface (as is the case for PAA
hydrogels swelling in water) then for higher degrees of swelling, the reactive in-
terface increases because the rate of network shrinkage is lower than the rate of
penetration of the molecules of the swelling medium. On the contrary, when the
rates of the axial and radial movement of the reactive interface are identical, as is
the case for a PAA hydrogel swelling in the physiological solution, for higher
degrees of swelling, the reactive interface and reactive boundary volume will be
diminished and, hence, the rate of swelling of the hydrogel will be decreased.

CONCLUSIONS

The isothermal swelling kinetics of a poly(acrylic acid) hydrogel in distilled wa-
ter and physiological solution were described by Fick’s kinetics model and the ki-
netics model of first order chemical reaction only during limited stages of the process.
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The isothermal swelling kinetics of the PAA hydrogel in distilled water
could be described by the so-called kinetics model of “contracting area”, while
the isothermal swelling kinetics in the physiological solution could be described
by the so-called kinetics model of “tridimensional diffusion”.

The decrease of the equilibrium degree of swelling and the saturation swel-
ling rate of the PAA hydrogel swelling in the physiological solution compared to
the swelling in distilled water could be explained by the decreased differences in
the ionic osmotic pressures between the hydrogel and the swelling medium.

The increase of the initial swelling rate in the physiological solution might
be caused by an increased density of charges at the network and by the increased
affinity of the network towards the water molecules.

The increase of the activation energy of the PAA hydrogel swelling in the phy-
siological solution is explained as a consequence of the additional “ionic cross-linking”.

Acknowledgements: The Ministry of Science of Serbia supported this investigation through project
142025G.

U3BOJ

INOPEBEBE KMHETUKE BYBPEBA XUJIPOI'EJIA JEJIMMHUYHO
HEYTPAJIMCAHE ITOJIN(AKPUIIHE) KCEJIMHE ¥V
JECTHJIOBAHOJ BOIU 1 ®U3MOJIOIIKOM PACTBOPY

AJIEKCAHJIAP KOCTURY, BOPUBOJ AJIHABEBURZ, AJIEKCAH/IAP [IOIIOBUES 1 JEJIEHA JOBAHOBUR?

omoupuspednu daxyaiiei, Hemarwuna 6, 11080 3emyn, Beozpad, Daxyaiieii 3a dusuuxy xemujy, Cisiydeniticiu
iwpz 12—16, 11000 Beozpad u *Xemujcku paxyaimieim, Ciiydeniticku mipz 12—16, 11000 Beozpad

V pany cy ucnuTHBaHE H30TEpMalIHE KMHETHYKE KpHUBe OyOperma Xuaporeia IeIMMUYHO Hey-
TpajicaHe noJik(akpuilHe) KUCEIUHE Y IECTUIIOBAHOj BOAM U (DM3HOJIOIIKOM PAaCTBOPY y TeMIiepa-
typaoM omcery ox 20 mo 40 °C. UcnuruBana je moryhnoct npumeHe OHKOBOT KHHETHYKOT MO-
Jiesia Kao M KMHETHKE U pelia XeMHjCKHX peakiija Ha KHHETHKY OyOpema MOJHaKpUIIHOT XUAPO-
rena.YTBpheHo je na cy MOryhHOCTH 3a BUXOBY IIPUMEHY BpJIO orpanuueHe. M3 tux pasiora npu-
MEHCH je HOBH MOJIENl KHHEeTHKE OyOpema. Onpelhernu cy kunetnuk napamerpu (E,, In4) 3a npo-
Hece OyOpema y IeCTHIIOBAHOj BOAU U (HH3UOJIOMIKOM pacTBOpy. CMamemhe paBHOTEKHOT CTEHeHA
OyOpema u carypanuone Op3uHe OyOpema Xuaporena JEIMMUYHO HEyTpallucaHe Moi(aKpuiHe)
KUCEIIMHE Y (PU3HOJIOUIKOM PacTBOPY y OJHOCY Ha JSCTHIOBaHY BOJY MOXeE Ce 00jaCHHTH CMabe-
BEM Pa3jiiKe Y jOHCKOM OCMOTCKOM MPUTHCKY u3Mel)y xuzaporena u meaujyma 3a Oyopeme. [Tose-
hamwe nHHLMjanHe Op3uHEe OyOpema y (DM3HOJOMIKOM PAacTBOPY y OAHOCY Ha IECTHIOBAHY BOIY
MPOY3pOKOBaHO je noBehameM I'yCTHHE HaeJIeKTpUcamha Ha MOJMMEPHOj MpexH U nmoBehanum adu-
HHUTETOM IIpeMa MoJieKyiuMa Boje. [ToBehiame eHepruje akTHBaluje Xuaporena ACIUMHYHO HEY-
TpaJicaHe MoJu(aKpHiIHe) KUCeIHHe MpU O0yOpemy y HH3HOIOLIKOM pacTBOpY ce objallimasa J10-
JIaTHUM “JOHCKHMM yMpexemeM~ XHUAporena y (GU3HOJIOMKOM PacTBOpY.

(TTpumsbeno 23. pebpyapa 2006, pesuanpano 19. pebpyapa 2007)
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polymerizations. Part V1. Mechanism of ethylene
polymerization by supported chromium oxide

DRAGOSLAYV STOILIKOVIC** BRANKA PILICL, MISA BULAJICZ,
NEBOJSA PURASOVIC? and NIKOLAJ OSTROVSKI3

1Faculty of Technology, University of Novi Sad, Bul. Cara Lazara 1, 21000 Novi Sad,
2HIP-Petrohemija, 26000 Pancevo and 3HIPOL, 25250 OdZaci, Serbia

(Received 27 October 2006, revised 13 June 2007)

Abstract: Despite intensive research over the last 50 years, many questions concer-
ning ethylene polymerization by supported chromium oxide are still unanswered.
Hence, the very fundamental issues of this polymerization are discussed in this
paper. It is shown that a charge percolation mechanism (CPM) of olefin polymeri-
zation by Ziegler—Natta transition metal complexes, recently proposed by us, can
give the answers in this case, too.

Keywords: Ethylene polymerization, Phillips CrO,/SiO,, charge percolation mechanism.

INTRODUCTION

Ethylene polymerization by silica supported chromium oxide was discovered
some fifty years ago and has attracted a great deal of academic and industrial
research.l It is generally believed that the insertion mechanism23 of Ziegler-Natta
(ZN) polymerization can also be applied in this case. Despite the very extensive
research, however, there are still many open questions:1:4-8

1. What is the oxidation state and structure of the active center?

2. What is the mechanism of initiation?

3. What is the mechanism of polymerization?

4. What is the physico—chemical state of the Cr species at the silica?

5. How to explain the polymerization kinetics, particularly the occasional ap-
pearance of an induction period?

6. How to explain the origin of the structure and very broad molecular weight
distribution (MWD) of PEHD?

7. What is the role of silica and how to correlate its properties with the results
of polymerization?

* Corresponding author. E-mail: dragos@uns.ns.ac.yu
# Serbian Chemical Society member.
doi: 10.2298/JSC0711155S
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The same questions have been asked since the 1950s, when Hogan and
Banks claimed that the Phillips catalysts “is one of the most studied and yet con-
troversial system”. In 1985, McDaniel8 stated, “we seem to be debating the same
guestions posed over thirty years ago, being no nearer to a common view”. Now-
adays, in a review# published in 2005, it is stated that “it is interesting to
underline that although in the last two decades a lot of progress has been made,
no unifying picture has yet been achieved.”

Fifty years — the same open questions, the same “Whats” and “Hows”!

Hence, at the beginning of this article, the fundamental facts and the pre-
sumptions trying to find out what is wrong will be re-examined. Then, a recently-
proposed charge percolation mechanism (CPM) of olefin polymerization in pre-
sence of transition metal compounds®~13 will be applied. The aim of this work
was to show that the CPM also can be applied to explain ethylene polymerization
by CrOy supported on SiO, or some other supports. In a subsequent articlel4 of
this series, the most important and well-known empirical facts will be presented
and explained by the CPM.

EMPIRICAL FACTS AND CONTROVERSIES OF CURRENT EXPLANATION

To find a way out of the deadlock it is necessary to return to the very begin-
ning and to analyze the process in the most fundamental manner. There is no
doubt that the Phillips process includes three basis participants, i.e., monomer
(ethylene) molecules, active centers (based on chromium) and the support
(silica). The crucial question is: Why each participant (ethylene, chromium and
support) enters into the process?

Ethylene polymerizability

Concerning ethylene, there is an excess of free energy stored in the dynamic
movement of m-electrons, i.e., four electrons are squeezed between two carbon
atoms separated by 0.133 nm. (Hence, the ethylene molecule has a quadrupole
moment, i.e., the C—H bonds are partially polarized. The dipole moment of the
C-H bond is 3.5x10730 C m, i.e., 1.05 D.15 The partially positive charges are on
the H atoms, while the partially negative charges are on and between the C
atoms.) The second issue is the completely restricted rotation around the C=C
bond. There is a thermodynamic tendency to liberate the free energy by poly-
merization, i.e., to transform the double bonds into the single o-bonds, which
contain the only two electrons between the two more separated carbon atoms
(0.154 nm). Simultaneously, rotation around the C—C bonds would be enabled.
The negative change of enthalpy (AH =—92.7 k] mol-1),16 i.e., the heat evolved
in that process, is the thermodynamic “driving force” of the polymerization. To
achieve this, however, it is necessary to sacrifice the relatively free movement of
the ethylene molecules and to replace it by the segmental motion of the macro-
molecular chain. Hence, there is a large negative change of entropy of polymerization
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(AS =—0.14 k) mol-1 K). Despite this, the change in free energy even at atmos-
pheric pressure and 500 K is negative, i.e., AG = AH—TAS =-22.9 kJ mol-1,
Hence, the high negative entropy change of polymerization is not a “limiting for-
ce” of the polymerization from the thermodynamic but from the kinetics stand-
point.16 Hence, it is necessary to achieve such polymerization conditions which
enable both a negative change of free energy (AG = AH — TAS < 0) and a less ne-
gative change of entropy. Ethylene alone can satisfy these requirements and can
polymerize by the free radical mechanism only at extremely high pressures. Other-
wise, it cannot polymerize without the aid of transition metal active centers and
the help of a support which provides the conditions necessary for polymerization.1?

Oxidation states of chromium active centers

But, why does chromium enter into the process and how does it help the
ethylene molecules to polymerize? Let us consider the current explanation using
the insertion mechanism.1=3 Even the initiation reaction is not fully understood,;
it is believed that initially some alkylated chromium active centers are formed,
i.e., initial Cr—R species have to be formed. Whatever is the oxidation state of the
active chromium centers, there is at least one empty d-orbital ((1) on an alkylated
chromium atom (CICr-R). The chromium has a necessity to fill the empty orbital
with electrons. According to the current explanation, propagation of the polymer
chain consists of two steps. In the first one, an ethylene molecule (Et) is coordi-
nated to a chromium atom supplying n-electrons to the empty orbital (Et---Cr-R).
It seems that the chromium atom has filled the empty orbital. In the second step,
however, it is proposed that the coordinated ethylene molecule escapes from the
just filled chromium orbital and inserts itself into the Cr—R bond making the
chromium orbital empty again (COCr—Et Cr-R). It is believed that these two steps
are repeated again and again, several thousands times. It is evident that the chro-
mium active center is circumvented and deceived, again and again, several thou-
sands times! Each time an ethylene molecule has fulfilled its tendency to poly-
merize, but the chromium active center has never filled the orbital! A similar in-
sertion mechanism and quite similar open questions exist in the interpretation of
the Phillips process, such as in the case of ZN polymerization of olefins.

In addition to the empty orbital, Cr atoms have a diversity of oxidation state.
Various chromium compounds are used as precursors for the preparation of chro-
mium active centers: oxides, acids, sulfates, acetates, etc. In the most cases, ini-
tially almost all Cr atoms of some precursor are in the same oxidation state, i.e.,
Cr(111) or Cr(V1), sometimes Cr(ll). After impregnation onto a support, the ther-
mal treatment and activation in the presence of oxygen or an inert medium, and
possible reduction by hydrogen or carbon monoxide, a diversity of Cr oxidation
state is achieved. A typical Phillips catalyst with 1 wt. % Cr supported by silica,
after calcination in dry air, shows the existence of mixed oxidation states: 70.4 %
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Cr(VI) and 29.6 % Cr(111).6 Further changes in the Cr oxidation states occur on
addition of ethylene, i.e., Cr(ll), Cr(l11), Cr(IV), Cr(V) and Cr(VI) oxidation sta-
tes have been found.#6:7.18-29 nitially formaldehyde and ethylene oligomers are
produced.48.7 According to the proposed mechanism? (Fig. 1), some of the Cr(VI)
atoms are transformed into the unstable transient Cr(1V), then reduced to Cr(ll)
species (steps 1 through 4, producing the species A, B, C, D and E). Starting
from 70.4 % Cr(VI) and 29.6 % Cr(l1l), after ethylene addition, it was found that
the fraction of Cr(VI) decreased to 47.8 %, while the fractions of Cr(l11) and Cr(II)
increased to 39.3 % and 12.9 %, respectively. It is believed that the increase of
Cr(111) species is due to the interaction between Cr(I1) and Cr(\V1) species (step 5,
producing F). It has been confirmed that surface Cr species in the oxidation states
Cr(11) and Cr(V) showed no direct relationship with the polymerization activity
and thus could be ruled out as the active Cr precursor.2>
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Alkylation and
initial ethene

insertion Aggregation of

surface Cr
species

M

Fig. 1. Plausible mechanism of the reactions occurring on the CrO,/SiO, catalyst engaged in the
induction period through interaction with ethylene.”

In a case of Cr precursor treatment with CO, most of Cr atoms are reduced to
the oxidation state Cr(11).4.8.18-24 |n the presence of ethylene, the oxidative addi-
tion of one, two or three ethylene molecules to Cr(Il) species gradually converts
them into various alkylated Cr(1V) species (Fig. 2).4:26.28.29
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Fig. 2. Initiation mechanisms proposed for CO reduced Cr/SiO, precursors.*

Generally, starting from a relatively homogeneous oxidation state of Cr ato-
ms in some precursor, a significant diversification of the oxidation state is achie-
ved by the processes of impregnation, thermal treatment, activation and by the
initial interaction with ethylene. The catalysts consist of Cr atoms which are he-
terogeneous in respect to their oxidation state. There is a tendency of chromium
to re-homogenize its oxidation state and to stabilize itself to the oxidation state
Cr(111). This happens by ethylene polymerization. The initially formed unstable Cr(Il)
and Cr(IV) species are transformed to the more stable Cr(l11) species by simulta-
neous polymerization of ethylene to a macromolecular chain. Hence, during ethy-
lene polymerization by Cr(ll) precursors, the fraction of Cr(ll) decreases while
the fraction of Cr(lll) increases.4 Chromium active centers are deactivated, i.e.,
stabilized, simultaneously with ethylene polymerization. Deactivation of the acti-
ve centers and ethylene polymerization are mutually interdependent acts. Both of
them are possible, however, only in the presence of some support (carrier).

Relaxation of silica surface strain by chromium and ethylene

“Usually the carrier does play an essential role, because without it such (chro-
mium) compounds rarely exhibit any activity... In fact, neither (chromium) spe-
cies is very active for ethylene polymerization until it has been supported on a
carrier”.® The catalyst support not only acts as a dispersing agent for the active
Cr centers, but its properties have also a dramatic effect on the polymer charac-
teristics. The most important factors are pore volume, pore size and surface area.
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The crucial question is: Why a support enters into the process? During the
thermal treatment and the calcination, silica dehydroxylation occurs, resulting in
the formation of surface strained siloxane groups.# It has been explained that the
hydroxyl and siloxane concentrations change with the thermal treatments and that
they influence the silica surface strain. It has been noted that the grafting of Cr(ll)
ions decreases the silica surface strain. The role of surface strain in the Cr(I1)/SiO»
system activated at high temperature in influencing the activity is not completely
clarified, even if the more recent information suggests that the effect is not negli-
gible.# In any case, it is evident that Cr precursors reacting with hydroxyl groups
help silica to reduce the strain.

The ethylene adsorption has a quite similar effect: “We have to consider that
the adsorption of molecules is always associated with a surface relaxation phe-
nomenon”.4 It was confirmed experimentally that the surface of the support and
the pore volume were decreased significantly by ethylene adsorption.30

Importance of ethylene adsorption for polymerization

It is well know that ethylene and CO, as well as some other compounds are
adsorbed on silica even in the absence of chromium or any other transition metal.
Newalker et al.31 reported the adsorption of light hydrocarbons on HMS type
mesoporous silica (980 m2 g-1, the pore size distribution was centered at about
20 nm) at pressures up to 1000 mm Hg (at 30 and 50 °C, respectively): ethane
0.5055 and 0.3366 mmol g-1; ethylene 0.7531 and 0.5091 mmol g-1; propane
1.316 and 0.8214 mmol g-1; propylene: 1.9819 and 1.3757 mmol g-1; acetylene
1.4241 and 0.9429 mmol g~1; carbon monoxide 0.0667 mmol g~ at 30 °C; ni-
trogen 0.0484 mmol g-1 at 30 °C. Padin and Yang32 reported the adsorption of
ethylene at 1 atm and 70 °C: 0.53 mmol g1 at silica (670 m2 g-1, pore volume
0.46 cm3 g-1), and 0.32 mmol g1 at silica (398 m2 g-1). Ethylene adsorption on
silica was up to 1.6 mmol g~ at 0 °C and 800 mm Hg.33 Data on ethylene adsorp-
tion on silica at temperatures 0, 25, 40, 142, 175 and 226 °C have also been repor-
ted.33 (These empirical facts have been almost completely neglected by polymer
scientists who have made efforts to identify the active sites in the Cr/SiO, system.)

Although chromium is fully attached at 300 °C during the thermal treatment
of silica with a Cr precursor, the subsequent polymerizing activity of CrO,/SiO»
continues to increase right up to the point of silica sintering at a high tempera-
ture.8 Silica sintering is a consequence of stress and strain relaxation. Sintering
destroys the surface area and the porosity of the silica. Hence, the ability of silica
to adsorb ethylene should decrease. Consequently, the polymerization activity in-
creases with increasing calcination temperature up to a maximum at around 925 °C,
and then declines.8 (A similar result was obtained in the case of propylene ad-
sorption and polymerization by classical supported ZN titanium catalysts.34 The
adsorptivities of various supports, without a titanium precursor, were determined
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after calcination at different temperatures in the range of 100-1000 °C. It was
found that the maximum values of adsorptivities were obtained after heat treat-
ment of the support at 300-400 °C. Also, supports previously loaded with tita-
nium precursor were calcinated separately in the same temperature range 100-1000 °C.
So-prepared catalysts were used for propylene polymerization. It was found that
supports calcinated at 300-400 °C exhibited the maximum polymerization acti-
vities. It was concluded that there was a parallelism of support adsorptivity and
its catalytic activity, i.e., the maximum adsorptivity of an unloaded support cor-
responded to a maximum polymerizability of a titanium loaded support.)34

But, why does ethylene adsorbs on silica? The answer is: silica helps ethy-
lene to partially deliberate its free energy as heat of adsorption, the value of
which decreases from 32 to 16 kJ mol=1 with increasing coverage.3! A nuclear
magnetic resonance study confirmed that there are deformations in the electronic
and geometric structure of ethylene adsorbed on zeolite, as well as the orientation
of ethylene molecule due to neighboring molecules.3> More recent data confir-
med that there are several chemisorbed species of ethylene adsorbed on all the
studied surfaces.36-39 Physically adsorbed and ordered di-c-bonded ethylene
with a molecular plane parallel to a platinum surface was formed at low coverage.
With increasing coverage, chemisorbed n-bonded ethylene intrudes into di-z-bonded
ethylene layer onto the surface. The n-bonded ethylene is concluded to have its
molecular plane tilted while the C=C bond remains parallel to the surface of
platinum and silver.38 In other words, the n-electrons are partially localized on
the C atoms, the double bond is extended thus enabling a higher mobility of the
CHa groups, but the movement of the ethylene molecule as a whole is restricted.
(Very similar changes were noticed in the case of propylene adsorption, i.e., che-
misorption of the first monolayer induces the rehybridization of the double bond
in propylene towards a significant single character.40 The C=C bond length of
propylene in the gas phase is 0.133 nm, but that of chemisorbed propylene is
0.148 nm, thus approaching the single C—-C bond length of 0.154 nm, with a
concomitant significant reduction of the double bond character.4! The extension
of chemical bonds of adsorbed molecules is a typical phenomenon observed in
adsorption processes).36

There is a great negative change of entropy if the free ethylene molecules
have to be polymerized. This is the “limiting force” of the polymerization kine-
tics. The support also aids ethylene to partially solve this problem. Typically, a
dependence of heat of adsorption with coverage is usually observed to display
three regions, namely the adsorbent-adsorbate interaction, followed by the adsor-
bate—adsorbate interaction and finally by condensation.31 Consequently, the en-
tropy of adsorbed ethylene decreases with the coverage, (¢), approaching a mini-
mum value when a monomer monolayer is completed, i.e., at the coverage 6 = 1.33
Low entropy means that the ethylene molecules are organized at the surface of
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the support. Such organized molecules have less to lose if they should polymeri-
ze. Hence, the entropy of polymerization of organized monomers should have a
small negative value and the “limiting force” could be overcome. The molecular
distortion, the reduced mobility and the self-assembling of the ethylene molecu-
les are prerequisites for ethylene polymerization and they are achieved with the
help of the support.1? (The same prerequisites can be achieved by compression of
ethylene gas. In this case, polymerization by the free radical mechanism is
possible, but only under low entropy conditions in which different supra-
molecular ethylene species are present.)10,42-44

The importance of monomer adsorption for its polymerization was recogni-
zed immediately after the discovery of ZN catalysts and was discussed extensi-
vely.17,4546 According to our knowledge, there was no thorough research of mo-
nomer adsorption on the surface of supports that are used in ZN and Phillips
polymerizations in order to explain their mechanism, since very soon after their
discovery, the insertion mechanism was proposed and generally accepted. On the
other hand, there are many investigations on olefin (ethylene, propylene, butyl-
ene-1, butylene-2, 1,4-pentadiene) adsorption on the various supports (metals,
metal oxides, silica, aluminum oxide, aluminosilicates, etc.) important for olefin
hydrogenation, oxidation, isomerization and other reactions.4’

Today, the surface science of adsorption has advanced and approached many
rules, findings and statements.36 They are also of a great value for the interpret-
tation of olefin polymerization, since according to the CPM that will be presented
here, it is necessary to have monomer molecules adsorbed on the surface of a
support. When the surface of some support is exposed to adsorption of some
molecules, a surface film of adsorbate is formed. Two types of interactions con-
tribute to the formation of a surface film: 1) the interactions (electronical and
geometrical) between the support and molecule of adsorbate and 2) the lateral
interactions between the adsorbed molecules. The evolution of a film depends on
the coverage and time. The structure of the film and the orientation of the adsor-
bed molecules depend on the type of the dominating interactions and on the sur-
face area available to each adsorbing molecule. If the coverage is low and the
available area per adsorbing molecule is large, a disordered two-dimensional ga-
seous phase is formed. Each molecule of adsorbate is oriented to the surface
occupying a relatively high surface area. The gas possesses neither short-range
nor long-range order and there is little interaction between the adsorbed mole-
cules. As the coverage increases, the available area decreases and a phase transi-
tion occurs into a two-dimensional liquid-like phase. Liquids exhibit short-range
but no a long-range order. Further adsorption reduces the available area of the
support and transforms the adsorbate film into a solid-like phase. The molecules
stand up straight toward the surface because thus they occupy a minimum space
on the surface. The types of condensed adsorbed phases which can be formed de-
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pend greatly on the intermolecular interactions adsorbate—adsorbent and within
the film, i.e., lateral interactions between the adsorbate molecules. The lateral in-
teractions are responsible for the formation of a two-dimensional ordered solid
phase. The degree of ordering depends on the coverage, exposure time and the
strength of the intermolecular interactions. The adsorbate undergoes self-assem-
bling, i.e., phase transition from a disordered phase into an ordered phase. If the
adsorbate is appropriate and if sufficient time is given, the system locks into a
final structure which is well-ordered. The self-assembling is enhanced by the
presence of some nucleation centers, i.e., surface defects or some nucleating age-
nts (e.g., metal ions). Once the ordered phase is formed, it does not spontane-
ously revert to a disordered phase.

Thus, it can be realized how olefins are adsorbed on a support. The gradual for-
mation of a monomer monolayer is realized by a simultaneous change in the orien-
tation of the molecules and degree of order, as was demonstrated for many other
substances.36 The role of support is to deform the monomer molecules as well as
to concentrate and to orient them properly, thus facilitating their polymerization.

THE CHARGE PERCOLATION MECHANISM (CPM)

Based on the theory of the polymerization of organized monomers proposed
by Semenov, Kargin and Kabanov,45:46 which was applied to explain free radical
polymerization of compressed ethylene gas'0.42-44 and liquid methyl methacry-
late,#8 and based on an analysis similar to that presented in the previous section,
the charge percolation mechanism (CPM) was suggested and applied it to explain
olefin polymerization in ZN systems.%~13 Here the CPM is adopted to explain
ethylene polymerization in the presence of the Cr/SiO, system.

Starting from Cr(VI) precursors, after immobilization on silica, thermal
treatment and addition of ethylene (or CO), immobilized Cr(Il) species are pro-
duced (Figs. 1 and 2). After the oxidative addition of ethylene to the Cr(lIl) spe-
cies, the various Cr(1V) species are formed. Both species, i.e., Cr(1l) and Cr(1V),
exist simultaneously on the support.

The species Cr(IV) and Cr(ll) are unstable. There is a tendency to equalize
their oxidation states to Cr(lll) by charge transfer from Cr(Il) to Cr(IV), but it
cannot be done since they are immobilized and highly separated on the support.
However, the monomer molecules can help. It is well known that ethylene mole-
cules are gradually adsorbed on silica, producing a layer of adsorbate even in the
absence of Cr or any other transition metal.31-33 The immobilized Cr(ll) to Cr(1V)
species on the support are gradually surrounded by an adsorbed monomer film. A
cluster of monomer, with overlapped =-bonds, connects two immobilized Cr spe-
cies (Fig. 3, top). Once the bridge is completed (the moment of percolation), a
charge transfer occurs. The terminal monomer molecules, adjacent to Cr(IV) and
Cr(I1), are inserted into their vacancies, making m-complexes with them, if the
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shape and size of the monomer molecule are in accordance with the vacant spa-
ces of the active centers. Thus, monomer molecules form a bridge consisting of a
n-electron cloud between the Cr(IV) and Cr(ll). The whole m-electron cloud in
the monomer cluster will be pulled toward Cr(IV), since it has a more positive
charge than Cr(I1). Thus, the monomer cluster is excited, i.e., the n-electrons are
displaced toward Cr(IV), producing a partially negative charge toward Cr(IV)
side. This displacement of m-electrons attracts a proton from the alkyl group of
Cr(IV) to terminal monomer molecule, leaving an electron pair on the alkyl
group. Simultaneously, a partially positive charge is formed on the terminal mo-
nomer molecule coordinated to Cr(lIl), a proton from the terminal monomer mo-
lecule is repelled to Cr(Il). The electron pair on the left terminal monomer mole-
cule enables the simultaneous polymerization of all monomer molecules belong-
ing to the bridge between Cr(1l) and Cr(1V). Both Cr species equalize their oxida-
tion states simultaneously with the polymerization of monomer (Fig. 3, bottom).
The polymer chain is removed from the support making its surface free for sub-
sequent monomer adsorption. The whole process is repeated by the oxidation—re-
duction of some other Cr(11)-Cr(IV) ensembles immobilized on the support.
H H-CH-CH,
| /N

CrCH, = CHCH, = CHy(CH; = CH,)“CH, = CH, ot

/ \ (Adsorbed ethylene on SiO,) / \
0O O 0O O
] | | |
Support
Cr?H  CH,= CH-CHy-CHy-(CHy-CHy)m-CH,-CHs Cr-CH=CH,
/ N\ / \
o o 0O o
| | | ]
Support

Fig. 3. An elementary step of the charge percolation mechanism.

Any of the Cr(Il) and Cr(IV) species presented in Figs. 1 and 2 could be the
active center. After charge percolation, various alkylated Cr(l11) species could be
formed, depending on the type of the alkyl group.

As the results of the process, unstable species Cr(Il) and Cr(IV) are deacti-
vated since they are transformed to the more stable green Cr(l1l) species, as was
experimentally confirmed.4.749.50 Monomer adsorption and its polymerization is
a device for charge percolation between Cr(I1) and Cr(IV), whereby the oxidation
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state of the Cr atoms is homogenized. The polymerization is not possible without
this kind of deactivation and this type of deactivation is not possible without the
polymerization of the monomer. Both processes, i.e., homogenization of the oxi-
dation state of Cr and ethylene polymerization, are mutually interdependent acts,
neither possible without the other.

The support plays a very important role. It offers the sites to bring both com-
ponents together, by immobilization of Cr and by adsorption of monomer.
Thanks to the support, it is possible that both reactions (the oxidation—reduction
of Cr and the polymerization of monomer) are merged and performed at the same
location, simultaneously, in a common process. Simultaneously, strain relaxation
and fragmentation of the support occur due to the heat evolved in these process-
ses. Furthermore, once both reactions are completed, a part of the support beco-
mes free for subsequent monomer adsorption.

SIMILARITY OF THE CPM WITH SOME EXISTING EXPLANATIONS

Estimating the situation in the 1970s in his famous book “Ziegler—Natta
Catalysts and Polymerizations” Boor stated: “Each worker has examined some
aspect of the problem and has given his view of what is happening. The findings
are similar to pieces of a puzzle which are coupled to form the whole picture;
only here, some critical pieces are still missing”.51 In the previous section, it has
been shown that the CPM gives the critical pieces asked for by Boor.

It seems that the CPM is something quite new and not known in current
chemistry. This is not true.

A quite similar mechanism, however, was proposed very soon after the dis-
covery of ZN and Phillips polymerizations. Friedlander and Oita®2 and Kargin
and Kabanov46 suggested that propagation occurs by the addition of adsorbed
olefin molecules to an active center (Fig. 4). They also proposed that the polymer
chains are detached from the support, thus making some adsorption sites free for
subsequent monomer adsorption. They believed, however, that a polymer chain
propagates by a radical or ion—radical mechanism. Since the presence of radicals
was not confirmed, this mechanism was rejected, together with the proposal that
the adsorbed monomer molecules were enchained.

It was proposed by Rebenstorf and Larsson®3 that the initiation reaction for
the polymerization of ethylene could be the addition of one ethylene molecule to
one dinuclear surface chromium complex by the formation of a Cr—CHo—CH»—Cr
bridge. More recent theoretical calculations showed that there was a slight bias
toward Cr(I1)—Cr(1V) over the Cr(111)—Cr(I11) ensembles as active centers.>* This
is very similar to the proposal made by the CPM.

Similar electron transfer reactions between two transition metal atoms by a
ligand bridge, which includes a transition metal oxidation—reduction and a che-
mical transformation of the ligand bridge, are described in inorganic chemistry as
mutually interdependent acts.>® In the case of olefin polymerization by the CPM,
the bridging group is a monomer cluster between two Cr active centers.
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Fig. 4. Replica polymerization mechanism pro-
posed by Friedlander and Oita®2 (a - cross sec-
(b) tion; b — surface view).

Also, the proposed CPM is quite similar to reactions catalyzed by enzymes,
which are also highly entropy dependant. An enzyme usually contains an acid
and some base residues. The high effectiveness of the action of an enzyme is of-
ten explained by the simultaneous action of these groups by the transfer of a pro-
ton from an acid group to a reacting substrate and a proton from the substrate to
the base group (“push-pull” mechanism).56 The mechanism of natural polymer
synthesis, i.e., proteins and DNA replication performed by enzymes are quite si-
milar to the CPM of synthetic polymer synthesis by a supported transition metal
complexes and a self-assembling adsorbed monomer.

CONCLUSIONS

The CPM includes three basic participants, i.e., ethylene, chromium precur-
sors and supports, in three mutually interdependent acts, i.e., ethylene polymeri-
zation, chromium deactivation by oxidation—reduction and silica strain relaxa-
tion. The CPM is in good agreement with the experimental data on the polymeri-
zation of ethylene by supported CrOy systems. It gives reasonable answers on all
open questions mentioned in the introduction: (1) the active centers are Cr(ll) and
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Cr(IV) ensembles; (2) the mechanism of initiation includes the coordination of
ethylene molecules with CrOy species and the reduction of Cr(VI) to Cr(IV) and
to Cr(ll) (Fig. 1); (3) the polymerization is performed by the charge percolation
mechanism proposed for supported CrOy as well as for other Ziegler—Natta poly-
merizations by transition metals (Fig. 3); (4) the diversity of the Cr oxidation sta-
te (Figs. 1 and 2) and the tendency to stabilize them to Cr(l1) is the “driving for-
ce” for polymerization.

The answers on the other open questions listed in the introduction, i.e., 5., 6.
and 7., as well as more evidence of the validity of the CPM will be given in a
subsequent article (Part V11 of this work).14

U3BO A

MEXAHU3AM ITOJIMMEPU3AIIUIE ITEPKOJIALIMJOM HAEJIEKTPUCABA U
CUMVIJIALIMJA TTUTJIEP-HATA INOJIMMEPU3ALIMIE. JEO 6. MEXAHU3AM
TIOJIMMEPU3AIINIE ETUJIEHA IIOMOBY OKCHUIA XPOMA HA HOCAUY

JIPATOCJIAB CTOMWBKOBURY, BPAHKA IAINRY, MULIIA BYJIAJUR,
HEBOJIIIA BYPACOBIE? 1t HUKOJIA] OCTPOBCKI®

YTexnonowku paxyaimieims, Yrnusepsuigie y Hosom Cady, Byaesap Llapa Jlasapa 1, 21000 Hosu Cao,
2XHTI-eitipoxenuja, 26000 Maneso u *XHITOJ, 25250 Ouayu

Vipkoc 06GMMHUM HCTpaXHBambUMa y poTekinx 50 roguHa, ocraia cy 6e3 oAroBopa MHOra
[UTakba O MOJIMMEPU3ALMjH eTHIeHa NoMohy OKcuza Xpoma Ha Hocady. Ctora ce y oBOM pamy
pa3MaTpajy OCHOBHE IOCTaBKe OBe mosnmmepusanyje. [lokasaHo je na ce 1 y OBOM CIliydajy MOry
nahu oxarosopu nomohy MexaHn3ma HepKonalyje HaeleKTpHCcama, KOjer CMO HEIaBHO MPEIo-
XKUITH 32 noJMepu3anujy oneduna npumeHom [urnep—Hara koMIiekca npeasHux MeTana.

(ITpumsseno 27. okroOpa 2006, peBuaupano 13. jyna 2007)
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