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Synthesis and characterization of novel porphyrin Schiff bases
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Abstract: Novel porphyrin Schiff bases were synthesized by a simple Schiff base
condensation in refluxing toluene between 5-(4-aminophenyl)-10,15,20-triphe-
nylporphyrin (ATTP) 3 and styryl aldehydes 4-6 or p-halobenzaldehydes 7-9.
The newly synthesized porphyrin Schiff bases were characterized on the basis of
their chemical properties and spectral data. A good intramolecular energy transfer
from the styryl unit to the porphyrin moiety was found.

Keywords: porphyrin Schiff base; styryl; energy transfer.

INTRODUCTION

Recently investigation of porphyrin has been of increasing interest.!:2 In
particular, focus was directed to the synthesis and study of well-designed porphy-
rin derivatives which could act as molecular switches,? as well as materials for
non-linear optics# and solar cells.’ In these fields, investigation of photo-induced
electron and energy transfer of unsymmetrical porphyrin are essential for under-
standing the mechanism and evaluating the progress. Therefore, unsymmetrical por-
phyrin, especially tetraphenyl porphyrin derivatives substituted with an expanded
7 conjugated system at the meso-position, are of potential interest. There are a
few reports about porphyrin Schiff bases, which are ligands produced by the re-
action of porphyrin and aldehydes.%7 In the present study, a novel series of por-
phyrin Schiff bases was synthesized by a simple Schiff base condensation in re-
fluxing toluene between 5-(4-aminophenyl)-10,15,20-triphenylporphyrin (ATTP)
3 and styryl aldehydes 46 or p-halobenzaldehydes. 7-9. The styryl group was
firstly used to expand the 7 system of porphyrin macrocycle at one of the meso-phe-
nyl groups.

RESULTS AND DISCUSSION
Chemistry

The synthesis of porphyrin Schiff bases was performed following the steps
shown in Scheme 1. Synthesis of all the new compounds 10-15 was accompli-
shed, in moderate to good yields, by a simple Schiff base condensation in re-

* Corresponding author. E-mail: yqfeng@tju.edu.cn
doi: 10.2298/JSC0801001W
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2 WANG et al.

fluxing toluene between 5-(4-aminophenyl)-10,15,20-triphenylporphyrin (ATTP)
3 and styryl aldehydes 4-6 or p-halobenzaldehydes 7-9. Spectral data (IR, lH-NMR
and MS) of all the newly synthesized compounds were in full agreement with the
proposed structures. The reactions of ATTP with p-halobenzaldehydes 7-9 were
easier than with those with aldehydes 4—6 due to the higher activities of the alde-
hyde group of the p-halobenzaldehydes 7-9 compared to those of aldehydes 4-6.
The styryl group is an electron donating group, hence the activities of the styryl
aldehydes were lower and the Schiff base condensation reactions required a lon-
ger time. In this study, refluxing in various solvents, such as THF, CHCls, etc.,
resulted in the formation of the required products but the reactions did not go to
completion even in the presence of excess aldehyde. Besides the solvent effect,
higher reaction temperatures were beneficial for the condensation. The separation
and purification of porphyrin usually requires column chromatography. Thus pu-
rification of the porphyrin Schiff bases 10-15 by silica gel column chromatogra-
phy, using a mixture of CHCl, and light petroleum as the eluent, was attempted.
However, the compounds eluting from the column were found to be partly degra-
ded. Hence, the products were recrystallized to remove the excess aldehydes.

a) propanoic acid, 140°C refluxing
10 R=

Z O 13R= —F O
b) HNOj3, 0-5°C ° C
OHC Br
¢) SnCL/HCL, 65°C - N@ 4R g

d) aldehydes 4-9/ toluene,
110°C, refluxing 15R= _pr

12 R= X %

Scheme 1.
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Spectral analysis

IH-NMR spectroscopy. The lH-NMR spectra confirmed the structures of all
the compounds 10-15. The chemical shifts of the characteristic internal NH of the
porphyrin macrocycle was found from —2.67 to —2.77 ppm. In all porphyrin Schiff
bases, the eight protons of fpyrrole separated into two groups, which indicated
the two f-pyrrolic protons near C=N groups were in a different chemical envi-
ronment to the other six. The unsymmetrical chemical environment of these pro-
tons showed the influence of the expanded = structure or the strong electron with-
drawing effect of the halogen atom. A single peak in the range 8.62—8.63 ppm,
indicated the proton of the CH=N group. The chemical shift of the proton (pro-
tons) of the C=C group (not in phenyl) at 9.90 ppm in compound 10 and 8.07 ppm
in compounds 11 and 1 were also evidence of the formation of the porphyrin
Schiff bases.

IR spectroscopy. The infrared absorption spectra of all the porphyrin Schiff
bases presented the stretching of the C=N bond at about 1580-1590 cm™!. In the
spectra of the porphyrin Schiff bases 13-15, the presence of the C—X (X =F, CI,
Br) bond on the phenyl ring led to the appearance of a strong absorption band at
10001100 cm™1.

UV-Vis spectroscopy. All the porphyrin Schiff bases 10-15 exhibited cha-
racteristically one Soret band and four weak Q bands. Compared to ATTP (416
nm), the Soret bands of the new compounds were slightly red shifted (by about 6
nm), which indicated that the introduction of the new groups to the meso-phenyl
of the porphyrin moiety did not greatly change the energy of S;. The absorptions
of the porphyrin Schiff bases 10-12, shown in Fig. 1, indicate that each had a
new weak and broad band at about 370 nm, which was slightly red shifted com-
pared to the maximum absorption of the corresponding styryl group, due to the
styryl-aryl group n—n* region. Compound 10 had an obvious "split Soret" struc-
ture, indicating the interaction between the styryl group and the porphyrin moiety.

Fig. 1 The UV—Vis spectra of the porphyrin
x/nm Schiff bases 10-12 in toluene (5x10° M).

Fluorescence spectroscopy. The fluorescence emission spectra of the por-
phyrin Schiff bases excited at their Soret bands are shown in Fig. 2. For com-
pounds 13-15, the fluorescence was not quenched. There are two possible reasons
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for this, either no substantial amount of electron transfer from porphyrin moiety
to halogenated phenyl ring occurred or the rate of the back transfer of the elec-
tron was much faster than the rate of electron separation.

Fig. 2 The fluorescence emission spectra of
£00 700 zoo  the porphyrin Schiff bases 10-15 in toluene
%/ nm (5%107° M), excited at their Soret bands.

Direct excitation of compounds 10-15 (Soret bands) in degassed toluene
gave strong fluorescence bands at about 650 and 730 nm due to the porphyrin
units. Excitation of compounds 10-15 at the maximum absorption of the styryl
aldehydes 4-6 (376—392 nm) resulted in the same fluorescence patterns as direct
excitation (Fig. 3), while no emissions of the styryl aldehydes at 430-450 nm were
observed. There is apparently good energy transfer between the styryl unit and the
porphyrin moiety through the C=N bond.

12

Y
"

10

400 410 440 480 450

Fig. 3 The fluorescence emission spectra of

porphyrin Schiff bases 10-12 in toluene

/ (5%10°% M), excited at the maxima of the

T o0 = S styryl groups (at 392 nm for 10, at 376 nm
*/nm for 11 and at 380 nm for 12).

EXPERIMENTAL

General synthesis procedure

All reagents are commercially available. The toluene was refluxed with Na. The CH,Cl,
was washed with a saturated solution of Na,CO; and distilled. All other reagents were used
without further purification.

5-(4-Nitrophenyl)-10,15,20-triphenylporphyrin (NTTP) 2 was obtained by the regioselec-
tive nitration of 5,10,15,20-tetraphenylporhyrin 1. Then the NTTP 2 was reduced with SnCl,/HC1
according to a literature procedure® to obtain ATTP 3.The porphyrin Schiff bases 10-15 were
synthesized as follows: ATTP 3 (0.1 mmol, 63 mg) and the required aldehyde (0.2 mmol, 56.8 mg
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of 4,41.2 mg of 5, 43.2 mg of 6, 24 mg of 7, 28 mg of 8, 36.3 mg of 9) were dissolved in 100 ml
of dry toluene containing 4 A molecular sieves. The resulting solution was refluxed until the
disappearance of the ATTP 3, monitored by TLC (18 h for 4, 18 h for 5, 15 h for 6, 2 h for 7,
6 h for 8, 12 h for 9). The solvent was removed under reduced pressure and the crude product
was dissolved in CH,Cl, and filtered. Evaporation of the solvent gave purple solids. All the
products were recrystallized from CH,Cl, and light petroleum.

Characterization

The melting points (uncorrected) were measured on a Yanagimoto MP-500 apparatus.
The FT-IR spectra (KBr pellets) were measured on a Bio-Rad FTS3000 infrared spectrometer.
The '"H-NMR spectra were recorded on a Varian INOVA-500 Hz spectrometer at 298 K in CDCl;.
The mass spectra were obtained using a LCQ Advantage MAX spectrometer. The UV—Vis
spectra were measured on a Therma Helios Gamma spectrometer. The fluorescence spectra were
obtained using a Varian Cary Eclipse spectrometer.

Porphyrin Schiff base 10: Yield: 70 %; purple solid; m.p. >300 °C; 'H-NMR (500 MHz,
CDCls, 6, ppm): —2.77 (s, 2H, internal NH), 7.01 (s, 1H, terminal phenyl), 7.08 (s, 1H, termi-
nal phenyl), 7.15-7.21 (m, 8H, terminal phenyl), 7.59 (d, 2H, N=C—phenyl, J = 8.0 Hz), 7.64
(d, 2H, N=C—phenyl, J = 8.0 Hz), 7.72-7.79 (m, 9H, m,p-triphenyl), 7.84(d, 2H, C=N-pheny],
J = 8.5 Hz), 8.22-8.24 (m, 8H, o-tetraphenyl), 8.74 (s, 1H, -N=CH-), 8.85-8.87 (m, 6H, /-
pyrrolic), 8.90 (d, 2H, S-pyrrolic, J = 5.0 Hz), 9.90 (s, 1H, -C=CH-); MS (m/z): 896 (M +
+ H)"; IR (KBr, cm'!): 1597 (stretching of C=N); UV—-Vis A,y (in toluene, nm): 342, 420 (Q
band), 516, 551, 594, 645 (four Soret bands).

Porphyrin Schiff base 11: purple solid; Yield: 68 %; m.p. >300 °C; 'H-NMR (500 MHz,
CDCls, 6, ppm): —2.74 (s, 2H, internal NH), 7.23 (s, 1H, terminal phenyl), 7.28 (s, 1H,
terminal phenyl), 7.33 (¢, 1H, terminal phenyl, J = 7.5 Hz), 7.42 (¢, 2H, terminal phenyl, J =
=7.5 Hz), 7.60 (d, 2H, N=C—phenyl, J = 7.5 Hz), 7.64 (d, 2H, N=C—phenyl, J = 8.5 Hz), 7.71
(d, 2H, C=N-phenyl, J = 8.5 Hz), 7.75-7.82 (m, 9H, m,p-triphenyl), 8.07 (d, 2H, -CH=CH-,
J = 8.5 Hz), 8.23-8.26 (m, 8H, o-tetraphenyl), 8.83 (s, 1H, -N=CH-), 8.87-8.89 (m, 6H,
S-pyrrolic), 8.94 (d, 2H, B-pyrrolic, J = 4.5 Hz); MS (m/z): 820 (M + H)"; IR (KBr, cm™!):
1595 (stretching of C=N); UV—Vis 1, (in toluene, nm): 350, 421 (Q band), 517, 552, 595,
649 (four Soret bands).

Porphyrin Schiff base 12: purple solid; Yield: 80 %; m.p. >300 °C; 'H-NMR (500 MHz,
CDCls, 0, ppm): —2.74 (s, 2H, internal NH), 7.23 (¢, 2H, naphthyl), 7.49—7.54 (m, 2H, N=C—
—phenyl), 7.57 (¢, 1H, naphthyl, J = 7.0 Hz), 7.62 (d, 2H, N=C—phenyl, J = 8.0 Hz), 7.72-7.77
(m, 9H, m,p-triphenyl), 7.80 (d, 2H, naphthyl, J = 7.0 Hz), 7.82 (d, 2H, C=N-phenyl, J = 8.0 Hz),
7.88 (d, 1H, J = 8.0 Hz, naphthyl), 8.02(s, 1H, naphthyl), 8.06 (d, 2H, -CH=CH-, J = 8.5 Hz),
8.21-8.27 (m, 8H, o-tetraphenyl), 8.83 (s, 1H, -N=CH-), 8.85-8.88 (m, 6H, f-pyrrolic), 8.92
(d, 2H, B-pyrrolic, J = 4.5 Hz); MS (m/z): 870 (M + H)*; IR (KBr, cm™!): 1594 (stretching of
C=N); UV—Vis Amax (in toluene, nm): 370, 421 (Q band), 516, 551, 593, 648 (four Soret bands).

Porphyrin Schiff base 13: purple solid; Yield: 85 %; m.p. >300 °C; 'H-NMR (500 MHz,
CDCls, d, ppm): —2.72 (s, 2H, internal NH), 7.24 (d, 2H, phenyl, J = 8.0 Hz), 7.61 (d, 2H, phe-
nyl, J= 8.5 Hz), 7.75-7.80 (m, 9H, m,p-triphenyl), 8.04-8.07 (m, 2H, C=N—phenyl), 8.24-8.27 (m,
8H, o-tetraphenyl), 8.77 (s, 1H, -N=CH-), 8.88-8.90 (m, 6H, S-pyrrolic), 8.94 (d, 2H,
B-pyrrolic, J = 4.5 Hz); MS (m/z): 736 (M + H)™; IR (KBr, cm'!): 1587, 1597 (stretching of
C=N); UV-Vis 4, (in toluene, nm): 421 (Q band), 516, 551, 593, 649 (four Soret bands).

Porphyrin Schiff base 14: purple solid; Yield: 85 %; m.p. >300 °C; 'H-NMR (500 MHz,
CDCls, 6, ppm): —2.73 (s, 2H, internal NH), 7.41 (d, 2H, phenyl, J = 8.5 Hz), 7.53 (d, 2H,
phenyl, J = 8.0 Hz), 7.69-7.74 (m, 9H, m,p-triphenyl), 7.85 (d, 2H, C=N—phenyl, J = 8.5 Hz),
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8.19-8.22 (m, 8H, o-tetraphenyl), 8.62 (s, 1H, -N=CH-), 8.85-8.86 (m, 6H, f-pyrrolic), 8.89
(d, 2H, B-pyrrolic, J = 4.5 Hz); MS (m/z): 752 (M + H)*; IR (KBr, cm™!): 1590 (stretching of
C=N); UV—-Vis A, (in toluene, nm): 420 (Q band), 516, 551, 593, 649 (four Soret bands).
Porphyrin Schiff base 15: purple solid; Yield: 75 %; m.p. >300 °C; 'H-NMR (500 MHz,
CDCls, 0, ppm): —2.67 (s, 2H, internal NH), 7.60 (d, 2H, phenyl, J = 8.0 Hz), 7.65 (d, 2H, phe-
nyl, J = 8.5 Hz), 7.77-7.81 (m, 9H, m,p-triphenyl), 7.86 (d, 2H, C=N—phenyl, J = 8.5 Hz),
8.27-8.28 (m, 8H, o-tetraphenyl), 8.69 (s, 1H, -N=CH-), 8.91-8.92 (m, 6H, f-pyrrolic), 8.95
(d, 2H, B-pyrrolic, J = 5.0 Hz); MS (m/z): 596 (M+ H)": IR (KBr, cm™): 1585, 1595 (stretch-
ing of C=N); UV-Vis 4, (in toluene, nm): 421 (Q band), 516, 551, 592, 649 (four Soret bands).

CONCLUSIONS

A series of novel porphyrin Schiff bases was synthesized and structurally
characterized by FAB-MS, !H-NMR and IR spectroscopy. As evidenced by the
analysis of UV—Vis and fluorescence spectra, a good intra-molecular energy trans-
fer from the styryl unit to the porphyrin moiety was found when the porphyrin
Schiff bases 10-12 were excited at 370—-390 nm.

Acknowledgements. The Natural Science Foundation of Tianjin (No. 07JCZDJC00300) is thanked
for the support.

U3BOJ
CUHTE3A U KAPAKTEPU3AIIMJA HOBUX [TOPOMPUHCKUX NIMDOOBUX BA3A

LEI WANG, YAQING FENG, JINQIANG XUE u YUKUN LI
School of Chemical Engineering and Technology, Tianjin University, Tianjin 300072, China

Hoge nopdupuncke Illudose 6a3e cuHTETHCAHE Cy jeTHOCTABHOM KOH/CH3ALHjOM Y TOIYEHY
y3 pedayke, uzmely 5-(4-amunodenmn)-10,15,20-rpudennnnopupuna (ATTP) 3 u ctupun-anne-
xuna 46 wnu p-xanoreH-oensangexuna /—9. Hopocunrterucane noppupuncke lludose 6ase ka-
pakTeprcaHe Cy Ha OCHOBY HHUXOBHX XEMHjCKHX CBOjCTaBa U CHEKTPAIHHX HOJaTaka. Y CTaHOBJbEH
je mobap MHTPaMOJIEKYJICKH IPEHOC SHEPruje ca CTUPHJI jJeAMHHIIC Ha MOPGUPHHCKH JIE0 MOJICKYJIA.

(ITpumsbero 14. jyna 2007, peBuaupano 9. asrycra 2007)
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Antimicrobial activity of some isatin-3-
-thiosemicarbazone complexes
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!Faculty of Technology, Bulevar Oslobodenja 124, 16000 Leskovac, ?Department of
Chemistry, Faculty of Science, Visegradska 33, 18000 Nis, 3Faculty of Chemistry,
University of Belgrade, P.O. Box 158, 11001 Belgrade and *Health Center,
Biochemistry Laboratory, Svetozara Markovic¢a 166, 16000 Leskovac, Serbia

(Received 26 June 2006, revised 25 September 2007)

Abstract: Isatin-3-thiosemicarbazone complexes with Co(Il), Ni(II), Cu(II),
Zn(I1), Hg(IT) and Pd(IT) were synthesized and evaluated for their antimicrobial
activity against 7 pathogenic bacteria and 4 fungi. The complexes have an en-
hanced activity compared to the ligand due to transition metal involved in coor-
dination. The anti-amoebic activity in vitro was evaluated against the HM1:IMSS
strain of Entamoeba histolytica and the results were compared with the standard
drug, metronidazole. The preliminary test results showed that the complexes had
better anti-amoebic activity than their respective ligands. Moreover, the com-
plexes showed better inhibition of the test organism.

Keywords: isatin-3-thiosemicarbazone complex; antibacterial activity; antifun-
gal activity; anti-inflammatory activity; anti-amoebic activity.

INTRODUCTION

Thiosemicarbazones are of considerable interest because of their chemistry
and potentially beneficial biological activities, such as antitumor, antibacterial,
antiviral and antimalarial activities.!2 Although thiosemicarbazones as ligands and
their complexes are not unknown, there is not enough data about their antibacte-
rial, antifungal and anti-amoebic activity. In the present study, the aim was to achieve
a better biological profile at lower concentrations, by preparing and evaluating
isatin-3-thiosemicarbazone and the corresponding complexes with Co(II), Ni(II),
Cu(Il), Zn(II), Hg(II) and Pd(II).

EXPERIMENTAL
Materials, methods and instruments

All chemicals used in the present work, viz., isatin, thiosemicarbazide, metal chlorides
and solvents were of analytical reagent (A.R.) grade (E. Merck).

* Corresponding author. E-mail: andjelkovic_s@yahoo.com
# Serbian Chemical Society member.

doi: 10.2298/JSC0801007K
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General procedure for the preparation of isatin-3-thiosemicarbazone (ITC) and the complexes

Isatin-3-thiosemicarbazone (ITC) was prepared using a standard method.> The complexes
were synthesized using the direct method between the ligand and the required metal(Il) chlo-
ride (2:1 for Ni(II) Co(II)) and 1:1 molar ratio for Cu(II), Zn(II), Pd(II) and Hg(II).> The solu-
tions were heated under reflux for 3—5 h and the products were filtered, washed with ethanol
and dried in vacuo over CaCl, (Fig. 1).

Cl\ /Cl
Me,\
S p «
4 N @\ H
H H- a 3 NN\
S/N\N/C\ - Me=Cu, Zn, Hg, Pd \5 = I|\I N/
| + MeClp——— — 5 |
2 H H
H . \O
H76 7 7a Il\jl
H H
H -
|
H—N
\ S
C:
7~
H H'N\ ; H H
4 : . 7
He_ 3a 3/N\\ 0y n S H
5 Me -~ 2
2 s |
Hs 7 7a Nj No -7 E \I\\/3 3a fi ~H
| '
H H _N-H H
s =C
\
III_H
H

Fig. 1. Reaction scheme of the formation of the complexes.

Analytical measurements

Microanalysis for carbon, hydrogen and nitrogen was carried with a Carlo Erba 1106 mi-
croanalyzer. The chloride content was determined potentiometrically. The metal contents were
determined using a Virial AA-457 double beam spectrometer. The FTIR spectra were recor-
ded on a Michaelson Bomen MB-series spectrophotometer, using the KBr pellet technique
(1 mg/100 mg). The electronic spectra were recorded on a Perkin/Elmer Lambda 15 UV/Vis
spectrophotometer using 10~ mol dm™ solutions in DMF. The '"H-NMR spectra were obtain-
ed in DMSO solution using a Gemini-200 “HF NMR” spectrometer. The magnetic susceptibi-
lity measurements were made at room temperature using an MSB-MKI magnetic balance
(Sherwood Scientific Ltd.). The data were corrected for diamagnetism.

In vitro antibacterial, antifungal and anti-amoebic activity

The compounds were evaluated for their in vitro antibacterial activity against Escheri-
chia coli, Staphylococcus aureus, Enterobacter sp., Proteus mirabilis, Bacillus anthracis, Pseudo-
monas aeruginosa and Streptococcus faecalis. The minimum inhibitory concentration (MIC)
was assessed by the agar dilution method according to guidelines established by the NCCLS
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standard M7-A5.% A series of different concentrations of the compounds with Mueller Hinton
broth was inoculated and incubated at 37 °C for 24 h. The minimum inhibitory concentration
(MIC, in pg cm) was considered to be the lowest concentration, which exhibited the same
turbidity as the blank tube. The compounds were evaluated for their in vitro antifungal activity
against Microsporum gypsum, Epidermophyton floccosum, Histoplasma capsulatum, Candida al-
bicans and Aspergillus niger following the guidelines in the NCCLS document M27-A using
the microdilution broth method.> The antifungal activities of the yeast were performed in
RPMI 1640 medium as outlined in the document M27-A in DMF as solvent. The chemical
compounds—broth medium serial tube dilutions inoculated with each yeast were incubated at
37 °C for 48-72 h. The anti-amoebic activities of the in vitro culture against the HM1:IMSS
strain of Entamoeba histolytica was performed by the standard method.®® The E. histolytica
strain HM1:IMSS was cultured using Diamond TYIS-33 medium.? All the compounds were
dissolved in DMF whereby the maximum concentration of DMF did not exceed 0.1 %, at
which level no inhibition of amoebae growth occurred.®!0 All the experiments were carried
out in triplicate at each concentration level and repeated twice. The optical density of the re-
sulting solution in each well was determined at 490 nm with a microplate reader. The per cent
inhibition of amoebae growth was calculated from the optical densities of the control and test
wells and plotted against the logarithm of the dose of the tested drug. Linear regression ana-
lysis was used to determine the best fitting straight line, from which the ICs, value was found.

RESULTS AND DISCUSSION

The analytical data for the prepared ligand and complexes are given below.

ITC. Yield: 91.1 %; yellow crystalline; m.p. 239241 °C. Anal. calcd.: C, 49.08;
H, 3.70; N, 25.32; S 14.56. Found: C, 49.05; H, 3.75; N, 25.30; S 14.51; FTIR
(KBr, cm™!): 1710 (C=0 stretching), 1585 (C=N stretching), 1250, 854 (C=S);
IH-NMR (200 MHz, DMSO-dg, &, ppm): 6.91-7.64 (m, 4H, Ar), 8.69, 9.04 (s,
2H, NHj), 11.21 (s, 1H, NH), 12.47 (s, 1H, NH); UV/Vis (14 (cm™1)/gpaxx10-3
(mol~! dm3 cm1)): 28.6/0.946 (n—>n*); 27.3/1.325 (n—>n*).

Co(ITC),Cl,. Yield: 54.52 %, dark red microcrystalline, m.p. 264 °C. Anal.
calcd.: C, 42.30; H, 3.00; N, 21.70; CI, 12.16; Co, 10.44. Found: C, 42.28; H, 2.95;
N, 21.65; Cl, 12.12; Co, 10.45; FTIR (KBr, cm™1): 1650 (C=0 stretching), 1575
(C=N stretching), 1228, 838 (C=S). UV/Vis (A (cm 1)/ gpnaxx10-3 (mol~! dm3 cm1)):
19.5/0.817 (4T1g(F)—>4T1g(P)); 16.7/0.013 (4T1g(F)—>4A2ga3)); 14.7/0.005 (4T1g—>4A2g).
Hett =4.82 up.

Ni(ITC),Cly. Yield: 47.89 %, brown microcrystalline, m.p. 298 °C. Anal.
calcd.: C, 38.90; H, 2.54; N, 21.80; CI, 12.16; Ni, 10.03. Found: C, 39.01; H, 2.50;
N, 21.81; Cl, 12.15; Ni, 10.06. FTIR 1659 (C=O0 stretching), 1554 (C=N stretching),
1227, 814 (C=S). UV/Vis (A4 (cm™ 1)/ gpnaxx10-3 (mol~! dm3 cm1)): 22.2/1.223
(3A2g—>3T1gG’)); 18.7/0.226 (3A2g—>3T1g(F)); 13.5/0.02 (3A2g—>3T2g(F)). Hefr=3.39 1.

Cu(ITC)Cly. Yield: 45.56 %, brown microcrystalline, m.p. 279 °C. Anal. calcd.:
C, 36.90; H, 2.50; N, 18.50; Cl, 11.63; Cu, 19.53. Found: C, 36.87; H, 2.60; N, 18.39;
Cl, 11.65; Cu, 19.56. FTIR (KBr, cm™!): 1639 (C=0 stretching); 554 (C=N stretching),
1237, 833 (C=S). UV/Vis (1 (cm™1)/gpaxx103 (mol~! dm3 cm1)): 25.3/0.451
(2B1g—>2Eg); 19.8/0.176 (2B1g—>2A1g); 13.4/0.02 (ZBlg—>2B2g). Merr=1.85 up.



1 O KONSTANTINOVIC et al.

Zn(ITC)Cl. Yield: 55.56 %, yellow microcrystalline, m.p. 259 °C. Anal. caled.:
C, 30.30; H, 2.65; N, 15.17; Cl, 19.12; Zn, 18.28. Found: C, 30.35; H, 2.70; N,
15.13; CI, 19.15; Zn, 18.25. FTIR (KBr, cm™!): 1638 (C=0 stretching); 1575
(C=N stretching); 1233, 838 (C=S). !H-NMR (200 MHz, DMSO-dj, &, ppm): 6.91—
—7.64 (m, 4H, Ar), 8.75, 9.11 (s, 2H, NHj), 11.28 (s, 1H, NH), 12.41 (s, 1H, NH).
UV/Vis (A (cm™ 1Y g1axx1073 (mol~! dm3 ecm1)): 18.2/0.058 (CT), 17.1/0.055 (d—d*).

Hg(ITC)Cl,. Yield: 68.89 %, orange powder, m.p. 292 °C. Anal. calcd.: C,
22.31; H, 1.59; N, 11.09; Cl, 14.83. Found: C, 22.32; H, 1.55; N, 11.05; Cl, 14.85.
FTIR (KBr, cm™!): 1638 (C=0 stretching), 1570 (C=N stretching), 1228, 838 (C=S).
IH-NMR (200 MHz, DMSO-dg, &, ppm): 6.91-7.65 (m, 4H, Ar); 8.77, 9.11 (s,
2H, NHp); 11.28 (s, 1H, NH); 12.41 (s, 1H, NH). UV/Vis (A (cm™1)/gpaxx10-3
(mol~! dm3 ecm1)): 24.5/3.435 (CT), 17.0/0.029 (d—>d*).

PdITC)Cl. Yield: 59.69 %, orange powder, m.p. 286 °C. Anal. calcd.: C, 28.71;
H, 2.09; N, 13.39; Cl, 18.54. Found: C, 28.75; H, 2.06; N, 13.35; Cl, 18.56. FTIR
(KBr, cm™1): 1705 (C=0 stretching), 1575 (C=N stretching), 1231, 834 (C=S).
UV/Vis (A (em™ 1)/ gpnaxx103 (mol~! dm3 cm1)): 19.5/0.817 (CT), 16.7/0.01 (d—>d*).

The complexes were evaluated for their in vitro antimicrobial activity against
7 pathogenic bacteria and 4 fungi. The data for metal(Il) chlorides, sulfamethoxa-
zole, trimethoprim and clotrimazole are included for comparison. All compounds
have different antibacterial activity in vitro against the tested gram-positive and
gram-negative bacteria as well as the fungi. The obtained results of the coordi-
nation compounds show enhanced activity compared to the ligand, which indica-
tes that the coordinated metal have an influence on the anitimicrobial effects.
Since all complexes are soluble in DMF, the different activities cannot be corre-
lated with different solubility. However, the higher activity of the complexes, as
compared to the free ligand, can be understood in terms of the chelation theory.
This theory explains that a decrease in the polarizability of the metal could en-
hance the lipophilicity of the complexes.19 The complexes with Hg(II), Pd(Il) and
Zn(II) were the most active against all the tested bacteria and fungi (Tables I and II).

All the complexes showed a higher activity than sulfamethoxazole, but the
ligand had the same activity against B. anthracis and E. coli and less activity
against Enterobacter sp. All the compounds showed higher activity than trimetho-
prim against S. aureus, B. anthracis (except the ligand) and P. aeruginosa and
lower activity against E. coli. The complex with Hg(II) showed better activity
than trimethoprim against P. mirabilis (Zn(Il) and Pd(II) complexes exhibited the
same activity), while against S. faecalis, the Hg(Il) and Pd(Il) complexes exhibited
higher activity, while the Zn(II) complex had the same activity as trimethoprim.

The antifungal activity of the compounds was studied against four patho-
genic fungi (Table II). Clortrimazole was used as the reference for inhibitory
activity against fungi.

All the compounds showed a significant antifungal activity, especially the
Hg(Il) complex, against all the tested fungi. When compared to clotrimazole,



ISATIN-3-THIOSEMICARBAZONE COMPLEXES 1 1

Pd(II) exhibited higher activity against M. gypsum, while Zn(Il) and Ni(Il) com-
plexes were equipotent against M. gypsum. The complexes with Co(Il), Cu(II)
and Pd(Il) were equipotent against A. niger.

TABLE L. MIC Values (ug cm) of the investigated compounds against the tested bacteria

Compound S. B. ‘ Enterobacter  E. . P.. . P. 3 S. .
aureus anthracis sp. coli  aeruginosa mirabilis faecalis
ITC 1250 2500 1250 1250 2500 1250 1250
Co(ITC),Cl, 78.12  39.06 312.5 3125 156.25 312.5  156.25
Ni(ITC),Cl, 78.12 3125 156.25 156.25 625 3125  156.25
Cu(ITC)Cl, 156.25 156.25 625 625 156.25 3125 3125
Zn(ITC)Cl, 39.06  39.06 156.25 156.25 156.25 156.25 78.12
Hg(ITC)Cl, <5 <5 <5 <5 <5 <5 <5
PA(ITC)Cl, 9.76  39.06 156.25 156.25 3125 39.06 9.76
Sulfamethoxazole 2500 2500 625 1250 >5000 2500 2500
Trimethoprim 2500 2500 156.25 19.53  >5000 156.25 78.12
CoCl,-6H,0 >5000 >5000 >5000 >5000  >5000 >5000 >5000
NiCl,-6H,O >5000 >5000 >5000 >5000  >5000 >5000 >5000
CuCl,-2H,0 >5000 >5000 >5000 >5000  >5000 >5000 >5000
ZnCl, >5000 >5000 >5000 >5000  >5000 >5000 >5000
HgCl, 156.25 625 156.25 625 625 625 625
PdCl, 2500 5000 5000 2500 5000 2500 2500
TABLE II. MIC Values (ug cm™) of the investigated compounds against the tested fungi
Compound M. gypsum  E. floccosum H. capsulatum C. albicans A. niger
ITC 39.06 39.06 156.25 78.12 78.12
Co(ITC),Cl, 9.76 19.53 39.06 9.76 2.44
Ni(ITC),Cl, 4.88 1953 39.06 4.88 4.88
Cu(ITC)Cl, 39.08 9.76 78.12 9.76 2.44
Zn(ITC)Cl, 4.88 9.76 78.12 9.76 4.88
Hg(ITC)Cl, <0.3 <0.3 <0.3 <0.3 <0.3
Pd(ITC)Cl, 2.44 4.88 78.12 2.44 2.44
Clotrimazole 4.88 2.44 19.53 0.3 2.44

The in vitro anti-amoebic activities of isatin-3-thiosemicarbazone and its
complexes were tested using the HM1:IMSS strain of E. histolytica to ascertain
the effectiveness of the metal complexes in comparison with their ligand. Metro-
nidazole was used as the reference drug with an ICsg 1.8 uM and the results are
given in Table III.

The results were estimated as the percentage of growth inhibition compared
with the inhibited controls and plotted as probate values as a function of the drug
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concentration. ICs¢ and 95 % confidence limits were interpolated in the corres-
ponding dose response curve. Complexing enhances the activity of the ligand,
which may be due to chelation, which reduces the polarity of the central metal
atom because of partial sharing of its positive charge with the ligand. The Co(II),
Zn(Il) and Pd(II) complexes were more active than metronidazole with smaller
1C50 values (1.44, 0.90 and 0.70 uM, respectively). The results were statistically
evaluated by analysis of the variance. The null hypothesis was tested using the
t-test. The significance of the difference between the 1C5q values of metronida-
zole and the complexes with Co(II), Zn(Il) and Pd(Il) was evaluated by the #-test.
The calculated ¢ values were found to be higher than the table value of ¢ at the 5 %
level. Thus it can be concluded that the character under study was significantly
influenced by the treatment. Detailed studies of the toxicity of these compounds,
mechanism of action as well as in vivo studies are in progress.

TABLE III. In vitro anti-amoebic activities of isatin-3-thiosemicarbazone and its complexes
against the (HM1:IMSS) strain of E. histolytica

Compound 1Cs¢ / LM S.D.2
ITC 3.90 0.14
Co(ITC),Cl, 1.44 0.06
Ni(ITC),Cl, 2.08 0.06
Cu(ITC)Cl, 2.23 0.05
Zn(ITC)Cl, 0.90 0.05
PA(ITC)Cl, 0.70 0.15
Metronidazole 1.80 0.10

aStandard deviation
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Cunrerncana cy koopauHanuona jemumema Co(1l), Ni(I), Cu(Il), Zn(Il), Hg(Il) u Pd(II) ca
H3aTHH-3-THOCEMHUKapOa30HOM H WCIIUTHBAHA j€ FbUX0Ba aHTUMUKPOOHA aKTHBHOCT Y OIHOCY Ha 7
naToreHux Oakrepuja u 4 ripuse. Takole, in vitro je McMTaHa aKTHBHOCT jeIM-EHA Y OJHOCY Ha
HMI1:IMSS coj Entamoeba histolytica. Pe3ynrati nokasyjy aa KOMIUIEKCH MOCEIyjy 00Jby aKTHUB-
HOCT y OZIHOCY Ha JIUTaHJ y CBUM H3BEJICHUM TECTOBHMA.
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Stability of carotenoids toward UV-irradiation in hexane solution
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Abstract: The stabilities of four selected carotenoids dissolved in hexane, two
carotenes and two xanthophylls, toward UV-irradiation of three different ran-
ges (UV-A, UV-B and UV-C) were studied in this work. The carotenoids un-
derwent bleaching via a probable free radical mediated mechanism following
first-order kinetics. The bleaching rates were highly dependent on the input of
the involved photons and, although not consistently, on the chemical structures
of the investigated compounds. For the two xanthophylls, a possible role of
oxygen associated with their bleaching cannot be neglected.

Keywords: carotenoids; UV-irradiation; free radicals; bleaching; kinetics.

INTRODUCTION

Depletion of the stratospheric ozone has led to an increase of biologically
damaging UV-light at ambient levels (mainly UV-B light, 280-320 nm). The in-
duced consequences affect many crucial biologically important processes of glo-
bal importance, such as DNA replication,!-2 photosynthesis,3-* etc.

Although UV-light can generally influence the whole human immune sys-
tem,>:0 it has been especially recognized as one of the major agents leading to
melanoma skin cancer,’ playing a triggering role in the initiation of very complex
process leading finally to cancer.® Many cosmetics and pharmaceutical formu-
lations have recently been employed for skin protection from UV-light. Some of
them, in a form of a filter, employ plant protection pigments, such as flavonoids,
or plant photosynthetic pigments, such as chlorophylls and carotenoids, despite
the fact that their interaction with UV-light has not yet been sufficiently well
elucidated at the basic level. The use of flavonoids for skin protection against
UV-light is more understandable, since they are excellent UV-absorbers.? On the
other hand, chlorophyll and carotenoids predominantly absorb in the visible re-
gion,10 and, as is known from experiments performed in vivo on leaves or on
isolated photosynthetic organelles, their composition is significantly altered when
exposed to UV-light.3

* Corresponding author. E-mail: markovic57@info-net.co.yu
doi: 10.2298/JSC0801015C
15
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Hence, to understand the basic mechanisms of interaction of photosynthetic
pigments with UV-light in oil/water emulsions, a fundamental component of
most pharmaceutical and cosmetics formulations!!=13 and related technologies,
inherent knowledge must first be obtained in the simplest possible feasible sys-
tem: in solution.

For such a purpose, the stability of four chosen carotenoids, two carotenes
(f-carotene and lycopene) and two xanthophylls (lutein and neoxanthin) toward
UV-irradiation of three different ranges (UV-A, UV-B and UV-C) has been stu-
died in this work. The irradiation was performed in hexane solution for different
irradiation periods, providing possibilities for kinetics analysis.

EXPERIMENTAL

Pigments were isolated from plant material (f-carotene, lutein and neoxanthin from spi-
nach, and lycopene from tomato fruits) purchased at the local market. All experiments and
experimental procedures, beginning with extraction, were performed under dim light as much
as possible and inside vessels and equipment covered with aluminum foil or black cloth, pre-
venting possible pigment photo-oxidation.

Pigment extraction from spinach (Spinacia oleracea)

Plant pigments were extracted from spinach leaves using a modified method proposed by
Swec.!4 Fresh spinach leaves free of midribs (0.030 kg) were dropped into boiling water,
which was quickly replaced (after 1-2 min) with cooled water. Hot water inactivates enzymes
thus preventing alteration of the pigments and permits coagulation of proteins and extracts
water-soluble substances. After drying between paper towels, the leaves were separated and
placed in a mixture of methanol (60 cm?3) and 40-75 °C petroleum ether (30 cm?); the mixture
was occasionally agitated over the next 30 min. Methanol removes water from the plant ma-
terial and the petroleum ether extracts the pigments before they undergo secondary reactions.
The deep-green extract was decanted through a cotton pad. The leaves were re-extracted twice
with same quantities of methanol and 40-75 °C petroleum ether (2:1). The extracts were
mixed with 120 cm?3 of saturated NaCl solution, whereby most of the pigments remained in
the petroleum ether layer. The remaining aqueous methanol layer was re-extracted with 40
cm? of a mixture containing 4075 °C petroleum ether and diethyl ether (1:1), ensuring solu-
bility of the pigments in the organic phase. The successive extracts were treated by the same
procedure. The final extract was a mixture of pigments and contained various forms of chloro-
phyll, as well as accessory pigments — carotenoids (carotenes and xanthophylls).

Isolation of carotenoids from the spinach extract by column chromatography

The carotenoid-fractions were isolated using a modified procedure of Swec!3 and Brock-
man!® — column chromatography with silica gel (silica gel 60, Merck, 0.063-0.200 mm) as the
adsorbent and a benzene/acetone mixture as the eluent. The benzene/acetone ratio was chan-
ged from initial 1:0 to final 1:1, to facilitate the elution of the polar fractions. f-Carotene
appeared first (eluted by benzene only), followed by the chlorophylls (benzene:acetone, 7:1)
and the xanthophylls fractions, lutein and neoxanthin, (benzene:acetone, 6:1—1:1). The frac-
tions were dried and redissolved in hexane. Identification of the fractions was performed by
comparing their Vis spectra with standards spectra.
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Pigments extraction from tomato fruits

Ground tomato fruit (8 g) was thoroughly mixed with 40 cm? of ethanol. The slurry was
stirred until the tomato paste material was no longer sticky (about 3 min). The ethanol was
removed by vacuum filtration. The retained tomato residue was mixed with 60 cm? of a
mixture of acetone and petroleum ether (1:1). The extract was collected by vacuum filtration
and the filter residue was rewashed with the solvent mixture (20 cm?) in order to improve the
yield. The filtrate was transferred to a small separating funnel and mixed with 50 cm? of
saturated NaCl solution. The organic layer was rewashed twice, repeatedly, first with 50 cm?
of 10 % potassium carbonate and then with 50 cm? of water. Finally, approximately 1 g of an-
hydrous magnesium sulfate was added to dry the organic layer. After 10—15 minutes, the so-
lution was vacuum filtered to remove the drying agent.
Isolation of carotenoids from the tomato extract by column chromatography

The lycopene fraction was isolated by column chromatography with alumina (aluminum
oxide 90, Merck, 0.063—0.200 mm) as the adsorbent and petroleum ether/acetone mixture as
the eluent. The mixture ratio was changed from the initial 10:0.1 to the final 9:1, to permit an
easier elution of lycopene. f-Carotene appears first (eluted by the petroleum ether/acetone
mixture of 10:0.1), followed by the lycopene fraction (eluted by the 9:1 mixture). The frac-
tions were dried and redissolved in hexane.
HPLC analysis of the carotenoids fractions

HPLC analysis (Hewlet Packard) showed that there were a high percentage of carote-
noids in the separated fraction. The analysis was performed under the following conditions;
column: Zorbax Eclipse XDB-C18, mobile phase: acetonitrile/methanol/ethyl acetate, 60:20:20;
flow rate: 0.5 ml min'!. The monitoring wavelengths were: 445 nm for S-carotene and lyco-
pene, 438 nm for lutein and 447 nm for neoxanthin.
Vis spectroscopy

The Vis spectra of the carotenoids fractions in hexane were recorded on a Varian Cary-100

Spectrophotometer. All spectra, before and after irradiation with UV-light, were recorded
from 300 to 600 nm.

UV-treatment

Continuous irradiation of the pigments in hexane was performed in a cylindrical photo-
chemical reactor “Rayonnet®, with 14 symmetrically placed lamps with emission maxima in
three different ranges: 254 nm (UV-C), 300 nm (UV-B) and 350 nm (UV-A). The samples
were irradiated for different time periods in quartz cells (1 cmx1 cmx4.5 cm) placed on a rota-
ting circular holder. The total measured energy flux was about 25 W m2 for 254 nm, 21 W m2
for 300 nm and 18 W m2 for 350 nm, at a distance of 10 cm from the lamps, corresponding to
light intensity values of 26.6, 26.3 and 26.4 pmol m2 5’1, respectively (the emission spectra of
the employed lamps are given in the supplement). These very similar values were obtained
from the calculated, approximately the same number of absorbed photons (belonging to the
three UV-ranges), ensuring that changes in the carotenoids concentrations, if found to be caused
by the UV-irradiation, were primarily related to the energy of the photons. The concentrations
of B-carotene, lutein, neoxanthin and lycopene were adjusted to be about 1.3x10° mol dm™,
by using the following molar extinction coefficient (&) values: 1.39x10° dm3 mol! em'! for B-ca-
rotene in hexane at 453 nm, 1.72x10° dm? mol! cm™! for lycopene in hexane at 503 nm,
1.41x10° dm3 mol'! cm™! for lutein in diethyl ether at 445 nm and 1.36x103 dm® mol! cm’!
for neoxanthin in ethanol at 438 nm.!7-1°
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RESULTS

The structures of the carotenes, f-carotene and lycopene, changed during a
continuous prolonged irradiation with UV-A light (350 nm) as evidenced by the
changes in their absorption spectra in hexane. Kinetic log absorbance plots as a
function of irradiation time with UV-A light are shown in Figs. 1 and 2, for f-ca-
rotene and lycopene, respectively. The pigments absorption spectra showed simi-
lar behavior during irradiation with UV-B and UV-C light (not shown). Their ki-
netic log plots were of a very similar shape to those presented. The plots are li-
near with average R values of about 0.98. The photolysis kinetics seem to obey a
first-order law, y = kx + n where y is the log absorbance (the pigment absorption
in hexane at 448 nm for S-carotene and 470 nm for lycopene, x is the UV-irra-
diation time and % is the rate constant for pigments bleaching).
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065 UV-A irradiation. The absor-
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Irradiation time, min lowed at 470 nm.

The structures of the xanthophylls (lutein and neoxanthin) also changed du-
ring continuous prolonged irradiation with UV-B light (300 nm). The kinetic log
absorbance as a function of irradiation time with UV-B light plots are shown in
Figs. 3 and 4 for lutein and neoxanthin, respectively. The changes in the absor-
ption spectra of lutein in hexane after a continuous prolonged irradiation with
UV-C light (254 nm) and the kinetic log absorbance vs. irradiation time with UV-C
light plot are shown in Fig. 5. The pigments absorption spectra show very similar
responses during the same time regime of irradiation with UV-A light (lutein and
neoxanthin) and UV-C light (neoxanthin (not shown)). The not-presented absor-
ption spectra of all the pigments for all three irradiation regimes are given in the
supplementary material. The kinetics log absorbance plots are of very similar
shape to those presented. The plots again show an acceptable linear fitting, with
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average R values about 0.98, and photolysis kinetics seems again to obey a first-or-
der law y = kx + n where y is log absorbance (the pigments absorption in hexane
at 444 nm for lutein and 436 nm for neoxanthin), x is the UV-irradiation time and
k is the rate constant for pigments bleaching.

OH

A

HO lutein

0.20 444 nm

Fig. 3. (A) Structure of lu-

400 500 : .
»/ nm tein; (B) changes in the ab-

sorption spectra of lutein ex-
posed to UV-B radiation (300
nm) in hexane. The exposure
time periods were: (1) 0 min;
(2) 1 min; (3) 2 min; (4) 3
min; (5) 5 min; (6) 8§ min.
The approximate concentra-
tion of lutein was 1.3x10
mol dm3; (C) the kinetic log
absorbance plot of the blea-
ching of lutein in hexane

-0.70+

-0.754

-0.804

®!
log A

-0.854

-0.90

R=-0.9911 K . .
095 against the time of UV-B ir-
e 0 2 ! 6 3 radiation. The absorbance of
Irradiation time, min lutein was followed at 444 nm.

The calculated slopes (k) for each carotenoid and each radiation type are
presented in Table I. Such a presentation provides for a comparison of the slopes,
which reflect differences in the kinetics of pigments bleaching for all three UV-ir-
radiation ranges. It therefore allows an insight into the pigments resistance to-
ward UV-light.
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HO, OH OH
o
A NP . W\

neoxanthin

436 um

Fig. 4. (A) Structure of neo-
xanthin; (B) changes of the
absorption spectra of neoxan-
thin exposed to UV-B radia-
tion (300 nm) in hexane. The
exposure time periods were:
(1) 0 min; (2) 1 min; (3)
2 min; (4) 3 min; (5) 5 min;
(6) 8 min. The approximate
concentration of neoxanthin
was 1.3x10° mol dm3; (C)
the kinetic log absorbance
plot of the bleaching of neo-
xanthin in hexane against the

log A

-1.004 R =-0.9989 . . .
time of UV-B irradiation.
e é i ;s G The absorbance of neoxan-
Irradiation time, min thin was followed at 436 nm.
DISCUSSION

Carotenoids are usually Cyq tetraterpenoids built up from eight Cs isopre-
noid units. The basic linear and symmetrical skeleton can be cyclized at one or
both ends. A significant characteristic is a long conjugated double-bond system,
providing an extended m-delocalization, leading to a substantial bathochromic
shift in the Vis region. The shift is responsible for the yellow, orange or red color
of these compounds. Carotenoids consisting of only carbon and hydrogen are
called carotenes, whereas those containing oxygen are called xanthophylls.

With an absorption maximum in the Vis region, carotenoids are obviously
not efficient UV-absorbers but still are able to perform a protective function
against UV-light in plants.3** The explanation for such a behavior should be
searched for not only in in vivo studies,20-2! but also in basic studies, in very
simple homogeneous solution media.
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Fig 5. (A) Structure of lutein;
(B) changes of the absorption
spectra of lutein exposed to
UV-C radiation (254 nm) in
hexane. The exposure time pe-
riods were: (1) 0 min; (2) 0.17
min; (3) 0.34 min; (4) 0.67
min; (5) 1 min; (6) 1.34 min.
The approximate concentration
of lutein was 1.3x10° mol dm>;
(C) The kinetic log absor-
bance plot of the bleaching of
lutein in hexane against time of
UV-C irradiation. The absor-
bance of lutein was followed
at 444 nm.

The other very important function of carotenoids, of global character, is their
anti-oxidant function (this is one of the reasons for the wide use of carotenoids in
the food industry?2:23). For such a purpose, carotenoids may act in a preventive
manner, i.e., they inhibit the formation of reactive oxygen species (ROS) by
reacting directly with oxygen, or, if radicals are already present, they act as
chain-breaking anti-oxidants.23727 There are three possible mechanisms for caro-
tenoid (CAR)-radical (R") interactions: (i) radical addition or adduct formation
(CAR-R"), (ii) electron-transfer reaction resulting in either a cation-radical
(CAR'"), anion-radical (CAR™) or a neutral alkyl-radical (CAR"), and (iii) hy-
drogen-abstraction, mostly related to the presence of carbonyl chromophores in
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the involved radicals (CAR + ROO" — CAR’" + ROOH).28731 The cation-radi-
cals (CAR'") absorb strongly in the near-IR, with maxima in 900-1000 nm
range.32734 The anion-radicals (CAR ™) also absorb strongly in the near-IR.35 On
the other hand, it is very difficult to characterize neutral carotenoid-radicals
(CAR"), since they have no distinctive strong absorption, as observed for CAR™*
or CAR'~.30 The possible occurrence of any of the cited mechanisms (i—iii) with
carotenoids in hexane solution certainly depends on the chemical structures of
the involved species.

TABLE 1. Kinetics of pigment bleaching in hexane during increasing times of UV-irradiation
for three different UV-ranges: 254 nm (UV-C), 300 nm (UV-B) and 350 nm (UV-A). The
absorbances of f-carotene, lycopene, lutein and neoxanthin were followed at 448 nm, 470 nm,
444 nm and 436 nm, respectively. The kinetics obey a linear first-order plot: y = kx + n, where
y is log absorbance (the pigments absorption in hexane at 448 nm (f-carotene), 470 nm
(lycopene), 444 nm (lutein) and 436 nm (neoxanthin)), x the UV-irradiation time and & is the
first order rate constant for pigment bleaching.

k / min™!
Ayy / nm p-Carotene Lycopene Lutein Neoxanthin
(Apax at 448 nm) (A at 470 nm) (A, at 444 nm) (A, at 436 nm)
254 0.24434 0.60110 0.23685 0.47786
300 0.04205 0.05951 0.02510 0.03573
350 0.00261 0.00497 0.00228 0.00229

Since carotenoids, including the four studied here, are not efficient UV-ab-
sorbers, their increasing bleaching during prolonged UV-irradiation could be ra-
dical-mediated; if this occurs then the electron-transfer mechanism (i7)23:30 ap-
pears more probable than the other two (i and iii). As reported, the reactions of
[-carotene in organic solvents, specifically in an ionized hexane solution, are
very fast and lead to the formation of strongly absorbing intermediates, CAR™*
and CAR"~.35 Adduct formation (i) and hydrogen abstraction (iii) appear less pro-
bable. The Vis absorbance (i.e. the carotenoids spectra) should remain unaltered
if the former mechanism occurs, since, as reported, the CAR-adducts (CAR-R")
have similar spectra to that of CAR itself,3%31 and this is evidently not the case
here (Figs. 1B, 2B, 3B, 4B and 5B); however, this mechanism can theoretically
not be excluded as a possibility, but if it occurs short-lived adducts species are
formed, which could not be detected with the techniques employed in this study.
The hydrogen abstraction mechanism should be neglected because there are no
carbonyl moieties, the most selective H-abstractors, present in the investigated
solution,36-38

There is another hypothetical possibility that the production of at least one of
the two CAR-ion-radicals involves ROS species, specifically the superoxide
anion radical, O3 . The reports about the production of them in vivo under shor-
ter,39 or even longer UV-light21:40 are not comparable with the system studied in
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this work, although oxygen was certainly present in the hexane solutions.#! How-
ever, even if O, were really present in solution, it should not affect the above
discussion. Since there are neither H' ions nor free metal ions in solution, its
conversion into hydrogen peroxide and then to hydroxyl radicals (OH"), also pos-
sible hydrogen abstraction agents*2:43 via the Fenton reaction,** is not possible.
The possibility for adduct formation with 0523726 can not hypothetically be ex-
cluded but if this occurs at all, it is to a minor extent since the adduct (CAR-O5)
has the same spectrum as CAR itself30:31 and hence, the absorbance should not
change significantly during UV-irradiation. The recorded spectra (Figs. 1B, 2B,
3B, 4B and 5B) show this was not the case. The presence of short-chain, oxygen-
-containing derivatives, indicating instabilities of the carotenoids in the presence
of oxygen, which has been already reported,*> and which should certainly be
expressed through a blue-shift of the recorded spectra, was also not detected in
this study (Figs. 1B, 2B, 3B, 4B and 5B).

The kinetic plots for the carotenes (f-carotene and lycopene, Figs. 1C and
2C) and the two xanthophylls (lutein and neoxanthin, Figs. 3C, 4C and 5C) are
indications for the possible proposed mechanism of the involved bleaching of the
carotenoids leading to CAR"* formation, even independent of the UV-irradiation
range. The two carotenes irradiated with UV-A and the two xanthophylls irradia-
ted with UV-B both expressed obvious first-order kinetics, implying the rate of
reaction is dependent on the carotenoid concentration. In a very relevant study
performed in ionized hexane solution, the solvent itself was proposed to be an
acceptor, preceded by S-carotene cation-radical formation.35 As the solvent was
present in a huge excess (compared to the carotenoids concentration), it does not
affect the reaction rate.

The bleaching rates of the four investigated carotenoids (expressed as the
slopes of the linear plots, k, in min~1) for the three UV-ranges are presented in
Table I. The results suggest that the bleaching rates are dependent on two factors:
the type of UV-irradiation (i.e., the energy of the photons) and the chemical
structure of the carotenoid.

Concerning the photon energy input, it is clear from Table I that the bleach-
ing rates decline approximately by one order of magnitude for all investigated
carotenoids on going from UV-C to UV-A irradiation. The only exception is f-ca-
rotene, for which the ratio between the bleaching rates achieved by UV-C and
UV-B radiation was about 6 and the ratio of the bleaching rates for UV-B and
UV-A was about 20, which is about double the value when compared to the
corresponding ratios obtained with the other carotenoids (Table I). For lycopene,
lutein and neoxanthin the UV-C/UV-B and UV-B/UV-A ratios of the bleaching
rates are close to 10, emphasizing the crucial governing role of the involved
photons. Evidently, basic structural difference between the two carotenes and the
two xanthophylls (absence or presence of oxygen, respectively), where lutein and
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neoxanthin mimic the structure of f-carotene rather than that of lycopene (with
cyclic, oxygen-containing moieties at the ends of the hydrocarbons chains) does
not counter this fact.

However, the differences between the chemical structures of the investigated
compounds (Figs. 1A, 2A, 3A and 4A) certainly play an undeniable role.

The bleaching rates of lycopene were higher than the ones of f~carotene for
all three UV-ranges (Table I). However, the difference was the largest for UV-C
(a ratio of 2.5), then for UV-A (1.9) and UV-B (1.42). Lycopene is clearly more
reactive and the difference must be somehow connected to the absence of rings at
the end of the hydrocarbon chain. For the xanthophylls, the situation is a little
clearer. The ratios of the bleaching rates (neoxanthin/lutein, Table I) decreased
proportionally from UV-C (2.0), via UV-B (1.42) to UV-A (1.0). Since neoxan-
thin contains two more oxygen atoms than lutein, (Figs. 4A and 3A, respec-
tively), its higher reactivity could reasonably be related to the excess of unpaired
electrons (compared to lutein). However, comparison between the carotenes and
xanthophylls does not support such a suggestion. The bleaching rates for S-caro-
tene and lutein (lutein containing two hydroxyl groups added to the carotene
structure, Figs. 1A and 3A) are very close (particularly for the UV-C and UV-A
range) but, on the other hand, the bleaching rates for lycopene (no oxygen, Fig. 2A)
are remarkably higher than those of neoxanthin, for all three UV-ranges (Table I).

CONCLUSIONS

To conclude, (1) even in this simplest possible (solution) system, carotenoids
undergo degradation, i.e., bleaching, when exposed to prolonged UV-irradiation;
(2) their bleaching is probably free radicals-mediated and highly dependent and
proportional to the energy input of the UV-photons; (3) the differences between
the chemical structures of the investigated carotenoids do not counter conclusion
(2), although a particular role of oxygen in the bleaching of xanthophylls, poten-
tially, can not be excluded.

This study should be viewed as a basis for upcoming studies in more com-
plex, microheterogeneous systems, such as oil/water emulsions (with carotenoids
included), as carotenoids are raw materials for numerous cosmetic and pharma-
ceutical formulations for protection against UV-light!1=13 (specifically against
the UV-B component which is increasingly present in the emission spectrum of
sunlight) and related technologies. It will be interesting to see how a higher level
of molecular organization affects the bleaching ratios established in this work.

SUPPLEMENTARY MATERIAL

The changes in the spectra and log absorbance vs. time plots for all the exa-
mined carotenoids not given in the paper, as well as the emission profiles of the
employed lamps are available electronically from http://www.shd.org.yu/JSCS/
or from the corresponding author on request.
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U3BO/J
CTABWJIHOCT KAPOTEHOUJIA TIPEMA UV-O3PAUNMBABY Y XEKCAHY

JIPATAH LIBETKOBUR u JJEJAH MAPKOBWR
Tehnolo{ki Fakultet, UniverzitetuNi{u, Bulevar oslobo|ewa 124, 16000 Leskovac

V pany je ucnutuBaHa crabuiaHocT 4 uzabpaHa KapoTeHOMzAa (ABa KapOTEHa M JiBa KCAHTO-
¢una) npema ynrpassyoudacrom 3padersy (UV) u3 tpu pasmmunra oncera (UV-A, UV-B u UV-C).
KapoTenonmu moiexxy AeCTpyKIHjH, TO jecT 00e300jaBamy ITyTeM BEpOBATHOT CIOOOIHO-paji-
KaJICKOT MEXaHU3Ma KOjU ce MOXe omucaTH KuHeTHKoM 1. pena. Koncranre 6p3une o6ez00jaBama
Cy BpJIO 3aBHCHE OJ] €HEpruja ynaaHux (poToHa, U, Majla He Ha KOH3UCTEHTAaH Ha4YMH, O]l XeMHjCKUX
CTPYKTYpa MCIIUTHBAHUX jeaumberba. Kaj cy y nutamy aBa ucIiuTHBaHA KcaHToduia Moryha ynora
KHCEOHHUKA y IHMXOBOM 00e300jaBamy He MOXe OUTH HerupaHa.

(ITIpumubeno 12. janyapa 2007, peBuaupano 8. aBrycra 2007)
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Crown ethers as synergistic agents in the solvent extraction of
trivalent lanthanides with 8-hydroxyquinoline
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Abstract: The liquid extraction of the 13 lanthanides with mixtures of 8-hydro-
xyquinoline (HQ) and crown ethers (S) dibenzo-18-crown-6 (DB18C6) and di-
benzo-24-crown-8 (DB24C8) in 1,2-dichloroethane as a diluent from chloride
medium at constant ionic strength = 0.1 was investigated. The composition of
the extracted species was established as LnQ; with HQ alone and as LnQj'S in
the presence of a crown ether. The values of the equilibrium constants were
calculated. The addition of DB18C6 to the metal chelate system improved the
extraction efficiency, while a weak synergistic enhancement was found when
the metals were extracted with mixtures of HQ-DB24C8. The parameters of
the extraction process were determined and the separation factors between two
adjacent lanthanides(IIT) were calculated.

Keywords: synergistic extraction; 8-hydroxyquinoline; dibenzo-24-crown-8; di-
benzo-18-crown-6; lanthanides separation factors.

INTRODUCTION

The coordination chemistry of macrocyclic polyethers (commonly referred
to as “crown” ethers) has been the subject of numerous investigations since the
discovery of such compounds by Pedersen in 1967.! They are often used as syn-
ergistic additives to chelating, acidic or neutral extractants for the extraction of
various metal ions. The synergistic solvent extraction of multi-charged transition
ions,2# lanthanide and actinide ions,> 22 as well as alkali and alkaline earth me-
tals2~4 has been extensively studied using acidic chelating agents, e.g., S-dike-
tones and various crown ethers as synergists. It was found that the metal ions can
be extracted synergistically. The formation of mixed adducts containing one or
two crown ether molecules has been reported. In most cases, the separation of the
lanthanides has also been discussed because of their chemical similarities, which
makes their separation difficult. Reddy et al.15717 reported an increase of both

* E-mail: ma@uctm.edu
doi: 10.2298/JSC0801029A
29
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the extractability and selectivity for the extraction of Nd, Eu and Tm with
acylpyrazolones and 18C6, DCH18CH, or DB18C6.

A review of crown ether containing extraction systems has recently been pu-
blished.23 Only a few papers dealing with the extraction of Co(II) with mixtures
of 8-hydroxyquinoline and DB18C6 have been published.24-25 This provoked in-
terest in extraction systems containing HQ, as a part of systematic studies of sy-
nergistic solvent extraction and the separation of lanthanide ions.

The aim of the present work was to study synergistic solvent extraction and
separation of the metals of the entire lanthanide series (with the exception of Ce
because of its unstable trivalent state and the radioactive Pm) using 8-hydroxy-
quinoline (HQ) and dibenzo-18-crown-6 (DB18C6) or dibenzo-24-crown-8 (DB24C8)
in 1,2-dichloroethane. The conditions of the extraction experiment, the probable
mechanism of extraction process, as well as the composition of the metal com-
plexes transferred into the organic phase are specified.

EXPERIMENTAL

Reagents

The commercial products 8-hydroxyquinoline (Riedel-de Haen, 99 %), dibenzo-24-crown-8
(Fluka, > 98 %) and dibenzo-18-crown-6 (Fluka, >98 %) were used as received. The diluent
was 1,2-dichloroethane (Merck, p.a.). Stock solutions of the metals were prepared from their
oxides (Fluka, puriss). Arsenazo III (Fluka) was of analytical grade purity, as were the other
employed reagents.
Apparatus

An S-20 spectrophotometer, Boeco (Germany) was used for measuring the absorbances.
A pH 211 HANNA digital pH meter was used for the pH measurements.

Procedure

The experiments were performed using 10 cm? volumes of the aqueous and organic
phases. The samples were shaken mechanically for 45 min at room temperature, which was
sufficient for equilibrium to be attained. After the separation of the phases, the metal concen-
tration in the aqueous phase was determined photometrically using Arsenazo I11.2° The acidity
of the aqueous phase was measured by a pH-meter with an accuracy of 0.01 pH units. The
ionic strength was maintained at 0.1 M with (Na,H)CI. The initial concentration of the metals
in all experiments was 2.5x10* mol dm™.

RESULTS AND DISCUSSION
Solvent extraction of Ln3" ions with 8-hydroxyquinoline or crown ethers alone

The extraction behavior of the lanthanide ions using HQ in 1,2-dichloro-
ethane was studied as a function of pH and [HQ]. The plots of log D (D is the di-
stribution coefficient for the extraction with HQ alone) vs. pH and log [HQ] were
linear, with slopes close to three (these plots are not shown).

Hence, the extraction of Ln3" ions can be described by the equation:

Ln3+(aq) + 3HQ(0) = LnQ3(O) + 3H+(aq) (D)

where Ln denote a lanthanide and “aq” and “0”, the aqueous and organic phase,
respectively.
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The formation of chelates was found in some other studies.2” It was stated
that all the investigated Ln(IIl) ions were extracted with HQ, as well as with
Hdbq (5,7-dibromo-8-hydroxyquinoline) as simple 1:3 chelates into chloroform.28
However, Ho3" and Er3* were extracted with Hdcq (5,7-dichloro-8-hydroxyqui-
noline) as self-adducts of the type Ln(dcq)3-Hdcq.2® Moreover, in the extraction
of Gd3* with HQ, as well as Pr3*, Dy3* and Yb3* with Hdcq,3° the existence of
both of the chelates (GdQ3z or Ln(dcq)s) and the self-adducts (GdQ3-HQ or
Ln(dcq)3-Hdcq) were observed. It is further reported3! that Nd3* is extracted as
Nd(dbq)s, as are other Ln3* (La, Gd and Lu) as Ln(dbq)3 into CHCl5.

As the partition of HQ towards the aqueous phase is very low,3? the rela-
tionship between the distribution coefficient D and the equilibrium constant K¢
can be expressed as:

log K= log Dg — 3pH — 3log [HQ] 2)

The values of the equilibrium constant K¢ are given in Table . It can be seen
that they increase with decreasing radius of the Ln3* ion. The increase in the ex-
tractability along the lanthanide series can be due to the increase in electrostatic
interaction between the cation and the ligand with decreasing ionic radius.22

The experimental data show that the extraction of the lanthanides(Ill) with
both DB18C6 and DB24C8 alone was negligible under the experimental condi-
tions employed in the present study.

TABLE 1. Values of the equilibrium constants K g and S g for the extraction of lanthanide
metals with HQ—DB24C8 and HQ—DB18C6 mixtures in 1,2-dichloroethane

L™ log Kq log K s log B s
DB24C8 DB18C6 DB24C8 DB18C6
La -15.95 -13.52 -13.42 2.35 2.53
Pr -15.30 -12.74 -12.54 2.56 2.76
Nd -15.00 —12.58 -11.96 242 3.04
Sm -14.35 -11.96 -11.30 2.39 3.05
Eu -14.12 -11.60 -10.58 2.60 3.54
Gd -13.90 -11.36 -10.06 2.54 3.84
Tb -13.60 -11.02 -9.82 2.58 3.78
Dy -13.40 -10.83 -9.56 2.57 3.84
Ho -13.15 -10.64 -9.28 2.51 3.87
Er -12.98 -10.44 -8.84 2.54 4.14
Tm —12.82 -10.24 -8.44 2.58 4.38
Yb -12.64 -10.11 -8.06 2.53 4.58

Lu -12.38 -9.87 -7.70 2.51 4.68
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Solvent extraction of Ln3" ions with mixtures of HQ and DB18C6 or DB24C8

The synergistic solvent extraction of Ln3" ions with mixtures of HQ and
DB18C6 or DB24C8 (S) can be expressed by the equation:

Ln3+(aq) + mHQ(o) + nS(o) == LnQy'Sy(0) + mH+(aq) 3)
It may be shown easily that:
log Dq s = log Kq,s + mlog [HQ] + nlog [S] + mpH (4)

where D) s is the distribution coefficient due to the synergistic effect.

As the lanthanide extraction with the crown ethers was negligible under the
experimental conditions employed in the present study, the values of the experi-
mentally obtained distribution coefficient D is the sum of Dq g and Dq. Hence,
the values of Dq s can be calculated as D — Dq. If hydrolysis and complexation
in the aqueous phase, as well as polymerization in the organic phase occur to a
negligible extent only, then the double logarithmic plots of Dq s vs. one of the
variables [H'], [HQ] or [DB18C6(DB24C8)], keeping the other two constant,
should be linear and the slopes will give the number of the ligands participating
in the formation of the adduct.

The experimental data for the extraction of the lanthanides with mixtures of
HQ and DB18C6 or DB24C8 are shown in Figs. 1-6. The plots of log Dq s vs.
pH and log [HQ] are linear with slopes of three while the plots of log Dq s vs. [S]
exhibit slopes equal to one. On the basis of the analysis of the slope data, the sy-
nergistic extraction of lanthanides can be described by the following reaction:

Ln3*(aq) + 3HQ(0) + S(0) ¥ LnQ3'S(0) + 3H"(ag) ()
10 Slopes:(2.93+3.02)H(0,02+0.0 o5 [FPeS295-3.0940.01-0/02)
0.6
041
02}
30.0
0.2
L4l
o la -0.6 o
. v
Tal s o,
- BT LY
T L = Yb
1 -12 i 1 1 1 J
65 45 5.0 55 6.0 65

pH

Fig. 1. log Dq g vs. pH for the extraction of lanthanide(III) ions with HQ—-DB18C6 mixture at
[HQ] = 6x10"2 mol dm™ and [DB18C6] = 5x10-3 mol dm™.
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[slopes:(2.98+3.071:(0.02+0.08)

31 Slopes:(2.92+3.07)(0.01+0.02)
6L

Log[HQ|

-155 -150 -145 -140 -135 -130 -1.25 -1.20

-1.50 -145 -140 -135 -130 -125 -120

Log[HQ|

Fig. 2. log Dq s vs. log [HQ] for the extraction of lanthanide(III) ions with the mixture
HQ-DBI18C6 at [DB18C6] = 5x1073 mol dm™ (La, pH 6.60; Nd, pH 6.00;
Eu, pH 5.80; Tb, pH 5.20; Ho, pH 5.15; Tm, pH 5.00; Lu, pH 4.55; Pr, pH 6.30;
Sm, pH 5.85; Gd, pH 5.55; Dy, pH 5.10; Er, pH 5.20; Yb, pH 4.70).
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Log[S]

Fig. 3. log Dq g vs. log [DB18C6] for the extraction of lanthanide(III) ions with the mixture

=21

26 25 24 23 22 21 20

LogS]

HQ-DBI18C6 at [HQ] = 6x10°2 mol dm™ (La, pH 6.60; Nd, pH 5.90; Eu, pH 5.60;
Tb, pH 5.45; Ho, pH 4.95; Tm, pH 4.80; Lu, pH 4.60; Pr, pH 6.30; Sm, pH 5.95;
Gd, pH 5.60; Dy, pH 5.10; Er, pH 5.00; Yb, pH 4.70).

33

The same type of mixed adduct complexes (Ln(TTA)3-S) was established for
the synergistic solvent extraction of metals of entire 4f-series with the chelating
extractant HTTA and the crown ethers DB18C6 and DB24CS8.!9 Reddy et
al.,15-17.20.22 Dykov et al.19 and Ensor and Shah33 have also reported the invol-
vement of one molecule of the crown ether in the synergistic species when triva-
lent lanthanides were extracted with chelating extractants and various crown ethers.



3 4 ATANASSOVA

10f slopes:(2.94:3.001(0.01+0.06)
08|

06

04l

02}

00 ,

02|

¥
06F

0.8

I—‘]gDQs

52 54 56 58 60 62 64 66 68 52 54 56 58

pH pH

Fig. 4. log Dq g vs. pH for the extraction of lanthanide(III) ions with the HQ-DB24C8 mixture at
[HQ] = 6x102 mol dm™ and [DB24C8] = 5x10-3 mol dm"3.
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Fig. 5. log Dq s vs. log [HQ] for the extraction of lanthanide(III) ions with the mixture
HQ-DB24C8 at [DB24C8] = 5x1073 mol dm™ (La, pH 6.80; Nd, pH 6.45;
Eu, pH 6.05; Tb, pH 5.80; Ho, pH 5.60; Tm, pH 5.40; Lu, pH 5.25; Pr, pH 6.50;
Sm, pH 6.20; Gd, pH 5.90; Dy, pH 5.60; Er, pH 5.55; Yb, pH 5.25).

The overall equilibrium constant K¢ s can be determined from the equation:
log K s = log Dg,s — 3log [HQ] — log [S] — 3pH (6)

The formation of mixed adducts in the organic phase can be represented by
the equation:

LnQ3(0) + S(o) === LnQ3-S(y) (7
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The equilibrium constant S s for the synergistic reaction of the organic
phase can be determined as:
log Bo,s = log Ko,s — log K ®)
Since the partition coefficient of the employed crown ether (log Kp,
DB18C6 = 4.0) are known to be quite large, no correction is necessary for the
partitioning of this crown ether in the aqueous phase.!0 It was assured that this is
also true for DB24C8. The values of log K¢ s and log Bq s (together with the va-
lues of log Kq) are given in Table I.

12} skpes(LO1-LIGK(001:009) slopesi(0.98+1.02)0.01:0.02)
10+
08
0L
w)
(=4 04L
gﬂ 02t

0ol

02T

24}

26 25 24 23 22 21 20 26 25 24 23 22 21 20

LoglS] LoglS]

Fig. 6. log Dq g vs. log [DB24C8] for the extraction of lanthanide(III) ions with the mixture
HQ-DB24C8 at [HQ] = 6x102 mol dm3. (La, pH 6.80; Nd, pH 6.45; Eu, pH 6.05;
Tb, pH 5.80; Ho, pH 5.60; Tm, pH 5.40; Lu, pH 5.25; Pr, pH 6.50; Sm, pH 6.20;
Gd, pH 5.90; Dy, pH 5.60; Er, pH 5.55; Yb, pH 5.25).

The equilibrium constants are based on the assumption that the activity coef-
ficients of the species do not change significantly under the experimental condi-
tions. The data in Table I show that the value of log K s increases from La to Lu
with decreasing ionic radius of the metal ion. The variation of the equilibrium
constants Kq and Kq g vs. the atomic number Z of the lanthanide is given in Fig. 7,
from which it can be seen that the three curves vary practically in the same manner.

The strength of the complexation of trivalent lanthanides follows the order:
DB18C6 > DB24C8. DB24CS is too large (4.5 to 5.6 A)34 to form a stable comp-
lex with HQ and maybe the decrease of the complexation reflects increasing
steric effects.

Comparison of these results with the data found in a recent study!® for the
system HTTA-DB18C6 (DB24C8) showed the opposite tendency. The values of
the equilibrium constants, as well as those of the synergistic coefficient were
higher when DB24C8 was used as the synergistic agent but the difference bet-
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ween these values for the two crown ethers decreased with increasing atomic
number. This fact can be explained taking into account that HQ is a weaker acid
(pKa = 9.65)32 than HTTA (pK, = 6.2).35 It is well known that the acidity of the
extractant is one of the predominant factors governing extractability, i.e., the lower
the pK, value, the larger is log Kexc. Torkestani et al.,3° Sekine et al.,37 and
Reddy and coworkers?? stated that the interaction between the chelating agent
and a neutral oxo-donor in CHCIl3 are, in general, weaker when the diluent itself
has strong interaction with the oxo-donor. However, the difference in the polarity
of the diluents is higher (dielectric constant of chloroform = 4.9, 1,2-dichloro-
ethane = 10.4). Hence, the present results demonstrate that steric effects are sig-
nificant (cavity size and the properties of the extractant).

7
1
9l

a0l

LogK(Ky9
=N

56 5s a) 5‘2 64 6Iﬁ 68 70 72 Fig. 7. log Ko(Kqs) vs- Z (open circles: HQ; so-
Z lid circles: HQ—DB24CS8; triangles: HQ—DB18C6).
The synergistic enhancement obtained for the combination of two extractants
can be evaluated calculating the synergistic coefficients (SC):38

SC =log (D1 /D1 + Dy)

where D) 5, Dy and D; denote the distribution coefficient of a metal ion using a
mixture of extractants (D7) and using the same extractants individually (D and
D). The values of the synergistic coefficients of the lanthanide ions when
DB18C6 and DB24C8 were used as synergistic agents in combination with HQ
are given in Table II. The synergistic enhancement increased from La to Lu for
the HQ—DB18C6 mixture, while the values of the SC obtained for the HQ—DB24C8
mixture are almost the same. Reddy et al.?? also reported that the synergistic
constant increased from Nd3*, Eu3* to Tm3" in their extraction with mixtures of
3-phenyl-4-(4-fluorobenzoyl)-5-isoxazolone and various crown ethers.

The separation factors between the lanthanides, defined as the ratios of the
respective equilibrium constants Kq g are also listed in Table II. The addition of
DB18C6 to the Ln3*—HQ system improves the separation. Thus, the synergistic
mixtures, used in the present study, combine extraction efficiency with improved
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selectivity as compared to HQ. It can be seem from Table II that the separation
factors obtained for the extraction of the lanthanide ions with HQ alone and those
with the HQ—DB24C8 combination do not differ to a large extent.

TABLE II. Values of the synergistic coefficients ((HQ] = 6x102 mol dm™3, [S] = 5%10 mol dm3,

pH = 5.50) and separation factors for the lanthanide extraction with HQ alone, as well as with
HQ-DB24C8 or HQ—DB18C6 in 1,2-dichloroethane

L sC SF
DB24C8  DBISC6 HQ  HQ-DB24C8 HQ-DBISC6

La 0.13 0.22 Pr/La 4.46 7.24 7.58
Pr 0.26 0.46 Nd/Pr 1.99 1.44 3.80
Nd 0.12 0.73 Sm/Nd 4.46 4.16 4.57
Sm 0.10 0.74 Ew/Sm 1.69 2.29 5.4
Eu 0.22 1.32 Gd/Eu 1.65 1.74 3.31
Gd 0.24 1.54 Tb/Gd 1.99 2.18 1.74
Tb 0.28 1.78 Dy/Tb 1.58 1.54 1.82
Dy 0.27 1.54 Ho/Dy 1.77 1.54 1.90
Ho 0.21 1.57 Er/Ho 1.47 1.58 2.75
Er 0.24 1.56 Tm/Er 1.44 1.58 3.63
Tm 0.28 2.08 Yb/Tm 1.52 1.35 2.90
Yb 0.23 2.8 Lu/Yb 1.82 1.74 2.49
Lu 0.21 2.38

It is interesting to compare the separation factors obtained for the extraction
of lanthanides with various chelating extractants and DB18C6. Reddy et
al.15717.20.22 pyblished data for the separation factors of the pairs Eu/Nd and
Tm/Eu for various chelating extractants, viz. 4,4,4-trifluoro-1-phenyl-1,3-butane-
dione (HBTFA), 1-phenyl-3-methyl-4-trifluoroacetyl-5-pyrazolone (HPMTEFP),
1-phenyl-3-methyl-4-pivaloyl-5-pyrazolone (HPMPP), 3-phenyl-4-(4-fluoroben-
zoyl)-5-isoxazolone (HFBPI) and 3-phenyl-4-benzoyl-5-isoxazolone (HPBI) with
DB18C6. The separation factors for these systems are listed in Table III, together
with the data obtained in the study,!® from which it can be seen that HQ, which is
a much poorer extractant for lanthanides than f-diketones, exhibits a quite high
separation factor for the pairs Eu/Nd and Tm/Eu.

TABLE III. Values of the separation factors for the pairs Eu/Nd and Tm/Eu

Extractants Euw/Nd Tm/Eu
HQ-DB18C6 23.98 138.04
HTTA-DB18C6!? 3.7 17.0
HPMTFP-DB18C6!5 21.4 3.6
HPBI-DB18C62° 25.1 1.2
HBTFA-DB18C6'¢ 20.2 5.1
HPMPP-DB18C6!7 47.9 13.4

HFBPI-DB18C6%2 4.78 1.75
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CONCLUSION

The extraction equilibriums of trivalent lanthanides with 8-hydroxyquinoline
and with mixtures of HQ and DB18C6 or DB24C8 were investigated. The ex-
perimental data show that the Ln3" ions were extracted as LnQ3 and LnQ3—S.
The equilibrium constants of the synergistic species were found to increase mo-
notonically with decreasing ionic radii of the metal ions. The synergistic enhan-
cement factors, as well as the separation factors between adjacent metal ions,
were large when DB18C6 was used as the synergistic agent in combination with HQ.

U3BO/J

KPYHCKHU ETPU KAO CUHEPTUCTUYKHW UMHNOLMU TP EKCTPAKLININ
TPOBAJIEHTHUX JIAHTAHUJA 8-X1UJIPOKCUXNHOJIMHOM

M. ATANASSOVA

University of Chemical Technology and Metallurgy, Department of General and Inorganic Chemistry,
8 Kl. Okhridski, 1756, Sofia, Bulgaria

HcnmTrBana je excTpakiuja y TeqHoj ¢azu 13 maHtannma cmemoM 8-xuapokcuxuHonuHa (HQ)
1 KpyHCKuX etapa (S), nuoen3o-18-kpyna-6 (DB18C6) u qubenzo-24-kpyHa-8 (DB24CS), y 1,2-nu-
XJIOpOETaHy Kao pa3biakuBady, M3 XJIOPUAHE CpPelrHe W IpH joHCKOj jaumnu u = 0,1. 3a BpcTe
excrpaxoBaHe ca HQ ycranosibeH je cactaB LnQs, a LnQ3-S y npucyctBy kpyHckux erapa. M3pa-
YyyHaTe Cy BPEIHOCTU KOHCTaHTU paBHoTexe. [lonaBame DB18C6 MeTan—xenaTHOM cuCTeMy IO-
OosplraBa e(hMKACHOCT EKCTPaKIHje, TOK cy cinada CHHepruCTHYKa No0o0JbIIama JoOHjeHa YKOIMKO
ce Metanu ekcrpaxyjy cmemom HQ—DB24C8. Onpehenu cy mapameTpu mporeca eKCTpakiuje U
U3pavyHATH CenapannoHu GpakTopu CyCeaHUX TPOBAICHTHHUX JaHTAHHUAA.

(ITpumsbeno 17. jyma 2006)
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Abstract: The present study characterizes using molecular dynamics simula-
tions the behavior of the GAA (1186—1188) hairpin triloops with their closing
c—g base pairs in large ribonucleoligand complexes (PDB IDs: 1njn, lnwy,
1jzx). The relative energies of the motifs in the complexes with respect to that
in the reference structure (unbound form of rRNA; PDB ID: 1njp) display the
trends that agree with those of the conformational parameters reported in a pre-
vious study! utilizing the de novo pseudotorsional (#,0) approach. The RNA
regions around the actual RNA-ligand contacts, which experience the most
substantial conformational changes upon formation of the complexes were iden-
tified. The thermodynamic parameters, based on a two-state conformational
model of RNA sequences containing 15, 21 and 27 nucleotides in the imme-
diate vicinity of the particular binding sites, were evaluated. From a more struc-
tural standpoint, the strain of a triloop, being far from the specific contacts and
interacting primarily with other parts of the ribosome, was established as a
structural feature which conforms to the trend of the average values of the ther-
modynamic variables corresponding to the three motifs defined by the 15-, 21-
and 27-nucleotide sequences. From a more functional standpoint, RNA—ligand
recognition is suggested to be presumably dictated by the types of ligands in
the complexes.

Keywords: TRNA; ligand binding; small motifs; molecular dynamics; thermo-
dynamics.

INTRODUCTION

Tertiary structures are of vital importance in providing a structural basis for
and support of biological hypotheses. Folded RNA molecules are constructed
from extensive networks of interactions between various molecular building blocks,
RNA motifs. Hence, knowledge of the structural and functional features of RNA

# Serbian Chemical Society member.
* Corresponding author. E-mail: petar.mitrasinovic@cms.bg.ac.yu
doi: 10.2298/JSC0801041R
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motifs is indispensable for understanding the form and stability of the tertiary
structure of RNA. In a previous study! the conformational differences between
hairpin triloops in large ribonucleoligand complexes, induced by ligand binding
to an unbound form of rRNA, were extensively explored using a pseudotorsional
(7,0) approach.2 Even though the differences between the compared structures
were detectable using various representations of the RNA structure, such as Car-
tesian coordinates,? standard backbone torsion angles# and root-mean-square de-
viation (RMSD),> a reduced representation of RNA conformational space based
on pseudotorsions (#,6) of two virtual bonds of individual nucleotides is more li-
kely to register conformational peculiarities with a higher sensitivity.® Two pseu-
dotorsions around these virtual bonds, extending from P to C4’ and from C4’ to P
of the adjacent nucleotide,’ are 5 (C4’;—1 — P; — C4’; — P;4+1) and 6 (P; — C4’; —
— Pjy1 — C4°;41).2 The (5,0) strategy has been shown to be a useful means of
classifying small structural motifs, such as triloops.! A more general attempt to
correlate the measured #—6 parameters to a single-point, AMBER force-field
conformational energies of all the nucleotides in the database was undertaken,
but no meaningful relationship was found.8 Herein, the question of how our pre-
vious conformational study! of some hairpin triloops (Fig. 1) is lined up with
their molecular dynamics (MD) is addressed.

20 1/;\87685 625 A 657 @A/e_ea\‘
1186 (3 A 1188 G A G A
Qse 5.10 540 480 (05 6.30
nes~ C == G 189 C=aG C-e G
188 G == C 19 G—2C G =
s C—@G nn C =G C-e-G
5' 3 . & 5 3
1njn Tnwy 1jzx

Fig. 1. Two-dimensional representations of the triloop tertiary structures in accordance with
the geometric nomenclature of Leontis and Westhof.® The symbols are: = — GC cis
canonical Watson—Crick base pair, —@~ — cis Watson—Crick/Watson—Crick
edge-to-edge basepair, and — — change in strand orientation. The numbers
denote the phosphate---phosphate distances in angstroms (A).

RESULTS AND DISCUSSION
To investigate the conformational differences between the cGAAg (1185—
—1189) motifs in the large ribonucleoligand complexes 1njn, Inwy and 1jzx, with

respect to that in the reference structure 1njp, the difference in nucleotide mor-
phologies based on the values of the pseudotorsion angles, # and 6, for two RNA
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worms of the same length was previously observed.! For a single nucleotide with
sequence position i, the difference is given by

AGLO) = ~nB)? + (07 - 6B)> (1)

where A and B are the two structures being compared. Nucleotides with A(#,6) < 25°
are considered to be structurally similar to each other, while those with A(y,6) > 25°
are not.® For the particular motifs in 1njn, Inwy and 1jzx, the average (av) values
of A(n,0) were 1, 15 and 110°, while the average RMSDs involving all atoms
were 0.05, 0.85 and 5.36 A, respectively. Notably, a near linear relationship bet-
ween the average RMSD and the average difference in the pseudotorsion angles
A(n,0) was found.! In the present work, the trends associated with the structural
features are complemented with the dynamics of these motifs.

All the optimization procedures and MD simulations were performed by the
Hyperchem molecular modeling system for Windows.!0 As the starting geo-
metries were far from minimum, steepest descent optimizations of the motif
structures with an RMS gradient of 0.01 kcal A~! mol~! were performed before
the MD computations. Each optimized structure was subsequently placed in a
periodic box of 30x30x30 A3 containing 892 water molecules associated with a
minimum distance of 2.3 A between solvent and solute atoms. The AMBER
force field was chosen with the following options: dielectric (epsilon) = constant,
scale factor = 1, 14 scale factors — electrostatic = 0.9, van der Waals = 0.9 and
cutoffs = none. The MD procedure with several options was specified to simulate
molecular movement so that it was possible to observe equilibrium properties
and kinetic behavior. 50 picoseconds (1 ps = 1x10712 s) without changing the
simulation temperature were chosen as a run time. A time interval of 0.002 ps
between evaluations of the total energy and temperature of the system was
chosen as the step size. At the start of the run time, atomic velocities are adjusted
to give a simulation temperature of 300 K. To stabilize the temperature during
the run time, constant temperature simulations with a bath relaxation time of 0.5 ps
were performed. In this context, the average kinetic, potential and total energies
of the motifs in both the complexes and the free form of RNA (reference struc-
ture) were observed. The plots showing the relative, total and potential energies
of the motifs in the complexes with respect to that in the reference structure are
depicted in Fig. 2. The relative potential energies indicate that the stability order,
from the highest to the lowest, of the motifs is: 1njn, Inwy and 1 jzx. By adding
the kinetic energies, the same trend displayed by the “relative total energy vs.
time” plot is quite clear.

Since sugar puckers and torsion angles are unknown in the 2.5-3 A reso-
lution range, which is typical for large nucleic acids, it was therefore difficult to
study most of the recurrent motifs, such as sharp turns, U-turn, etc.!! A confor-
mational strategy rooted in the pseudotorsion (7,0) approach was proposed to be
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a possible way to bypass the difficulties for small constitutive parts of large
RNAs.! The agreement between the trends of conformational parameters recently
reported! and the trends of the MD energies reported herein speaks in favor of
the previous proposal.
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Fig. 2. Relative total and potential energies of the cGAAg (1185-1189) motifs in the complexes
(PDB IDs: 1njn, Inwy, 1jzx ) with respect to that in the unbound form of rRNA (PDB ID: 1njp).

The interaction motifs of various hairpin loops were hypothesized as pos-
sible targets for the binding of proteins.12 The indications were primarily related
to the extent of loop flexibility. Consequently, the investigations were presu-
mably true for loops having a larger number of nucleotides, such as 4, 5, efc. As
the local behavior of hairpin triloops was not quite clear, the structural features
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induced by the binding of ligands of a number of triloops in rRNA were inves-
tigated.! In this context, all RNA residues in contact with the ligands and all
RNA regions experiencing considerable conformational changes upon ligand bin-
ding were identified. As the bound complexes are conceivable as ribosomal states
at various stages of translation, the ligands were found to be far (in the range of
20 A) away from the triloops, interacting primarily with other parts of the ribo-
some.! For the complexes under study, 1njn, Inwy and 1jzx, the RNA residues
with the highest values of A(#,6) in contact with the ligands are A2581, A1354
and A764 respectively.! The “A(,0) vs. sequence position” plot, taken in the
immediate vicinity of the A2581, A1354 and A764 residues in the complexes,
shows their corresponding A(7,0) values to be 232.1, 45.8 and 47.1°, respectively
(Figs. 3-5). The particular binding sites can be viewed as the maximum-entropy
sites involved in bonding. There is a more intuitive understanding that conforma-
tional changes within various localized regions along a large biological macro-
molecule are a direct consequence of the overall response of the macromolecular
structure to the binding of a ligand. Thus, it is quite interesting to gain more in-
sight into what is the impact of the binding of ligands, manifested by the maxi-
mum-A(7,0) sites A2581, A1354 and A764 in the large ribonucleoligand com-
plexes Injn, Inwy and 1 jzx, on the localized behavior of the cGAAg (1185—
—1189) motifs.

A2581
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180 I
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140 vicinity of the ligand bin-
E o ding site A2581 having a ma-
> 100 } ximum value of 232.1°
among all of the RNA re-
ge sidues in contact with the
60 v v ligand. The line at 25° in-
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259 which nucleotides in the
% _/ complexes are considered to
0 Pe== have different conformations
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rence structure (PDB ID:1njp).

sequence position

There is some controversy in the literature on key factors dictating RNA-Ii-
gand recognition. The first major aspect is that the nature of RNA-ligand inter-
actions is considered as a determinative factor influencing ligand specificity.
Thus, the structural variability of RNA, as well as the ability of the RNA mole-
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cule to distort upon ligand binding may play a crucial role in RNA—ligand inter-
actions.!3 The second major aspect is related to the sequence-specific binding of
RNA.14 The previously raised question is hereafter addressed in light of these
two main standpoints.
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Fig. 4. A(5,0) vs. sequence position in the immediate vicinity of the ligand binding site A1354
having a maximum value of 45.8° among all of the RNA residues in contact with the ligand.
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Fig. 5. A(n,0) vs. sequence position in the immediate vicinity of the ligand binding site A764
having a maximum value of 47.1° among all of the RNA residues in contact with the ligand.

In the context of the first aspect, the RNA-ligand binding sites and the na-
ture of particular contacts in the complexes Injn, Inwy and 1jzx were identified
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by the ENTANGLE program.!5 In general, no hydrogen bonds, or electrostatic
and stacking interactions were detected. In 1njn, 4 hydrophobic contacts, having
an average bond length of 4.70 A, were found between atoms of the A2581 re-
sidue and atoms of the ligand. In 1nwy, atoms of the A1354 residue make 5 hy-
drophobic contacts with atoms of the ligand, having an average bond length of
4.51 A. In 1jzx, atoms of the A764 residue participate in 6 hydrophobic contacts
with atoms of the ligand, having an average bond length of 4.17 A. Hence, 4, 5
and 6 hydrophobic contacts in the complexes are associated with average bond
lengths of 4.70, 4.51 and 4.17 A, respectively. To our chemical perception, the
larger the number of contacts is, the smaller an average bond length of the con-
tacts is, and the larger A(»,0) for a particular ligand binding site is. If the ability
of RNA to deform upon ligand binding is, quantitatively, conceivable through the
values of A(7,0) of 232.1, 45.8 and 47.1° for A2581, A1354 and A764, respect-
tively, we note that the trends both of the number of hydrophobic contacts and of
their average bond lengths do not agree with the trend of A(#,0) values. Note also
the average values of A(#,0) for 15- and 21- and 27-nucleotide sequences around
the A2581, A1354 and A764 sites, which are placed right in the middle of the se-
quences. For 15-nucleotide sequences, the average values of A(y,6) are 40.6, 14.9
and 17.7°, respectively. For 21-nucleotide sequences, the average values of A(7,6)
are 29.8, 29.4 and 16.2°, respectively. For 27-nucleotide sequences, the average
values of A(y,60) are 23.6, 24.1 and 34.7°, respectively. Therefore, a common che-
mical intuition based upon the nature of contacts of the A2581, A1354 and A764
residues only conforms to the case of 27-nucleotide sequences. Moving away from
the particular binding sites, noteworthy are the average values of A(#,0) of 1, 15
and 110° for the cGAAg (1185-1189) motifs in the complexes Injn, Inwy and
1jzx, respectively. Clearly, the nature of contacts of the A2581, A1354 and A764
residues is in agreement with the trends both of A(#,6) values and of MD energies
for small cGAAg (1185-1189) motifs being both about 20 A away from the spe-
cific ligand binding sites and involved in interactions with other parts of the ribosome.
A simple measure for the determination of the strain of a triloop (A), such as:

1i+3

— 2 |PePes1 =59 2)
4=

was previously introduced.! While PyPy+ is the phosphate:--phosphate distance
between two consecutive nucleotides, k& and k+1, 5.9 A stands for the phos-
phate--phosphate distance of the C3’-endo conformation.16 Interestingly, the trend
of the strains, 0.82, 0.66 and 0.73 A, of the cGAAg (1185-1189) motifs in the
Injn, Inwy and 1jzx complexes, respectively, does not agree with the chemical
elucidation of the binding of ligands, which is primarily manifested through the
trend of the average bond lengths, 4.70, 4.51 and 4.17 A, of the A2581, A1354 and
A764 contacts, respectively.
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In the context of the second aspect, to probe the sequence-specific binding of
RNA, nucleotide sequences containing 15, 21 and 27 nucleotides in the imme-
diate vicinity of the maximum-A(#,0) ligand binding sites, A2581, A1354 and
A764, were chosen as the input required to generate the corresponding secondary
structures. The particular binding sites were initially placed right in the middle of
the sequences, so that 7, 10 and 13 nucleotides were on each side of A2581,
A1354 and A764, giving total sequence lengths of 15, 21 and 27 nucleotides. No
restrictions were imposed on the process of generating the secondary structures
by means of the Vienna RNA package V1.1.17 The G-U pairing, based on the
base pair (BP) probability algorithm of McCaskill,!8 was allowed in terms of the
G-U wobble BPs.%19 Energy parameters were taken from the literature.20-22
The secondary structure coordinates were calculated with Naview23 within the
Vienna RNA package,!7 while the employed dynamic programming algorithm
was that of Zuker and Stiegler.24 The calculated secondary structures for 15-nu-
cleotide sequences are shown schematically in Fig. 6, while those corresponding
to the 21- and 27-nucleotide sequences are given in the Supplementary Material,
due to insufficient space in the present article. Note that the positions of A2581,
A1354 and A764 are within various loops in Fig. 6, as generally expected for RNA
residues in contact with ligands.

Base pairing defined by the secondary structures, consequently, was essen-
tial information for the determination of the thermodynamic parameters using the
two-state conformational model of RNA sequences, as implemented within the
framework of the Mfold V3.2 web server.25-26 The very basic idea of a two-state
model is that hairpin formation and more complex secondary structures of nuc-
leic acids can be described in terms of rate of formation, stability, and control of
secondary structure. The two states, ordered and disordered structures, are con-
nected by a melting curve having a characteristic sigmoid shape. At low tempera-
tures, all base pairs are formed, while at high temperatures no base pairs are
formed. At any intermediate temperature, both the free energy of base pair for-
mation and the nature of not fully paired intermediates influence the fraction of
unpaired bases. At the melting temperature, 7,,, depending solely on the free
energy of base pair formation and not on the intermediates, paired and unpaired
bases are present equally. Since enthalpy (AH) and entropy (AS) can be computed
from the melting curve, it is straightforward to calculate AH and AS if no pre-
sence of the intermediates is assumed.2” The core algorithm of the Mfold soft-
ware package predicts a minimum free energy, as well as free energies for fold-
ings containing desired base pairs. The minimum folding energy of a sequence
was calculated by the zipfold server. The ‘Ty,’ server was employed to estimate
two-state melting temperature. Only available RNA folding parameters, version
2.3, were used to calculate the enthalpy of this folding using the appropriate near-
est neighbor parameters. The enthalpy calculations were followed by the estima-
tion of AS and T, using a 2-state model as discussed above.25
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Fig. 6. Secondary structures generated by the RNAdraw program!” for 15-nucleotide
sequences in the immediate vicinity of the maximum-A(#,6) ligand binding sites,
denoted by A2581, A1354, and A764. Secondary structures for sequences having

21 and 27 nucleotides around the same ligand binding sites in the complexes are given
in the Supplementary Material due to insufficient space in the present paper.

The calculated values of these parameters for the sequences of various lengths
are given in Table I. The trend of the AG values, —2.9, —1.1 and —3.2 kcal mol™!,
for the 15-nucleotide sequences does not agree with that of the average values of
A(n,0) of 1, 15 and 110° for the cGAAg (1185-1189) motifs in the complexes
Injn, Inwy and 1jzx, respectively. However the trends of the AG values for both
the 21- and 27-nucleotide sequences, —7.7, —5.1 and —4.8 kcal mol~! and —9.2,
—5.5 and —5.1 kcal mol™! are in agreement with that of A(#,0),y for the cGAAg
(1185-1189) motifs in the complexes Injn, Inwy and 1jzx, respectively. Note
that the trends of the AG values are in accordance with those of the Egq values for
all of the sequences with the same number of nucleotides in the series of com-
plexes. It is indicative that, by moving away from the ligand binding sites with
the maximum value of A(z,60), the trends displayed by AG and Eg tend to be li-
ned up with both those of the A(#,0),y values for very distant cGAAg motifs and
of the energies of the motif MD. To further probe this indication, the average
energies of the secondary structures and the average A(#,6) for the sequences of
various lengths are given in Table II. Clearly, only for the sequences of 27 nu-



50 RAKIC and MITRASINOVIC

cleotides do the Ey.av27 and A(n,6),v27 values display trends that agree with
those of the A(n,0),y values and MD energies associated with the cGAAg (1185—
—1189) motifs.

TABLE I. Values of the thermodynamic variables, based on a 2 state model, for sequences of

various lengths in the immediate vicinity of the maximum-A(#,6) ligand binding sites, A2581,
A1354 and A764, in the complexes Injn, Inwy and 1jzx

PDB ID (Sequence Range), Sequence Length AG AH AS Tm E
Sequence kcal mol-' kcal mol! cal kmol! °C  kcal
Injn (2574-2588), 15 -2.9 -30.2 -91.5 56.6 -1.3
GUGAGAC(A2581)GUUCGGU

Inwy (1347-1361), 15 -1.1 -24.4 -78.3 382 -1.1
CCAGGGA(A1354)AGUCGGG

1zx (757=771), 15 32 2302 906 59.8 2.8
UGCUGAA(A764)CAGUCUC

Injn (2571-2591), 21 =71.7 -55.1 -158.9 73.5 -6.7
GUCGUGAGAC(A2581)GUUCGGUCUC

Inwy (1344-1364), 21 =5.1 -52.0 -157.4 57.0 4.3
CGCCCAGGGA(A1354)AGUCGGGACC

1jzx (754-774), 21 —4.8 -59.6 -183.5 51.5 -3.5
GCCUGCUGAA(A764)CAGUCUCGGA

Injn (2568-2594), 27 -9.2 -62.6 -179.2 76.1 -7.9
AACGUCGUGAGAC(A2581)GUUCGGUCUCUAU

Inwy (1341-1367), 27 -5.5 -49.2 -146.7 62.2 -5.1
GUCCGCCCAGGGA(A1354)AGUCGGGACCUAA

lizx (751-777), 27 51 767 2402 46.1 -3.7

GGUGCCUGCUGAA(A764)CAGUCUCGGAUGA
8Energy of the secondary structure (ss) calculated by the Vienna RNA package V1.1 17

TABLE II. Values of both the average (av) energies of the secondary structures (Ej_,,) and of
the average A(n,60) for sequences of various lengths in the immediate vicinity of the maxi-
mum-A(z,6) ligand binding sites, A2581, A1354 and A764, in the complexes Injn, Inwy and 1jzx

Essavsequence engn / K2 PDB ID: Injn PDB ID: Inwy PDB ID: 1jzx
A(n, H)avsequence length /°

Egsaus ~0.08 ~0.07 ~0.19

A O)ay, s 40.57 14.90 17.74
Egsavn, 0.32 021 -0.17
A1)y, 29.87 29.38 16.21
Egsavnr ~0.29 ~0.19 ~0.14
A(LO)ayry 23.66 24.11 34.73

The three nucleotide sequences of various lengths centered on the maxi-
mum-A(7,0) ligand binding sites, A2581, A1354 and A764, are essentially three
distinct structural motifs in each of the complexes, if observed from a structure—
—function standpoint. Consequently, their thermodynamic variables and energies
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change in different ways, as previously discussed. In every single complex, it is
useful to find an average measure as a representative characteristic for the three
motifs of 15, 21 and 27 nucleotides. Based upon the values of AG and Eg in
Table I for three sequences in each complex, the calculated average AG values
are —6.6, —3.9 and —4.4 kcal mol~!, while the average Eg values are —0.23, —0.15
and —0.17 kcal in the 1njn, Inwy and 1jzx complexes, respectively. Interestingly,
the trends of AG and Eg are in line with that of the cGAAg (1185-1189) motif
strain, 0.82, 0.66 and 0.73 A in 1njn, Inwy and 1jzx, respectively. This is in con-
trast to the finding that the values of the strains of triloops do not follow the trend
of the average bond lengths, 4.70, 4.51 and 4.17 A, of the A2581, A1354 and
A764 contacts, respectively, as previously discussed in the context of the first as-
pect of RNA-ligand recognition. Therefore, the nature of RNA-ligand contacts is
presumably determined by the types of ligands involved in bonding, which are
the antibiotics, sparsomycin, azithromycin and clindamycin in the 1njn, Inwy and
1jzx complexes, respectively.

CONCLUSIONS

The considerations are well-correlated with the understanding that confor-
mational changes, induced within localized regions of an rRNA structure, are as-
sociated with the overall response of the rRNA structure to the binding of a li-
gand at sites which are quite far (in the range of 20 A) away from the localized
regions. Due to the structural variability of RNA, the overall response is con-
ceivable as the RNA capability of distorting upon ligand binding.

SUPPLEMENTARY MATERIAL

Secondary structures generated by the RNAdraw program!” for 21- and 27-nu-
cleotide sequences in the immediate vicinity of the maximum-A(#x,6) ligand bin-
ding sites, denoted by A2581, A1354, and A764, in the Injn, Inwy and 1jzx
complexes, respectively, are available electronically from http://www.shd.org.yu/JSCS/
or from the corresponding author on request.
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HU3BOJ

JMHAMUKA MAJIMX CTPYKTYPHUX MOTHUBA V pPHK
VYCJIEQ BESUBABA JIMTTAHIA

AJIEKCAHJIPA PAKUR' 1 TIETAP M. MUTPAIIMHOBUR?

'Fakultet za Fizi~ku hemiju, Univerzitet u Beogradu, Studentski trg12—16, 11000 Beograd i Centar za
multidisciplinarne studije, Univerzitet uBeogradu, Kneza Vi{eslava 1, 11030 Beograd

Tponykneorunne neribe GAA (1186-1188) 3aTtBopene ca capeHUM c—g 0azama y BETUKUM
pubonykneotHIHIM Komiuiekcuma (PDB komoBu: 1njn, 1nwy, 1jzx) cy aHaiu3upaHne y OBOM pajiy
oMohy MOJIeKyJIapHO-JHHAMUYKUX CHMYyJamuja. TpeHIoBH pelnaTHBHUX €Hepruja OBUX MOTHBA Y
KOMIUTEKCHMa Y OJHOCY Ha MOTHUB y ci10001H0j (6e3 nuranna) crpykrypu pPHK (PDB xox: 1njp)
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ce TIOKJIANajy ca TPeHAOBUMa KOH(POPMALMOHUX MapaMeTapa 0a3upaHuX Ha MCEyJOTOP3UOHOM (77,6)
npunasy u3 nperxomHor paza.! Maentudukosane cy obmactu crpykrype pPHK koje ce Hamase y
HETOCPEAHOj OJIM3MHHI KOHTaKaTa ca HejH3paKeHHjUM KOH(POPMALMOHUM IPOMEHaMa MpPH Be3HBa-
wy auragna. OapeljeHn cy TepMOIMHAMUYKY NapaMeTpy 0a3nupaHn Ha KOH()OPMAIMjCKOM MOJEIy
"nBa crama" cexseH pPHK ca 15, 21 u 27 HykneoTuaa oko OBUX BE3UBHUX MecTa juraHajga. Ca
BHUINIC CTPYKTYPHOT CTaHOBHIITA, JedopMalrija TPOHYKICOTHAHE IIeTIhe, KOja je JajJeKo O OBUX
BE3MBHMX MECTa M YKJbyUCHa Y MHTEPAKIHje ca OCTAIMM AEIOBHMa pUO030Ma, yCTaHOBJBEHA jE Kao
CTPYKTYpHa 0COOMHA KOja OJIroBapa TPEeHAOBUMA MIPOCEYHUX TEPMOJMHMUYKHX MapameTapa 3a TpU
MoTHBa AedHuHUCaHa cekBeHIMjama o 15, 21 u 27 uykieornaa. Ca Buiie (GyHKIHOHATIHOT CTAHO-
BUINTA, THIIOBH JINTAHA/Ia Y KOMIUIEKCHMA Cy TPEIJIOKEHN Kao BakaH (hakTop KOjH JIeTepMHHHUIIIE
pPHK-nurana npenosxaBame.

(TIpumsseHo 18. jarnyapa 2007)
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Selective oxidation of isobutane on V-Mo—O mixed oxide catalysts
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Abstract: Four V-Mo—O mixed metal oxides were prepared, characterized and tes-
ted for the selective oxidation of isobutane in the temperature range 350-550 °C,
at atmospheric pressure. Isobutane was mainly oxidized to iso-butene and car-
bon oxides. The systems with low vanadium contents showed low activities but
high isobutene selectivities, while the systems with high vanadium contents
showed high activities with high carbon oxides selectivities. The effects of tem-
perature, contact time and the molar ratio iso-butane to oxygen on the con-
version of isobutane and the selectivity of the oxidation were studied.

Keywords: vanadium molybdenum oxides; iso-butane oxidation; iso-butene.

INTRODUCTION

Selective oxidation of light alkanes is one of the most challenging topics for
study because of the difficulty in stopping the oxidation at intermediate stages
corresponding to olefin or oxygenates formation.

The development of more active and selective catalysts for the partial oxida-
tion of alkanes has been extensively pursued in both industrial and academic
research.!,2

In the literature,3-8 several catalysts with different contents of V,05 and
MoO3 have been studied for the selective oxidation of isobutane in order to de-
termine the catalytically active phases. Thus, different oxide species were repor-
ted to be part of the active phase system in these catalysts. Andrushkevich3 re-
vealed MoOs3 and V,04 as the major components of V-Mo—O catalysts and re-
ported that the catalytic activity is related to the content of V4*. Tichy et al4
identified VMo030, whereas Werner et al.> proposed VMo4014 as the active
phase. Both mixed oxides build layered structures, belonging to shear structures.

* Corresponding author. E-mail: mitran.gheorghita@unibuc.ro
doi: 10.2298/JSC0801055M
55
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Werner et al.> explained that these structures are able to integrate and remove
oxygen by a transition from corner-linked octahedra into edge sharing regions.

A key aspect towards the application of this type of catalysts is the explora-
tion of how to control the operating conditions in order to maximize the catalytic
performance (temperature, isobutane-to-oxygen molar ratio, hourly space volume
velocity). It is commonly accepted that highly specific, local electronic structures
of the active metal sites are essential for the catalytic performance.® The catalyst
composition, as well as the conventional optimization of the microstructure by
optimizing the synthesis procedure could result in further improvement of the
catalytic performance. Hoang et al.!0 showed that alumina-supported vanadia
exhibits low (15 %) selectivity to isobutene. An olefin selectivity of about 50 %
was achieved at isobutane conversions of 10-15 % over vanadium-containing
MCM-41 mesoporous catalysts. 112

Good results for the oxidative dehydrogenation of isobutane were also
obtained with heteropoly compounds!3~17 and pyrophosphates.!8.19

The aim of this work was to study ways of enhancing the catalytic perfor-
mance of V-Mo—-O mixed oxide catalysts in the isobutane oxidation process, by
adjusting the operating conditions and the catalyst composition. Thus, the influ-
ence of temperature, space velocity and feed composition on the catalytic perfor-
mance of four V-Mo—0 systems were investigated.

EXPERIMENTAL

Preparation and characterization of the catalysts

Mo—V-0O-based catalysts, with the calculated compositions listed in Table I, were prepa-
red from (NHy)¢M070,4-4H,0 (99.8 %) and NH4VO; precursors using the same method as
reported by Ueda et al.2°

The (NH4)¢M070,44H,0 (99.8 %) and NH4VO; precursors were dissolved seperately in
distilled water and the (NH4)sMo0,0,4-4H,0 solution was added to the NH,VOj5 solution. For
all the samples, the obtained mixture was heated at 90 °C to evaporate the water and then the
remaining solid was dried at 120 °C for 15 h and calcined at 200 °C for 2 h, 400 °C for 2 h
and 600 °C for 4 h, to obtain the final catalyst. For all the preparations, the same method and
the same calcination temperatures were employed knowing that the preparation method and
the calcination temperature influence the phase composition of Mo—V-oxides.2!-23

The symbols used to denote the prepared catalysts are listed in Table 1.
TABLE I. The calculated catalyst compositions and the symbols used

Catalyst Calculated catalyst composition
C 10 % V,05-90 % MoO3
(O 30 % V,05-70 % MoOs
Cs 50 % V,05-50 % MoOs
Cy 90 % V,05—10 % MoO;

The surface areas of the catalysts were measured from the adsorption isotherms of N, at
77 K using the BET method with an ASAP 2000 sorptometer. The crystal structures of the
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samples were controlled by X-ray diffraction using a PW 3710 diffractometer with CuK,,
radiation for Bragg's angles (26) from 4 to 70°.

Catalytic reactions

The selective oxidation of isobutane was carried out in a fixed bed, quartz tube, down-flow
reactor operating at atmospheric pressure. The internal diameter of the reactor tube was
20 mm. The catalyst was supported by quartz wool. Normally, 2 cm3 (1.7 g) catalyst was
used. The axial temperature profile was measured using a chromel-alumel thermocouple
placed in a thermowell centered in the catalyst bed. The reactor temperature was controlled
using a chromel-alumel thermocouple attached to the exterior of reactor. Quartz chips were
used to fill the dead volumes below and above the catalyst bed to minimize potential gas-pha-
se pyrolysis reactions at higher reaction temperatures. The reaction mixture, consisting of isobu-
tane and air, was passed through the catalyst bed at a volume hourly space velocity (VHSV) of
1000-2500 h'l. The influence of the isobutane to oxygen ratio was studied by varying this
ratio in the range 0.5-2.0. The flow rates were controlled by fine needle valves and were
measured using capillary flow meters. The catalyst was activated in air at 550 °C for 2 h be-
fore the reaction. Each run was carried out over a period of 3 h. In all studies, the reactor
effluent passed through a condenser to remove water and liquid oxygenated products. The gas
phase reactants and products were analysed as follows: a flame ionization detector and a GC- alu-
mina column for the hydrocarbons and a thermal conductivity detector with a CTR-1 column
for air, methane and carbon oxides. The condensate was analyzed with a Thermo Finnigan
chromatograph using a DB-5 column and a flame ionization detector. Isobutene, CO, CO,
were the major products formed under the employed reaction conditions; minor amounts of
the liquid oxygenated products, acetic acid, methacrolein and unknowns were detected. The
carbon balance was within 95-105 % for all of the reactions.

RESULTS AND DISCUSSION
Catalysts characterization

The XRD patterns of the prepared catalysts are shown in Fig. 1 and the
observed phases are listed in Table II.

Examination of the powder diffraction patterns reveals the formation of mul-
ti-phase materials. Thus, in the 10 % V,05—MoOj3 catalyst (Cy), three phases were
observed, the MoOj3 phase being the predominant one. In the 30 % V,05-MoO3
catalyst (Cy), four phases were observed, the Vo,MoOg phase being the predomi-
nant one. It should be noted that a V,0O5 phase was not observed in these cata-
lysts. In the catalyst with 50 % V,05—-MoO3 (C3), with four phases, the intensi-
ties corresponding to the VoMoQOg phase decreased and a V,Os phase appeared.
In the 90 % V,05-Mo00O3 (Cy) catalyst, with only two phases, the intensities of
the V,05 were the most dominant, while a MoOj3 phase was not observed.

The specific surface areas of the catalysts, obtained using the BET method,
are presented in Table II. It can be observed that surface areas of all four catalysts
were low, under 3 m2 g1

Catalytic properties

The four catalysts were tested in the selective oxidation of isobutane using
an isobutane-to-oxygen ratio of 1. The conversion obtained and the distribution
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of the products are listed in Table III. From the results shown in Table III, it can
be seen that the C; and C; catalysts revealed a similar activity for the conversion
of isobutane. The same behavior was observed for the C3 and Cy4 catalysts. The ca-
talysts containing the V,Os5 phase, namely C3 and C4, were more active but less
selective for isobutene. In these cases, higher quantities of CO, were formed.

\_A_AJM b e
l I c

:

0 120 30 40 S0 60 70 g | X-Ray diffraction patterns of V-Mo
2-theta {(degrees) mixed oxide catalysts.

TABLE II. The main crystalline phases determined by XRD and the specific surface areas of
the V-Mo—O catalysts

Catalyst SSA /m* g1 Crystalline phase identified

C 1.81 MoOs3 V,MoOg VO, - -

C, 1.63 MoO; V,MoOg VO, - MogVyOyq
Cs 0.94 MoO; V,MoOg VO, V,05 -

Cy 2.66 - V,MoOg - V,05 -

The selectivity of conversion to iso-butene for the C; and C; catalysts was
appreciably higher than that for the C3 and C4 catalysts and the main over oxi-
dation products were CO and CO,. Oxygenated compounds were detected in a
fairly low amount with the C3 and Cy4 catalysts and only traces at higher tempera-
tures were found with the C; catayst. These two different ranges observed for
iso-butene selectivity are probably related to the prevalence of two different cata-
lytic sites on the surface. The most selective catalysts (C1 and C,) have isobutene
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selectivities that were about five times higher than the less selective one (the C3 ca-
talyst). Finally, it should be noted that cracking products were observed only with
the C; catalyst and only at temperatures as high as 450 °C for space velocity of
2000 h™1, or at temperatures higher than 490 °C with a space velocity of 2500 h™1.

TABLE III. Catalytic performance of the V-Mo catalysts in the oxidation of isobutane (molar
ratio i-C4H;(:0, = 1:1)

Conversion, % Selectivity, %
Catalyst VHSV_?IOS t/°C Oxigenated Ratia 1
h i-C4H o i-C4Hg compounds COo, molkg'h
C, 2.00 400 2.7 84.7 - 15.3 0.4
2.00 450 5.2b 65.9 - 21.1 0.9
2.50 400 1.7 85.3 - 14.7 0.3
2.50 450 32 85.4 - 14.6 0.6
G, 2.00 400 2.6 80.8 - 19.2 0.4
2.00 450 32 62.9 11.6 25.5 0.5
2.50 400 2.4 78.4 - 21.6 0.5
2.50 450 29 57.0 24 40.6 0.6
C, 2.00 400 9.2 18.3 6.2 75.5 1.5
2.00 450 13.9 21.4 42 74.4 23
2.50 400 8.1 14.1 23 83.6 1.6
2.50 450 11.3 16.2 2.1 81.7 23
C, 2.00 400 7.2 222 3.1 74.7 1.2
2.00 450 9.6 25.4 2.1 72.5 1.6
2.50 400 6.8 16.0 4.0 80.0 1.4
2.50 450 8.5 38.2 2.6 59.2 1.7

8Reaction rate of isobutane; bselectivity to cracking products 13.1 %

The conversion of isobutane for the four catalysts as a function of reaction
temperature is shown in Fig. 2. The conversion of iso-butane increased with in-
creasing reaction temperature for all catalysts. The systems with a higher vana-
dium content (C3 and C4) were more active than the other two, over all the con-
sidered temperature range. Moreover, the V,O5 phase appeared only in these two
catalytic systems and it is considered that this phase is responsible for the en-
hanced catalytic activity. No correlation was observed between the activity and
the specific surface area of these catalysts.

The effect of the reaction temperature on the selectivities for iso-butene, CO,
and oxygenated products is shown in Fig. 3. Isobutene selectivity decreased with
the temperature on the C| and C; catalysts, while, interesting, it increased for the
C3 and Cy4 catalysts with increasing temperature. The latter phenomenon was also
observed by Pless et al.2% in the oxidative dehydrogenation of propane at tempe-
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ratures higher than 400 °C and was related to the complete depletion of O, from
the reactant stream, i.e., when depletion of Oy in the reactant stream occurs and
as the temperature increases, a more efficient utilization of oxygen is realized,
leading to an increase in selectivity. In the present case, the oxygen is far from
completely depleted (Table III) which means that other factors must also be con-
sidered for explaining this phenomenon. The oxidative dehydrogenation of iso-bu-
tane to isobutene is more important over the C; and C, catalysts which contain
mainly MoO3 and VoMoOg phases and do not contain a V,0Os5 phase. The selec-
tivity for CO, increased with increasing temperature on the C; and C, catalysts,
while for the C3 and Cy4, the CO, selectivity decreased with increasing tempera-
ture. The oxygenate compounds were detected in a fairly low amounts with the
C3 and C4 catalysts and only traces were evidenced at higher temperature with
the C; catalyst.
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The variations of isobutane conversion and product selectivities as a function
of the i-C4H¢:0, molar ratio on the Cy and Cj3 catalysts at 400 °C are shown in
Fig. 4. On the C; catalyst, the isobutane conversion was only slightly influenced
by the i-C4H10:0, molar ratio and the isobutene selectivity passed through a
maximum for the molar ratio 1:1. This maximum corresponds to a minimum of
CO, selectivity. For the C3 catalyst, the isobutane conversion decreased clearly
with the i-C4H9:O, molar ratio and the isobutene selectivity increased reaching
a plateau at a ratio of around one. The CO, selectivity decreased while the
selectivity of oxygenates increased when the i-C4Hj9:O, molar ratio was
increased. These results indicate that, with the C3 catalyst, as the amount of oxy-
gen was higher, the excess oxygen could oxidize a specific hydrocarbon species
(adsorbed on the catalyst surface) to overoxidation products, such as CO and COs.

100
90 a
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‘\’\’b
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Fig. 4. Conversion of isobutane (A) and
selectivity to iso-butene (m), oxygenates
g (*) and carbon oxides (#) as function
' ' of i-C4H;(:0, molar ratio over (a) C,;

0 05 1 15 2 25  catalyst and (b) C; catalyst at 400 °C,
Isobutane-to-oxygen molar ratio VHSV =1500 h'l.

Conversion and Selectivity, %

o8 8 88

The influence of the contact time on the conversion of isobutane and the
isobutene and COy selectivities is shown in Fig. 5 for the C; catalyst at 450 °C.
The conversion increased with increasing contact time, while the isobutene se-
lectivity decreased. As expected, the operation at shorter contact time decreased
the selectivity for overoxidation products and thus increased the selectivity to
isobutene.
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Finally, the apparent activation energies corresponding to the conversion of
isobutane on the different catalysts under the same conditions (VHSV = 1500 h™!;
isobutane/oxygen = 1, ¢ = 350-550 °C) were calculated and Arrhenius plots ob-
tained, presented in Fig. 6. The activation energies on the C; and C, catalysts
were 79 and 67 kJ mol-!, respectively. The activation energies on the C3 and Cy4
catalysts were 38 and 50 kJ mol~!, respectively. It can be observed that the acti-
vation energies on the catalysts containing a V,Os phase were lower than those
measured on the catalysts without a V,Os. The lowest apparent activation energy
was observed on the C3 system, which contained both V,05 and MoOj3 phases.
All these values are comparable with those presented in the literature for the
same reaction over vanadia based catalysts25 and other oxide-based catalysts.20

A3

o 100 ¢
g Q0 l\/l\. A4 f
s 6|
E 2 15
: 407
8
§ 0 L 1 1 '
0 1 2 3 4 17 ) ) )
Contact time, s 1.1 12 1.3 1.4 1.3 1.6
Fig. 5. Conversion of isobutane () and 1000T ()
selectivity to iso-butene (m) and CO, (A)as  Fig. 6. Arrhenius plots for the conversion of
function of contact time over C; catalyst at isobutane on different catalysts: ¥ — Cy;
450 °C (molar ratio i-C4H;(:0, = 1:1). A-Cyuym—C;; @ -C,

CONCLUSIONS

Four Mo—V-0 based catalysts were examined for the selective oxidation of
isobutane. A relationship between the phase composition of the catalysts and
their oxidation of isobutane activity was evidenced. No correlation was observed
between the activity and the specific surface area of these catalysts. The activity
of the four studied catalysts increased with increasing content of vanadium. The
C3 and Cy4 catalysts, containing a V705 phase, were more active but less selec-
tive, while the C{ and C, catalysts were less active but more selective to iso-bu-
tene. On the C3 and C4 catalysts, total oxidation products (CO,) were predomi-
nately obtained.

The oxygenates (acetic acid and methacrolein) were detected in a fairly low
amount with the C3 and C4 catalysts and for the C, catalyst, only at high tem-
peratures.

The conversion of isobutane increased with increasing reaction temperature
for all catalysts and the isobutene selectivity decreased with the temperature on
the C; and C; catalysts, while, interesting, for the C3 and Cy4 catalysts, it increased



SELECTIVE OXIDATION OF iso-BUTANE 63

with increasing temperature. The i-C4Hg-to-O, molar ratio was found to be opti-
mum around a value of one. Operation at shorter contact time decreased the selec-
tivity for the overoxidation products and thus increases the selectivity to isobutene.

The apparent activation energies for the transformation of isobutane were in
the range 38—79 kJ mol 1.
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NU3BOJ

CEJIEKTUBHA OKCHJALIMJA MU30OBYTAHA HA V-Mo-O MEINAHUM
OKCHUJHUM KATAJIM3ATOPMA

GHEORGHITA MITRAN!, IOAN-CEZAR MARCU', TATIANA YUZHAKOVA? u IOAN SANDULESCU!

!Department of Chemical Technology and Catalysis, University of Bucharest, 4-12, Blv. Regina Elisabeta,
030018, Bucharest, Romania u *Department of Environmental Engineering and Chemical Technology, Faculty
of Engineering, Pannon University, 10 Egyetem St., H-8201, Veszprém, Hungary

VY peakuuju ceneKTHBHE OKCHIAIMje N300yTaHa NMPUIPEMIbEHA Cy U TECTHPaHa y HHTEPBATY
temmeparype 350-550 °C Ha aTMoc(hepcKOM NPHUTHCKY YETHPU METAIOKCHIHA KaTalu3aTopa
V—Mo-0. U3o0yTaH ce mpeTexHo okcuayje 10 n3odyrena u CO,. Cucremu ca MalnuM cazpikajeM
BaHaJMjyMa IOKa3yjy Majly aKTHBHOCT aJldi BHCOKY CEJIEKTUBHOCT y HacTajamby H300yTeHa, JOK
CHCTEMH Ca BUCOKHMM caJip)kajeM BaHa[1jyMa MOKa3yjy BUCOKY aKTUBHOCT U BUCOKY CEIIEKTHBHOCT
y nobujay CO,. McnuruBaH je Takohe yTHLaj TeMmIepaType, BpeMeHa KOHTAaKTa M MOJApHOT
oJiHOca M300yTaHa IpeMa KHCEOHHKY Ha KOHBEp3Hjy M300yTaHa U OKCHIATHBHY CEIEKTHBHOCT.

(TTIpumsseno 30. HoBemOpa 2006, peuaupano 4. centemopa 2007)
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Molecular parameters for the gas phase molecules SbO and SbP
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Abstract: Franck—Condon factors and r-centroids, which are very closely rela-
ted to relative vibrational transition probabilities, were evaluated by the nume-
rical integration procedure for the bands of the A2[1;,, — X?I15,, C2X— X?I15,
and D2IT — X2I1 systems of the isotopic SbO molecule and for the B!TT — XX+
system of the isotopic SbP molecule, using a suitable potential.

Keywords: Franck—Condon factors; 7-centroids and isotopic molecule SbO and
SbP molecules.

INTRODUCTION

Franck—Condon (F—C) factors are important parameters for every molecular
band system, since they enter into the calculation of the relative band intensity,
which is a significant source of information in quantitative spectroscopy, high-tem-
perature chemistry, astrochemistry and cometary spectra. They are also important
for the determination of the molecular structure, population of the vibrational
levels in the upper electronic state involved in a transition, radiative lifetime, vib-
rational temperature and kinetics of energy transfer in stellar and other astro-
physical atmospheres containing molecular species. On the other hand, know-
ledge of r-centroids has been found to be very useful in the discussion of the
variation of the electronic transition moment with internuclear separation and in
other molecular properties. Variation of r-centroids with band wavelengths (or
wavenumbers) provides a useful bridge between experimental measurements,
which are often expressed as a function of wavelength, and theoretical studies,
which are often made in terms of internuclear separation.!

Suresh Kumar et al.2 reported that the SbO molecule is likely to be present
in the atmosphere of K-type stars and in interstellar space. Spectra of the radia-
tion from astronomical sources show many bands which are attributed to diato-
mic molecules. A number of lighter as well as heavier diatomic molecules have
been detected in stellar spectra, the Earth’s atmosphere, planets and in interstellar

* Corresponding author. E-mail: nrmanickam@rediffmail.com
doi: 10.2298/JSC0801065R
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sources. Dealing with 300 diatomic molecules of known or of possible astrophy-
sical interest, Sauval and Tatum3 also reported polynomial expressions of parti-
tion functions and equilibrium constants of the SbH, SbO, SbF and SbP mole-
cules. Based on estimates of the abundances of Sb, the phosphate of antimony is
expected to be present in stars. Estimates of the relative abundances of these me-
tallic species are of importance for the understanding of the evolutionary phases
of the observed stars and are also essential inputs in the modeling of the stellar
atmospheres of late type stars. Their relative abundances in the interstellar me-
dium give estimates of stellar activity, such as supernovae, in the observed region.

To the best of our knowledge, there has been no reports on Franck—Condon
factors and r-centroids for the AZ2Il3/, — X2I13,; system of 123SbO, the C2X—
— X2I3/, and D2IT — X2I1 systems of 121SbO and the B!IT - XIZ* system of
12380 and !21SbP molecules in the literature. Therefore, reliable values of the
Franck—Condon factors and r-centroids for the above band systems of isotopic
SbO and SbP molecules have been computed by a numerical integration proce-
dure, using the suitable potential.

FRANCK—-CONDON FACTORS AND r-CENTROIDS

Mathematically, one can write for the intensity /,» of a molecular band for
an electronic transition in emission (v'— ") as (Straughan and Walker?):

IV'vH = DNVvE:/‘-'VnRg (;V'V")CIV'V" (1)

where D is a constant, partly depending on the geometry of the apparatus; N,
denotes the number of molecules in the vibrational level v' of the upper electro-
nic state, determined by the Boltzmann law; £, ,» the energy quantum; ¢, ,» the
Franck—Condon factor; ry the r-centroid and R. the electronic transition
moment.

The intensities of bands in emission of diatomic molecular are controlled by
the value of the Franck—Condon factor, which is the square of the overlap in-
tegral between the excited state wave function and the ground state wave function.

Q= |<Y/V' | Yjv" >|2 (2)

where ¥, and ¥, are the vibrational wave functions for the upper and lower
states, respectively, between which the transition occurs. The r-centroid is a uni-
que value of the internuclear separation, which may be associated with the v'—v"
band and defined as:
_ Y olr|¥, »
Pyt = M (3)
<(PV' | glv">
For a proper understanding of the intensity distribution in the band systems
of molecules, it is necessary to choose a suitable potential. The potential energy



GAS PHASE MOLECULES SbO AND SbP 67

curves for the appropriate electronic states of SbO, 123SbP and 121SbP have been
constructed using the Morse® function and also by the Rydberg—Klein—Rees
(RKR) procedure as modified by Vanderslice et al.%7 It was found that the
Morse function represents the potential for the states of SbO, 123SbP and 121SbP
quite adequately, since the experimental (RKR) curves are coincident with the
Morse ones. The Morse wave functions were calculated at intervals of 0.01 A for
the range of r, respectively, from 1.66 to 2.22 A, from 1.67 to 2.47 A, from 1.70
to 2.27 A, from 2.00 to 2.54 A and from 2.00 to 2.54 A for every observed
vibrational level of the A2I13/, — X2I13, system of 123SbO, the C2X— X2I13),
and D2IT — X2I1 systems of the 121SbO molecule and the BITT — X!Z* systems of
the isotopic 123SbP and !23SbP molecules. The computation of the Franck—Con-
don factor was made by the Bates® method of numerical integration as per the
detailed procedure provided by Partal Urena et al.® Integrals in the Egs. (2) and
(3) for the F~C factors (¢, ,~) and r-centroids (7, ) were computed numeri-
cally and the results are presented, respectively, in Tables I, II and III for the
A2z, — X2[3), C2X— X2[13/, and D2IT — X2I1 systems of SbO and in Tables IV
and V for the BIIT— X!Z* system of the 123SbP and !21SbP molecules. The
wavelengths (4, ,+) datal013 for the band systems of SbO, 123SbP and !2!SbP
molecules are also included in Tables [-V. The molecular constants used in the
present study were collected from the compilation of Huber and Herzberg!4 and
they are entered in Table VI.

TABLE 1. Franck—Condon factors, r-centroids and wavelengths of the A2[ls,, — X2I1s/, sys-
tem of '23SbO

v'=0 v'=1 v'=2 v'=3 v'=4
V=0 Gy 0.002 0.014 0.050 0.112 0.176
vl A 1.923 1.943 1.964 1.985 2.007
Ay / A - - 5952.52 6245.33 6564.71
V=1 Gy 0.010 0.053 0.119 0.142 0.081
vl A 1.909 1.929 1.949 1.969 1.989
Ay / A - 5506.45 5758.92 6032.54 -
V=2 Gy 0.028 0.099 0.124 0.049 0
vl A 1.895 1.914 1.934 1.952 -
Ay / A - 5341.82 5579.10 - -
RESULTS AND DISCUSSION

In the case of the A2[13; — X213/, system of the 123SbO and C2X - X213/,
systems of the 121SbO molecule, the F-C factors indicate that (0,3), (0,4), (1,2),
(1,3) and (2,2), and (0,2), (0,3), (0,4), (1,1), (1,2), (2,0), (2,1), (3,0), (4,0), (5,0)
and (6,0) bands are intense (F—C factor > 0.1). For the D2IT— X2IT system, the
F-C factors indicate that all the bands are less intense. Since 7' > r.", the r-cen-
troids values increase with increasing wavelength, which is expected in the red
degraded band system.
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TABLE II. Franck—Condon factors, r-centroids and wavelengths of the C2X'— X215/, system
of 121SbO

V=0 V' =1 V=2 V' =3 V' =4
V=0 G o 0.015 0.070 0.157 0.221 0.220
vl A 1.907 1.931 1.956 1.981 2.007
Apon 1A 3581.71 3688.30 - - -
V=1 qv o 0.053 0.149 0.152 0.051 0
vl A 1.890 1.914 1.937 1.961
Ay 1A 3511.56 3613.89 - -
V=2 G o 0.104 0.148 0.033 0.016 0.102
v/ A 1.874 1.897 1.918 1.949 1.971
Apon 1A 3444.64 - - - -
V=3 G o 0.143 0.079 0.004 0.089 0.045
vl A 1.858 1.880 1.911 1.928 1.950
V' =4 G o 0.158 0.016 0.056 0.059 0.003
rovl A 1.843 1.863 1.889 1.910 1.946
V=5 G o 0.148 0 0.084 0.004 0.056
vl A 1.828 - 1.873 1.888 1.920
Ao | A 3261.37 - - -
V=6 qv o 0.123 0.025 0.057 0.014 0.059
vl A 1.813 1.837 1.857 1.884 1.902
Apon 1A 3206.08 - - -
V=7 G 0.092 0.060 0.017 0.053 0.014
vl A 1.799 1.822 1.841 1.866 1.884
Ay 1A 3153.58 - 3322.59 - -
V' =8 G o 0.064 0.084 0 0.061 0.002
vl A 1.785 1.807 - 1.851 1.883
Apon 1A 3103.01 3183.00 - 3352.64 -
V=9 G o 0.042 0.090 0.013 0.036 0.029
vl A 1.772 1.794 1.817 1.836 1.860
Ao I A 3054.71 - - - -
V=10 g 0.026 0.081 0.038 0.009 0.051
rovl A 1.759 1.780 1.802 1.820 1.845
V=11 g 0.015 0.065 0.060 0 0.044
Fovn ] A 1.746 1.767 1.789 - 1.830
Ao 1 A - - 3113.22 - —
V=12 g 0.009 0.048 0.069 0.012 0.020
vl A 1.733 1.754 1.776 1.798 1.816

The Franck—Condon factors of the band B!IT - X!Z* system of 123SbP and
121SbP species indicate that the following bands (0,0), (0,1), (0,2), (0,3), (1,0),
(LD, (1,3), (1,4), (15), (2,0), (2,2), (2,5), (2,6), (2,7), (3,0), (3,4), (3,7), (3.8),
(4,1) and (4,3) are intense (F-C factors > 0.1), while all other bands are weak.
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Since 7o' > r.", the r-centroid values increase with increasing wavelength, which
is expected in the red degraded band system.

TABLE III. Franck—Condon factors, r-centroids and wavelengths of the D?[1 — X2I1 system of
121
SbP

V=0 V=1 V=2
V=0 gy 0 0.003 0.012
vl A - 1.956 1.976
Aol A - 3004.81 3077.90
V=1 g v 0.002 0.013 0.046
vl A 1.926 1.944 1.963
Ao | A 2892.01 2960.83 3031.78
V=2 gy v 0.006 0.036 0.086
v/ A 1.914 1.933 1.951

TABLE IV. Franck-Condon factors, r-centroids and wavelengths of the BIIT — X!Z* system
of 123SbP

VIS0 V=1 v =2 v'=3 y"=4 V=5 y"=6 v'=7 '=8
V=0 gy 0139 0285 0282 0.78 0080 0.028 0007 0.002 0

MU 2258 2290 2321 2353 2385 2417 2450 2583 -

’1;{" 3560.68 3624.68 3690.59 3758.49 3827.17 - - - -

vi=1 g¢q,,» 0257 0.132 0 0.113  0.205 0.166 0.085 0.031 0.009

UU2234 2265 - 2328 2359 2391 2423 2456 2.489
iv/{ﬂ - - ~  3771.68 3841.673913.83 - -
V=2 g, 0254 0 0132 0087 0 0102 0179 0.142 0.070
V&V" 2209 - 2272 2302 - 2366 2398 2430 2.462
’1;{" 3463.38 - 359132 - —  3784.17 3854.16 392631 -

V=3 g, 0.177 0067 0.095 0012 0.122 0041 0.013 0.121 0.165
’gv" 2186 2217 2247 2280 2309 2339 2376 2405 2.436

’1;'&“' 341738 - - — 366333 - 379730 - -

V=4 g, 009 0.149 0003 0.108 0.020 0.053 0.100 0.007 0.044
’A 2162 2.193 2222 2254 2283 2317 2347 2373 2412

j“v‘ v"
A — 342940 - - - - - - -
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If the sequence difference Ary'y" =ry'+1,"+1 —ry'" was found to be cons-
tant (= 0.01 A) for a given sequence, then it can be interpreted that the potential
curves are not wide. In the present study, the sequence differences of all the
considered band systems were found to be constant and are about 0.01 A, which
suggests that the potentials are not wide.

TABLE V. Franck—Condon factors, r-centroids and wavelengths of the BITT — X!Z* system of
121gpp

VIS0 V=1 v =2 Vv'=3 y"=4 V=5 y"=6 v'=7 v'=8
V=0 g, 0154 0298 0279 0167 0072 0.023 0006 0001 0

r;{" 2259 2291 2323 2355 2388 2421 2454 2488  —

A " 3559.28 3623.65 3689.68 3757.68 3827.79  — - - -

V=1 g,» 0271 0.117 0003 0.132 0210 0.157 0075 0.026 0.007
rgv" 2234 2265 2301 2330 2362 2394 2427 2460 2.494

’1;1{" 3510.44 3572.74  —  3702.98 3771.02 3841.12 3913.41 - -
V=2 g, 0255 0  0.145 0072 0006 0.121 0.182 0.132 0.061

’j{" 2209  — 2273 2304 2340 2369 2401 2434 2467

’1;{" 346225 - 3585.16 - — 3783.49 3853.59 392583  —

V=3 g, 0169 0085 0082 0023 0.126 0028 0025 0.137 0.163
FA 2184 2216 2248 2280 2311 2341 2377 2408 2.440

A " 3416.16 3475.15 3535.83 3598.14 3662.44  —  3796.60 3866.70 3938.95
vVi=4 g, 008 0.161 0  0.116 0010 0071 009 0  0.063
rgv" 2160 2.191 - 2255 2284 2319 2349 - 2415
Ay
i\ ~ 342813 - - - - - - -

The intensity ratio of the corresponding bands of isotopic molecules gives
the abundance ratio of the molecules.* As the intensity is proportional to the
Franck—Condon factor, Franck—Condon factor ratios also reflect the same.

From the present calculations, a Franck—Condon factor ratio of the isotopic
species 123SbP and !2ISbP of 1:0.9996 for the (0,0) band of the BIIT - XIz*
system was obtained. The Franck—Condon factors ratio shows that the probability
of transition and occurrence of isotopic molecules 123SbP and !2!SbP are more or
less the same in the same environment and allied sources.
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TABLE IV. Molecular constants

71

Molecule State e WX, / cn! re/ A e Be
1235b0 ALy, 569.79 2.55 2.0336 0.001818 0.288028
X215, 813.34 4.29 1.8227 0.0023781 0.358524
12ISb0 (&) 570.00 3.52 1.997 0.002184 0.2991
D21 505.90 3.00 2.073 0.002092 0.2777
X1, 814.07 4.3 1.8227 0.00238 0.358
X1, 816.00 4.2 1.825 0.0022 0.358
1235pp BII 393.10 1.624 2.314 0.0001 0.1273
Xzt 499.24 1.624 2.204 0.0005 0.1402
12Igpp B 394.00 1.632 2.313 0.0002 0.1278
Xzt 500.07 1.632 2.206 0.0005 0.1406
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U3BOJ
ITAPAMETPU MOJIEKVYJIA SbO 1 SbP Y TACOBUTOJ ®A3U
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Franck—Condon ¢akropu u r-eHTpouan, Koju Cy ycKO IOBE3aHU ca BepOBaTHOhOM penaTus-
HHX BHOPAIMOHMX mpenasa, oapel)eHn cy HyMepudkoM HHTerpamujoM 3a tpake AZITsy, — X215,
C23— X215, u DT — X211 cucrema n3otorckor mMonekyna SbO u 3a BIIT — X2 cucrem usoron-
ckor MoJiekysia SbP, momohy morofHor moTeHIHjana.

(ITpumsbeno 10. HoBemGpa 2006)
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Abstract: This paper reports the experimental results of isothermal vapor—liquid
equilibrium data between 303.15 and 333.15 K, and densities, viscosities, ref-
ractive indices from 298.15 to 323.15 K of the dimethyl sulfoxide + 1,4-dime-
thylbenzene system over the entire range of mixture composition. The obtained
PTX data were correlated by the Wilson and NRTL models and estimated by
the UNIFAC model. The excess Gibbs energy and activity coefficients were
calculated and compared with others excess properties. Excess molar volumes,
viscosity deviations and deviations in refractivity were calculated from the ex-
perimental data; all the computed quantities were fitted to the Redlich—Kister
equation. The resulting excess functions were interpreted in terms of structure
and interactions.

Keywords: dimethyl sulfoxide; 1,4-dimethylbenzene; VLE data; density; vis-
cosity; excess properties.

INTRODUCTION

Continuing our work on the thermodynamics of non-electrolyte systems, the
present paper is a part of a study of binary systems containing dimethyl sulfoxide
(DMSO) and aromatic hydrocarbons, interesting as mixed solvents.! Dimethyl
sulfoxide is a versatile non-aqueous, aprotic, highly polar self-associated solvent
used extensively in kinetic studies, electrochemistry and as a solvent for poly-
mers. Binary mixtures of DMSO with aromatic solvents are interesting in studies
of polymer miscibility, polymer phase diagrams and preferential interactions in
mixed solvents.?

This paper reports experimental isothermal vapor liquid equilibrium (VLE)
data at temperatures 303.15, 313.15, 323.15 and 333.15 K and experimental data
of density, viscosity and refractive index at temperatures 298.15, 303.15, 313.15
and 323.15 K for the dimethyl sulfoxide + 1,4-dimethylbenzene system.

* Corresponding author. E-mail: ciocirlan_o@yahoo.com
doi: 10.2298/JSC0801073C
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The VLE data were correlated by means of the Wilson? and NRTL# models;
this work also served to test the predictive capacity of the group contribution me-
thods: original UNIFACS and UNIFAC-Dortmund.%7 Excess molar volumes, vis-
cosity deviations and deviations in refractivity were calculated from the experi-
mental data; all the computed quantities were fitted to the Redlich—Kister equation.

A survey of the literature8 revealed only one source of VLE data for this
binary system, in which the data are presented only as diagrams.® A few studies
which considered the volumetric properties have been reported;!9-12 no literature
data on viscosities and refractive indices are available for this system.

EXPERIMENTAL
Materials

The employed chemicals were purified by distillation. Dimethyl sulfoxide was distilled
under vacuum at 0.8-0.9 kPa and 338.65 K. The analytical-reagent-grade 1,4-dimethylben-
zene from Fluka (p.a.) was used without further purification. The pure substances were kept in
airtight stoppered glass bottles to avoid air contact. The purity was checked by refractive in-
dex, density and gas chromatography. It was better than 99.5 mass %. The physical properties
were checked by repeated measurements over an interval of 2—3 days, during which time no
changes were observed. The experimental values of density, refractive index and viscosity of
the pure components are presented in Table I and compared with literature values.

TABLE 1. Experimental and literature values for the density (p), refractive index (np) and
viscosity (#) of the pure components

px103 / kg'm3 np 7/ mPas
Lit. Exp. Lit. Exp. Lit. Exp.
Dimethyl sulfoxide

T/K

293.15  1.10050'3 1.10073
1.1005314

298.15  1.0957!2 1.09574 1.477013 1.4768 2.0388
1.096213
1.095416

303.15  1.0900'2 1.09074 1.475214 1.4733 1.83014 1.8405
1.09050'7

313.15  1.081212 1.08075 1.4700'4 1.4694 1.53414 1.5373
1.08046'8

1,4-Dimethylbenzene
293.15  0.86111° 0.86144

298.15 0.856812 0.85712 1.49320!10 1.4930 0.60319 0.6282
0.85670%! 1.4928620
1.493022
Procedure

The binary mixtures were prepared by mixing the appropriate volumes of liquids in
airtight stoppered glass bottles and weighed using an HR-120 (A & D Japan) electronic
balance with a precision of 0.0001 g. The experimental uncertainty in the mole fractions was
estimated to be less than +0.0002.
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The total vapor pressure of the binary mixtures was measured at temperatures between
303.15 and 333.15 K by a static non analytic (synthetic) method, with a glass isotensioscope
of the Smith and Menzies type, which allows the measurements of VLE at subatmospheric
pressures at temperatures up to 423.15 K. Experimental apparatus used in this work was the
same as that used in a previous study.?> A schematic diagram of the apparatus is shown in
Fig. 1. The apparatus consists of an equilibrium cell placed in a constant-temperature water
bath. The experimental procedure was typical for static VLE measurements: a sample of
known composition with a volume of about 4—5 cm?® was introduced into the equilibrium cell
at the beginning of each experiment, degassed by the freeze-thaw method under vacuum and
then the temperature of the entire system was maintained constant by controlling the tempera-
ture of the water bath. After the desired temperature was attained, the total pressure was mea-
sured for the liquid mixture in the equilibrium cell. The temperature in the water bath was
controlled by a U-10 type thermostat and measured with an Hg thermometer with an estimated
accuracy of 0.05 K. The vapor pressures were measured by means of an Hg manometer and a
cathetometer, with accuracy to within 0.026 kPa. As the vapor phase volume of the cell was
relatively small, calculation showed that the error in composition due to vaporization is within
this limit.

Fig. 1. Schematic diagram of the

Lok IE vapor-liquid equilibrium appa-
Al i ratus: 1, equilibrium cell; 2, con-
RN stant-temperature water bath; 3,

buffer vessel; 4, vacuum pump;
5, Hg manometer.

The densities, p, of the pure solvents and the mixtures were measured with an Anton
Paar DMA 4500 densitometer with a precision of £0.00005 g cm™3, between 298.15 and
323.15 K. The DMA cell was calibrated with dry air and ultra pure water at atmospheric
pressure. The sample size was 0.7 cm? and the sample thermostat was controlled to £0.01 K.
Triplicate measurements of the density were performed for all the mixtures and pure com-
ponents. The accuracy in the determination of the density is believed to be less than £0.2 kg m™
and £10® m3-mol! for the calculation of VE,

The kinematic viscosity, v, of the pure components and their mixtures were determined
at the same temperatures as were employed for the density measurements using an Ubbelohde
capillary viscometer having a capacity of about 15 ml, a length of about 90 mm and 0.5 mm
internal diameter. The viscometer was calibrated using doubly distilled water. At least four
time flow measurements were performed for each composition and temperature, and the re-
sults were averaged. The viscometer was kept vertically in a transparent-walled bath with a
thermal stability of £0.05 K for about 30 min to attain thermal equilibrium. The uncertainty of
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the flow time measurement was +0.1 s. The corresponding uncertainty in the kinematic vis-
cosity is £0.001 10° m2 s,

Refractive indices values for the D-line, np, were measured with a thermostated Abbe
refractometer with a precision of £0.0001. All measurements were performed in a thermostat
maintained at +£0.05 K.

RESULTS AND DISCUSSION

The measurements of total pressure were carried out at various compositions
in the investigated temperature range. For each binary mixture, the dependencies
between the experimental pressure and temperature were established. The func-
tions p = f(T) obtained by polynomial regression were used to calculate the VLE
data at 303.15, 313.15, 323.15 and 333.15 K. The smoothed data resulting from
the experimental measurements are reported in Table II. The temperature depen-
dence of the vapor pressures of the pure component was calculated using the An-
toine equation.24: 25
TABLE II. Vapor—liquid equilibrium data for the binary dimethyl sulfoxide (1) + 1,4-dimethyl

benzene (2) system from 303.15 to 333.15 K. Smoothed values of the pressure by polynomial
regression

T/K
X 303.15 313.15 323.15 333.15
p/mm Hg

0 11.63 19.85 32.53 51.44
0.1235 12.51 18.74 32.50 54.10
0.2098 11.23 18.06 32.76 54.00
0.3029 8.95 16.40 30.00 52.01
0.4059 9.22 15.73 28.92 49.79
0.6348 8.18 14.31 27.01 46.30
0.8022 8.17 12.84 22.88 38.31
0.9078 5.54 10.48 17.60 26.90
0.9554 4.83 6.41 11.01 18.63
1 0.85 1.66 3.07 5.46

Various models are used for the correlation and prediction of binary VLE
data: the Equations based on the local composition concept (Wilson and NRTL)
and the group contribution methods, UNIFAC.

The results of the correlation with the Wilson and NRTL models are pre-
sented in Table III, which includes the values of the model parameters and the
statistical parameters: average percentage deviation in pressure, Ap, and standard
deviation, o.

Prediction of the VLE data for the binary system at the investigated tempera-
tures was performed using the original UNIFAC method and its modification,
UNIFAC-Dortmund. The group interaction parameters were those published by
Reid,26 Hansen?” and Gmehling.%7 The results of the predictions are also pre-
sented in Table III.
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TABLE III. Results of the correlation and prediction with the Wilson, NRTL and UNIFAC
models for the dimethyl sulfoxide (1) + 1,4-dimethylbenzene (2) system

Parameters Statistical parameters
Model a
J mol 0%/ mm Hg Ap® 1 %
303.15K
Wilson Ad,=4143.8 0.86 7.14
AAZl = 24125
NRTL (. =0.3) Agi,=4067.7 0.91 7.54
Agy=1442.6
Original UNIFAC 6.25
UNIFAC-Dortmund B * 9.92
313.15K
Wilson Ad,=3764.3 0.41 2.64
Aj'Zl =346.4
NRTL (. =0.3) Ag,=4444.2 0.37 2.10
Agy1=969.4
Original UNIFAC 7.99
UNIFAC-Dortmund B * 4.54
323.15K
Wilson Ad1,=6261.8 0.86 2.27
Ady=1163.9
NRTL (. =0.3) Ag,=2620.0 1.15 2.93
Agy1=3451.0
Original UNIFAC 3.79
UNIFAC-Dortmund B * 10.20
333.15K
Wilson Ad,=9770.9 1.07 1.91
Ady =455.2
NRTL (0=0.3) Ag1,=1649.8 2.00 3.85
Agy1=5777.3
Original UNIFAC 3.48
UNIFAC-Dortmund B * 14.20

N
aStandard deviation 6= {3'[ p a1c (V) — Dexp 1 /(N = M)} (N: number of data points and M: number of

; N
estimated parameters); bAvérage percentage deviation in pressure Ap = (100/ N){X’| Pate (1) = Pexp (1) |/ Pexp ()

The Wilson and NRTL method give similar and good representation of the
experimental data (except at 303.15 K); the values of ¢ and Ap characterize the
data as satisfactory. It can be observed that the description of this system by the
original UNIFAC method shows good agreement with the experimental data, as
do the Wilson and NRTL models; the modified UNIFAC method gave less sa-

tisfactory results, especially at higher temperatures.

The experimental and calculated (with the Wilson model) total pressures vs.
the liquid and vapor compositions for 303.15, 313.15, 323.15 and 333.15 K are
presented in Fig. 2. The activity coefficients were calculated using the Wilson
equation for the binary systems. The dependence of the activity coefficient on
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composition at 313.15 K are presented in Fig. 3, the limiting values at infinite
dilution of these coefficients also being given. The variation of the excess Gibbs
energy of the system was also computed and represented, which showed positive
deviations from ideality. Comparison of maximum obtained value of GE at
313.15 K with literature is satisfactory.?
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Fig. 2. Experimental vapor pressures of 5 " T 08 )
the dimethyl sulfoxide (1) + 1,4- ’ Xy |

dimethylbenzene (2) system at 303.15 K Fig. 3. Activity coefficients and excess Gibbs
(0); 313.15 K (A); 323.15 K (O); 333.15 energy for the dimethyl sulfoxide (1) + 1,4-di-
K (x); correlation methylbenzene (2) system calculated with the

with the Wilson model (—). Wilson model at 313.15 K.

The densities, viscosities and refractive indices were measured in the tempe-
rature range from 298.15 to 323.15 K and the measured values are listed in Table
IV. The experimental densities correspond well with existing literature data.!0-12

The values of the excess molar volume, VE, viscosity deviation, Av, and
deviation in molar refractivity, AR, were calculated from the experimental data
according to the following equations:

. 2

Ve =Vm— ZlVixi (1)

=
2

Av=vy = D Vix; (2)
i=1
2

AR =Ry — 2 Rip; 3)

i=1
where x; and ¢; represent the mole fraction and volume fraction of the pure
component i, respectively; Vi, v, and Ry, the properties of the mixtures and V;,
v; and R;, the properties of the pure components. The values of AR were calcu-
lated from the Lorentz—Lorenz equation.2 The experimental excess molar vo-
lumes and deviations in viscosity are reported in Table V.
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The experimental values of VE, Av and AR were fitted to Redlich—Kister2?
type polynomials:

n
V=00 2420 -t 4)

where Yis VE, Av or AR and A, represents the parameters. A nonlinear least-squa-
res method was used to estimate the adjustable parameters A;. The values of Ay
and standard deviation ¢ are given in Table V.

TABLE V. The adjustable parameters and standard deviations of the excess functions of the
dimethyl sulfoxide (1) + 1,4-dimethylbenzene (2) system

Function Ay Ay Ay Aj o?

298.15 K

VEx10° / m3 mol'! —0.8664 —0.0306 —-0.1530 0.1023 0.0009

Avx106/m? 5! —0.7866 —0.1422 —0.0365 0.0004

ARx10°/ m? mol! —8.6332 2.0491 —0.5638 0.1739 0.0022
303.15K

VEx10% / m3 mol'! —0.8656 —0.0465 —0.1566 0.1576 0.0003

Avx10°/ m? 57! —0.6709 —-0.1593 —-0.0216 0.0002

ARx10°/ m? mol! —8.6048 2.2879 —0.7394 0.0058
313.15K

VEx10° / m? mol! —0.9344 0.0234 0.0460 0.1186 0.0014

Avx10%/ m? 57! -0.5201 -0.1044 -0.0190 0.0002

ARx106 / m3 mol-! —8.5246 2.1822 —0.8037 0.5005 0.0041
323.15K

VEx10° / m? mol! —0.9598 —0.0287 —0.2444 0.1199 0.0010

Avx10%/ m? 57! —0.4168 —0.0705 —0.0145 0.0001

aStandard deviation o = {Z]\_/:[Yw]C (i)— Yop (i)]2 I(N-M )}0'5 (N: number of data points and M: number of esti-
mated parameters) !

As can be seen from Figs. 4a, 4b and 4c, the main features of the system are
that the excess molar volumes, deviations in viscosity and deviations in molar
refractivity are all negative.

The excess volumes are moderately negative over the entire composition
range and become slightly more negative as the temperature of the mixtures
increases from 303.15 to 323.15 K. The present VE values at 303.15 K compare
well with those reported by Wang et al.!! obtained using the same experimental
method (vibrating-tube densitometer), as can be seen in Fig. 5.

The dependence of VE on both composition and temperature for the present
mixture may be explained as a balance between positive contributions (the break-
ing up of the associates or molecular order present in the pure liquids and dis-
persive interactions between unlike molecules) and negative contributions (inter-
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molecular interactions and geometrical fitting between the components). In the
present study, dimethyl sulfoxide is an aprotic, highly polar self-associated sol-
vent, having a dipole moment z = 3.96 D;30 1 4-dimethylbenzene is a non-polar,
stable substance with a large quadrupole moment,3! which causes molecular or-
der in the pure state. On mixing, the molecular order in the aromatic hydrocarbon
will decrease because of the DMSO molecules, whereas the molecular associa-
tions in pure DMSO will be disrupted by 1,4-dimethylbenzene. Their binary
mixtures are characterized by electron donor—acceptor type interactions in which
the aromatic hydrocarbon behaves as an electron donor.32 The positive heats of
mixing®10 for this system suggests the dominance of molecular dissociation over
molecular association. In this case, the observed negative VE values may be ex-
plained by geometrical fitting of the molecules of different molecular sizes into
each others structure (at 298.15 K, the molar volumes of the components are:
71.30x1076 for DMSO and 123.87x107% m3 mol~! for 1,4-dimethylbenzene).
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Fig. 4. Excess molar volumes (a), viscosity de-
viations (b) and deviations in molar refractivity
‘ (c) for the dimethyl sulfoxide (1) + 1,4-dime-
02 04 06 08 1 thylbenzene (2) system at 298.15 (0), 303.15
X1 (0), 313.15 (A) and 323.15 K (O); correlation

c with the Redlich—Kister equation (—).
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The Av values are moderately negative over the whole composition range,
rising with temperature. The geometrical fitting of the unlike molecules (structu-
ral effect) explains, also, the obtained negative Av values. Figs. 4a and 4b clearly
indicate that VE and Av do not obey the general rule according to which they
should have opposite signs, specific for systems where intermolecular interactions
predominate. Therefore, the geometrical factor is more important for this system.

0 x X
-0.05 -
X X
T = o
g -0.1
g X
- X
\oS -0.15 Dx =
X
i B o X
-0.2 - X o ’ x . .
O g Fig. 5. Comparison of the excess molar
X xx X volumes for the dimethyl sulfoxide (1) +
0.25 ‘ ‘ 1,4-dimethylbenzene (2) system at 303.15 K:
0 0.2 0.4 0.6 0.8 4 our data, (0); Ref. 11, (x); correlation
Xy with the Redlich—Kister equation, (—).

Moreover, the DMSO + 1,4—dimethylbenzene system shows positive devia-
tions from the Raoult law, characteristic for systems without strong interactions
between unlike molecules,33 suggesting that the structural effect is predominant
in this system. Similar cases are presented in the literature, i.e., negative values of
both VE and A7 due to structural effects3435 and a positive deviation from the
Raoult law, correlated with negative viscosity deviation in systems without strong
specific interactions.36

In the present system, V'E becomes slightly more negative as the temperature
of the mixtures increases from 303.15 to 323.15 K. A similar, but more pronoun-
ced, trend of VE was obtained by Ali et al.,!2 an opposite trend being observed by
Wang et al.!! As a rule, the excess volumes become more positive as the tem-
peratures increases, generally true for systems where the interactional factor is
predominant. The opposite behavior, already observed in the literature for diffe-
rent systems,3’ could be attributed to the predominance of structural effects. It is
felt that this last behavior is more reliable for the DMSO + 1,4-dimethylbenzene
system, where structural effects predominate, as has been proved by this com-
prehensive study.

The AR values are negative for the whole composition range for all mixtures.
The values are independent of temperature, according to theory, the molar ref-
ractivity depending only on the wavelength of light used for the measurements.
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The results for the excess thermodynamic functions are in agreement with
the result of experimental VLE data in this work.

CONCLUSIONS

Experimental data concerning the isothermal vapor—liquid equilibriums in
the binary 1,4-dimethylbenzene + DMSO system have been presented. Eight dif-
ferent mixtures containing 1,4-dimethylbenzene + DMSO were analyzed. Good
agreement between the experimental and calculated values of the pressure was
observed for the Wilson and NRTL correlative methods and for the original
UNIFAC predictive method.

Experimental data for the densities, kinematic viscosities and refractive in-
dices for the binary system DMSO + 1,4-dimethylbenzene are reported. Excess
functions were calculated and fitted to the Redlich—Kister equation. All the ex-
cess functions are negative over the whole composition range. The trends in the
dependence on composition of the excess properties are in agreement with the
result of the experimental VLE data and indicate that the contribution from
structural effects is predominant over interactional contributions in this system.

SYMBOLS
A;, B;, C; — Parameters of the Antoine equation
Ay — Redlich—Kister parameters
GE — Excess Gibbs energy
g — Parameters of the NRTL equation
M — Number of model parameters
N — Number of experimental points
np — Refractive index
Ap — Average percentage deviation in pressure
Dexp — Experimental total pressure
Peale — Computed total pressure
Di — Vapor pressure of the i—th pure component
AR — Deviation in molar refractivity
Ry — Molar refractivity of mixture
R; — Molar refractivity of the i—th pure component
T — Absolute temperature
VE — Excess molar volume
Vi — Molar volume of mixture
Vi — Molar volume of the i—th pure component
X; — Liquid-phase mole fractions
Greek letters
Yk — Activity coefficients
Aij — Parameters of Wilson equation
u — Dipole moment
n,v — Dynamic and kinematic viscosity, respectively
Av — Viscosity deviation

Vi — Kinematic viscosity of mixture
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V; — Kinematic viscosity of the i—th pure component
p — Density

o — Standard deviation

0; — Volume fraction.

N3BOJ

HAIIOH ITAPE, I'VCTUHA N1 UHAEKC PE®PAKIIMIE CUCTEMA JUMETHWJI
CVYJI®OOKCHUA + 1,4-AMMEHTUJIBEH3EH

OANA CIOCIRLAN u OLGA IULIAN

Department of Applied Physical Chemistry and Electrochemistry, Faculty of Industrial Chemistry,
“Politehnica” University of Bucharest, 313 Splaiul Independentei, 060042, Romania

VY oBOM pajy JaTH cy eKCIIepUMEHTAIHH MTOJAIH 32 H30TEPMCKY PaBHOTEXKY Iapa—TeIHOCT Y
omcery temmneparypa 303,15-333,15 K, kao u rycTuHe, BHCKO3HOCTH W HWHIEKCa pedpaximje
cMerte quMeTn cyndokcua u 1,4-muMeTniioeH3eHa Ha Temmeparypama on 298,15 no 323,15 K, y
KOMIUIETHOM oricery cactaBa cmeite. [looujenn PTX momauu xopenucanu cy moxenuma Wilson u
NRTL u npouemenu monaenom UNIFAC. M3pauyHaTe cy BpeaHOCTH BHika ['MOCOBE eHepruje u
Koe(hMIMjeHTH aKTHBHOCTH M yropeleHe ca BpeIHOCTHMa BHUIIKA JPYTHX BENIMYMHA. Bumak mo-
JIapHe 3alpeMHHE M OJCTYyNama BHCKO3HOCTH M MoylapHe pedpakiyje m3padyHaTe Cy Ha OCHOBY
eKCIIepHMEHTAIHUX T0/IaTaKka; CBe M3pauyHare BenuunHe ¢utoBane cy Redlich—Kister jennaum-
HoM. JloOujene (yHKIMje BHIIKA BEMMYMHA TyMadeHE Cy Ha OCHOBY CTPYKTYpe M HMHTEpakiyja
MOJIEKYJIa CMelle.

(ITpumsseno 25. Hoembpa 2006, pesuaupano 7. cenrembpa 2007)
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Potentiometric determination of ibuprofen, indomethacin and
naproxen using an artificial neural network calibration
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Abstract: In this study, three anti-inflammatory agents, namely ibuprofen,
indomethacin and naproxen, were titrated potentiometrically using tetrabutyl-
ammonium hydroxide in acetonitrile solvent under a nitrogen atmosphere at
25 °C. MATLAB 7.0 software was applied for data treatment as a multivariate
calibration tool in the potentiometric titration procedure. An artificial neural
network (ANN) was used as a multivariate calibration tool in the potentio-
metric titration to model the complex non-linear relationship between ibupro-
fen, indomethacin and naproxen concentrations and the millivolt (mV) of the
solutions measured after the addition of different volumes of the titrant. The
optimized network predicted the concentrations of agents in synthetic mixtures.
The results showed that the employed ANN can precede the titration data with
an average relative error of prediction of less than 2.30 %.

Keywords: anti-inflammatory agents; potentiometric titration; artificial neural
network (ANN).

INTRODUCTION

Ibuprofen, indomethacin and naproxen are widely used clinically as non-ste-
roidal anti-inflammatory agents. Their chemical structures are presented in Fig. 1.
Several analytical methods have been reported in the literature for the determi-
nation of ibuprofen, indomethacin and naproxen in pharmaceutical preparations,
including: flow-injection analysis — FTIR,! high performance liquid chromato-
graphy? and a potentiometric titration method for ibuprofen; spectrofluorimetry,3
titrimetric methods#5 and spectrophotometric methods®7 for indomethacin; che-
miluminescence,? capillary electrophoresis,®-10 spectrofluorometry!! and high per-
formance liquid chromatography!2:13 for naproxen.

The European Pharmacopoeia describes methods for the routine analysis of
these anti-inflammatory agents in pure form or in pharmaceutical formulations.
The described volumetric methods, however, have some disadvantages. They are

* Corresponding author. E-mail: ahakan@fef.sdu.edu.tr
doi: 10.2298/JSC0801087A
87
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time consuming with poor precision and sensitivity and chemical indicators!# are
used for the end-point determination in the presence of colored or non-soluble
excipients in the drug formulations.

H,C
0 = COH CH,
N.
_CHCOOH
OMe
/
Cl CH,0
Indomethacin Naproxen
CH, H
CH, CO,H
H.C
3 Fig. 1. Chemical structure and names of the
Ibuprofen studied compounds.

Potentiometric titrations are usually accurate but rather time-consuming and
not suitable for the determination of very small quantities. A frequently encoun-
tered difficulty lies in the end-point determination, which arises from unstable
electrode potentials.

Artificial neural networks (ANN) analyses are currently recognized as an ef-
fective and advantageous way to handle complex data and solve problems of
non-linear calibration, pattern recognition, classification, prediction, and other re-
lated fields in analytical chemistry.!5-21 The corresponding non-linear multiva-
riate maps use a non-linear transformation of the input variable to project inputs
on to the designated attribute values in the output space. The strength of mode-
ling with layered, feed-forward ANN lies in the flexibility of the distributed soft
model defined by the weights of the network. Both linear and non-linear mapping
functions can be modeled by suitably configuring the network. Multilayer, feed-for-
ward neural networks trained with a back-propagation learning algorithm have
become an increasingly popular technique.22-24

The non-linear relationship between mV and analyte concentration can be
modeled by an ANN. In this study, a three-layer ANN was used with a back-pro-
pagation of error algorithm for modeling the complex relationship between mV
and concentration through a multi-component titration. In order to decrease the
number of data points, the data were factor analyzed before entering into the
ANN. The original data were used as the input of the neural network. The me-
thod was applied to the simultaneous determination of ibuprofen, indomethacin
and naproxen in their ternary mixtures and satisfactory results were obtained.
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There are a number of publications on multivariate analysis, including: PLS
and ANN for ibuprofen;25-26 PLS and ANN for indomethacin?7-28 and PLS for
naproxen.2%:30 However, no reports dealing with artificial neural networks of
multicomponent analysis for ibuprofen, indomethacin and naproxen together ha-
ve hitherto appeared.

EXPERIMENTAL
Apparatus

The electrode potentials were measured using a Hanna 9321 Microprocessor pH meter.
A glass—silver chloride electrode system was used and the silver—silver chloride electrode was
modified by replacing the saturated aqueous KCI solution with a saturated solution of KCI in
methanol. All titrations were performed manually, under a nitrogen atmosphere at 25 °C.
Materials

Ibuprofen, indomethacin and naproxen, obtained from Refik Saydam Hygiene Centre
(Ankara, Turkey), were chemically pure laboratory working standards having a purity of 99.6,
99.9 and 99.2 %, respectively.

Ibu-600 (Sifar) was labeled as containing 600 mg ibuprofen per tablet. Endol (Deva) was
labeled as containing 25 mg indomethacin per capsule. Approwell Fort (Ali Raif) was labeled
as containing 550 mg naproxen per tablet.

Potentiometric titration procedure

In a typical titration, a suitable amount of an individual drug agent or a mixture was pla-
ced in a 50 ml vessel and 5 ml 2-propanol was added to the solution. The solution was stirred
and titrated with 0.0200 M tetrabutylammonium hydroxide solution using a micro-burette.
The mV was recorded after each 0.02 ml addition of the titrant. For each solution, at least 70
data points were recorded.

Solutions of the pharmaceutical formulations

Capsule: Ten Endol capsules were weighed, and their average contents were calculated.
The contents were pooled and powdered, and the required amount of this powder was accura-
tely weighed and dissolved in 20 ml of acetonitrile as solvent.

Tablets: Ten or twenty Approwell Fort or Ibu-600 tablets were weighed and their avera-
ges were calculated. All the tablets were pooled and powdered, and the required amount of
this powder was accurately weighed and dissolved in 20 ml of acetonitrile.

Methodology

A feed-forward ANN model with four layers of nodes was constructed as in Fig. 2.

An artificial neuron is the building component of an ANN designed to simulate the
function of a biological neuron. The arriving signals, called inputs, multiplied by the con-
nection weighted (adjusted) are first summed (combined) and then passed through a transfer
function to the output of that neuron. The activation function is the weighed sum of the
neuron’s inputs and the most commonly used transfer function is a sigmoid function (Fig. 2).

A logistic function was used as the activation function in the neural network. The train-
ing and testing data sets must be normalized into the range 0.1-0.9. The input and the output
data sets were normalized using the following equation:

0.8(X = X nin)
(Xmax_xmin) (l)

where Xy is the normalized value of a variable (the network input or the network output), X is
the original value of a variable, and X, and X;;, are the maximum and minimum original

Xy =0.1+
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values of the variables, respectively. In order to produce sufficient data for training and testing
of the model shown in Fig. 2, 9 different standard solutions were prepared using different con-
centrations of the agent and each standard solution was subjected to potentiometric titration.
Randomly chosen 945 data pairs from these 1260 data pairs were used in the training of the
neural network and the rest of the data were used in the testing. The root mean square error
values were calculated from the following equation to prove quantitatively the accuracy of the
testing results of the neural network models:

RMS:\/O.SN”%(X{—XI)Z )

where N is the number of testing data and Xi is the target value.

The input layer 7 “The hidden layers ~ -— The output layer

mV

—»0
i Ibuprofen
g —>
i Indomethacin
| Naproxen
Volume of o
—

titrant

5,©

Fig. 2. Network architecture used in the potentiometric titration modeling (b; and b, are bias units).

MATLAB 7.0 software was used to construct the ANN models which have a sigmoidal
logistic function with a back propagation of error algorithm. For this neural network mode-
ling, an input layer, one or two hidden layers and an output layer were used.

RESULTS AND DISCUSSION

Ibuprofen, indomethacin and naproxen were directly titrated potentiome-
trically in acetonitrile with tetrabutylammonium hydroxide as the titrant. The mV
titration curves of these agents and their mixtures are shown in Figs. 3 and 4. It is
obvious that the titration curves of these three agents seriously overlap.
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Fig. 3. Potentiometric titration curves for ibuprofen, indomethacin and naproxen titrated with
tetrabutylammonium hydroxide in acetonitrile solution.

To obtain the best network performance, the optimal network architecture
and parameters must be chosen. Studies of the network structure include the
selection of the number of layers and number of nodes in each layer. The number
of layers used for this neural network modeling was three, i.e., an input layer, one
or two hidden layers and an output layer. As can be seen from Fig. 2, two neu-
rons were used in the input layer, i.e., the mV and volume of the titrant (ml), and
those of the hidden layer were optimized for each solution of the agents and
mixtures. The titrant volume and mV value of the solution were considered as
independent variables of the potentiometric titration method. Therefore, these
variables were used as input variables in the network architecture.

mL TBAOH
0 02 04 06 08 1 1.2
0 =
L
-200 -
>
IS
-400 -
Fig. 4. Titration curves for equimolar
ternary mixtures with tetrabutyl-
-600 - ammonium hydroxide as titrant.

Various neural network models, which have the logistic function, were train-
ed and tested. In this step, the number of the hidden layer units of the network
was determined by performance evaluation of the network models, defined in
Table I. According to the RMS errors given in Table I, the NN5 2-16-8-3 model
which performs best on a testing data set was selected as neural network model to
predict the concentrations of the agent.
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TABLE I. Comparison of the performances of the neural network models

RMS error
Model Ibuprofen Indomethacin Naproxen
Training  Testing Training  Testing Training Testing
NNI1 2-7-3 0.000949  0.001031  0.001035  0.00332 5.31135x10 0.001021
NN2 2-11-3 0.00095  0.00107  0.000998  0.099649  0.00077 0.001027
NN3 2-13-3 0.000904 0.001024 0.000977 0.001474  0.000733  0.001434

NN4 2-16-5-3 0.000795 0.045128 0.000816 0.157202  0.000671 0.04828
NNS5 2-16-8-3 0.000624  0.00022  0.000708  0.00017  0.000673 0.00088

Parity plots of the predicted values of the acid concentrations from the NN5
model and those experimentally observed for the training data set are shown in
Fig. 5. The correlation between the outputs of the NN5 model and the target va-
lues from the actual values for the testing data set are presented in Fig. 6. Predic-
tions with a RMS error of less than 0.001 for all acids indicated that each agent
concentration in a given solution was accurately predicted using the NN5 model.
In addition, there is a good agreement between experimentally observed results
and predicted results from the model structured (see Figs. 5 and 6).
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‘ ‘ ‘ ‘ ‘ ‘ get values from the actual values of ibupro-

02 0204 06 08 1 12 fen, indomethacin and naproxen for the tes-
Predicted naproxen ting data set.

Furthermore, several additional solutions were prepared and titrated to vali-
date the selected model. Experimental results and estimated results from the mo-
del are given in Table II, from which it can be seen that the error in the obtained
estimation was at a negligible level. The percent relative standard error of pre-
diction varied between —7.9 and 5.6. The low average relative error of prediction
(<2.30 %) indicates that the employed networks can properly process the titra-
tion data and model the complex relationship between the concentration of the
agents in the mixture and the mV data at different volumes of the titrant.

TABLE II. Statistical parameters calculated for the prediction set using the optimized neural
network models

Agent mixture composition

Ibuprofen Indomethacin Naproxen
Actual Predicted o, Actual Predicted o, Actual Predicted o
(mM)  (mM) RE /% (mM)  (mM) RE /% (mM)  (mM) RE /%

0.05 0.0520 4.0 0.10 0.1011 1.1 0.15 0.1484  -1.07
0.10 0.0973 2.7 0.15 0.1508 0.53 0.20 0.2043 2.15
0.15 0.149  -0.67 0.20 0.1982 0.9 0.25 0.2567 2.68
0.20 0.2001 0.05 0.10 0.1056 5.6 0.15 0.1501 0.07
0.20 0.2005 0.25 0.15 0.1573 4.87 0.10 0.0921 7.9

WD AW =
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CONCLUSION

Agent concentrations in these potentiometric titrations could be estimated by
the neural network with an error which might easily be negligible. Neural net-
work modeling was able to process the non-linear relationship between the mV
of the solutions at a given volume of titrant, and predict the concentrations of the
agents in unknown sample solutions. For all agents, low prediction errors (< 2.30 %)
and high correlation coefficients (0.9715, 0.9944 and 0.9802 for ibuprofen, indo-
methacin and naproxen, respectively) emphasize the high linear relationship bet-
ween the predicted and actual concentrations.

U3BOJ

IIOTEHIHMOMETPUICKO OAPEBUBAILE UBYIIPO®EHA, THAOMETAIIMHA U
HAITPOKCEHA TTOMORY MPEXE BEIITAUYKNX HEYPOHA

A. HAKAN AKTAS u GUZIDE PEKCAN ERTOKUS
Department of Chemistry, Faculty of Science & Art, Stileyman Demirel University, 32260 Isparta, Turkey

Tpu mpoTuB-ynanHa yuHHONA, MOynpodeH, MHIOMETAlMH W HANpOKCEH, THUTPOBaHA Cy Y
OBOM pajly IOTEHIMOMETPHjCKHU TEeTPadyTHIaMOHU]YM-XUAPOKCHIOM Yy alleTOHUTPHIIY Kao pacTBa-
pady, y armoctepu asora Ha Temmneparypu on 25 °C. TokoMm mpouexype NOTEHIIHOMETPHjCKE
TuTpanuje xopumher je 3a oOpany monmaraka pauyHapcku mporpam MATLAB 7.0, kao xanmubOpa-
IOHM ajaT ca BHINE NPOMEHJBMBHX. 3a MOJEIOBABE KOMIUICKCHHUX, HEIMHEAPHUX 3aBUCHOCTH
n3mel)y KoHIEHTpaluje nbynpodeHa, HHIOMETallMHa U HalpoKceHa M MuiuBonTta (mV) pacTBopa
MEpEHUX HAKOH JI0J[aBarba Pa3IMYUTHX 3allpeMHMHa TUTPaHTA, NPHMEHEHA je MpPEeXa BEIITauKhuX
HeypoHa (ANN). [Tomohy onTnmMH30BaHe Mpexe MOTY C€ IIPEABUICTH KOHIEHTpAIHje YNHIIIANa y
CHHTEHTHYKO] cMemnu. Pesynratu nokasyjy na ce nomohy npumemene ANN Mpexe MOTry Iporie-
HUTHU TUTPALMOHY MOAAIM Ca TIPOCETHOM PETATHBHOM I'PEIIKOM MpoIeHe MamoM of 2,30 %.

(TTIpumuseHo 14. jyma 2006, peBuaupaHo 26. jyma 2007)
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Abstract: The charge percolation mechanism (CPM) of olefin polymerization
in the presence of transition metal compounds has been applied to explain the
polymerization of ethylene by silica supported chromium oxide. In the previous
work of this series, the fundamental issues and mechanism of this polymeri-
zation were presented. In this work the compatibility of the CPM with the em-
pirical findings is confirmed. The CPM has been applied to explain: the appea-
rance of an induction period; the deactivation of active centers and the forma-
tion of oligomers; the effects of chromium concentration on the silica surface,
the silica surface discontinuity and the pore size of silica on polymerization and
the formation of the structure of polyethylene. A mathematical model has been
derived to explain the effects of the CrO,/SiO, ratio on the productivity of Phil-
lips catalysts in the polymerization of ethylene. The empirical findings have
also been confirmed by computer simulations.

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

INTRODUCTION

Despite the fact that ethylene polymerization by silica supported chromium
oxide was discovered some fifty years ago! and has attracted a great deal of
academic and industrial research, there are still many open questions concerning:
(1) the oxidation state of an active center, (2) the mechanisms of initiation, (3)
the mechanism of polymerization, (4) the physico—chemical state of Cr species at
the silica, (5) the polymerization kinetics, particularly the occasional appearance
of an induction period, (6) the origin of the structure and very broad molecular

* Corresponding author. E-mail: dragos@uns.ns.ac.yu
# Serbian Chemical Society member.
doi: 10.2298/JSC0801097S
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weight distribution (MWD) of PEHD, (7) the role of silica and the correlation of
its properties with the results of polymerization.

Hence, in the previous work of this series,? the fundamental issues of ethy-
lene polymerization by silica supported chromium oxide were analyzed and the
charge percolation mechanism (CPM), which has recently been applied to ex-
plain olefin polymerization by other Ziegler—Natta transition metal complexes,
was suggested. It was explained that starting from Cr precursors, after their im-
mobilization on the silica, thermal treatment and the addition of ethylene (or
CO), various immobilized Cr(Il) and Cr(IV) species are produced, which exist
simultaneously at the SiO, (Scheme 1). These species, Cr(IV) and Cr(Il), are un-
stable. There is a tendency to equalize their oxidation states to Cr(IIl) by charge
transfer from Cr(Il) to Cr(IV), but this cannot occur since they are immobilized
and highly separated on the support. The immobilized Cr(Il) to Cr(IV) species on
the support are gradually surrounded by an adsorbed monomer film (Scheme 1,
top). A cluster of monomers, with overlapping n-bonds, connects the two immo-
bilized Cr species. Once a bridge is completed (the percolation moment), a char-
ge transfer occurs. The whole m-electron cloud in the monomer cluster will be
pulled toward the Cr(IV), since it has a more positive charge than Cr(II). This
displacement of m-electrons attracts a proton from an alkyl group of a Cr(IV) to
the terminal monomer molecule, leaving an electron pair on the alkyl group. Si-
multaneously, a partially positive charge is formed on the terminal monomer mo-
lecule coordinated to Cr(Il), a proton from the terminal monomer molecule is re-
pelled to Cr(Il). The electron pair, left on the terminal monomer molecule, ena-
bles the simultaneous polymerization of all the monomer molecules forming the
bridge between Cr(Il) and Cr(IV). Both Cr species equalize their oxidation states
simultaneously with the polymerization of monomer (Scheme 1, 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 another Cr(II)-Cr(IV) ensembles immobilized on the support.

[Cr(11)--*CH>=CHj--(CH,=CH,"*-),,CH,=CH,"--Cr(1V)-+-(CH,=CH>)]/SiOy —

— [H=Cr(lH)- eeeereeeee Cr(l11)-CH=CH,]/SiO7 +
+ CH,=CH—-(CH,—CH;),,—CH,>—CHj3
Scheme 1.

In the previous work,2 using this mechanism, the answers to questions (1) to
(4) cited above were given. The aim of this article is to show that the CPM is
compatible with the empirical findings and to give the answers to the remaining
questions (5) to (7) listed above. The origins of the induction period, as well as
the effects of the distribution of Cr on the silica support on the productivities of
Cr and silica are presented.
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COMPATIBILITY OF THE CPM WITH EMPIRICAL FINDINGS
Induction period

An induction period has been noticed in some cases, i.e., when the ethylene
and the activated CrO,/SiO, came into contact, the polymerization did not com-
mence immediately or it started very slowly and increased with time.3 For exam-
ple, Cr(VI) oxide/silica is not immediately active after being charged into the re-
action medium which had previously been saturated by ethylene.#> An induction
time up to 80 min has been reported and then the rate of polymerization gradually
increased during the run. It was explained that the induction time was probably
due to the slow reduction of Cr(VI) by ethylene to an active lower valence spe-
cies and the increase in rate due to the slow alkylation step. On the contrary, if
Cr(II)/SiO3, obtained by the reduction of Cr(VI) by CO, is brought to contact
with ethylene, the polymerization commences almost immediately.®.7 Also, orga-
nochromium(Il) catalysts come on stream immediately, because they are already
reduced and alkylated.

These empirical findings are quite compatible with the CPM which requires
Cr(IV)-Cr(Il) ensembles to be present on the silica. The transformation Cr(VI) —
— Cr(IV) —>Cr(II) by ethylene is a slow process performed initially by the par-
tially breaking of two C=0 bonds and one C=C bond, followed by the complete
breaking of the two remaining C—O bonds and one C—C bond (Fig. 1 in Ref. 2).

In the case of CO pre-reduced Cr precursors, the coordination of ethylene
molecules with the pre-formed Cr(Il) ions, their alkylation and oxidation (ethy-
lene + Cr(II) - R—Cr(IV)) are fast processes since only one C=C bond has to be
partially broken to a C—C bond (Fig. 2 in Ref. 2). Furthermore, the initial surface
concentration of Cr(II) ions is high and the average distance between the residual
Cr(IT) ions and the just formed R—Cr(IV) ions is low. A small amount of ethylene
has to be adsorbed to produce Cr(IV) ions and to build a monomer bridge bet-
ween the just formed Cr(IV) ions and the surrounding residual Cr(II) ions. Hen-
ce, the polymerization commences without an induction period, even if the silica
coverage by ethylene is low.

According to the CPM, the sequence of the appearance of the percolation
participants on the support has a great effect on the polymerization.® In the case
of Cr(VI) precursors, almost complete silica coverage by ethylene has to be
achieved before the Cr(II)—Cr(IV) ensembles are formed and the polymerization
begins. This sequence can be classified as an SMA, i.e., support + monomer mo-
nolayer formation + active centers ensemble formation. The sequence in the case
of CO reduced precursors can be classified as an SAM, i.e., support + active cen-
ters formation + monomer monolayer formation.

The entropy of adsorbed ethylene decreases with increasing coverage, achie-
ving a minimum value at full coverage.’ It can be concluded that the higher the
entropy of adsorbed ethylene, the shorter is the induction time. Exactly the same
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effect of ethylene entropy on the induction time has been confirmed in the case of
high pressure, free radical polymerization of ethylene.!0 Furthermore, it is a ge-
neral rule in the theory of organized monomer polymerization, proposed by
Kargin and Kabanov,!! that the induction time increases with increasing mono-
mer organization.

Deactivation of active centers and formation of oligomers

According to the CPM, Cr(II) is an electron donor (D) and Cr(IV) is an ele-
ctron acceptor (A). They are immobilized and separated on the support (Fig. 1a).
Monomer molecules are gradually adsorbed making a bridge between A and D
(Fig. 1b). No polymer is formed until the bridge between some A and D is
completed. A critical moment appears when the last monomer is adsorbed, thus
completing the bridge (at site P, Fig. 1c). Such processes are analyzed by the
theory of critical phenomena, particularly by the percolation theory.!2

[l-IDf-]-T-TA[-[-TD{-T-T-T-T-T-TA[-]-]-]

a) Immobilized acceptors (A) and donors (D) separated by empty sites (+) on the support

[]mD{-]-]-[A[m]-[D[-]-T-T-]-[rlA[-]-]-]

b) Monomer (m) adsorption

[mm{ D m-[-[a[p[Pld]-]ml-[m[-Tm Al[-[m]

c) Bridge is completed, polymerized monomer (p), deactivated acceptor (a) and donor (d)

[ Dl [efe]e ][] [m[cd [l A~ ]« m]
d) Polymer is removed making the free adsorption sites for the additional monomer
adsorption between more separated A and D

Fig. 1. Phases of an elementary percolation step of an SAM sequence presented on a segment of a
support adsorption row.8:13 (In this case A = Cr(IV), D = Cr(II) and a,d = Cr(III)).

According to the CPM, the very first bridges have to be formed between an
A and D which are situated close to each other on the support surface (Fig. 1a—c).
Subsequently, more separated A and D sites will be included in the process (Fig. 1d).
Consequently, oligomers with a low degree of polymerization (X,) will be
obtained initially, but X,, should increase with increasing polymerization time.8:13
Simultaneously, the number of active centers (A and D) remaining on the support
should decrease. Experimental datal4 confirmed such predictions of the CPM
(Fig. 2, left).

The described processes were computer simulated using the Monte-Carlo
method.!3 Two dimensional percolation processes were simulated. (The com-
puter simulation of ZN polymerization by the CPM is explained elsewhere.8:15)
In the simulation, the Cr(Il) and Cr(IV) ions (160000 each) were initially ran-
domly distributed over a part of the support containing 16x106 adsorption sites
arranged in a hexagonal lattice. Then, ethylene was introduced which gradually
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and randomly adsorbed on the empty sites. The Cr(Il) and Cr(IV) ions were sur-
rounded by growing monomer clusters at the surface. Occasionally, a monomer
bridge connects some Cr(Il) ion with some Cr(IV) ion. According to the CPM,
both ions are transformed to Cr(IlI) and deactivated. Simultaneously, the mono-
mer molecules of the bridge polymerize and detach from the support. The simu-
lation enables the effects of the quantity of ethylene molecules added to the silica
on the change of degree of polymerization and the number of active centers, i.e.,
Cr(II) and Cr(IV), remaining on the silica to be observed The results of the com-
puter simulation based on the CPM have the same trends as the experimental data
(Fig. 2, right). (The numbers of Cr ions and adsorption sites used in the simula-
tions were high enough for reproducible simulations. They were, however, too
low in comparison with the real values, since one gram-atom of Cr has 6.023x1023
atoms and one gram of silica has several hundreds of square meters, i.e., ~ 1020
adsorption sites for ethylene molecules. Hence, the results of simulation can
show only the trends of the various effects but not the real values.)

70

60 |-

5 50

g c 40

g > 30

% 20

g 10

| 0
0 20 4 6 80 100_, .y 0 5 10 %
No. ethene doses e AC No. ethene doses - AC

Fig. 2. The mean X, of ethylene oligomers and the concentration of active centers (AC = Cr(I) +
+ Cr(IV)) as a function of the quantity of adsorbed ethylene on CrO,/SiO,. (Left — experimental
data;!* right — simulation based on the CPM).

Effects of chromium concentration on the silica surface on the polymerization activity

The distance between Cr atoms on the silica is in relation to its surface con-
centration (Fig. 3). Hogan calculated that the distance between the Cr ions de-
creased from 16 to 0.65 nm with increasing Cr loading from 0.01 to 6.0 wt. % on
a silica having a surface area of 300 m2 g-! (Table 5 in Ref. 16). The surface
concentration (Crg) and the average distance between the Cr atoms (L) on a sup-
port having a specific surface area (S) can be calculated by the simple Equations
(1-3), which give the same values as those presented by Hogan:

Crg= CroN/AS (D)
Scr = 1/Cry 2)
L=(1/Crg)05 3)
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where Crg (Cr atoms per m?2 of support) is the number of Cr atom per unit area of
support; Crg (g Cr per g catalyst) is the initial mass fraction of Cr in the Ct/Si0;
precursor; N is Avogadro's number; 4 is the atomic mass of Cr; S (m?2 of support
per g catalyst) is the specific surface area of the support; Sc; (m? of support per
Cr atom) is the support surface area occupied by one Cr atom; L (m per Cr atom)
is the average distance between two Cr atoms on the support.

*——

| ’ ¢ Fig. 3. The percolation path lengths between Cr(II) (e) and

Cr(IV) (#) ions for a low (top) and for a high (bottom) Cr
loading.

The productivity of such a catalyst in ethylene polymerization was experi-
mentally determined and presented as chromium productivity (Pcy) and support
productivity (Ps), i.e., the quantity of polyethylene produced per unit of Cr and
per unit of support, respectively. It was found experimentally that Pc; decreased
but Pg increased with increasing content of Cr in the SiO, (Fig. 4, top).1¢ Hogan
explained that Pyje decreased since there was a competition for monomer inser-
tion between two Cr ions if the distance between them was very small.

These experiments, however, can be better explained and predicted by the
CPM. It is known!4.18.20 that only a small fraction (f) of loaded Cr( become an
active center, i.e., f= Cryctivated/Cro = 0.001 — 0.004. According to Relations (1-3),
the average distance between the active centers (L,), i.e., Cr(Il) and Cr(IV), is
given by Relation (4):

Ly = [AS/(fCroN)]0> “4)
The polyethylene yield (g PE per g catalyst) is given by:
P = npX,MgyN (5)
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where np, is the number of polyethylene chains per one gram of catalyst; X, the
average degree of polymerization, i.e., the average number of ethylene molecules
per one polymer chain; Mg, is the molecular mass of ethylene (28 g mol1).
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According to the CPM, two active centers are deactivated for each polymer
chain. Hence the number of polymer chains (n},) is given by Relation (6). X, is
proportional to the distance L, between the active centers, Relation (7):

(6)
(7

nyp = fCroN/24
X, = kL, (kis a coefficient of proportion)

The productivities of chromium, Pcy, (g PE per g Cr) and silica, Pg, (g PE
per m2 SiO,) are:

From Egs. (4-7), one can derive:

Pcr=P/Cry (8)
Pg=P/S 9)
Py = (kMgy/2) (IAN)9-5(S/Crg)0-5 = K(S/Crg)0-5 (10)
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Ps = (kMgy/2)(fIAN)0-5(Cry/S)0-5 = K(Cry/S)0-5 (11)
where
K = (kMgy2)(f14 N)°-> (12)

In Egs. (10-12), only the coefficients k and f are unknown. The plots of the
calculated Pc; and Pg (Fig. 4, middle) show the same trends as the experimental
ones (Fig. 4, top), using Hogan's1® experimental values for Cry from 0.01 to
6.0 wt. % and S =300 m? g~! SiO5 and an arbitrary value for K of 10000.

The here derived mathematical formulas are based on the assumptions that
all active centers are initially present (SAM sequence) and that the average dis-
tances between them do not change during the polymerization. These assump-
tions are not realistic for the experimental datal® discussed here. Hence, com-
puter simulations were performed using the SMA sequence of active centers and
the monomer appearance on the support. The results of simulations (Fig. 4, bot-
tom) show similar trends as the calculated and as the experimental results.

According to experimental experience, the simplified Formulas ((10) and (11))
and the computer simulation based on the CPM, a high chromium productivity,
Pcy, 1s achieved at low concentrations of chromium and high surface areas of silica.

Effects of silica surface discontinuity on polymerization activity

The more separated are the Cr active centers on silica, the higher is Pcy.
There is, however, a maximum distance between the Cr(II)-Cr(IV) ensembles
which can be bridged by adsorbed monomer. The huge surface area of any silica
particle is divided into smaller regions. These regions are separated by pore
walls, dislocations and other types of surface imperfections, which make obstac-
les producing discontinuities in the adsorbed monomer monolayer. The monomer
molecules can make a bridge only between those Cr(II) and Cr(IV) ions belon-
ging to the same region. Such phenomena have been explained by the theory of
active center ensembles proposed by Kobozev,!? as a general theory in catalysis.
This theory was modified and applied to explain Z-N polymerizations.!5-20 An
outline of this concept and its application to explain ethylene polymerization by
CrO,/Si0; precursors will be presented here.

According to the concept of Kobozev, a critical factor is the number of ac-
tive centers per one region. A schematic presentation of the Cr active centers in
two regions, i.e., two pores of silica, is presented in Fig. 5. Each region behaves
as an individual "micro-reactor" containing a definite number of active centers.
In a case of very high concentrations of active centers (Fig. 5a), according to Egs.
(10) and (11) Pc; should be low while Pg should be high. Decreasing the number
of active centers number contributes to an increase of Pc; and a decrease of Px.
According to Kobozev and the CPM, 15 there is an optimal number of active cen-
ter ensembles (Fig. 5b), contributing to the maximum of Pcy. When the number
of Cr active centers is very low (Fig. 5c), some regions become inactive because
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they contain only one or no active center. Hence, the CPM and the Kobozev
theory predict that the values of Pc; and Pg should decrease at the very low
concentrations of chromium. This effect has been investigated by computer
simulation®:13:15 (Fig. 6, top) and predicted by a very simple calculation.!3 A
sharp maximum of metal productivity (Ppt.max) is obtained!d if the number of
active centers is 3 or 5 per surface region in the SAM sequences of one- and two-di-
mensional percolation processes, respectively, and if the number of Mt(IV) is
equal to that of Mt(II). The value of P max depends on the size of region, i.e.,
the number of adsorption sites in it — the more sites, the higher is Pyt max-
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Fig 6. Effects of Mt loading on Py;; and Psg.
¢) Very low concentration of active centers (Top: p.red¥ct10n by Computer simulation;
Py — solid lines, Pg — dotted lines, m — SAM
Fig. 5. Schematic presentation of two re- and A — SMA sequences; bottom: experi-
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Indeed, detailed experiments! on ethylene polymerization by the CrO,/SiO,
system showed that the activity per chromium atom reaches a sharp maximum
(Pcr,max) near a Cr loading of 0.005 wt % (Fig. 6, bottom), although other values
have also been reported, i.e., 0.01 wt %. Sharp Pcrmax values were obtained for
Cr loadings of 3 and 5 wt % in the case of propylene polymerization.2! The same
effect was noticed in other Z-N polymerization systems.3:13:15 Several dozens of
experiments have been analyzed and explained by the Kobozev theory and by the
CPM. Some examples were presented: the ethylene polymerization by CrO,/SiO5,8
propylene polymerization by TiCls/AlEt3/MgCl,, by TiClg/AlEt,Cl/graphite and
by metallocene/MAO systems.8:13,15

Effects of pore size of silica on the polymerization activity

Silicas with small pores are always catalytically inferior and therefore the in-
dustrial silicas of choice have an average pore size diameter from 5 to above 20 nm.22
For example, McDaniel* prepared the silicas that had a constant value of surface
area (375 m2 g-!) but with different pore volume size and distribution. It was
shown that the activity of the finished catalyst increased with the pore volume.
Using the data presented in Table II in Ref. 4, Fig. 7a was prepared to illustrate
that the activity decreased with increasing volume fraction of small pores.
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perimental results* and (b) computer simulation
(b) Simulation based on the CPM based on the CPM.
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This phenomenon can not be explained by the insertion mechanism, which is
generally accepted in Z—-N polymerization. It is easy to explain it, however, by
the CPM and the Kobozev theory. In the case of large pores, each of them con-
tains a large number of active centers (Fig. 8a), which contribute to ethylene po-
lymerization. The average number of active centers per one pore, however,
decreases with increasing fraction of small pores (Fig. 8b). In the case of very
small pores, some of them do not contain an Cr(II)-Cr(IV) ensemble; they are
empty or contain only one type of active center, i.e., only Cr(Il) or only Cr(IV)
(Fig. 8c). These pores and the Cr ions present in them do not contribute to the
polymerization of ethylene. The pore walls make the silica surface discontinuous
and form obstacles on the silica surface. Computer simulations of ethylene
polymerization by the CPM give results (Fig. 7b) exhibiting the same trends as
the experimental ones (Fig. 7a). The simulation was performed with 250 Cr(II)
ions and 250 Cr(IV) ions randomly distributed over the silica surface with
25x106 adsorption sites, but randomly divided into regions by an increasing
number of obstacles. In real silica, some pores are isolated but some pores are
randomly connected and thus unifying their surface into one region. This was
also taken into consideration by the computer simulation.

D A
A
A D
D
D A
A A
A D D
D A
D

Fig. 8. Schematic presentation of the distribution of
active centers in large, medium and small pores (D =
¢) Active centers distribution in very small pores = Cr(Il) and A = Cr(IV)).
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Polyethylene structure formation

The many details of the polymer structure can be predicted by the CPM. The
purpose of this article, however, was not to present such details, which were
introduced elsewhere.23 Only some important issues will be discussed.

The most important structural characteristics of any polymer are the number
(X)) and mass (Xy) average degrees of polymerization and the molecular mass
distribution presented as the ratio Xy/X,. According to the CPM, it can be pre-
dicted that X, is proportional to the length of the percolation path L, between
Cr(Il) and Cr(IV) sites (Fig. 3 and Eq. (7)). The value of L, is proportional to the
surface area of the support (S) and inversely proportional to the square root of
surface concentration of chromium active centers, i.e., Cr(Il) and Cr(IV), which
depends on the chromium loading (Crg) and the fraction (f) of the activated
chromium atoms (Eq. (4)). The computer simulations based on the CPM show
that the degree of polymerization (X;,) has a lower value in the case of high initial
concentrations of active centers (Fig. 9).
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Fig. 9. Computer simulation of the effect of polymer yield on X,, and MWD for high and low
concentrations of active centers (AC, i.e., Cr(II) and Cr(IV)).
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Furthermore, according to the CPM, it can be predicted that chromium AC
are consumed during the polymerization. Hence, the initial distance between the
AC centers at the beginning of polymerization is low. Since the concentration of
AC decreases during the polymerization, the distances between the remaining
ones increase with time. Consequently, according to the CPM, X, should increase
during the polymerization. These predictions have been confirmed experiment-
tally (Fig. 2, left) and by computer simulation (Figs. 2 and 9).

The computer simulations based on the CPM show that the Xy/X, ratio, i.e.,
the MWD, increases with the initial concentration of AC and polymer yield (Fig. 9).

It is known that the concentration of AC increases with increasing Cr load-
ing, the concentration of hydroxyl groups on the silica, the activation tempera-
ture, the polymerization temperature, the presence of titanium in silica, efc. In all
these cases, the CPM predictions that X;, should decrease and the MWD should
be broader have been confirmed experimentally.*

According to the CPM, it can be predicted that the polymer chains are termi-
nated by an unsaturated bond and a methyl group (Scheme 1). Furthermore, it
can be expected that the initially formed a-olefin oligomers can be co-adsorbed
and copolymerized with ethylene, producing short and the long chain branches.
These predictions have been confirmed experimentally.24

CONCLUSIONS

The CPM is in good agreement with the experimental data on the ethylene
polymerization by supported CrO, systems. It gives reasonable answers to all the
open questions mentioned in the introduction. In the previous work of this se-
ries,? the answers to the questions (1) thorough (4) were given. In this work, the
answers to the remaining questions, i.e., (5) thorough (7), are presented. Thus,
concerning question (5), there is no induction period, or it is very short, if both
active centers, i.e., Cr(Il) and Cr(IV), are present at the initial stages of polymeri-
zation. Otherwise, some induction period is necessary for ethylene adsorption
and formation of active centers, i.e., reduction of Cr(VI) to Cr(IV) and to Cr(II).
The concerning question (6), the broad MWD distribution of polyethylene is due
to the fact that initially the charge percolation occurs between Cr(Il) and Cr(IV)
sites close to each other on the silica but later, more separated Cr(II) and Cr(IV)
sites are included. Hence, short oligomers are formed during the initial stage, but
the very long polyethylene chains are formed during the final stages of polyme-
rization. The role of the support (question (7)) is to deform the ethylene mole-
cules, to concentrate them, to orient them correctly and to enable their contact
with Cr, thus facilitating the polymerization. Furthermore, the distribution of ac-
tive chromium species on the silica surface, as well as silica surface disconti-
nuities, has a great influence on the polymerization activity and the polyethylene
structure. The predictions by the calculation and Monte-Carlo simulation based
on the CPM are in the agreement with the empirical findings.
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NU3BOJ

MEXAHU3AM ITIOJIMMEPU3AIIMUIE TTEPKOJIALIMJOM HAEJIEKTPUCABA U
CUMVYJIALIMIJA HUTJIEP-HATA ITOJIUMEPU3ALIMIE. AEO VII. YTULIAJ
PACITIOJIEJIE AKTUBHUX ITEHTAPA XPOMA HA CUJIMLIUIYM
JUOKCHUAY HA IIOJIMMEPU3ALINIY ETUJIEHA

JIPATOCJIAB CTOMJbKOBUR', BPAHKA ITMJINK!, MULLIA BYJIAJUR?,
HEBOJILIA BYPACOBUR? 1 HUKOJIAJ OCTPOBCKI®

Tehnolo{ ki Fakultet, Univerzitet uNovom Sadu, Bulevar Cara Lazara 1, 21000 Novi Sad,
°H 1 P—Petrohemija, 26000 Pan~evo i SH 1 POL, 25250 Oxaci

MexaHn3am nepkonanyje Haenaekrpucama (CPM) 3a momuMepusanujy oneuHa y IpUCyCTBY
jennmemha MpeNasHuX MeTala je MPUMEHEH 32 TyMauemhe MOJIMMEpH3alije eTUIeHa oMoy OK-
cuIa XpoMa KOjH je HaHeT Ha CHIIMLIU]YM JTHOKCHA. Y MPETXOJHOM pajy OBe CepHje MpHKazaHe Cy
OCHOBHE MOCTaBKE U MEXaHM3aM Monumepusanyje. Y oBoM paay je nmorsphena carmacHoct CPM ca
EMITUPUjCKUM Hayaznma. MexaHu3aM MepKoJalije HaeJIeKTpHCamha je MPHUMEICH 32 00jallberhe:
1ojaBe HMHAYKIMOHOT IEpPHUOAA; ACAKTHBALMjC AKTUBHHX IICHTapa W 00pa3oBame OJUroMepa;
yTHIaja KOHLCHTpalWje XpoMa Ha CHIHLWjyM IHOKCHAY, IHCKOHTHHYHTETa IOBPIIMHE U
BEJIMYMHE TI0pa CWIMLUjyM JMOKCHAA HA TOJIMMEPHU3ALMjy M HACTajame CTPYKType HOIMMepa.
U3Benen je MateMaTH4Ky MOJeN Koju objammaBa yruiaje onHoca CrO,/SiO, Ha MpOAYKTHBHOCT
OunMncoBUX Katanau3aTopa 3a HOJMMepU3alujy eTwieHa. EMnupujcku pesyntatu cy, Takohe, no-
TBphEHHN KOMIIjyTepCKUM CUMYyJIallijama.

(IIpumsbeno 22. cenrembpa 2006, pesuaupato 13. jyna 2007)
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Influence of cooling conditions and amount of retained austenite
on the fracture of austempered ductile iron
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D-47048 Duisburg, Germany
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Abstract: SEM Analysis of fracture surfaces from tensile test specimens of
thick-walled, austempered ductile irons (diameter 160 mm) shows different fra-
cture behavior depending on the austenite retained in the matrix. The results
show ductile fractures only in areas containing retained austenite sections. In
section areas without or with a very low content of retained austenite, only brit-
tle fracture without any plastic deformation occurs. The content of retained au-
stenite determines the amount of ductile fracture in the microstructure.

Keywords: austempered ductile iron; retained austenite; fracture mechanism.

INTRODUCTION

The microstructure of as-cast ductile iron has a considerable impact on the
transformation process during subsequent heat treatment. The formation of the
initial microstructure can be regulated via the chemical composition (amounts of
ferrite/perlite) and inoculation (size and distribution of the graphite nodules).

Investigations1~4 have shown that the number of graphite nodules (per mm2)
and other graphite-nodule parameters? have an important influence on the trans-
formation kinetics and the mechanical properties of austempered ductile iron
(ADI). It has become apparent that increasing the number of nodules has a main-
ly positive influence on the properties of the material because the undesired
segregation at the grain boundaries is diminished. Another advantage of a larger
number of graphite nodules is that the retention time during austenitizing is re-
duced. The diffusion paths for carbon are shorter, which means that higher car-
bon contents in the austenite can be attained in a shorter time and the process
window is widened.

The austenitizing time can be shortened without any negative impact on the
transformation and the carbon content in the austenite. Another positive effect of
a larger number of nodules is that the austenitic—ferritic microstructure (ausfer-

* Corresponding author. E-mail: goryany@ihg.uni-duisburg.de or drgoryany@aol.com
doi: 10.2298/JSC0801113G
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rite) becomes finer and more homogeneous. This in turn results in a greater
strength and larger elongation after thermal treatment.3—5

It was found that austenitic—ferritic cast iron with nodular graphite contains
15 to 40 vol. % of stabilized austenite after thermal treatment6.7 (sometimes more
than 50 %8). When the transformation times are too short, the carbon content in
the austenite is too low so that the austenite is unstable and may transform into
martensite at room temperature and/or when exposed to stress. When subjected to
higher temperatures, part of the austenite which had not been evolved in the trans-
formation reaction may transform into martensite and/or into a tempered micro-
structure. This results in poorer material properties and changes of dimensions.
The stability of austenite has been investigated in different ways by many au-
thors®—27 using different grades of alloyed iron (copper—-molybdenum, copper—mo-
lybdenum-nickel). In these studies, a partial decomposition of austenite and di-
mensional changes were observed.28 In these processes, the decisive influencing
factor was not the content of alloying metal, but the thermal treatment.

The results obtained indicate that the content of stabilized austenite in the
microstructure has a decisive impact on the mechanical properties.11,12,16,28-31
Responding to a growing amount of austenite, the ductility, fracture strain and
the notch impact energy were found to increase, with the maximum being at-
tained at = 25 % austenite.

The goal and objective of these present investigations was to study the in-
fluence of retained austenite on the fracture mechanism of ADI.

EXPERIMENTAL

The test specimen to measure and record the time—temperature curves was a 170 mm high
truncated cone with a center diameter of 160 mm into which thermocouples were integrated.

The chemical compositions of the investigated specimens as well as the associated ino-
culating agents are summarized in Table I.

TABLE I. Chemical composition of the employed test material and inoculating agents

Experiment . Chemical composition, wt. %
Inoculating agent - - -
No. C Si Mn P S Cr Ni Mo Cu Ti
1,2 Reseed® 3.62 2.38 0.28 0.024 0.006 0.036 2.01 0.39 0.99 0.01
3,4 Ultraseed® 3.68 2.26 0.27 0.0250.0060.031 1.97 0.42 0.96 0.01

Reseed® is a strong inoculant based on a ferrosilicon alloy with 75 wt. % Si (FeSi 75)
also containing calcium and rare earths. The use of this inoculating agent allowed a large
number of small and uniformly distributed graphite nodules to be achieved.

With regards to its basic composition, the inoculant Ultraseed® is identical with Re-
seed®. However, small amounts of sulfur and oxygen are additionally added to this alloy. In
this way, a good inoculation effect with medium-sized nodules and lower wall-thickness
sensitivity are supposed to be obtained, even in melts with a low content of oxygen and sulfur.
The tendency of shrinkage is reduced.

All specimens were austenitized for a period of 90 min at 900 °C and then quenched
using different cooling media.
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The specimens for test 1 and 3 were cooled with water (5 | min-! at a pressure of 3.6 bar)
to 350 °C at the reference thermocouple level 2. The cooling rate was 1.85 K s1. In the next
step, they were subjected to age-hardening in a furnace for 6 h at 350 °C.

The specimens for tests 2 and 4 were cooled by means of a mixture of water and air
(water < 1 1 min-1 at a pressure of 1 bar; air 150 | min-1 at a pressure of 2 bar) to a temperature of
350 °C at thermocouple level 2. The cooling rate during this test series was 1.52 K s1. Sub-
sequently, the specimens underwent age-hardening treatment in a furnace for 6 h at 350 °C.

The samples for the determination of the mechanical properties and the microstructural
characteristics were machined out from different levels of these specimens. The measurement
of the retained austenite was made by X-ray examination. SEM Analysis of the fracture sur-
faces was made from the same samples.

RESULTS AND DISCUSSION

In the samples inoculated with Reseed®, a microstructure with predomi-
nantly austenite and acicular ferrite and few parts of perlite existed on level 2
after heat treatment. In the center of sample level 4, with the lower cooling rate, a
microstructure with less austenite and acicular ferrite and more perlite existed.
There were segregated zones in spite of the inoculation.

In the samples inoculated with Ultraseed®, a microstructure with austenite
and acicular ferrite was found level 2 after the heat treatment. In the center of the
sample level 4, a microstructure with austenite and acicular ferrite and a small
amount of perlite was found. There were no segregated zones. More details con-
cerning the microstructure follow.

Depending on the employed inoculant, and hence the size and distribution of
the nodular graphite, clearly different contents of retained austenite were found
after comparable thermal treatment (Fig. 1).
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Fig. 1. Content of retained auste-
nite at thermocouple levels 2 (TE
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In the present case, smaller and more uniform nodules coincide with a small-
ler amount of retained austenite. Independent of whether water or a water-air
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mixture was adopted for cooling, the use of the inoculant Reseed® leads to a
smaller amount of retained austenite and a higher content of perlite. The impact
of the wall thickness was very pronounced. At the level of the thermocouple TE
2 (which means more rapid cooling than on the level TE 4) the amount of re-
tained austenite amounted to = 28 vol. %, respectively 34 vol. %. Inside of the
specimen center at the level of thermocouple TE 4 (a lower cooling rate com-
pared with TE 2) the amounts of retained austenite were only 9 vol. %, respect-
tively 4 vol. %. The castings inoculated with Ultraseed® feature a comparable
amount of retained austenite of =~ 42 to 45 vol. %, irrespective of the cooling
conditions. This result confirms the experience that the use of the sulfur- and oxy-
gen-containing inoculant leads to a reduction of the dependence of the wall-thick-
ness during graphite formation.

As the content of retained austenite increases, the hardness decreases
(Fig. 2). All hardness values measured are within the range typical of ADI
materials.
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Fig. 2. Hardness values in the center zone

1- Reseed® 2-Reseed®  3-Ultraseed® 4 - Ultraseed® of the specimens (TE 4).

The SEM (scanning electron microscope) analysis of the fracture surface of
the tensile specimens from the center part of the castings (level 2) revealed a
different crack extension as a function of the retained austenite in the basic mi-
crostructure.

Specimen 1 (thermocouple level 2) with = 28 % retained austenite exhibited
exclusively cleavage fracture without any signs or traces of plastic deformation
(Fig. 3). This is demonstrated by the smooth plate-like to rosette-like configu-
ration of the surface (Fig. 3b). The gap that exists between the graphite nodules
and the metal matrix is probably caused by the relatively high amount of perlite
in the specimen (Fig. 3a).

A further increase of the amount of retained austenite to ~ 34 % (specimen 2,
thermocouple level 2, Fig. 1) along with a corresponding reduction of the perlite
content leads to mixed fracture, i.e., mainly cleavage fracture with a few areas of
ductile fracture (Fig. 4).

In specimens 3 and 4 (thermocouple, level 2) with an amount of retained
austenite of ~ 42 vol. %, respectively 44 vol. %, and only traces of perlite in the

o
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basic microstructure, a distinct increase of the amount of ductile fracture is reco-
gnizable in the fracture surfaces (Fig. 5). The share of cleavage fracture is mar-
kedly smaller. These results clearly show that ductile fracture occurs only in the
areas of retained austenite. The share of ductile fracture corresponds to the amount
of retained austenite.

.
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Fig. 3. SEM Micrographs of the fracture surfaces of the specimen 1;

in this present case there is only cleavage fracture.
ML -

Fig. 5. SEM Micrographs of the fracture surfaces of the specimen.
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The existence of perlite in the microstructure seems to be the primary cause
of brittle fracture behavior. It is remarkable that, responding to a growing amount
of brittle fracture, the separation between the graphite nodules and the metal
matrix increases.

CONCLUSIONS

In the samples inoculated with Reseed® there was a nearly uniform nodular
graphite formation over the full wall-thickness range. Under the given experi-
mental conditions, the influence of different cooling rates on the microstructure is
small. The microstructure was unfavorable for ADI.

In the samples inoculated with Ultraseed®, there were a lower nodule count
and a less homogeneous nodule size over the entire cross section without segre-
gations. This means a better microstructure for the ADI. Depending on the cool-
ing rate, there are only traces of perlite. The influence of the cooling rate on the
microstucture was slightly greater than when Reseed was employed.

The SEM analysis of the fracture surfaces from tensile test specimens of
thick-walled austempered ductile irons (diameter 160 mm) showed different frac-
ture behavior depending on the amount of austenite retained in the matrix. The
results showed ductile fractures only in sections areas with retained austenite. In
section areas without or with very low amount of retained austenite, only brittle
fracture without any plastic deformation occurred. The content of retained au-
stenite determines the amount of ductile fracture in the microstructure.

N3BOJ

YTHULAJ YCIIOBA XJIABEBA 1 KOJIMYMHE 3AOCTAJIOI" AYCTEHUTA HA JIOM
AYCTEMIIEPOBAHOI" AVKTUJIHOI' TBOXDBA

VYACHESLAV GORYANY, ECKART HOFMANN u PAUL JOSEF MAUK

Institute of Applied Materials Technology (IAM), University of Duisburg-Essen,
D-47048 Duisburg, Germany

SEM ananu3a moBpiunHa JOMa y30paKa TAHKO3HJHOT, ayCTEMIIEPHOT TyKTHIHOT TBOXba
TECTHPAHMUX Ha M3TE3ae yKa3dyje Ha PA3MYMTC KapaKTCPHUCTHKE JIOMAa y 3aBHCHOCTH OJ
KOJMMYMHE ayCTEHUTa 3a0CTANOr y MATpuild. JIyKTWIHH JIOMOBH Cy TPHCYTHH Camo Y
obnacTMa Koje caplDKe 3a0cTaje ayCTEHHTHE cekiuje. Y obiacTuMa ca BeoMa MalluM
caapiKajeM 3a0CTalor ayCTCHUTa OJHOCHO OHMMA Yy KOjHMa HHje 3a0CTa0 ayCTCHHT jaBJba Ce
KpT Jiom Oe3 miactuuHe naedopmanmje. Campikaj 3aoctanmor aycTeHuta ozpehyje ymaeo
IOYKTHITHOT JIOMa Y MUKPOCTPYKTYPH.

(ITpumsbeno 27. nerem6pa 2005)
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Reactive sputtering deposition of SiO> thin films
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Abstract. SiO, layers were deposited in a UHV chamber by 1 keV Ar" ion
sputtering from a high purity silicon target, using different values of the oxygen
partial pressure (5x10°°—2x10* mbar) and of the ion beam current on the target
(1.67-6.85 mA). The argon partial pressure during operation of the ion gun was
1x10-3 mbar. The substrate temperature was held at 550 °C and the films were
deposited to a thickness of 12.5-150 nm, at a rate from 0.0018-0.035 nm s
Structural characterization of the deposited thin films was performed by Ru-
therford backscattering spectrometry (RBS analysis). Reactive sputtering was
proved to be efficient for the deposition of silica at 550 °C, an oxygen partial
pressure of 2x10" mbar (ion beam current on the target of 5 mA) or, at a lower
deposition rate, ion beam current of 1.67 mA and an oxygen partial pressure of
6x1075 mbar. One aspect of these investigations was to study the consumption
of oxygen from the gas cylinder, which was found to be lower for higher depo-
sition rates.

Keywords: Si0,; thin films; reactive sputtering; RBS analysis.

INTRODUCTION

Silicon dioxide, in its various crystalline and amorphous phases, is a widely
employed material in many technological domains. Two important aspects are
currently related to SiO». It is well known that SiO; is the most important mate-
rial in the field of microelectronics. On the other hand, SiO, is the basic material
for the understanding of the behaviour of oxide glasses, used for storage of nu-
clear waste. Diffusion of components is a critical point in both cases. It was ob-
served, for example, that silicon diffuses in an oxide film during thermal growth
of SiO; on silicon substrates.!~® Concerning nuclear glasses, they are exposed to
irradiation, which can influence many physical processes, one of the most impor-
tant being self-diffusion. To develop a new generation of materials (nano-elec-
tronics, nuclear glasses), a detailed understanding of the diffusion processes is
essential.

* Corresponding author. E-mail: natasabi@vin.bg.ac.yu
doi: 10.2298/JSC0801121R
121
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In order to study diffusion mechanisms and determine a general model for
the ageing of nuclear glasses, stoichiometric SiO; thin films are required. Roma
et al.10 reported the first theoretical results for oxygen self-diffusion in SiO,.
They considered two distinct modes — the closed mode, when no exchange is pos-
sible with the atmosphere, and the open mode, when exchange with the atmos-
phere is allowed. To verify their results, special techniques are required to pre-
pare the SiO; samples. Quantitative measurements of oxygen self-diffusion in
SiO; is feasible in Si(130),/Si(160), bilayer structures using secondary ion mass
spectrometry (SIMS), which can clearly distinguish between these two isotopes.
In this context, reactive ion beam sputtering offers advantages, such as precise
control of the oxygen partial pressure during the deposition process.

The aim of this study was to determine the experimental conditions for SiO»
deposition. The reactive ion beam sputtering technique from a pure Si target was
applied for two obvious reasons: (i) it provides good control of the deposition
parameters and of the layer thickness; and (if) the rf sputtering technique would
not be possible for the deposition of Si(130), films, as such targets are not
available. All experiments in this study were performed with (160),, because the
use of (180), would be too costly for these purposes. It was found that stoichio-
metric SiO; thin films could be produced by suitable adjustment of the depo-
sition parameters.

EXPERIMENTAL

The SiO, layers were deposited by reactive ion beam sputtering in a UHV chamber. A
schematic presentation of the installation is shown in Fig. 1. The base pressure in the depo-
sition chamber was 4x10" mbar. A high purity silicon target (diameter 76 mm), which was
bombarded with 1 keV Ar* ions, at a 45° incidence angle was used. The ion source was an
ERIS type ion gun (Electrostatic Reflex Ion Source), irradiating an area of about 1 cm? of the
target. The ion beam current on the target, /;, was varied from 1.67 to 6.85 mA, using a cons-
tant argon (purity 99.996 %) partial pressure of 1x10- mbar. Different values of the oxygen
(1°0), (purity 99.995 %) partial pressure Pg, from 5x10° to 2x10™* mbar, were applied for
reactive deposition. Substrates of quasi-monocrystalline graphite (10 mmx10 mm) and silicon
(15 mmx8 mm) were employed. Before deposition, the substrates were cleaned by standard
chemical procedures. The substrates were placed parallel to the target, at a distance of 150 mm.
During the deposition, they were maintained at 550 °C. The SiO, films were deposited at a
rate from 0.0018-0.035 nm s°! to a thickness of 12.5-150 nm.

The thickness of the films was determined by a surface profilometer on the optically flat
silicon substrates. Structural characterization of the films was performed by Rutherford back-
scattering spectrometry (RBS analysis) on quasi-monocrystalline graphite substrates, using a
1 MeV He" ion beam at normal incidence with the detector at 165° backscattering angle. The
experimental spectra were analyzed with the program PERM, version 2003.02.1112

RESULTS AND DISCUSSION
In a previous work, 13 reactive ion beam sputtering was shown to be efficient

for the deposition of silica at 550 °C, using 1 keV Ar" ions with an oxygen par-
tial pressure Pg of 2x10~# mbar and an ion beam current on the target /; of 5 mA.
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The calculated layer thickness, using the bulk density of SiO;, agreed with a
value of 125 nm to that measured with a profilometer. This suggests a reasonable
purity of the deposited layer.

L
PR s

P ]

Fig. 1. Schematic presentation of the installation for reactive ion beam sputtering. 1- UHV
chamber; 2— ionic pump; 3— ion guns; 4— vacuum gauge; 5— gauge and thermoregulated valve;
6— turbo pump; 7— auxiliary valve; 8— primary pump; 9— argon bottle; 10— sample-holder;
11— target-holder; 12— gun-supply; 13— computer; 14— oxygen bottle;

15— regulation valve; 16— quadrupole gas analyser.

The oxygen consumption during the deposition depended on two parameters
for a given thin film thickness: the oxygen partial pressure and the ion beam
current on the target. Lowering P, at a given /i, reduced the gas consumption.
Increasing /i, and hence the deposition rate, at a given Pg, also reduced the con-
sumption.

One aspect of these investigations was the precise control of the oxygen con-
sumption from the cylinder. In order to reduce the oxygen consumption, a cons-
tant J; of 5 mA at a reduced Pg of 51076, 2x1075, 5x107 and 1x10~4 mbar was
applied. However, RBS analysis gave an under-stoichiometry of oxygen: SiOy »s,
Si0g 35, Si0g ¢ and SiOj »s, respectively.

Still attempting to reduce the oxygen consumption, an attempt was made to
reach the stoichiometry using a higher ; of 6.85 mA, keeping Pq at 2x10~4 mbar,
but again an under-stoichiometry resulting in SiO; g5 was observed.
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The stoichiometry can be attained, under given circumstances, in two ways:
increasing Po and /; (unrealizable in the present case because at high ion beam
currents, the behaviour of the ion gun becomes unstable) and lowering Pg and ;.

The SiO; stoichiometry of the layers was attained using a P of 6x1075 mbar
and an /; of 1.67 mA. RBS Analysis of a sample produced using these parameters
is presented in Fig. 2. In Fig. 2a, the experimental spectrum and the fit obtained
by introducing Si, O and C in the PERM code can be seen. The extracted depth
profiles, Fig. 2b, indicate a very uniform SiO; stoichiometry of the deposited
layer. However, as the applied Ar" ion beam current on the target was lower, the
deposition rate was much lower and, consequently, a layer of small thickness
(12.5 nm) was obtained.
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Fig. 2. RBS Analysis of a SiO,/gra-
phite sample deposited at 550 °C,
Py = 6x10 mbar and /; = 1.67 mA:
(a) experimental and fitted spectra and
(b) extracted concentration profiles.
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Therefore, stoichiometric SiO, thin films can be obtained under the condi-
tions: a Pg of 2x10~4 mbar with an /; of 5 mA (deposition rate = 0.029 nm s!),
or a Pg of 6x1075 mbar with an /; of 1.67 mA (deposition rate 0.0018 nm s~1).
The advantage deposition under the former conditions is a much higher depo-
sition rate, while the stability of the ion beam current is better during deposition
under the latter conditions.

To calculate the oxygen consumption in the cases of the high and low depo-
sition rates, the pressure loss in the employed (160), cylinder after one hour of
deposition was measured and the maximal thickness of the layers that could be
obtained using the total available amount of oxygen was calculated. The results
show that, with the available quantity of oxygen, 2100 nm of an SiO» thin film
can be obtained under the conditions: Po = 2x10~4 mbar and /; = 5 mA, while for
Po = 6x107 mbar and I; = 1.67 mA, only 400 nm of SiO, would be obtain. This
infers that working with a higher /; and a higher Pg results in lower oxygen con-
sumption.

CONCLUSIONS

It has been shown that the reactive ion beam sputtering technique is efficient
for the deposition of silica thin films at 550 °C, using an oxygen partial pressure
of 2x10~% mbar and an ion beam current on the target of 5 mA, or at a lower de-
position rate, using ion beam current of 1.67 mA and oxygen partial pressure of
6x107> mbar. The oxygen consumption was calculated to be smaller under a
2x1074 mbar partial pressure. The experimental method enables the oxygen con-
sumption to be controlled precisely during the deposition process. RBS Analysis
showed that the obtained SiO, thin films were stoichiometric.

Acknowledgments: This work was supported by the Ministry of Foreign Affairs (in the
frame of the COCOP) of the Republic of France, the French Atomic Energy Commission
(CEA) and the Ministry of Science of the Republic of Serbia.

N3BOJ

JETIOHOBAKE TAHKUX CJIOJEBA SiO, METOJIOM
PEAKTHBHOTI" JOHCKOI' PACITPAIIIMBABA

VBAH PAJIOBUR!, YVES SERRUYS?, YVES LIMOGE? 1 HATALIA BUBUR!

TInstitut zanuklearne nauke "Vin~a", p. pr. 522, 11001 Beograd i °CEA/Saclay, Section de Recherches de
Métallurgie Physique, 91191 Gif sur Yvette Cedex, France

Tanku ciojeBu SiO, AEMOHOBaHH CYy METOJIOM PEAKTHBHOT jOHCKOT paclpalliBaba, IpH pas-
JIMYATAM BPEIHOCTHMA TAPIMjaHOT TIPUTHCKA KiceonuKa (5x100—2x10"* mbar) u npu pasmman-
THM BpemHOCTHMA cTpyje Ha MeTH (1,67-6,85 mA). 3a pacnpammBame MeTe 0J] CHIINIHjyMa KOpH-
mheH je joHCKH cHon aproHa, eHepruje 1 keV. Ilapuujanan nputucak aprona, Ipu CBUM AEIOHO-
BamHMa, H3HOCHO je 1x1073 mbar. TemmepaTypa moaore, Ipy CBEM [EMOHOBABIMA, H3HOCHIA je
550 °C. [le6ipuHa IENOHOBAaHUX CIIOjeBa Kperana ce y uHTepBaiy ox 12,5 mo 150 nm, a Gp3una
JenoHoBama y uaTepsany og 0,0018 1o 0,035 nm s™!. CrpykrypHa kapakTepusamuja ciojesa u3Bp-
nieHa je criekrpomerpujom PanepdopnoBor nosparHor pacejama (RBS ananusa). ITokazano je na
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ce

TaHk# cnojeBd SiO, MOry HOOWUTH METOIOM PEAKTHBHOT jOHCKOT paclpalliBama HpH Bpe-

HOCTH TIAPIMjaHOT TPUTHCKA Knceonmka 2x10™ mbar (ctpyja ma meru 5 mA) nm 6x10~ mbar
(ctpyja Ha metu 1,67 mA). Jenan ox nu/beBa UCTPaXKUBamba OHO je UCITUTUBAIGE MOTPOLIHE KH-
CCOHMKA MPU JICTIOHOBakY U Hal)eHO je J1a je OHa Mama pu BehuM Op3uHaMa JIeMOHOBambA.
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This book is published on 226 pages with 61 figures, 118 schemes, 10 tables
and 689 references. It is divided into the following six chapters: 1. Introduction;
2. Structure and Origin of Bile Acids — An Overview; 3. Biosynthesis of Bile
Acids in Mammalian Liver; 4. Isolation and Determination of Bile Acids; 5. Che-
mical and Metabolic Transformation of Selected Bile Acids; 6. Pharmacology of
Bile Acids and Their Derivatives — Absorption Promoters and Therapeutic Agents.
Figures, structures, reaction schemes and tables are clearly illustrated throughout
the text.

In Chapter 1 (K. Kuhajda, J. Kandrac, S. Kevresan, M. Mikov and J. P.
Fawcett), an overview of the structure and origin of naturally occurring bile acids
are given. The most dominant bile acids and their natural sources are summarized
with a selection of naturally occurring bile acids with unusual structures, which
have mostly been isolated from the bile of reptiles and amphibians.

The biosynthesis of bile acids in mammalian liver and its regulation together
with physiological role of bile acids are reviewed in Chapter 2 (S. Kevresan, K.
Kuhajda, J. Kandrac, J. P. Fawcett and M. Mikov). A survey of the steps in the
biosynthesis of bile acids from cholesterol in liver cells (hepatocytes) is given.
Various mechanisms of the regulation of the biosynthesis of bile acids are pre-
sented. In addition to the physiological function of emulsifying lipids in the intes-
tinal tract, the importance of the ability of bile acids to dissolve and transport
cholesterol in the bile is emphasized.

In Chapter 3 (J. Kandra¢, S. Kevresan, M. Mikov, J. P. Fawcett and K. Ku-
hajda) the methods of isolation and determination of bile acids are reviewed. Me-
thods for the separation of bile acids from cattle and pig bile are given in detail.
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Isolation of a mixture of cholic and deoxycholic acids, as well as the purification
of these acids from cattle bile is described. The isolation and purification of hyo-
deoxycholic acid and other components of pig bile are also described. Methods
for the determination of bile acids in various biological samples are reviewed in
several sections concerning enzyme assays, radioimmunoassay, enzyme immu-
noassay and chromatographic methods. Among the chromatographic methods,
the separation and determination of bile acids by thin-layer chromatography, gas
chromatography, gas-liquid chromatography and high performance liquid chro-
matography are reviewed. Particular attention is given to high performance liquid
chromatography methods, which have recently been the most often applied me-
thods of the separation and determination of bile acids.

Chapter 4 (K. Kuhajda, S. Kevresan, J. Kandrac¢, J. P. Fawcett and M. Mi-
kov) gives a survey of chemical transformations of selected bile acids. The first
chemical transformations of bile acids were performed with the aim of deter-
mining their structure, and later they were concerned with transformations of par-
ticular bile acids to other bile acids, as well as with the syntheses of steroid hor-
mones and some vitamins. To this end, use was mostly made of the reactions of
selective acylation, oxidation and reduction of selected bile acids and their deri-
vatives. The papers dealing with the synthesis of potential metabolites in the bio-
synthesis of bile acids are also herein presented. Steroid hormones, such as preg-
nenolone, progesterone and testosterone, are synthesized from methyl hyodeoxy-
cholate, and cortisone from methyl deoxycholate. Numerous works and patents
devoted to the synthesis of ursodeoxycholic acid from cholic or chenodeoxycho-
lic acid indicate its effectiveness in the treatment of cholelithiasis. Chenodeoxy-
cholic acid appears to be an excellent precursor in the synthesis of a steroid plant
growth regulator, as well as in the syntheses of metabolites and vitamin D analo-
gues. Chirality of bile acids can be used in the syntheses of cyclic and acyclic
molecular chiral receptors and chiral solvents. Cholic and deoxycholic acids ser-
ve in the creation of new macrocyclic structures, which exhibited different capa-
cities in binding and transporting other compounds. Also, one of the trends in the
chemistry of bile acids is their application in combinatorial chemistry.

M. Mikov, J. P. Fawcett, K. Kuhajda and S. Kevresan review the pharma-
cology of bile acids and their derivatives in Chapter 5. The therapeutic use of bile
has been recognized since ancient times. Previously bile acids were the standard
treatment for gallstones, chenodeoxycholic acid and ursodeoxycholic acid are ef-
fective in causing the dissolution of cholesterol gallstones in humans, but today
their therapeutic role looks set to expand enormously. Bile acids as absorption
promoters have the potential to aid intestinal, buccal, transdermal, ocular, nasal,
rectal and pulmonary absorption of various drugs. Keto derivatives of cholic
acid, 3,7 a~dihydroxy-12-keto-5 a-cholic acid (sodium salt and methyl ester) are
potential modifiers of the blood-brain barrier, and it was found that they pro-
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moted quinine uptake, enhanced the analgesic effect of morphine and prolonged
the sleeping time induced by pentobarbital. The barriers to the administration of
drugs by these routes can be overcome by bile acids at concentrations that are
non-toxic. Bile acids as therapeutic agents have the potential to produce benefi-
cial effects in sexually transmitted diseases, primary biliary cirrhosis, primary
sclerosing cholangitis, gallstones, digestive tract diseases, cystic fibrosis and cancer.

In conclusion, this is an extremely useful text for anyone involved in bile
acids, teaching or research. In my opinion, no better comprehensive treatise of
this subject exists. The book may also serve as a good reference source for those
contributing to further developments in this field. For those who are looking for a
new area of research that can have an impact on the public health, this text offers
an excellent place to begin. The editors and their collaborators are to be com-
mended on their efforts in bringing this field to our attention.

Velimir Popsavin*#
Department of Chemistry, Faculty of Science
University of Novi Sad, Serbia

* E-mail: popsavin@ih.ns.ac.yu
# Serbian Chemical Society member.





