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A novel approach to bis(indolyl)methanes using nickel
nanoparticlesasareusable catalyst under solvent-free conditions
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Abstract: Nano-sized nickel as a catalyst has been developed for the electro-
philic substitution reactions of indole with various aromatic aldehydes under
solvent-free conditions to afford the corresponding bis(indolyl)methanes in
high to excellent yields. The described method has promising features, such as
no hazardous organic solvents or catalysts, short reaction time, high product
yields, simple work-up procedure, reusable catalyst and easy product sepa-
ration without further purification with column chromatography.

Keywords: indole; aldehyde; electrophilic substitution; Nickel.

INTRODUCTION

The efficiency of heterogeneous catalysis in organic synthesis can be im-
proved by employing nano-sized catalysts because of their extremely small size
and large surface to volume ratio. It was recently demonstrated that Ni nano-
particles as catalysts offer great opportunities for a wide range of applicationsin
organic synthesis and chemical manufacturing processes, including the chemo-
selective oxidative coupling of thiols,! reduction of aldehydes and ketones,2—4
hydrogenation of olefins® and supports for hydrogen adsorption.® Thus, the re-
markable catalytic activity and easy synthesis, simplicity and reusability of Ni
nanoparticles encouraged the present utilization of them as a catalyst for the
synthesis of bis(indolyl)methanes (BIM).

Development of bis(indolyl)alkane (BIA) derivatives has been of consider-
able interest in organic synthesis because of their wide occurrence in various
natural products possessing biological activity” and usefulness for drug design.
BIM are substances found in cruciferous plants that exhibit activity promoting
beneficial estrogen metabolism and inducing apoptosis in human cancer cells8
Consequently, a number of synthetic methods for the preparation of BIA deri-

* Corresponding author. E-mail: Olyaei_a@pnu.ac.ir
doi: 10.2298/JSC1205060760
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464 OLYAEI etal.

vatives by reaction of indole with various aldehydes and ketones in the presence
of either a Lewis acid or a protic acid have been reported in the literature.%-16 In
recent years, environmentally safer synthetic methods have received considerable
attention and some solvent-free protocols have been developed. The synthesis of
BIM under solvent-free conditions may be performed using catalysts such as 1,17
and ZrOCl,-8H,0O/silica gel.18 These previous methods generally involved diffi-
cult handling, a stoichiometric amount of catalyst may be needed, and require
tedious aqueous work-up, along with the use of environmentally harmful organic
solvents.

In view of the importance of BIA derivatives, the use of nano-sized nickel19
as catalyst in the reaction of indole with aromatic aldehydes under solvent-free
conditions is reported herein. As such, the method provides the product via easy
work-up and isin accord with green sustainable chemistry principles.

EXPERIMENTAL

All commercialy available chemicals and reagents were used without further puri-
fication. Melting points were determined using an electrotherma model 9100 apparatus and
are uncorrected. The IR spectra were recorded on a Shimadzu 4300 spectrophotometer. The
IH- and 13C-NMR spectra were recorded in DMSO-dg on Bruker DRX-500 Avance spectro-
meter. Chemical shifts (d) are reported in ppm and are referenced to the NMR solvent. Mass
spectra of the products were obtained with an HP 5937 (Agilent Technologies) mass selective
detector. Elemental analyses were performed using a CHN-O-Rapid Heraeus elemental ana-
lyzer (Wellesley, MA, USA).

General procedure for the synthesis of bis(indolyl)methanes 3

To a mixture of indole (2 mmol) and aromatic aldehyde (1 mmol) was added nickel
nanoparticle powder (10 mol %). The reaction mixture was magnetically stirred on a pre-
heated oil bath at 80 °C for the appropriate time as indicated in Table |. After completion of
the reaction, asindicated by TLC, the reaction mixture was cooled to room temperature. Then,
ethanol (5 mL) was added. The nanoparticles were recovered by centrifuging the organic layer
and reutilized for the same reaction. The solution was poured into water (50 mL). The pre-
cipitate that formed was filtered, washed with water and dried. The crude product was stirred
for 5 min in boiling n-hexane and the resulting precipitate was filtered. The thus obtained
product 3 was found to be pure upon TLC examination.

RESULTS AND DISCUSSION

In continuation of work on the development of solvent-free conditions in
one-pot, multi-component reactions,20-24 it was observed that the treatment of
indole with aromatic aldehydes in the presence of nickel catalyst under solvent-
free conditions afforded the corresponding BIM derivatives. As a model reaction,
the reaction of indole (2 mmol) with benzaldehyde (1 mmol) was initially exa
mined at 70-120 °C in the presence of nano-sized nickel powder (10 mol %) as
catalyst under solvent-free conditions. The investigation demonstrated that the
best result was obtained when the temperature was fixed at 80 °C and the reac-
tion was completed in 1 h. Thereby, an excellent yield of bis(3-indolyl)phenyl-
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SYNTHESIS OF BIS(INDOLYL)METHANES 465

methane (3a) was obtained (95 %). To determine the appropriate concentration of
the Ni nanoparticles catalyst, the model reaction of benzaldehyde and indole was
investigated at different concentrations of the catalyst. This indicated that 10 mol
% of nano-sized Ni produced the best results with respect to product yield (Table).

TABLE |. Comparison of the amount of Ni and yields for the synthesis of BIM

Entry Catalyst amount, mol % Time, min Yield, %
1 0 55

2 25 90 65

3 5.0 90 70

4 75 60 84

5 10 60 95

In order to show the genera applicability of the method for other substrates
and derivatives, the same reaction conditions were applied for the reactions of 2
equiv. indole and 1 equiv. of an aromatic aldehyde 2 in the presence of nickel
nanoparticle catalyst under solvent-free conditions at 80 °C for an appropriate
time, which directly afforded BIM derivatives (3a—n) in good to excellent yields
(Scheme 1). The reaction times and yields of the synthesized BIM derivatives are
given in Table 11, which shows that the yields were ailmost quantitative in most
cases. It was found that aromatic aldehydes with electron donating or electron
withdrawing groups were converted to the corresponding products within some
hours.

Ar
©j\> + ArCHO Ni-nanoparticles O O
N

Solvent-free [ \

H 80°C HN NH
1 2 No Chromatographic 3
Separation 14 Examples

Scheme 1. Synthesis of bis(indolyl)methanes.

The recovery and reusability of the catalyst was examined. The catalyst was
recovered by a simple work-up using the centrifugation method and reused
during four consecutive runs without any apparent loss of activity for the same
reaction. It is noteworthy that the yields of the product in the second, third, and
fourth runs were almost the same as that in the first run.

All products were well characterized by 1H-NMR, 13C-NMR, FTIR, mass
spectroscopy, elemental analyses and melting point determination. The data are
given in the Supplementary material to this paper. To the best of our knowledge,
the synthesis of compounds 3j— has not been previously reported in the litera-
ture. The H-NMR spectra of compounds 3j—n showed a sharp singlet for the
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466 OLYAEI etal.

indole-NH at about 6 10.80 ppm. The methine protons appeared as a singlet at
about ¢ 6.20 ppm and the aromatic protons were displayed in the region of 6.68—
—7.86 ppm. Hydroxyl protons in compounds 3k and 3| were observed at 6 11.30
and 9.76 ppm, respectively. The 13C-NMR, FTIR, mass spectra and elemental
analyses confirmed the structures of the synthesized compounds.

TABLE II. Ni nanoparticles-catalyzed synthesis of BIM under solvent-free conditions at 80 °C

. i o M.p./°C

Entry Ar Product Time, min Yield, % Found Reported
1 CeHs 3a 60 95 148-150 149-150%5
2 4-NO,CgH4 3b 20 92 220-222 217-220%
3 3-NO,CgHy4 3c 30 89 264-265 26526626
4 2-NO,CgHy4 3d 60 88 137-139 139-141%7
5 2-CICgH,4 3e 20 91 74-75 70-7125
6 4-CICgH,4 3f 100 90 80-82 76-77%
7 4-BrCgH, 3g 100 88 116-117 11011228
8 4-OHCgH,4 3h 120 85 136-137 122-1242%5
9 4-CH3CgH,4 3i 90 85 96-97 93-94%5
10 4-ClI-3-NO,CgH3 K] 70 89 183-184 -

1 2-OH-5-NO,CgHz 3k 20 94 194-196 -

12 2-Br-5-OHCgH3 3l 110 88 141-142 -

13 2-Cl-6-FCgH5 3m 60 92 94-95 -

14 2-OCH,PhCgH,4 3n 70 88 206-208 -

CONCLUSIONS

In summary, for the first time, it was found that Ni in the form of nanopar-
ticles is a potential aternative to the use of noble-metal-based catalysts for the
synthesis of BIM derivatives. Compared to other procedures previously reported
in the literature, the present method provides some advantages such as omitting
an organic solvent, efficient and experimental simplicity, compatibility with va-
rious functional groups, generality, clean, easy work-up and high yields. More-
over, there is no necessity for dry solvents or protecting gas atmospheres. Product
purification by column chromatography is not necessary and the catalyst could be
easily recovered from the reaction mixture by simple centrifugation.

SUPPLEMENTARY MATERIAL

IR, 1H- and 13C-NMR data for obtained compounds are available electronically from
http://www.shd.org.rs/JSCS/, or from the corresponding author on request.

Acknowledgment. The authors thank the Research Council of Payame Noor University
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SYNTHESIS OF BIS(INDOLYL)METHANES 467

U3BOJ

HOB ITPUCTYII CHHTE3U BUC(MHIOJIUJI)METAHA YIIOTPEBOM HAHOYECTUITA
HHUKJTA KAO KATAJTU3ATOPA BE3 ITPUCYCTBA PACTBAPAYA

ABOLFAZL OLYAEI', MOHSEN VAZIRI' REZA RAZEGHI', BAHAREH SHAMS' 1 HASAN BAGHERI®

! Department of Chemistry, Payame Noor University, P. O. Box 19395-3697, Tehran, Iran u
’Department of Chemistry, Takestan Branch, Islamic Azad University, Takestan, Iran

Pa3BujeHe cy HaHOUeCTHIle HUKJIA koje Cy yrnoTped/beHe Kao KaTalau3aTop y peakUuju
eneKkTpoHIHe CYNCTUTYLMje WHAONA W PA3MTHYUTHX apOMATUYHUX AOeXuna y OICYCTBY
pactBapaua. JJodujenu cy oprosapajyhu Ouc(MHIOMWI)METaHU Y 10OPOM IO OAJTUYHOM IpU-
Hocy. [IpegHOCTH 0BE METOfe Cy OfICYCTBO OPraHCKUX pacTBapaya, KpaTko PeaklMoOHO BpeMe,
BHCOK NTPUHOC IPOX3BOfia Peakliyje, jefHOCTaBaH IOCTyNak odpajie peakljMoHe CMelle, OlaK-
IIAHO M30JI0Bame ITPOM3BOZA M MOTYhHOCT pereHepaudje W BUIIECTpyKe yrmoTpede KaTanu-
3arTopa.

(ITpumsbeno 6. maja, pesuaupano 10. jyna 2012)
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SUPPLEMENTARY MATERIAL TO
A novel approach to bis(indolyl)methanes using nickel
nanoparticlesasareusable catalyst under solvent-free conditions
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J. Serb. Chem. Soc. 78 (4) (2013) 463468
IR, IH- AND 3C-NMR DATA FOR 3a—n

3,3%(Phenylmethylene)bis-1H-indole (3a). IR (KBr, cm1): 3416, 1630,
1460, 1371, 1090; 1H-NMR (500 MHz, DMSO-dg, 6 / ppm): 5.68 (1H, S, me-
thine-H), 6.67-7.22 (15H, m, Ar-H), 10.71 (2H, s, indole-NH); 13C-NMR (125
MHz, DMSO-dg, 6 / ppm): 40.58, 112.33, 118.91, 119.03, 119.94, 121.73,
124.39, 124.66, 126.64, 127.48, 128.89, 129.15, 137.44, 145.83.

3,3[(4-Nitrophenyl)methylene] bis-1H-indole (3b). IR (KBr, cnrl): 3425,
1590, 1456, 1340, 1229; 1H-NMR (500 MHz, DMSO-dg, 6 / ppm): 5.89 (1H, s,
methine-H), 6.72-8.01 (14H, m, Ar-H), 10.79 (2H, s, indole-NH); 13C-NMR
(125 MHz, DMSO-dg, 6 / ppm): 40.35, 112.46, 117.55, 119.29, 119.78, 121.97,
124.28, 124.73, 127.24, 130.32, 137.47, 146.63, 154.00.

3,3[(3-Nitrophenyl)methylene] bis-1H-indole (3c). IR (KBr, cnm1): 3405,
1525, 1458, 1351, 1045; IH-NMR (500 MHz, DMSO-dg, 6 / ppm): 5.92 (1H, s,
methine-H), 6.72-8.30 (14H, m, Ar-H), 10.77 (2H, s, indole-NH); 13C-NMR
(125 MHz, DMSO-dg, 6 / ppm): 39.97, 112.46, 117.82, 119.29, 119.79, 121.92,
121.98, 123.47, 124.75, 127.23, 130.46, 135.97, 137.49, 148.27, 148.67.

3,3<[(2-Nitrophenyl)methylene] bis-1H-indole (3d). IR (KBr, cnrl): 3415,
1574, 1461, 1350, 1227; IH-NMR (500 MHz, DMSO-dg, 6 / ppm): 6.41 (1H, s,
methine-H), 6.77-7.87 (14H, m, Ar-H), 10.92 (2H, s, indole-NH); 13C-
-NMR (125 MHz, DMSO-dg, ¢ / ppm): 34.93, 112.51, 116.83, 119.37, 119.43,
122.03, 124.80, 124.99, 127.19, 128.39, 131.41, 133.38, 137.47, 138.55, 150.39.

3,3%[(2-Chlorophenyl)methylene] bis-1H-indole (3€). IR (KBr, cm1): 3414,
1602, 1445, 1336, 1110; 1H-NMR (500 MHz, DMSO-dg, 6 / ppm): 6.10 (1H, s,
methine-H), 6.63-7.33 (14H, m, Ar-H), 10.74 (2H, s, indole-NH); 13C-NMR

* Corresponding author. E-mail: Olyaei_a@pnu.ac.ir
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S18 OLYAEI etal.

(125 MHz, DMSO-dg, 6 / ppm): 37.02, 112.46, 117.39, 119.27, 119.55, 121.90,
124.88, 127.38, 127.84, 128.60, 130.10, 131.09, 133.57, 137.52, 142.73.

3,3%[(4-Chlorophenyl)methylene] bis-1H-indole (3f). IR (KBr, cml): 3412,
1610, 1487, 1455, 1012; IH-NMR (500 MHz, DMSO-dg, 6 / ppm): 5.84 (1H, s,
methine-H), 6.82-7.36 (14H, m, Ar-H), 10.91 (2H, s, indole-NH); 13C-NMR
(125 MHz, DMSO-dg, 0 / ppm): 22.94, 31.83, 112.38, 118.41, 119.11, 121.80,
124.49, 127.35, 128.85, 130.98, 131.14, 137.48, 144.89.

3,3 [ (4-Bromophenyl)methylene] bis-1H-indole (3g). IR (KBr, cm1): 3409,
1600, 1468, 1409, 1335, 1225, 1100; 1H-NMR (500 MHz, DMSO-dg, 5 / ppm):
5.69 (1H, s, methine-H), 6.68-7.31 (14H, m, Ar-H), 10.8 (2H, s, indole-NH);
1I3C-NMR (125 MHz, DMSO-dg, § / ppm): 39.90, 112.39, 118.30, 119.10,
119.61, 119.87, 121.79, 124.50, 127.33, 131.41, 131.76, 137.47, 145.34.

3,3%[ (4-Hydroxyphenyl)methylene] bis-1H-indole (3h). IR (KBr, cm):
3410, 1608, 1484, 1420, 1339, 1215, 1088; 1H-NMR (500 MHz, DMSO-dg,
o / ppm): 5.57 (1H, s, methine-H), 6.50—7.20 (14H, m, Ar-H), 8.99 (1H, br, OH),
10.61 (2H, s, indole-NH); 13C-NMR (125 MHz, DMSO-dg, 6 / ppm): 39.47,
112.25, 115.63, 115.79, 118.93, 119.55, 120.05, 121.64, 124.25, 127.54, 130.00,
130.12, 136.07, 137.47, 156.14.

3,3%[ (4-Methyl phenyl)methylene] bis-1H-indole (3i). IR (KBr, cm1): 3403,
1600, 1457, 1218, 1090; 1H-NMR (500 MHz, DMSO-dg. 6 / ppm): 2.10 (3H, s,
CHg3), 5.64 (1H, s, methine-H), 6.66—7.21 (14H, m, Ar-H), 10.64 (2H, s, indole-
NH); 13C-NMR (125 MHz, DMSO-dg, ¢ / ppm): 21.49, 40.58, 112.28, 118.97,
119.08, 120.00, 121.68, 124.34, 127.50, 129.05, 129.46, 135.42, 137.46, 142.82.

3,3%[(4-Chloro-3-nitrophenyl)methylene] bis-1H-indole (3j). Yellow solid;
Anal. Calcd. for Co3H16CIN3O2: C, 68.74; H, 3.98; N, 10.46 %. Found: C,
68.83; H, 3.90; N, 10.51 %; IR (KBr, cm—1): 3400, 1574, 1471, 1350, 1225; 1H-
-NMR (500 MHz, DM SO-dg, 6 / ppm): 5.88 (1H, s, methine-H), 6.74-7.87 (13H,
m, Ar-H), 10.80 (2H, s, indole-NH); 13C-NMR (125 MHz, DMSO-dg, 6 / ppm):
39.46, 112.49, 117.41, 119.36, 119.72, 122.03, 123.23, 124.82, 125.86, 127.13,
132.25, 134.57, 137.47, 147.25, 148.24.

3,3~[(2-Hydroxy-5-nitrophenyl)methylene] bis-1H-indole (3k). Yellow solid;
Anal. Calcd. for Co3H17N303: C, 72.06; H, 4.43; N, 10.96. Found: C, 71.96; H,
4.52; N, 11.01 %; IR (KBr, cm1): 3412, 1588, 1491, 1333, 1275, 1205; 1H-NMR
(500 MHz, DM SO-dg, ¢ / ppm): 6.05 (1H, s, methine-H), 6.68-7.86 (13H, m, Ar-
-H), 10.74 (2H, s, indole-NH), 11.30 (1H, br, OH); 13C-NMR (125 MHz,
DMSO-dg, 0 / ppm): 32.64, 112.46, 116.28, 117.57, 119.20, 119.51, 121.87,
124.47, 124.66, 125.78, 127.40, 133.21, 137.54, 140.24, 162.29; MS (m/2): 383
(M)*, 265, 139, 130, 118, 117, 89.

3,3%[ (2-Bromo-5-hydroxyphenyl)methylene] bis-1H-indole (3l). Pink solid;
Anal. Calcd. for Co3H17BrN2O: C, 66.18; H, 4.07; N, 6.71 %. Found: C, 66.24;
H, 4.00; N, 6.80 %; IR (KBr, c1): 3407, 1612, 1479, 1413, 1338, 1212, 1094;
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IH-NMR (500 MHz, DMSO-dg, § / ppm): 6.14 (1H, s, methine-H), 6.76-7.35
(13H, m, Ar-H), 9.76 (1H, s, OH), 10.77 (2H, s, indole-NH); 13C-NMR (125
MHz, DMSO-dg, ¢ / ppm): 32.50, 110.74, 112.36, 118.10, 118.15, 119.08,
119.64, 121.78, 124.45, 127.53, 130.15, 132.30, 134.75, 137.45, 154.64; MS
(m/2): 418 (M+2)*, 416 (M)*, 300, 298, 245, 243, 220, 117, 97.

3,3~[(2-Chloro-6-fluorophenyl)methylene] bis-1H-indole (3m). Pink solid;
Anal. Calcd. for CosH16CIFN2: C, 73.69; H, 4.27; N, 7.47 %. Found: C, 73.53;
H, 4.35; N, 7.40 %; IR (KBr, cm1): 3410, 1608, 1452, 1343, 1100; 1H-NMR
(500 MHz, DMSO-dg, ¢ / ppm ): 6.40 (1H, s, methine-H), 6.88-7.37 (13H, m,
Ar-H), 10.89 (2H, s, indole-NH); 13C-NMR (125 MHz, DMSO-dg, 6 / ppm):
36.45, 114.67, 117.58, 118.61, 118.79, 121.33, 121.52, 124.00, 126.82, 126.85,
128.87, 129.63, 131.92, 132.00, 133.14, 133.26, 136.52, 139.30; MS (m/2): 376
(M+2)*, 374 (M)*, 337, 243, 222, 194, 117, 90, 89.

3,3%{[ 2-(Benzyloxy)phenyl] methylene}bis-1H-indole (3n). White solid; Andl.
Calcd. for C3gH24N20: C, 84.11; H, 5.60; N, 6.54 %. Found: C, 84.17; H, 5.65;
N, 6.48 %; IR (KBr, c1): 3411, 1589, 1447, 1340, 1221, 1091; 1H-NMR (500
MHz, DMSO-dg, 6 / ppm): 5.14 (2H, s, O-CH>-), 6.34 (1H, s, methine-H), 6.79—
—7.38 (19H, m, Ar-H), 10.79 (2H, s, indole-NH); 13C-NMR (125 MHz, DM SO-dg,
o 1 ppm): 34.99, 72.40, 114.52, 115.45, 120.88, 121.22, 122.01, 123.40, 123.91,
126.79, 129.89, 130.03, 130.22, 130.59, 131.29, 132.23, 136.39, 139.70, 140.50,
158.38; MS (nV2): 428 (M)*, 337, 243, 130, 117, 92, 91.
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for the one-pot preparation of indazolo[1,2-b]-
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Abstract: An efficient one-pot condensation of adehyde, dimedone and phthal -
hydrazide has been achieved in the presence of a catalytic amount of phospho
sulfonic acid as anovel environmentally benign heterogeneous solid acid under
solvent-free conditions. Diverse indazolo[1,2-b]phthalazinetrione derivatives
were prepared in good to excellent yields in short times. The economical
factors (time, cost, waste, etc.) for this three-component reaction hold promise
for the future of organic synthesis.

Keywords: indazolo[ 1,2-b] phthal azinetrione; multicomponent reaction; phthal-
hydrazide; dimedone; solvent-free; phospho sulfonic acid.

INTRODUCTION

Multicomponent reactions (MCRs) are defined as one-pot processes in
which three or more substrates combine either simultaneously (so-called tandem
or domino reactions), or through a sequential addition procedure that does not
require any change of solvent. MCRs are gaining more and more importance
especidly in the total synthesis of natural products and medicinal heterocyclic
compounds because of their simplicity, high yield of the products and short
reaction times.1.2

Solvent-free organic reactions have attracted much interest particularly from
the viewpoint of green chemistry. Solid-state reactions (or solvent-free reactions)
have many advantages, such as reduced pollution, low costs and simplicity in the
process and handling.3 The possibility of performing multicomponent reactions
under solvent-free conditions with a heterogeneous catalyst could enhance their
efficiency from economic and ecological points of view.4

* Corresponding author. E-mail: akiasat@scu.ac.ir
doi: 10.2298/JSC120508088K

469

Available online at www.shd.org.rs/JSCS/

Copyright (C)2013 SCS

©3

56

RE MO




470 KIASAT, MOURADEZADEGUN and SAGHANEZHAD

The synthesis of new heterocyclic compounds has always been a subject of
great interest due to their wide applicability. Among a large variety of hetero-
cyclic compounds, heterocycles containing phthalazine moiety are of interest
because they show several pharmacological and biological activities.>~" Phthala-
zine derivatives, which have two bridgehead nitrogen atoms in a fused ring sys-
tem, possess cytotoxic,8 antimicrobial,® anticonvulsant,10 antifungal,11 antican-
cerl2 and anti-inflammatory13 activities. Moreover, these compounds exhibited
good promise as new luminescent materials or fluorescence probes. 14

The first synthesis of indazolo[1,2-b]phthalazinetriones was reported by
Bazgir et al. using p-toluenesulfonic acid (p-TSA) as a catalyst1d. In recent years,
silica sulfuric acid,16 H,SO,4 in water—ethanol or an ionic liquid,1” silica-sup-
ported polyphosphoric acid,18 Mg(HSO4),1° heteropoly acids,20 N-halosulfon-
amides,2! sulfonated poly(ethylene glycol),22 wet cyanuric chloride,23 molecular
iodine?4 and nanosilica sulfuric acid,2® have been utilized for the three-com-
ponent condensation of 1,3-dicarbonyls, aromatic or aiphatic aldehydes and
phthalhydrazide/urazole. Moreover, there are a few reports about the four-com-
ponent condensation of phthalic anhydride, hydrazinium hydroxide, aromatic
aldehydes and dimedone using Ce(SOy)2-4H,026 or 1-butyl-3-methylimidazo-
lium bromide ([Bmim]Br).27

The aim of this presented protocal is to highlight the synergistic effects of
the combined use of MCRs and reactions under solvent-free conditions with a
heterogeneous catalyst for the development of a new eco-compatible strategy for
the synthesis of heterocyclics. Therefore, a straightforward convergent one-pot
synthesis of indazol o[ 1,2-b]phthal azinetrione derivatives using phospho sulfonic
acid as an efficient solid acid catalyst under solvent-free conditions through the
domino Knoevenagel condensation/Michael addition/intramolecular cyclodehyd-
ration sequence was examined (Scheme 1).

Q PSA 7 mol%

solvent-free
Oil bath 100°C

N H

\ \

Scheme 1. Three-component reaction of dimedone, phthalhydrazide and aromatic aldehydes.
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RESULTS AND DISCUSSION

Phospho sulfonic acid, PSA, was easily prepared by the simple mixing of
diammonium hydrogen phosphate and chlorosulfonic acid in CH>Cl> at room
temperature (Scheme 2). This reaction is easy and clean because the by-products
of the reaction are HCI and NH3 gases, which are immediately evolved from the
reaction vessel.

O NH,
(- N, I
HO—Il’—O * 3 CISOH  — = HO;SO—P—O0SO;H + 2NH; + 3 HCI
o
NH," OSO;H

Scheme 2. Preparation of the catalyst.

To evaluate the catalytic activity of PSA in the preparation of indazolo[1,2-
-b]phthalazine-1,6,11-trione derivatives, a model three-component coupling reac-
tion of phthalhydrazide (1 mmol), dimedone (1 mmol) and benzaldehyde (1.1
mmol) under solvent-free conditions at 100 °C in the absence and presence of
PSA were examined. It was found that in the absence of solid acid catalyst, only
trace amount of the desired product was observed on TLC plate even after 1 h of
heating (Table 1). When the reaction was performed in the presence of PSA, it
proceeded rapidly to give the desired product.

TABLE I. Optimization of the conditions for the three-component condensation reaction of
phthalhydrazide (1 mmol), dimedone (1 mmol) and benzaldehyde (1.1 mmol) under thermal
(100 °C) solvent-free conditions

Entry Catalyst amount, mol % Temperature, °C Time, min Yield, %
1 - 100 60 -
2 35 100 45 85
3 7 100 10 91
4 9.5 100 8 Q0
5 7 25 60 -
6 7 60 60 40

In order to evaluate the appropriate catalyst loading, a model reaction was
performed using 3.5 to 9.5 mol % catalyst at different temperatures without
solvent (Table 1). It was found that 7 mol % of the catalyst resulted in the maxi-
mum yield in the minimum time. A higher percentage of loading of the catalyst
(9.5 mal %) neither increased the yield nor shortened the conversion time. Next,
the effect of temperature was evaluated for the model reaction. It was observed
that the reaction did not proceed at room temperature. Elevating the reaction
temperature proved helpful, and the yield of desired product increased consi-
derably. It was gratifying to find that the reaction proceeded smoothly and almost
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complete conversion to the product was observed at 100 °C, affording 2,3,4,13-
-tetrahydro-3,3-dimethyl-13-phenyl-1H-indazol of 1,2-b] phthalazine-1,6,11-trione
in 91 % yield within a short time.

Subsequently, with optimal conditions at hand, i.e., 1.1:1:1 molar ratios of
aldehyde, dimedone and phthalhydrazide and 7 mol % of PSA at 100 °C under
solvent-free conditions, the generality and synthetic scope of this coupling pro-
tocol were demonstrated by synthesizing a series of 1H-indazolo[1,2-b]phthala-
zine-1,6,11-triones (Table I1). Gratifyingly, a wide range of aromatic aldehydes
was well tolerated under the optimized reaction conditions. The time taken for
complete conversion (monitored by TLC) and the isolated yields are presented in
Table Il. All new compounds were characterized by their satisfactory spectral
(IR, IH-NMR and 13C-NMR) studies, and the known compounds by comparison
of their physical and spectral data with those reported.

TABLE II. The one-pot preparation of 1H-indazolo[1,2-b]phthalazine-1,6,11-trione deriva-
tives promoted by PSA under solvent-free conditions at 100 °C

Melting point, °C

Product R R Time, min Yield, % -
Found Lit.

4a H CHj 10 91 208-210 20720915
4b 4-NO, CH; 4 89 220-222 22322515
4c 3-NO, CH; 5 98 269-272 270-27215
4d 2-Cl CH; 11 88 265-267 26426615
4e 4-CH, CH4 10 94 227-228 22722915
4f 4-Cl CHj 5 92 262264 262-26415
49 4-OCHj, CHj 10 95 218-220 218-22017
4h 2,4-Cl, CH; 15 86 220 21922118
4 3-CF; CH; 8 98 214 213-215%
4 3-CH; CH; 10 91 232 23223320
4k 4-CF3 H 15 75 265 -

As shown in Table Il, aromatic aldehydes having electron-releasing, as well
as electron-withdrawing, groups were uniformly transformed into the corres-
ponding indazol o[ 1,2-b]phthalazinetriones in high to excellent yields within 4-15
min. Substituents on the aromatic ring had no obvious effect on yield or reaction
time under the above optimal conditions.

A plausible mechanistic rationale portraying a sequence of events for this
coupling reaction is postulated in Scheme 3. The first step is believed to be the
acid-catalyzed Knoevenagel condensation between the aldehyde and dimedone to
generate adduct A, which acts as a Michagl acceptor. The phthalhydrazide
attacks adduct A in a Michael-type fashion to produce an open chain intermediate
B. Intermediate B undergoes intramolecular cyclization by the reaction of nuc-
leophilic amino function to carbonyl group followed by dehydration to form
indazol o[ 1,2-b]phthal azinetriones.
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_ o _
0 9 R
, H+ _— R'
O)‘\H + R
R' —
AP 5\ o
R 2 o 1 \ \/
R A

Scheme 3. A plausible reaction mechanism.

The reusability of the catalyst in the reaction of dimedone, phthalhydrazide,
and benzaldehyde, under solvent-free conditions at 100 °C was evauated. In this
procedure, after completion of each reaction, hot ethanol was added and the
catalyst was filtered. The recovered catalyst was washed with ethanol, dried and
reused five times. A mild depression in the catalytic activity of the catalyst was
observed after the 5th time of reuse (Tablel11).

To compare the advantages of the employment of PSA over other reported
catalysts, the model reaction of dimedone, phthalhydrazide and benzaldehyde
was considered as a representative example (Table V). While in most of these
cases, comparative yields of the desired product were obtained as when the PSA-
-catalyzed procedure was followed, the reported procedures required high catal-
yst loading (entries 1, 2 and 4), or long reaction times (entries 3 and 5). These
results clearly demonstrate that PSA is an equally or more efficient catalyst for
this three-component reaction.
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TABLE I1l. The reusability of the catalyst in five cycles for the reaction of dimedone, phthal-
hydrazide and benzal dehyde, under solvent-free conditions at 100 °C

Run Time, min Yield, %
1 10 91
2 10 90
3 11 88
4 12 85
5 13 82

TABLE 1V. Comparison of PSA with reported catalysts in the reaction of dimedone, phthal-
hydrazide and benzal dehyde, under solvent-free conditions

Entry Catalyst/temperature, °C Catalgqsgl l%aj' O ¢ me, minYield, %  Ref.

1 p-Toluenesulfonic acid/80 30 10 86 15

2 Silica-supported PPA/80 01g 7 91 18

3 Cyanuric chloride/100 3 15 96 23

4 Mg(HSO,),/100 115 10 85 19

5 H4SiW1,0,40/100 1 16 92 20

6 PSA/100 7 10 91  Thiswork

EXPERIMENTAL

All commercially available chemicals were purchased from Fluka or Merck and used
without further purification. The IR spectra were recorded on aBOMEM MB-Series 1998 FT-
IR spectrophotometer. The 1H- and 13C-NMR spectra were recorded in CDCl5 on a Bruker
Advanced DPX 400 MHz spectrometer using TMS as an internal standard. The obtained
spectral data are given in the Supplementary material to this paper. Reaction monitoring was
accomplished by TLC on silicagel polygram SILG/UV 254 plates.

Preparation of phospho sulfonic acid

A 50 mL suction flask was equipped with a constant-pressure dropping funnel. The gas
outlet was connected to a vacuum system through an akali solution trap. Diammonium
hydrogen phosphate (2 g, 15 mmol) was charged into the flask and chlorosulfonic acid (5.24
g, ca. 3 mL, 45 mmol) in CH,Cl, (10 mL) was added dropwise over a period of 30 min at
room temperature. After completion of the addition, the mixture was shaken for 2 h, while the
residual HCl was eliminated by suction. Then the mixture was washed with excess dried
CH,Cl,. Finally, a solid white powder (4.2 g) was obtained. The FT-IR spectrum of the catal-
yst (KBr disk), showed O=S=0 asymmetric and symmetric stretching peaks at 1124 and 1075
cml, respectively, and the S-O stretching peak at 678 cml, which strictly confirmed the
sulfonic group linkage.

Typical procedure for the preparation of indazol o 1,2-b] phthalazinetriones

A mixture of dimedone (0.14 g, 1.0 mmol), phthalhydrazide (0.16 g, 1.0 mmol), an
aromatic aldehyde (1.1 mmol) and PSA (0.05 g) was heated at 100 °C for 10 min. Completion
of the reaction was indicated by TLC [TLC acetone/n-hexane (3:10)]. After completion of the
reaction, the insoluble crude product was dissolved in hot ethanol and phospho sulfuric acid
was filtered off. The crude product was purified by recrystallization from ethanol to afford the
pure product.
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CONCLUSIONS

In summary, a simple and facile protocol has been described for the synthe-
sis of indazol o[ 1,2-b]phthal azinetrione derivatives from a one-pot, three-compo-
nent condensation reaction of aromatic aldehydes, phthalhydrazide and dimedone
under solvent-free conditions using phospho sulfonic acid as a novel environ-
mentally safe heterogeneous solid acid catalyst. The method offers several ad-
vantages, including high yields, application of an inexpensive catalyst, short re-
action times, easy workup and performing a multicomponent reaction under sol-
vent-free conditions that is considered relatively environmentally benign.

SUPPLEMENTARY MATERIAL

Spectral data for obtained compounds are available electronically from http://
/lwww.shd.org.rs/JSCS/, or from the corresponding author on request.
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®0CPO-CYJI®OHCKA KHUCEJITMHA: HOB U EOUKACAH KHUCEJIN KATAJTU3ATOP ¥
YBPCTOJ ®A3U 3A CHUHTE3Y UHIIA30J10[1,2-5]@TAJTASUH-TPUOHA Y JETHOM
PEAKIIMUOHOM KOPAKY

ALI REZA KIASAT, ARASH MOURADZADEGUN u SEYYED JAFAR SAGHANEZHAD
Chemistry Department, College of Science, Shahid Chamran University, Ahvaz 61357-4-3169, Iran

[TocturHyTa je edrkacHa KOHAEH3alHja, Y jeIHOM PEeakIMOHOM KOpaKy, ajifexuna, Iu-
MeZloHa M (Tanxunpasuia, y IPUCYCTBY KaTIMTUYKUX KonuuuHa ocdo-cyndoHcke Kuce-
JIMHE Ka0 HOBOT, €KOJIOLIKH IPUXBAT/BUBOT XETEPOreHOT KaTalu3aTopa Y OLCYCTBY OPTaHCKHUX
pactBapava. [lodujeHa je cepuja mepuBata WHAAa3050(1,2-bldTanasuH-TproHa y nodpom 1o
OIJIMYHOM ITPUHOCY 3@ KPaTKO peakliMoHO Bpeme. EKOHOMCKH NOKa3artesbH (Bpeme, IieHa | Iy-
Ou1IK) 33 OBY TPOKOMITOHEHTHY Peakidjy Mpy»Kajy 0CHOB 3a Iasbh Pa3B0j MOCTYTIKA.

(ITpumibeno 8. maja, pesupupano 27. asrycra 2012)
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2,3,4,13-Tetrahydro-3,3-dimethyl-13-phenyl-1H-indazol o 1,2-b] phthal azi-
ne-1,6,11-trione (4a). Yellow powder; IR (KBr, cm1): 2959, 1662, 1576; 1H-
-NMR (400 MHz, CDCl3z, ¢ / ppm): 7.33-8.37 (9H, m, Ar-H), 6.47 (1H, s,
CHN), 3.26 and 3.44 (2H, AB system, J = 18.6 Hz, CH,H,CO), 2.35 (2H, s,
CH,C), 1.23 (6H, s, 2Me); 13C-NMR (100 MHz, CDCls3, ¢ / ppm): 28.5, 28.7,
34.7, 38.1, 50.9, 64.9, 118.6, 127.1, 127.7, 127.9, 128.7, 128.9, 129.1, 133.6,
134.5, 136.4, 150.9, 154.3, 156.1, 192.2.

2,3,4,13-Tetrahydro-3,3-dimethyl - 13-(4-nitrophenyl)-1H-indazol o 1,2-b] -
phthalazine-1,6,11-trione (4b). Yellow powder; IR (KBr, cnml): 2923, 1695,
1659, 1615; IH-NMR (400 MHz, CDCl3, § / ppm): 7.61-8.41 (8H, m, Ar-H),
6.52 (1H, s, CHN), 3.26 and 3.43 (2H, AB system, J = 19.2 Hz, CH,H,CO), 2.33
and 2.38 (2H, AB system, J = 16.5 Hz, CH_HC), 1.23 (3H, s, Me), 1.21 (3H, s,
Me); 13C-NMR (100 MHz, CDCls. ¢ / ppm): 28.4, 28.7, 34.7, 38.0, 50.8, 64.2,
117.3, 1241, 127.8, 128.1, 128.3, 128.6, 128.9, 133.9, 134.9, 1434, 147.9,
151.7, 154.6, 155.9, 192.1.

2,3,4,13-Tetrahydro-3,3-dimethyl-13-(3-nitrophenyl)-1H-indazol o] 1,2-b] -
phthalazine-1,6,11-trione (4c). Yellow powder; IR (KBr, cmrl): 2926, 1660,
1625; 1H-NMR (400 MHz, DMSO-dg, 6 / ppm): 7.60-8.37 (8H, m, Ar-H), 6.46
(1H, s, CHN), 3.23 (2H, br s, CH,CO), 2.27 (2H, s, CH,C), 1.12 (6H, s, 2Me);
13C-NMR (100 MHz, DMSO-dg, 6 / ppm): 28.3, 28.9, 34.6, 38.2, 51.5, 64.2,
116.9, 127.3, 127.3, 128.4, 128.7, 129.2, 129.8, 131.5, 132.7, 133.1, 133.6,
134.5, 135.5, 151.8, 154.4, 156.4, 192.2.

13-(2-Chlorophenyl)-2,3,4,13-tetrahydro-3,3-dimethyl-1H-indazol o[ 1,2-b] -
phthalazine-1,6,11-trione (4d). Yellow powder; IR (KBr, cnmrl): 2956, 1663,

* Corresponding author. E-mail: akiasat@scu.ac.ir
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1625; 1H-NMR (400 MHz, CDCls, 6 / ppm): 7.25-8.40 (8H, m, Ar-H), 6.69 (1H,
s, CHN), 3.24 and 3.42 (2H, AB system, J = 19.1 Hz, CH,H,CO), 2.33 (2H, s,
CH,C), 1.23 (3H, s, Me), 1.22 (3H, s, Me); 13C-NMR (100 MHz, CDCls, 6 /
/ ppm): 28.4, 28.8, 34.6, 38.0, 50.9, 64.0, 116.7, 127.2, 127.6, 128.0, 128.7,
129.0, 129.9, 130.5, 132.6, 133.0, 133.6, 134.5, 151.9, 154.2, 156.2, 192.1.
2,3,4,13-Tetrahydro-3,3-dimethyl-13-(4-methyl phenyl)-1H-indazol o 1,2-b] -
phthalazine-1,6,11-trione (4€). Yellow powder; IR (KBr, cml) 2956, 1663,
1621; 1H-NMR (400 MHz, CDCl3, 6 / ppm): 7.12-8.38 (8H, m, Ar-H), 6.43 (1H,
s, CHN), 3.24 and 3.43 (2H, AB system, J = 18.5 Hz, CH_H,CO), 2.35 (2H, s,
CH,C), 2.30 (3H, s, CHa), 1.23 (6H, s, 2Me); 13C-NMR (100 MHz, CDCl3, 6 /
/ ppm): 21.3, 28.5, 28.8, 34.7, 38.1, 50.9, 64.9, 118.7, 127.1, 127.7, 127.9, 128.9,
129.2, 129.5, 133.4, 133.5, 134.5, 138.5, 150.8, 154.2, 156.1, 192.2.
13-(4-Chloro-2,3,4,13-Tetrahydro-3,3-dimethyl-1H-indazol o[ 1,2-b] phthal a-
zine-1,6,11-trione (4f). Yellow powder; IR (KBr, cm1): 2957, 1656, 1623; 1H-
-NMR (400 MHz, CDCl3, ¢ / ppm): 7.31-8.39 (8H, m, Ar-H), 6.43 (1H, s,
CHN), 3.25 and 3.43 (2H, AB system, J = 19.1 Hz, CH,H,CO), 2.35 (2H, s,
CH,C), 1.23 (3H, s, Me), 1.22 (3H, s, Me); 13C-NMR (100 MHz, CDCls, § /
/ ppm): 28.5, 28.7, 34.7, 38.0, 50.9, 64.3, 118.1, 127.7, 128.1, 128.5, 128.8,
128.9, 129.0, 133.7, 134.5, 134.6, 134.9, 151.1, 154.3, 156.0, 192.2.
2,3,4,13-Tetrahydro-3,3-dimethyl-13-(4-methoxyphenyl)-1H-indazol o[ 1,2-
-b] phthalazine-1,6,11-trione (4g). Yellow powder; IR (KBr, cm1) 2959, 1655,
1626; 1H-NMR (300 MHz, CDCl3, ¢ / ppm): 8.25-8.35 (2H, m, Ar-H), 7.82—
—7.85 (2H, m, Ar-H), 6.84-7.35 (4H, m, Ar-H), 6.42 (1H, s, CHN), 3.76 (3H, s,
OMe), 3.23 and 3.42 (2H, AB system, J = 19.2 Hz, CH,H,CO), 2.34 (2H, s,
CH,C), 1.21 (s, 6H, 2Me); 13C-NMR (100 MHz, CDCl3, ¢ / ppm): 28.51, 28.71,
34.65, 38.07, 50.99, 55.21, 64.59, 114.14, 118.58, 127.71, 127.93, 128.36,
128.51, 128.98, 129.18, 133.47, 134.47, 150.75, 154.28, 156.07, 159.74, 192.23.
13-(2,4-Dichlorophenyl-2,3,4,13-tetrahydr o-1H-indazol o] 1,2-b] phthal azine-
-1,6,11-trione (4h). Y ellow powder; IR (KBr, cm1): 2964, 1660, 1628; 1H-NMR
(300 MHz, CDCl3, ¢ / ppm): 8.37 (1H, dd, J = 3.3, 5.6 Hz,Ar-H), 8.27 (1H, dd,
J=132,54Hz, Ar-H), 7.26-7.88 (5H, m, Ar-H), 6.64 (1H, s, CHN), 3.40 (1H, d,
J = 19.1 Hz, CHH,CO), 3.24 (1H, d, J = 19.2 Hz, CH,H,CO), 2.34 (2H, s,
CH,C), 1.22 (3H, s, Me), 1.21 (3H, s, Me); 13C-NMR (100 MHz, CDCls, 6 /
ppm): 28.4, 28.8, 34.6, 38.0, 50.8, 63.6, 127.6, 127.7, 128.1, 128.6, 129.0, 130.4,
131.8, 133.3, 133.7, 134.6, 135.1, 152.1, 154.3, 156.1, 192.1.
2,3,4,13-Tetrahydro-3,3-dimethyl-13-[ 3-(trifluoromethyl)phenyl] -1H-inda-
zolo[ 1,2-b] phthalazine-1,6,11-trione (4i). Y ellow powder; IR (KBr, cm1) 1635,
1616; 1H-NMR (400 MHz, CDCl3, 6 / ppm) 8.36-8.39 (1H, m, Ar-H), 8.25-8.28
(1H, m, Ar-H), 7.85-7.89 (2H, m, Ar-H), 7.68 (1H, d, J = 8.0 Hz, Ar-H), 7.60
(1H, s, Ar-H), 7.55 (1H, d, J= 8.0 Hz, Ar-H), 7.48 (1H, t, J = 8.0 Hz, Ar-H), 6.49
(1H, s, CHN), 3.24 and 3.43 (AB system, J = 19.0 Hz, 2H, CH,H,CO), 2.34 (2H,
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s, CH,C), 1.22 (3H, s, Me), 1.21 (s, 3H, Me); 13C-NMR (100 MHz, CDCl3,
o/ ppm) 28.3, 28.8, 34.7, 38.1, 50.9, 64.3, 117.1, 1235, 123.6 (q, J = 3.7 Hz),
125.6 (g, J = 3.6 Hz), 126.5 (q, J = 270.8 Hz), 127.8, 128.2, 128.9, 129.0, 129.2,
131.1, 131.2(q, J = 37.5Hz), 133.8, 134.7, 137.5, 151.4, 154.6, 156.1, 192.1.

2,3,4,13-Tetrahydro-3,3-dimethyl-13-(3-methyl phenyl)-1H-indazol o[ 1,2-b] -
phthalazine-1,6,11-trione (4j). Yellow powder; IR (KBr, c1) 1639, 1616; 1H-
-NMR (400 MHz, CDCl3, & / ppm): 8.34-8.37 (1H, m, Ar-H), 8.26-8.30 (1H, m,
Ar-H), 7.83-7.87 (2H, m, Ar-H), 7.18-7.23 (3H, m, Ar-H), 7.08 (1H, d, J=7.5
Hz, Ar-H), 6.40 (1H, s, CHN), 3.23 and 3.41 (AB system, J = 19.0 Hz, 2H,
CHH,CO), 2.33 (2H, s, CH,C), 2.32 (3H, s, Ar-Me), 1.21 (3H, s, Me), 1.20 (3H,
s, Me); 13C-NMR (100 MHz, CDCl3,  / ppm): 21.5, 28.5, 28.6, 34.9, 38.1, 51.0,
65.0, 118.8, 124.1, 127.7, 127.9, 128.0, 128.6, 129.0, 129.2, 129.6, 133.4, 134.4,
136.3, 138.3, 150.7, 154.2,156.1, 192.1

13-(Trifluoromethyl)-2,3,4,13-tetrahydro-1H-indazol o[ 1,2-b] phthal azine-
-1,6,11-trione (4k). Y ellow powder; IR (KBr, cnm1) 2972, 2958, 1695, 1660; 1H-
NMR (400 MHz, CDCl3, o / ppm): 8.27-8.40 (2H, m, Ar-H), 7.88-7.90 (2H, m,
Ar-H), 7.5-7.6 (4H, m, Ar-H), 6.50 (1H, s, CHN), 3.33-3.61 (2H, m, CH,CO),
2.47-2.50 (2H, m, CH,), 2.25-2.27 (2H, m, CH,); 13C-NMR (100 MHz, CDCl3,
o | ppm) 22.25, 24.53, 36.85, 64.46, 118.94, 122.54, 125.73, 125.80, 127.53,
127.79, 128.16, 128.80, 128.932, 133.83, 134.74, 140.27, 152.77, 154.44,
156.03, 192.48.
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An efficient synthesis and spectr oscopic char acterization of
Schiff bases containing the 9,10-anthr acenedione moiety
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Abstract: A new method was developed for the synthesis of novel Schiff bases
containing the anthraguinone moiety using dodecatungstosilicic acid/P,Og
under solvent-free conditions at room temperature. The reaction was compl eted
in 1-3 minutes with excellent yields. This method was found to be very effi-
cient, easy and hazardous-free for the synthesis of azomethines. The develop-
ment of these types of methodologies in synthetic chemistry may contribute to
green chemistry. The structures of synthesized novel Schiff bases were elu-
cidated using 1H-NMR, 13C-NMR, LC-MS, FTIR and CHN analysis.

Keywords: azomethine; dodecatungstosilicic acid; P,Os; anthraquinone.

INTRODUCTION

Schiff bases, a verstile class of organic compounds synthesized by the con-
densation of primary amines with aromatic carbonyl compounds, bear many
pharmaceutical properties, including anticancer, antitumor, antibacterial, antifun-
gal, antioxidant, herbicidal, antiproliferative, antimalarial and anticovulsant acti-
vities.1-16 Schiff bases act as ligands in coordination chemistryl’ and are con-
sidered a subject of interest due to their industrial and biological applications.18

Similarly 9,10-anthracenediones are a very important class of compounds
having some remarkable in vivo biological activities, such as antibacterial, anti-
fungal, antimalarial, antioxidant, antileukemic, hypotensive, mutagenic functions,
and analgesic activity.19-27

Moreover, in the recent era, the use environmentally benign, facile and low
costing method for the synthesis of biologically active compounds has received

* Corresponding author. E-mail: fareedchm@yahoo.com
doi: 10.2298/JSC120409092F
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great attention of synthetic chemists. Based on green chemistry and facile me-
thodologies, numerous methods have been used for the synthesis of Schiff bases,
e.g., catalyzed by TiCl,28 ZnCl,29 Mg(ClO4),,30 P,Og/SiO5,31 Ni(NO3),-6H0,
Cu(NO3)2-6H0, Fe(NO3)2-6H20, Mn(NO3),-6H,0 and Co(NO3),-6H50,32
montmorilonite K-1033 and MgSO4—pyridinium p-toluenesulfonate (PPTL).34

In view of the above facts, results concerning the syntheses of novel Schiff
bases using dodecatungstosilicic acid/P>Os as a catalyst are reported herein. The
employed method was found to be very efficient and environmentally friendly.

EXPERIMENTAL

Melting points were measured in open glass capillaries using a Gallenkamp MF-370
melting point apparatus. The IR spectra were recorded on a Nicolet Avatar 300 DTGS ins-
trument. The 1H- and 13C-NMR were recorded on Bruker A V-300 instrument operating at
300 and 75 MHz, respectively, using deuterated dimethy! sulfoxide (DM SO-dg) as the solvent
and trimethylsilane (TMS) as an internal standard. The mass spectra were recorded on a
Finnigan LCQ Advantage Max instrument. The CHN analyses were realized on a Carlo Erba
instrument — Mod-1106. The purity of the products were determined by TLC using silica gel
60F 5,4 precoated cards (0.2 mm thickness) and visualized under UV light (254 and 366 nm)
and by iodine vapors. All chemicals were of AR grade. Analytical and spectral data for the
synthesized compounds are given in the Supplementary material.

General method for the synthesis of Schiff bases 1-25

A mixture of 1-aminoanthraguinone (1 mmol), a substituted aromatic aldehyde or ketone
(2 mmol) and dodecatungstosilicic acid/P,Os (0.2 g, 1 mol % of 1-aminoanthraquinone/P,Ox)
as a catalyst was ground in a mortar with a pestle under solvent-free conditions at room
temperature for 1-3 min, Scheme 1. The reaction mixture turned to a pasty material that

R

O NH; e N/)
O‘O + RCHO Dodecatungstosilicic acid / P,Os . O‘O
r. t., 1-3 min.
O 3 4a O
a 5
! 1-25
2a 6a

Scheme 1. Preparation of Schiff bases.
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indicated the completion of the reaction. Crushed ice was added to afford precipitates of the
Schiff bases. In order to remove the catalyst, the product was washed several times with ice-
cold water. The solid products were obtained in excellent yield.

RESULTS AND DISCUSSION

The aim of this work was to develop a new facile method for the preparation
of Schiff bases. To the best of our knowledge and a literature search, the syn-
thesis of novel Schiff bases using dodecatungstosilicic acid/P>Os has not been
previously reported.

An efficient methodology was established using an acidic catalyst for the
synthesis of novel Schiff bases by the condensation of 1-aminoanthraquinone
with aromatic carbonyl compounds under solvent free conditions at room tempe-
rature. The reactions were completed in 1-3 minutes and the products were ob-
tained in high yield after simple work-up (Table ). In order to develop optimum
conditions for this synthesis, varying amounts of dodecatungstosilicic acid/P,Osg
were used using 4-hydroxybenzaldehyde and 1-aminoanthraquinone under sol-
vent-free conditions at room temperature as a model reaction (Table I1). The me-
thod is very simple and contributes to the hazardous-free synthesis. The catalyst
dodecatungstosilicic acid/P,Os was found to be very efficient compared to other
catalysts used for the synthesis of imines (Table I11).

TABLE |. Synthesis of Schiff bases using dodeca-tungstosilicic acid/P,Og as a catalyst

Entry Substrate t/ min | Entry Substrate t/ min
1 3-Hydroxybenzaldehyde 2 14 2,4-Dihydroxybenzaldehyde 2
2 4-Hydroxybenzal dehyde 1 15 4-(Diethylamino)benzaldehyde 3
3 3-Chlorobenzal dehyde 2 16 a-Bromocinnamal dehyde 3
4 Furfura 1 17 3,5-Dibromo-4-hydroxy- 2
benzaldehyde
5 4-Hydroxy-3-methoxy- 2 18 4-(Dimethylamino)cinnam- 3
benzal dehyde adehyde
6 3-Bromo-4-hydroxy- 2 19 2-Ethoxybenzal dehyde 3
benzal dehyde
7 4-Nitrobenzaldehyde 2 20 4-(Dimethylamino)benzaldehyde 2
8 3-Bromobenzal dehyde 1 21 2-Hydroxyacetophenone 1
9 3-Nitrobenzal dehyde 3 22 3,5-Dimethoxybenzal dehyde 2
10 2-Nitrobenzal dehyde 3 23 4-Methoxycinnamal dehyde 1
11 4-Methoxybenzal dehyde 1 24 4-Ethoxybenzal dehyde 1
12 4-Chlorobenzal dehyde 2 25 4-Methylbenzal dehyde 2
13 4-Chloro-3-nitro- 1
benzaldehyde

Moreover, the structures of the products were elucidated by LC-MS, 1H-NMR,
I3C-NMR, IR, and CHN analysis. The 1H-NMR spectra of all the compounds
was quite simple and the azomethine group (-N=CH-Ar) of all the synthesized
Schiff bases was found in the region of 7.4-8.9 ppm. The aromatic protons ap-
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peared as a multiplet in the region of 6.74—7.90 ppm depending on the aromatic
substituent. In IR spectrum, —-N=C— appears in the region 15111545 cmr1.

TABLE II. Effect of different amounts of catalyst on the yield of 1-{[(4-hydroxyphenyl)-
methylidene]amino} -9,10-anthraquinone

Entry Catalyst, mol % Reaction time, min Yield, %
1 Free 20 50
2 0.5 10 70
3 1 1 87
4 15 1 87

TABLE Il1. Comparison with other catalysts used for the synthesis of Schiff base

Entry Catalyst Solvent Reaction Time Yield, % Ref.
1 Mg(ClO,), 1,2-Dichloroethane 8h 80 30
2 SiO,/P,05 - 13-26 min 88 31
3 Ni(NOg),-6H,0 MeOH/EtOH/DMF 20-30 min 60-88 32
4 Montmorilonite K-10 - 1-3 min 80 33
5 ZnCl, 1,2-Dichloroethane 8h 46 30
6 CuSO4-H,0 1,2-Dichloroethane 8h 65 30
7 TiCl, 1,2-Dichloroethane 8h 35 30

#Under microwave conditions

CONCLUSION

Based of the excellent yields, short reaction time, easy work-up, solvent-free
facile and environment greener reaction, it could be concluded that dodecatung-
stosilicic acid/PoOs is avery useful catalyst for the synthesis of Schiff bases.

SUPPLEMENTARY MATERIAL

Analytical and spectral data for the synthesized compounds are available electronically
from http://www.shd.org.rs/JSCS/, or from the corresponding author on request.

Acknowledgement: All authors are grateful to the Pharmaceutical Research Center,
PCSIR Laboratories Complex, Karachi, Pakistan, for the financial and technical support of
this research work.

H3BOI

E®PHUKACHA CHUHTE3A ¥ CITIEKTPOCKOIICKA KAPAKTEPHU3ALIMJA IIM®OBUX BA3A
KOJE CAOPXE 9,10-AHTPAHEHIHWOHCKHU CTPYKTYPHU ®PATMEHT

GHULAM FAREED"?, MUHAMMAD ALI VERSIANI, NIGHAT AFZA', NAZIA FAREED?, MUHAMMAD IRFAN ALI'
u MAHBOOB ALI KALHORO'

1 pharmaceutical Research Center, PCSIR Laboratories Complex Karachi, Shahrah-e-Dr.Salim-uz-
Zaman Siddiqui, Karachi-75280, Sindh, Pakistan n?Department of Chemistry, Federal Urdu University
of Arts, Science and Technology, Ghulshan-e-Igbal, Karachi-75300, Sindh, Pakistan

Pa3BujeH je HOB noctynak 3a cunTe3y IlIudosux Hasa koje cagpixe aHTPaXUHOHCKH ¢pa-
TMEHT, ynotpedbom pnopexaBoiadpaMcuinulmjymose kucenuHe/P,0s, y 0ONCYCTBY OpraHCKHX
pacTBapaua, Ha COOHOj Temnepatypu. Peakuuja je rotoBa y nepuony 1-3 min y omiuyHoM
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mpHHOCY. YTBphHEHo je Ha je moctynak eUKaCHUjH, jefHOCTaBHUjU U De3denHuju. CTpyKType
cunTeTHcanux Iudosux 6asa omgpehere cy 'H-NMR, 13C-NMR, LC-MS, FT-IR u CHN ana-
nu3ama.

15.
16.
17.

18.
19.

20.
21.

22.
23.

24.
25,
26.
27.

28.
29.

30

(ITpumibeHo 9. anpunia, peBunupano 28. asrycra 2012)
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Fig. S-1. Atomic numbering of the prepared Schiff bases.

1-{[ (3-Hydroxyphenyl)methylidene] amino -9,10-anthraquinone (1). Orange
solid; Yield: 82 %; m.p. 312 °C; Anal. Calcd. for Co1H13NOs3: C, 77.05; H, 4.00;
N, 4.28 %. Found: C, 77.00; H, 3.92 ; N, 4.21 %; IR (KBr, cm1): 3425, 3331,
1666, 1635, 1600, 1542,1280; 1H-NMR (300 MHz, DMSO-dg, 6 / ppm): 11.20
(1H, bs, OH), 8.64 (1H, s, N=CH-Ar), 8.01-7.99 (3H, m, H-4/H-9/H-12), 7.70—
—7.56 (4H, m, H-2/H-3/H-10/H-11), 7.34-6.79 (4H, m, Ar-H); 13C-NMR (75
MHz, DMSO-dg, 6 / ppm): 184.90, 182.80, 159.52 (N=C), 156.01, 147.01,
136.89, 135.90, 134.33, 133.71, 133.25, 133.15, 131.65, 131.10, 130.30, 126.36,
126.30, 125.51, 122.39, 122.09 121.59, 115.89; LC-M S Mass (m/2): 327.

1-{[ (4-Hydroxyphenyl)methylidene] amino}-9,10-anthraquinone (2). Orange
solid; Yield: 87 %; m.p. 306 °C; Anal. Calcd. for Cp1H13NO3: C, 77.05; H, 4.00;

* Corresponding author. E-mail: fareedchm@yahoo.com
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N, 4.28 %. Found: C, 77.01; H, 3.98; N, 4.29 %; IR (KBr, cm1): 3427, 3312,
1666, 1635, 1600, 1542, 1282; IH-NMR (300 MHz, DMSO-dg, 6 / ppm): 11.26
(1H, bs, OH), 8.51 (1H, s, N=CH-Ar), 8.01-7.99 (3H, m, H-4/H-9/H-12), 7.70-
7.56 (4H, m, H-2/H-3/H-10/H-11), 7.39 (2H, d, J233a = Jsa5a = 8.7 Hz, H-2a/H-
-6d), 6.75 (2H, d, Jza2a = Jsapa = 8.7 Hz, H-3a/H-5a); 13C-NMR (75 MHz,
DMSO-dg, 0 / ppm): 184.90, 182.80, 161.01, 159.40 (N=C), 147.01, 135.90,
134.33, 133.71, 133.25, 133.15, 132.61, 131.65, 130.30, 127.11, 126.36, 126.30,
125.51, 122.39, 116.29; LC-MS Mass (m/2): 327.

1-{[ (3-Chl orophenyl)methylidene] amino}-9,10-anthraquinone (3). Red so-
lid; Yield: 82 %; m.p. 289 °C; Anal. Calcd. for C21H12CINO»: C, 72.94; H, 3.50;
N, 4.05 %. Found: C, 72.96; H, 3.48; N, 4.01 %; IR (KBr, cm1): 1665, 1636,
1603, 1589, 1542, 1279, 706, 650; 1H-NMR (300 MHz, DMSO-dg, 6 / ppm):
8.54 (1H, s, N=CH-Ar), 8.01-7.99 (3H, m, H-4/H-9/H-12), 7.70-7.56 (4H, m, H-
-2/H-3/H-10/H-11), 7.52-7.20 (4H, m, Ar-H); 13C-NMR (75 MHz, DM SO-dg,
o/ ppm): 184.90, 182.80, 159.52 (N=C), 147.01, 136.10, 135.90, 134.33, 133.71,
133.41, 133.25, 133.15, 132.10, 131.74, 130.11, 130.01, 129.84, 127.20, 126.36,
126.30, 125.52, 122.39; LC-MS Mass (m/z): M+, 345.5; M2+, 347.5.

1-{[(2-Furylmethylidene] amino}-9,10-anthraquinone (4). Red solid; Yield:
92 %; m.p. 321 °C; Ana. Cacd. for C1gH11NO3: C, 75.74; H, 3.68; N, 4.65 %.
Found: C, 75.71; H, 3.62; N, 4.66 %; IR (KBr, cm1): 1666, 1635, 1604, 1590,
1542, 1281; 1H-NMR (300 MHz, DMSO-dg, § / ppm): 8.68 (1H, s, N=CH-Ar),
8.09-8.01 (3H, m, H-4/H-9/H-12), 7.87 (1H, d, J4534 = 5.6 Hz, H-4d), 7.75-7.61
(4H, m, H-2/H-3/H-10/H-11), 6.75 (1H, d, J2a34 = 5.6 Hz, H-2a), 6.55 (1H, t,
J3a(2a48) = 7.5 Hz, H-3a); 13C-NMR (75 MHz, DMSO-dg, 6 / ppm): 184.90,
182.80, 148.70, 147.01, 145.35 (N=C), 144.92, 135.90, 134.33, 133.71, 133.25,
133.15, 131.72, 130.30, 126.36, 126.30, 125.50, 122.39, 116.92, 112.84; LC-MS
Mass (m/z): 301.

1-{[ (4-Hydroxy-3-methoxyphenyl)methylidene] amino}-9,10-anthraquinone
(5). Red solid; Yield: 85 %; m.p. 306 °C; Anal. Calcd. for CooH15NO4: C, 73.94;
H, 4.23; N, 3.92 %. Found: C, 73.89; H, 4.20; N, 3.89 %; IR (KBr, cm1): 3434,
3312, 1667, 1635, 1605, 1590, 1542, 1282; 1H-NMR (300 MHz, DMSO-dg, J /
/ ppm): 11.40 (1H, bs, OH), 8.64 (1H, s, N=CH-Ar), 8.01-7.99 (3H, m, H-4/H-
-9/H-12), 7.70-7.56 (4H, m, H-2/H-3/ H-10/H-11), 7.30 (1H, s, H-24a), 7.00 (1H,
d, Jsa6a = 8.4 Hz, H-54), 6.68 (1H, d, Jga 54 = 8.4 Hz, H-6a), 3.79 (3H, s, OCH3);
13C-NMR (75 MHz, DMSO-dg, ¢ / ppm): 184.90, 182.80, 159.31 (N=C), 150.80,
148.76, 147.01, 135.90, 134.61, 134.33, 133.71, 133.25, 133.15, 131.71, 130.30,
126.36, 126.30, 125.49, 125.30, 122.39, 114.92, 113.26, 56.78; LC-MS Mass
(m/2): 357.

1-{[ (3-Bromo-4-hydr oxyphenyl)methylidene] amino}-9,10-anthraquinone  (6).
Orange solid; Yield: 83 %; m.p. 324 °C; Ana. Cadcd. for Co1H12BrNO3: C,
62.09; H, 2.98; N, 3.45 %. Found: C, 73.75; H, 3.11; N, 3.42 %; IR (KBr, cn1):
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1666, 1605, 1542, 1282, 708, 633; 1H-NMR (300 MHz, DMSO-dg, 6 / ppm):
12.10 (1H, bs, OH), 8.54 (1H, s, N=CH-Ar), 8.01-7.99 (3H, m, H-4/H-9/H-12),
7.70-7.56 (4H, m, H-2/H-3/H-10/H-11), 7.40 (1H, s, H-24), 7.34 (1H, d, Jsa6a =
= 8.4 Hz, H-5a), 6.68 (1H, d, Jsa5a = 8.4 Hz, H-6a); 13C-NMR (75 MHz,
DMSO-dg, 6 / ppm): 184.90, 182.80, 159.31 (N=C), 156.40, 147.01, 135.90,
134.33, 133.71, 133.25, 133.15, 131.71, 131.56, 130.30, 129.46, 128.10, 126.36,
126.30, 125.49, 122.39, 116.48, 109.40; LC-MS Mass (mV2): M*, 406; M2+, 408.

1-{[ (4-Nitrophenyl)methylidene] amino}-9,10-anthraquinone (7). Red solid;
Yield: 94 %; m.p. 345 °C; Ana. Calcd. for Co1H1oN2O4: C, 70.78; H, 3.39; N,
7.86 %. Found: C, 70.93; H, 3.15; N, 7.80 %; IR (KBr, cnm1): 1665, 1636, 1602,
1541, 1279; 1H-NMR (300 MHz, DMSO-dg, 6 / ppm): 8.64 (1H, s, N=CH-Ar),
8.15 (2H, d, J2a3a = Jsa 58 = 8.4 Hz, H-2a/H-64), 8.01-7.99 (3H, m, H-4/H-9/H-
12), 7.90 (2H, d, J3a2a = Jsq.6a = 8.4 Hz, H-3a/H-54), 7.70-7.56 (4H, m, H-2/H-
-3/H-10/H-11); 13C-NMR (75 MHz, DMSO-dg, 6 / ppm): 184.90, 182.80, 159.51
(N=C), 151.70, 147.01, 139.97, 135.90, 134.33, 133.71, 133.25, 133.15, 131.71,
131.20, 130.30, 126.36, 126.30, 125.51, 124.59, 122.39; LC-MS Mass (m/2):
356.

1-{[ (3-Bromophenyl)methylidene] amino}anthra-9,10-quinone (8). Red so-
lid; Yield: 74 %; m.p. 340 °C; Ana. Calcd. for Co1H12BrNO»: C, 64.63; H, 3.10;
N, 3.59 %. Found: C, 64.60; H, 3.02; N, 7.89 %; IR (KBr, cm1): 1671, 1605,
1587, 1542, 1291, 916, 795, 705, 645; IH-NMR (300 MHz, DMSO-dg, J / ppm):
8.54 (1H, s, N=CH-Ar), 8.01-7.99 (3H, m, H-4/H-9/H-12), 7.70-7.56 (4H, m, H-
-2/H-3/H-10/H-11), 7.52-7.44 (3H, m, H-2a/lH-4a/H-6a), 7.20 (1H, t, Jsa(4a6q) =
7.2 Hz, H-5a); 13C-NMR (75 MHz, DMSO-dg, 6 / ppm): 184.90, 182.80, 159.52
(N=C), 147.01, 136.10, 135.90, 134.33, 133.71, 133.25, 133.15, 132.10, 131.74,
130.11, 130.30, 129.84, 127.20, 126.36, 126.30, 125.52, 122.39; LC-MS Mass
(MV2): M+, 390; M2+, 392,

1-{[ (3-Nitrophenyl)methylidene] amino}-9,10-anthraquinone (9). Red solid;
Yield: 87 %; m.p. 290 °C; Anal. Calcd. for Co1H15N2O4: C, 70.78; H, 3.39; N,
7.86 %. Found: C, 70.72; H, 3.34; N, 7.89 %; IR (KBr, cm1): 1665, 1635, 1603,
1589, 1542, 1279; 1H-NMR (300 MHz, DMSO-dg, § / ppm): 8.75 (1H, s, H-2a),
8.70 (1H, s, N=CH-Ar), 8.26 (1H, d, J4q54 = 8.4 Hz, H-4a), 8.01-7.99 (3H, m,
H-4/H-9/H-12), 7.90 (1H, d, Jea5a = 8.4 Hz, H-6d), 7.70-7.56 (4H, m, H-2/H-
-3/H-10 /H-11), 7.50 (1H, t, Jsqaaes = 7.2 Hz, H-58); 13C-NMR (75 MHz,
DMSO-dg, 6 / ppm): 184.90, 182.80, 159.62 (N=C), 148.72, 147.01, 135.90,
135.30, 134.33, 133.71, 133.25, 133.15, 131.70, 130.80, 130.30, 129.39, 126.36,
126.30, 125.51, 123.65, 122.39, 117.96; LC-MS Mass (n/z): 356.

1-{[ (2-Nitrophenyl)methylidene] amino}-9,10-anthraquinone (10). Red solid;
Yield: 87 %; m.p. 299 °C; Ana. Calcd. for Co1H15N2O4: C, 70.78; H, 3.39; N,
7.86 %. Found: C, 70.77; H, 3.41; N, 7.84 %; IR (KBr, cn1): 1665, 1635, 1603,
1589, 1542, 1279; 1H-NMR (300 MHz, DMSO-dg, 6 / ppm): 8.82 (1H, s,
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N=CH-Ar), 8.21 (1H, d, J3; 42 = 8.4 Hz, H-34), 8.01-7.99 (3H, m, H-4/H-9/H-
-12), 7.81 (1H, d, Jsa5a = 8.4 Hz, H-68), 7.70-7.54, (5H, m, H-2/H-3/H-10/H-
-11/H-6a), 7.50 (1H, t, Jsaaaea) = 7-2 Hz, H-58); 13C-NMR (75 MHz, DMSO-
ds, 0 / ppm): 184.90, 182.80, 155.32 (N=C), 149.30, 147.01, 135.90, 134.33,
133.72, 133.71, 133.60, 133.25, 133.15, 131.80, 131.71, 130.30, 128.70, 126.36,
126.30, 125.50, 124.79, 122.39; LC-M S Mass (m/2): 356.

1-{[ (4-Methoxyphenyl)methylidene] amino}-9,10-anthraquinone (11). Blood
red solid; Yield: 91 %; m.p. 289 °C; Anal. Calcd. for CooH15NO3: C, 77.41; H,
4.43; N, 4.10 %. Found: C, 77.39; H, 4.46; N, 4.07 %; IR (KBr, cmrl): 1677,
1597, 1573, 1511, 1259, 1161; 1H-NMR (300 MHz, DMSO-dg, § / ppm): 8.51
(1H, s, N=CH-Ar), 8.01-7.99 (3H, m, H-4/H-9/H-12), 7.70-7.56 (4H, m, H-2/H-
-3/H-10/H-11), 7.50 (2H, d, Joa3a = Jea5a = 8.7 Hz, H-2a/H-6a), 6.85 (2H, d,
Jza2a = Jsaea = 8.7 Hz, H-3a/H-54), 3.74 (3H, s, OCH3); 13C-NMR (75 MHz,
DMSO-dg, 6 / ppm): 184.90, 182.80, 164.06, 159.82 (N=C), 147.01, 135.90,
134.33, 133.71, 133.25, 133.15, 132.30, 131.72, 128.31, 130.30, 126.36, 126.30,
125.42, 122.39, 114.46, 56.04; LC-M S Mass (m/2): 341.

1-{[ (4-Chlorophenyl)methylidene] amino}-9,10-anthraquinone (12). Red so-
lid; Yield: 90 %; m.p. 305 °C; Anal. Calcd. for Co1H12CINO2: C, 72.49; H, 3.50;
N, 4.05 %. Found: C, 72.56; H, 4.45; N, 4.01 %; IR (KBr, cm1): 1668, 1573,
1517, 1280, 1171; H-NMR (300 MHz, DMSO-dg, 6 / ppm): 8.64 (1H, s,
N=CH-Ar), 8.01-7.99 (3H, m, H-4/H-9/H-12), 7.70-7.56 (4H, m, H-2/H-3/H-
-10/H-11), 7.50 (2H, d, J233a = Jea5a = 8.4 Hz, H-2a/H-64), 7.28 (2H, d, J352a =
= Jsa.6a = 8.4 Hz, H-3a/H-53); 13C-NMR (75 MHz, DMSO-dg, § / ppm): 184.95,
182.80, 160.01 (N=C), 147.01, 138.36, 135.90, 134.61, 134.33, 133.71, 133.25,
133.15, 131.71, 131.20, 130.30, 129.21, 126.36, 126.30, 125.51, 122.39; LC-MS
Mass (m/2): M, 345.5; M2+, 347.5.

1-{[ (4-Chloro-3-nitrophenyl)methylidene] amino}-9,10-anthraquinone  (13).
Red solid; Yield: 74 %; m.p. 312 °C; Anal. Calcd. for Cp1H11CIN2O4: C, 64.54;
H, 2.84; N, 4.05 %. Found: C, 64.58; H, 2.79; N, 7.11 %; IR (KBr, cm1): 1665,
1632, 1602, 1589, 1542, 1279, 707; H-NMR (300 MHz, DMSO-dg, J / ppm):
8.69 (1H, s, N=CH-Ar), 8.66 (1H, s, H-2a), 8.01-7.99 (3H, m, H-4/H-9/H-12),
7.88 (1H, d, Jsa5a = 8.6 Hz, H-6a), 7.70-7.56 (4H, m, H-2/H-3/H-10/H-11), 7.50
(1H, d, J54,6a2 = 8.6 Hz, H-53); 13C-NMR (75 MHz, DMSO-dg, J / ppm): 184.95,
182.80, 159.62 (N=C), 147.92, 147.01, 137.85, 136.58, 135.90, 134.33, 133.71,
133.25, 133.15, 131.72, 130.30, 129.65, 128.70, 126.36, 126.30, 122.55, 124.36,
122.39; LC-MS Mass (m/2): M, 390.5; M2+, 3925,

1-{[(2,4-Dihydroxyphenyl)methylidene] amino}-9,10-anthraquinone  (14).
Red solid; Yield: 72 %; m.p. 330 °C; Anal. Calcd. for Co1H13NO4: C, 73.46; H,
3.82; N, 4.08 %. Found: C, 73.50; H, 3.79; N, 7.05 %; IR (KBr, cm1): 3412,
3311, 1666, 1605, 1542, 1281; 1H-NMR (300 MHz, DMSO-dg, J / ppm): 12.10
(1H, bs, OH), 10.23 (1H, bs, OH), 8.01-7.99 (3H, m, H-4/H-9/H-12), 7.70-7.56
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(4H, m, H-2/H-3/H-10/H-11), 7.20 (1H, d, Jeasa = 8.4 Hz, H-6a), 7.10 (1H, s,
N=CH-Ar), 6.55 (1H, d, Js56a = 8.4 Hz, H-53), 6.44 (1H, s, H-33); 13C-NMR
(75 MHz, DMSO-dg, ¢ / ppm): 184.90, 181.98, 164.90, 162.40, 159.52 (N=C),
147.01, 135.90, 134.33, 133.71, 133.31, 133.25, 133.15, 131.70, 130.30, 126.36,
126.30, 125.50, 122.39, 113.70, 108.95, 103.55; LC-M S Mass (m/2): 343.

1-{[ (4-(Diethylamino)phenyl)methylidene] amino}-9,10-anthraquinone (15).
Brownish red solid; Yield: 83 %; m.p. 346 °C; Anal. Calcd. for CosHooN2Oo: C,
78.51; H, 5.80; N, 7.29 %. Found: C, 78.49; H, 5.85; N, 7.29 %; IR (KBr, cnm1):
1665, 1602, 1573, 1535; IH-NMR (300 MHz, DMSO-dg, 6 / ppm): 8.81 (1H, s,
N=CH-Ar), 8.01-7.99 (3H, m, H-4/H-9/H-12), 7.70-7.56 (4H, m, H-2/H-3/H-
-10/H-11), 7.48 (2H, d, J23 33 = Jea,5a = 8.7 Hz, H-2a/H-64d), 6.65 (2H, d, J35322 =
= Jsq6a = 8.7 Hz, H-3a/H-5a), 3.50 (4H, g, J = 6.5 Hz, N(CH2CH3)), 1.18 (6H,
t, J = 6.5 Hz, N(CH>CH3)5), 13C-NMR (75 MHz, DMSO-dg, J / ppm): 184.90,
182.80, 159.46 (N=C), 151.82, 147.01, 135.90, 134.33, 133.71, 133.25, 133.15,
132.92, 131.74, 130.30, 126.36, 126.30, 123.81, 122.39, 125.50, 109.48, 46.30,
13.02; LC-M S Mass (m/z): 382.

1-[ (2-Bromo-3-phenyl -2-propenylidene)amino] -9,10-anthraquinone  (16).
Orangish red solid; Yield: 87 %; m.p. 315 °C; Anal. Calcd. for CogH14BrNO>: C,
66.36; H, 3.39; N, 3.36 %. Found: C, 66.37; H, 3.35; N, 3.33 %; IR (KBr, cn1):
1665, 1602, 1573, 1535, 916, 784, 707, H-NMR (300 MHz, DMSO-dg, ¢ /
/ ppm): 9.40 (1H, s, N=CH), 8.42 (1H, s, CH-Ar), 8.01-7.99 (3H, m, H-4/H-9/H-
-12), 7.70-7.56 (4H, m, H-2/H-3/H-10/H-11), 7.56-7.19 (5H, m, Ar-H); 13C-
-NMR (75 MHz, DMSO-dg, ¢ / ppm): 184.90, 182.80, 149.82 (N=C), 147.01,
140.71, 135.90, 134.33, 133.76, 133.71, 133.25, 133.15, 131.70, 130.30, 129.81,
128.70, 128.01, 126.36, 126.30, 125.49, 122.42, 122.35; LC-MS Mass (m/2):
M+, 416; M2+, 418.

1-{[ (3,5-Dibromo-4-hydroxyphenyl )methylidene] amino} -9, 10-anthraquinone
(17). Orangish red solid; Yield: 86 %; m.p. 346 °C; Ana. Calcd. for
Co1H11BroNO3: C, 51.99; H, 2.29; N, 2.89 %. Found: C, 51.89; H, 2.35; N, 2.85
%; IR (KBr, cm1): 3433, 3311, 1670, 1636, 1604, 1589, 1543, 1280, 879, 707,
IH-NMR (300 MHz, DMSO-dg, 6 / ppm): 12.10 (1H, bs, OH), 8.67 (1H, s,
N=CH-Ar), 8.01-7.99 (3H, m, H-4/H-9/H-12), 7.73-7.56 (6H, m, H-2/H-3/H-
-10/H-11/H-2a/H-6a); 13C-NMR (75 MHz, DMSO-dg, 6 / ppm): 184.90, 182.80,
159.26 (N=C), 153.61, 147.01, 135.90, 134.33, 133.71, 133.25, 133.15, 131.74,
131.45, 130.30, 128.72, 126.36, 126.30, 125.48, 122.39, 109.92; LC-MS Mass
(m/z): 485.

1-{[3-(4-(Dimethylamino) phenyl)-2-propenylidene] amino}-9,10-anthraqui-
none (18). Black solid; Yield: 94 %; m.p. 296 °C; Anal. Calcd. for CosHogN2Oo:
C, 78.93; H, 5.30; N, 7.36 %. Found: C, 78.90; H, 5.35; N, 7.33 %; IR (KBr, cn):
1672, 1602, 1529, 1156; *H-NMR (300MHz, DMSO-ds, 5 / ppm): 8.47 (d, 1H,
N=CH, J= 7.8 Hz), 8.01-7.99 (m, 3H, H-4/H-9/H-12), 7.70-7.56 (m, 4H, H-2/H-
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-3/H-10/H-11), 7.01 (d, 2H, Jz43a = Jea 5 = 8.7 Hz, H-2a/H-64), 6.95 (dd, 1H, J =
= 7.8 Hz and J = 14.5 Hz, CH=CH-CH), 6.79 (d, 1H, J = 14.5 Hz, CH=CH),
6.52 (d, 2H, Jza24 = Jsa 62 = 8.7 Hz, H-3a/H-53), 2.88 (s, 6H, N(CH5),); 13C-NMR
(75 MHz, DMSO-dg, ¢ / ppm): 184.90, 182.80, 155.12 (N=C), 150.72, 146.88,
146.46, 134.98, 134.33, 133.71, 133.25, 133.15, 131.11, 131.06, 129.54, 127.99,
126.36, 126.30, 124.96, 124.04, 121.88, 112.52, 41.81; LC-MS Mass (m/z): 380.

1-{[ (2-Ethoxyphenyl)methylidene] amino}-9,10-anthraquinone (19). Orange
solid; Yield: 79 %; m.p. 300 °C; Anal. Calcd. for CogH17NOs3: C, 77.73; H, 4.82;
N, 3.94 %. Found: C, 77.70; H, 4.85; N, 3.93 %; IR (KBr, cm1): 1683, 1621,
1604, 1562, 1286; H-NMR (300 MHz, DMSO-dg, 6 / ppm): 8.54 (1H, s,
N=CH-Ar), 8.01-7.99 (3H, m, H-4/H-9/H-12), 7.70-7.54 (4H, m, H-2/H-3/H-
-10/H-11), 7.52 (1H, d, J3a4a = 8.4 Hz, H-3a), 7.51 (1H, d, Ja5a = 8.4 Hz, H-
-6a), 6.90 (1H, t, Jag3a5a) = 7.2 Hz, H-43), 6.70 (1H, t, J5a4a,6a) = 7-2 Hz, H-53),
3.99 (2H, g, J = 6.5 Hz, OCH2CH3), 1.32 (3H, t, J = 6.5 Hz, CH3CH0); 13C-
NMR (75 MHz, DMSO-dg, ¢ / ppm): 184.90, 182.80, 160.62, 160.22 (N=C),
147.01, 135.90, 134.33, 133.71, 133.25, 133.15, 133.12, 131.71, 131.68, 130.30,
126.36, 126.30, 125.49, 121.47, 121.75, 121.39, 114.35, 64.42, 13.84; LC-MS
Mass (nVz): 355.

1-{{[4-(Dimethylamino)phenyl] methylidene}amino}-9,10-anthraquinone (20).
Brownish red solid; Yield: 71 %; m.p. 310 °C; Anal. Calcd. for Co3H1gN205: C,
77.95; H, 5.12; N, 7.90 %. Found: C, 77.90; H, 5.16; N, 7.88 %; IR (KBr, cnm1):
1665, 1602, 1542, 1282; IH-NMR (300 MHz, DMSO-dg, 6 / ppm): 8.51 (1H, s,
N=CH-Ar), 8.01-7.99 (3H, m, H-4/H-9/H-12), 7.70-7.56 (4H, m, H-2/H-3/H-
-10/H-11), 7.50 (2H, d, J24.3a = Jea 52 = 8.7 Hz, H-2a/H-6a), 6.85 (2H, d, J34.24 =
= Jsaea = 8.7 Hz, H-3alH-53), 3.74 (6H, s, N(CH3)2); 13C-NMR (75 MHz,
DMSO-dg, 6 / ppm): 184.90, 182.80, 159.46 (N=C), 154.82, 147.01, 135.90,
134.33, 133.71, 133.25, 133.15, 131.74, 130.30, 126.36, 126.30, 125.50, 123.81,
122.95, 122.39, 111.51, 41.85; LC-M S Mass (m/z): 354.

1-{[ 1-(2-Hydroxyphenyl)ethylidene] amino}-9,10-anthraquinone (21). Oran-
gish red solid; Yield: 82 %; m.p. 330 °C; Anal. Calcd. for CooH1sNOg: C, 77.41;
H, 4.43; N, 4.10 %. Found: C, 77.39; H, 4.46; N, 4.07 %; IR (KBr, cm1): 3442,
3310, 1664, 1635, 1602, 1589, 1542, 1280; 1H-NMR (300 MHz, DMSO-dg, 6 /
/ ppm): 11. 59 (1H, bs, OH), 8.01-7.99 (3H, m, H-4/H-9/H-12), 7.70-7.54 (4H,
m, H-2/H-3/H-10/H-11), 7.52 (1H, d, J3g4a = 8.4 Hz, H-3a), 7.51 (1H, d, Jga 52 =
= 8.4 Hz, H-6a), 6.90 (1H, t, J4a(3a5a£ = 7.2 Hz, H-43), 6.70 (1H, t, Jsa4a6a) =
= 7.2 Hz, H-5a), 2.79 (3H, s, CHs3); 13C-NMR (75 MHz, DMSO-dg, 6 / ppm):
184.90, 182.80, 166.22 (N=C), 159.55, 145.01, 134.33, 133.72, 133.71, 133.25,
133.15, 132.80, 132.54, 132.36, 129.02, 126.36, 126.30, 125.10, 121.47, 120.94,
120.15, 117.24, 21.36; LC-MS Mass (nV2): 341.

1-{[ (3,4-Dimethoxyphenyl)methylidene] amino}-9,10-anthraquinone  (22).
Red solid; Yield: 89 %; m.p. 303 °C; Anal. Calcd. for Co3H17NOg4: C, 74.38; H,
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4.61; N, 3.77 %. Found: C, 74.35; H, 4.66; N, 3.72 %; IR (KBr, cm1): 1665,
1636, 1603, 1590, 1542, 1280; 1H-NMR (300 MHz, DMSO-dg, J / ppm): 8.64
(1H, s, N=CH-Ar), 8.01-7.99 (3H, m, H-4/H-9/H-12), 7.70-7.56 (4H, m, H-2/H-
-3/H-10/H-11), 7.46 (1H, s, H-2a), 7.18 (1H, d, Jsa 54 = 8.4 Hz, H-64), 6.80 (1H,
d, Jsa6a = 8.4 Hz, H-53), 3.79 (6H, s, OCH3); 13C-NMR (75 MHz, DMSO-dg, J /
/ ppm): 184.90, 182.80, 159.72 (N=C), 154.86, 149.62, 147.01, 135.90, 134.33,
133.71, 133.25, 133.15, 131.71, 130.46, 130.30, 126.36, 126.30, 125.51. 125.36,
122.39, 112.88, 112.01, 56.76; LC-M S Mass (m/2): 371.

1-{[ 3-(4-Methoxyphenyl)-2-propenylidene] amino}-9,10-anthraquinone  (23).
Red solid; Yield: 88 %; m.p. 305 °C; Ana. Calcd. for Co4H17NO3: C, 78.46; H,
4.66; N, 3.81. Found: C, 78.40; H, 4.62; N, 3.85; IR (KBr, cmr1): 1665, 1599,
1545, 1270, 1160; 1H-NMR (300 MHz, DMSO-d6, & / ppm): 8.60 (d, 1H,
N=CH, J= 7.6 Hz), 8.01-7.99 (m, 3H, H-4/H-9/ H-12), 7.70-7.56 (4H, m, H-2/
/H-3/H-10/H-11), 7.16 (2H, d, J243a = Jea5a = 8.7 Hz, H-2a/H-6a), 6.92 (dd, 1H,
J=7.6 Hz and J = 14.5 Hz, CH=CH-CH)), 6.83 (1H, d, J = 14.5 Hz, CH=CH),
6.68 (2H, d, J342a = J5a.6a = 8.7 Hz, H-3a/H-53), 3.81 (3H, s, OCH3); 13C-NMR
(75 MHz, DMSO-dg, ¢ / ppm): 184.90, 182.80, 159.94, 154.12 (N=C), 146.88,
146.46, 134.98, 134.33, 133.71, 133.25, 133.15, 131.11, 131.06, 129.44, 128.72,
127.99, 126.36, 126.30, 124.92, 121.54, 114.52, 56.01; LC-M S Mass (m/z): 367.

1-{[ (4-Ethoxyphenyl)methylidene] amino}-9,10-anthraquinone (24). Red so-
lid; Yield: 88 %; m.p. 297 °C; Anal. Calcd. for Co3H17NO3: C, 73.73; H, 4.82;
N, 3.94 %. Found: C, 73.69; H, 4.78; N, 3.97 %; IR (KBr, cm1): 1666, 1605,
1543, 1282; 1H-NMR (300 MHz, DMSO-dg, 6 / ppm): 8.53 (1H, s, N=CH-Ar),
8.06-7.99 (3H, m, H-4/H-9/H-12), 7.70-7.56 (4H, m, H-2/H-3/H-10/H-11), 7.54
(2H, d, Joa3a = Jea5a = 8.7 Hz, H-2a/lH-68), 6.95 (2H, d, J3524 = J5a6a = 8.7 Hz,
H-3a/H-5a), 3.99 (2H, g, OCH,CH3), 1.32 (3H, t, CH3CH0); 13C-NMR (75
MHz, DMSO-dg, ¢ / ppm): 184.90, 182.80, 162.06, 159.82 (N=C), 147.01,
135.90, 134.33, 133.71, 133.25, 133.15, 132.30, 131.70, 130.36, 130.30, 126.36,
126.30, 125.42, 122.39, 114.36, 63.98, 13.82; LC-M S Mass (n/2): 355.

1-{[ (4-Methyl phenyl)methylidene] amino}-9,10-anthraquinone (25). Orange
solid; Yield: 81 %; m.p. 290 °C; Anal. Calcd. for CooH15sNO2: C, 81.21; H, 4.65;
N, 4.30 %. Found: C, 81.19; H, 4.68; N, 4.27 %; IR (KBr, cm1): 1672, 1628,
1600, 1571, 1516, 1174; IH-NMR (300 MHz, DMSO-dg, 6 / ppm): 8.61 (1H, s,
N=CH-Ar), 8.01-7.99 (3H, m, H-4/H-9/H-12), 7.70-7.56 (4H, m, H-2/H-3/H-
10/H-11), 7.50 (2H, d, J233a = Jea5a = 8.7 Hz, H-2a/H-63), 7.11 (2H, d, J3324 =
= Jsaea = 8.7 Hz, H-3a/H- 5a), 2.31 (3H, s, CHg); 13C-NMR (75 MHz, DMSO-
-ds, 6 / ppm): 184.90, 182.80, 159.40 (N=C), 147.01, 143.61, 135.90, 134.33,
133.71, 133.25, 133.15, 133.85, 131.61, 130.30, 130.16, 129.48, 126.36, 126.30,
125.51, 122.39, 21.19; LC-MS Mass (nV2): 325.
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Abstract: The paths of nucleophilic fluoroalkylation reaction of propylene
oxide with PhSO,CYF (Y = F, H, and PhSO,, respectively) in the gas phase
and in Et,O solvent were studied theoretically. The nucleophilic fluoroalkyl-
ation of propylene oxide with fluorinated carbanions was probed by compa
rison of the reactivities (phenylsulfonyl)monofluoromethyl anion (PhSO,CHF),
the (phenylsulfonyl)difluoromethyl anion (PhSO,CF5"), and the bis(phenylsul-
fonyl)monofluoromethyl anion ((PhSO,),CF). The nucleophilicity reactivity
order of PhSO,CYF (Y = F, H, and PhSO,) is (PhSO,),CF > PhSO,CHF >
> PhSO,CF,", which indicates that the introduction of another electron-with-
drawing phenylsulfonyl group is an effective way to significantly increase the
nucleophilicity of fluorinated carbanions. For comparison, the nucleophilic
addition reaction of propylene oxide with the chlorine-substituted carbanion
PhSO,CHCI- was investigated. The calculated results show that the nucleophi-
licity of PhSO,CYF is better than that of PhSO,CHCI" in the ring opening
reaction with propylene oxide. The calculated results are in good agreement
with the available experimental ones.

Keywords: nucleophilic fluoroalkylation; propylene oxide; PhSO,CYF (Y =F,
H and PhSO,).

INTRODUCTION

Nucleophilic fluoroalkylation, typically involving the transfer of a fluorine-
bearing carbanion to an electrophile, has been widely studied and applied to syn-
thesize fluorine-containing materials and bioactive molecules.}~/ The nucleo-
philic fluoroalkylation of simple epoxides with fluorinated sulfones was achieved
to give a-fluoroakyl alcoholsin one-step. Although there are avariety of examp-
les of nucleophilic fluoroalkylation of various substrates,5.7 the study of nucleo-
philic fluoroalkylation of ssmple epoxides is rare. The possible reason could be
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doi: 10.2298/J5C120831097H

483

Available online at www.shd.org.rs/JSCS/

() OOO)

Copyright (C)2013 SCS

= MG MDD



484 HAN and LIU

attributed to the intrinsic properties of fluorine-bearing carbanions and weak nuc-
leophilicity toward epoxides.!

The exploration of the ring-opening reactions of epoxides from various sour-
ces of carbanions can be fully employed in drug design, organic synthesis and
other fields. In the present work, the ring-opening mechanisms of epoxides by
some sources of carbanions, i.e., PhSO>CYF- (Y = F, H or PhSOy), applied in
the literature! were theoretically investigated (as shown in Scheme 1). Propylene
oxide (C3HgO) was selected as a model molecule of epoxides to study the
nucleophilic fluoroakylations. Correspondingly, the nucleophilic chloroalkyl-
ation of propylene oxide with PhSO>,CHCI— was also studied. The following re-
action of propylene oxide with PhSO,CYF~ (Y = F, H, and PhSO,) was con-
Sidered:

C3HgO + PhSO,CY F~ — gauche-product — anti-product

In the above equation, Y is F, H, or PhSO,; the gauche-product anion and
anti-product anion (Scheme 1) for the reaction are distinguished by the F atom
being in the gauche-conformation or anti-conformation to the O atom in this con-
former.

M o PhSO,
@)
\VANE —
Y
SO,Ph }
X
X=F, Y=F, H, and PhSO,
X=Cl, Y=H
Scheme 1. The ring opening reaction of propylene oxide by nucleophilic alkylation with
halogenated sulfones.

COMPUTATIONAL METHODS

The reactions were studied using the MP2 and B3LY P methods for the calculations of
the reaction path in gas phase, which included geometry optimization, frequency anaysis, and
IRC (intrinsic reaction coordinate)®° calcul ations.

Due to the high computational cost required for the full optimization of the large system,
investigation of the reaction pathways was realized using the ONIOM approach.10-12 The
ONIOM methodology has been shown to be quite successful in the description of compu-
tationally time-consuming systems, by alowing the partitioning of alarge cluster computation
into various levels of accuracy, for example the active region treated with an advanced level
of theory and the remaining region treated with an inexpensive, less accurate method. In the
present work, the DFT-B3LY P, two layer ONIOM (MP2:B3LY P) and MP2 levels of theory
were used. In the ONIOM (MP2:B3LYP) method, the extended framework environment
(benzene ring) was considered with a less expensive level of B3LY P/6-311+g(d,p), while the
remainder was treated with the high-level method of MP2/6-311+g(d,p) level.
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NUCLEOPHILIC FLUOROALKYLATION OF PROPY LENE OXIDE 485

In order to verify the reliability of the basis set used, BP91/6-311+g(d,p) calculations
were also performed for the extended framework environment (benzene ring) of several
representative intermediates and transition states, including IM1-2, TS1-2, s-gauche, and TS2
for the reaction of PhSO,CF,” with C3HgO. It was found that the energy barriers from IM1-2
to TS1-2, and from s-gauche to TS2, are 20.62 and 7.68 kcal mol-1, respectively. These results
are comparative with corresponding ones obtained using B3LY P/6-311+g(d,p) (20.53 and
7.44 kcal mol-1), meaning that using BP91 does not change the conclusions obtained using
B3LYP. Therefore, it can be assumed with confidence that the basis set used in the manuscript
can give areliable potential energy surface of the reaction.

In the gas phase, the geometry optimization calculations were performed for stationary
points located along the reaction paths. The frequency analysis calculations were performed at
the same level for characterizing stationary points as intermediates (IMn) or transition states
(TSn). The reported energies are the zero-point energy (ZPE) corrected Gibbs free energiesin
the gas phase (AGg,). The nature of a given transition state was analyzed by IRC compu-
tations at the same level.

For locating and characterizing the stationary points along the reaction coordinates of the
reaction in diethyl ether (Et,O) solvent, Gibbs free energy calculations in solution (AGgy)
were performed based on the gas-phase optimized geometries and calculations using the
CPCM model (conductor-like polarizable continuum model)1415 of the self-consistent reac-
tion field theory were used to simulate the solution effects. Unless otherwise noted, al dis-
cussed relative energies in the subsequent sections are referred to AGg,y. All the calculations
were realized using Gaussian 03 program.1® The atom labelings used are shown in Fig. 1.

RESULTSAND DISCUSSIONS

Nucleophilic fluoroalkylation of propylene oxide with PhSO.CYF— (Y = F, H and
PhS0O»)

The calculations predicted the same reaction path (the same mechanism) for
nucleophilic fluoroalkylation of propylene oxide with PhSO,CYF- (Y = F, H,
and PhSO») in the gas phase and in Et2O solvent. The obtained potential energy
curve is shown in Fig. 2, along which there are two transition states (TS1 and
TS2) and one intermediate (IM1). The relative free energies (in gas phase and in
Et>,0 solvent) of the corresponding species involved in Fig. 2 are given in Table
I. Two conformations for IM1, TS1, and s-anti, respectively, differing in the posi-
tion of the benzene ring, were found, but optimization of TS1-1 was unsuccess-
ful. The relative energies to the reactants (PhSOoCY F~ + C3HgO) were used in
the discussions in the sections unless otherwise noted. The optimized structures
of IM1 (IM1-1 and IM1-2), TS1 (TS1-2), s-gauche, TS2, and s-anti for PhSO,CYF~-
(Y = F, H, and PhSO,, respectively) are shown in Fig. 1, and the important
geometric parameters are givenin Table 1.

The calculations indicated that the reaction involves the formation of IM1-1
and IM1-2, followed by a decomposition process of the Co—O3 bond in IM1-1
and IM1-2 via TS1-1 and TS1-2 (a stable structure for TS1-1 could not be ob-
tained), respectively, leading to the gauche-product (s-gauche), which trans-
formed into the more stable anti-product (s-anti) via TS2. Therefore, the reaction
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486 HAN and LIU

is considered to consist of steps 1 and 2. In the decomposition process of IM1
(step 1), the Co—O3 bond breaks and the C1—C» bond forms. With the Co—C3 bond
rotating along the C1—C» bond, a conformational isomer of the product (s-gauche)
transforms to another more stable isomer of the product s-anti via TS2 (step 2).

TS1-2

Available online at www.shd.org.rs/JSCS/

Copyright (C)2013 SCS

ool

EW MG RMD



487

NUCLEOPHILIC FLUOROALKYLATION OF PROPY LENE OXIDE

O Y=PhSO,

s-gauche

X=F(Cl)

s-anti

Fig. 1. The gas phase structures of the intermediate complexes (IM1-1 and IM1-2), transition
states (TS1-2 and TS2) and products (s-gauche and s-anti) for PhSO,CYF (Y =F, H and
PhSO,, respectively) and PhSO,CHCI- along the reaction coordinates
optimized using the ONIOM method.

The Co—03 bond distances in the structure of IM1-1 and IM1-2 for PhSO,CY F-
(Y =F, H, and PhSO,) are al significantly longer than the normal Co—O3 single-
bond length of 1.434 A in the free propylene oxide (Table I1). The primary diffe-
rence between the structures of IM1-1 and IM1-2 is the relative position of the
propylene oxide part to the benzenering, as shown in Fig. 1. Asgivenin Table I,
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488 HAN and LIU

the C3CoC1F dihedral angle values of IM1-1 in PhSOCYF (Y = F, H or
PhSO,) are 173.8, —178.1 and —177.6°, respectively, while the corresponding
valuesfor IM1-2 are —88.6, —66.4 and 68.7°, respectively.

A TS1-2
PhSO,CXY"

AG(kcal-mol)

y

Reaction coordinate

Fig. 2. Schematic diagram of the potential energy curves along the reaction coordinates for the
nucleophilic halogenalkylation of propylene oxide with PhSO,CXY~ (X =F, Y =F, H and
PhSO,; X =Cl, Y = H) in the gas phase.

TABLE I. The relative free energies (kcal* mol-1) of the intermediate complexes (IM1-1 and
IM1-2), transition states (TS1-2 and TS2), and products (s-gauche and s-anti), to the reactant
(PhSO,CYF (Y =F, H and PhSO,) + C3HgO) or the reactant (PhSO,CHCI- + C3HgO) in the
gas phase and Et,0 solvent; the values in parentheses are the relative free energies in the Et,O
solvent based on the geometrical considerations

Reactant IM1-1 IM1-2 TS1-2 sgauche TS2 s-anti
PhSO,CF, + C3HgO -8.12 -8.15 1238 -36.61 -29.17 43.00
(-2.26) (245 (18.79) (-23.10) (-16.35) (—35.21)
PhSO,CHF + C3HgO -8.82 -8.97 786 3816 3383 5192
(-3.08) (-3.73) (14.33) (-26.99) (—22.96) (41.72)
(PhS0,),CF + C3HgO -7.39 -8.33 6.96 3893 3547 6795
(-2.01) (-2.65) (13.11) (-27.52) (—24.29) (-61.49)
PhSO,CHCI- + C3HgO —9.06 -9.22 1401 -3053 2734 4120

(-2.85) (-3.13) (21.72) (-17.17) (-14.21) (-36.45)

The IRC calculations indicated that TS1-2 is connected to IM1-2. The barrier
heights for step 1 of reaction (1) (the relative free energies of TS1-2 to IM1-2)

*1kecal =4.184 kJ
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NUCLEOPHILIC FLUOROALKYLATION OF PROPY LENE OXIDE 489

were predicted to be 21.24, 18.06, and 15.76 kcal mol—1 for PhASO,CYF~ (Y = F,
H or PhSO5), respectively, in Et>0 solvent.

TABLE Il. Geometric parameters (ONIOM calculations, see text for details; for labelings, see
Fig. 1) of the intermediate complex (IM1-1 and IM1-2), the transition states (TS1-2 and
TS2), and the products (s—gauche and s-anti) for PhSO,CYF~ (Y = F, H and PhSO,) and
PhSO,CHCI-; bond distances are givenin A, and dihedral anglesin degrees

Bondorangle IM1-1 IM1-2 TS1-2 s-gauche TS2 s-anti
Ci—X 1.411; 1.417; 1.395; 1.370; 1.387; 1.377;
1.434; 1.441; 1.421; 1.398; 1.390; 1.394;
1.441; 1.396; 1.430; 1.401; 1.392; 1.411;
1.828 1.835 1.817 1.818 1.809 1.816
C—GC, 3.860; 4,391, 2.282; 1.481; 1.486; 1.509;
4.014; 4.371; 2.319; 1.496; 1.490; 1.506;
4.086; 3.787; 2.323; 1.512; 1.493; 1.505;
4.059 4.342 2.281 1.508 1.500 1515
CrCs 1.460; 1.460; 1.467, 1.653; 1.646; 1.570;
1.460; 1.458; 1.462; 1.615; 1.639; 1.568;
1.460; 1.460; 1.463; 1.616; 1.635; 1.566;
1.459 1.459 1.466 1.611 1.638 1.569
Cr03 1.450; 1.447, 1.818; - - -
1.451; 1.448; 1.809
1.452; 1.448; 1.812;
1.449 1.447 1.842
£LC1C,C3C, -91.2; —65.6; —67.9; —63.1; -131.3; -179.7;
-84.4; —68.7; —69.6; -59.7; -125.5; 168.0;
-82.7; —69.7; —68.8; -56.6; -123.4; 172.3;
-98.0 —-67.5 —68.0 -58.2 -125.9 169.1
£C3C,CiX 173.8; -88.6; —63.1; —61.2; —61.2; 172.7;
-178.1; —66.4; —73.2; -70.9; -70.9; -165.4;
-177.6; 68.7; —76.7; —72.7; —72.7; -158.9;
-161.2 -84.4 -78.0 —68.7 —-68.7 -161.3
£03C3C,Cq 163.4; 171.2; 178.1; 172.2; 103.3; 56.4;
170.2; -174.3; 176.6; 176.0; 109.2; 43.2;
173.1; -175.6; 178.3; 176.2; 113.1; 41.7;
156.7 -173.2 177.6 177.6 108.8 444

The low free energies of s-gauche for PhSO.CYF- (-23.10, —26.99, and
—27.52 kecal mol—) in the Et,O solvent indicate that the s-gauche is a stable
product. In the structures of s-gauche for PhSO,CY F-, the Co—O3 and Co—C3
bond distances are longer and the C1—C», distance is shorter than the corres-
ponding values in the structure of TS1-2 (as shown in Table I1). The Og, C3, Co,
and C; atoms in the structures of PhSO,CYF- are aimost co-planar (see the
03C3C,Cq dihedral angle values givenin Table l1).

With the Co—Cg bond rotating along the C1—C» bond, s-gauche transforms to
s-anti via TS2. The most obvious differences in the structures of s-gauche, TS2,
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and s-anti are the values of the C1C>C3C4 and O3C3CoCq dihedral angle. For
example, the O3C3C>Cq dihedral angle value in the structure of s-gauche for
PhSO,CYF- is dmost 180.0° (176.0°), while the corresponding values in the
structures of TS2 and s-anti are 109.2° and 43.2°, respectively. The IRC calcul-
ationsindicated that TS2 is connected to s-gauche in the back direction and to the
s-anti product in the forward direction.

The product s-anti is predicted to be lower in energy than the reactant
(PhSO,CYF~ + C3HgO) by 35.21, 41.72 and 61.49 kcal mol—L for PhSO,CY F~
(Y = F, H, and PhSO5), respectively, in EtoO solvent, which demonstrates the
reactions are exothermic. The barrier heights for step 2 of the reaction (the rela
tive energies of TS2 to s-gauche) were predicted to be 6.75, 4.03, and 3.46 kcal
mol—1, for PhSO,CYF~ (Y = F, H or PhSO,, respectively) in Et,0 solvent. Since
TS1 is obviously higher in energy than TS2, the relative free energies of TS1-2 to
the IM1-2 are the overall barrier heights for the reaction. The overall barrier
heights for the reaction of PhSO>,CYF- (Y = F, H or PhSO5) in the Et>0 solvent
are predicted to be 21.24, 18.06, and 15.76 kcal mol—1, respectively.

The nucleophilicity order of PhSO,CYF- (PhSO.CF,~, PhSO,CHF- and
(PhS02),CF) can be estimated by the thermodynamic fact (the relative energies
of s-anti to the reactant) and the kinetic fact (the overall barrier heights for reac-
tion).

The relative free energies of s-anti of monofluoro-substituted carbanion,
(phenylsulfonyl)monofluoromethyl (PhSO>,CHFY) to the reactant (PhSO,CHF- +
C3HgO) are 8.92 and 6.51 kcal mol—1 lower than the corresponding values of
s-anti of (phenylsulfonyl)difluoromethyl anion (PhSO.CF,-) to PhSO.CFy~ +
C3HgO in the two phases. The overal barrier heights of 20.53 and 21.24 kcal
mol—1 for the reaction of PhSO,CF,~ are higher than the overall barrier height of
16.83 and 18.06 kcal mol-1 for the reaction of PhSO,CHF~. All these results
indicate that the PhSO>,CHF~ has better nucleophilicity than PhSO,CF,~ for the
ring opening reaction with propylene oxide, confirming that the fluorine substi-
tution of a carbanion will decrease the nucleophilicity of the latter (negative fluo-
rine effect).1

To study further the nucleophilicity of a fluorinated carbanion toward epo-
xides, the reactivity of the bis(phenylsulfonyl)monofluoromethyl anion
((PhS0O2)2CF) was analyzed from the thermodynamic the kinetic viewpoint. The
relative energies of s-anti of PhSO,CHF~ to the reactant (PhSO,CHF~ + C3HgO)
are 16.03 and 19.77 kcal mol~1 higher than the corresponding value of s-anti of
(PhS02)o,CF- to [(PhSO2)>CF+ C3HgO] in the gas phase and Et>0 solvent. In
addition, the overall barrier heights for the reaction of (PhSO5)>CF- are lower
than the overal barrier height for the reaction of PhSO,CHF- (as shown in Table
1). From the results above, it could be concluded that ((PhSO2)>CF-) has a better
nucleophilicity than PhSO,CHF~. A possible reason for thisis that the phenylsul-
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fonyl functionality is able to delocalize the electron density from the carbanion
center; bis(phenylsulfonyl) substitution on a fluorinated carbanion can thus in-
crease its stability and nucleophilicity by diminishing the electron repulsion
between the electron pairs on the small fluorine atom and the electron lone pair
occupying the p-orbital of the carbanion center.l The calculated nucleophilicity
reactivity order of PhSO,CYF- (Y = F, H, and PhSO», respectively) is
(PhS02),CF- > PhSO,CHF- > PhSO,CF5—, which is exactly consistent with the
experimental order.1

Nucleophilic chloroalkylation of propylene oxide with PhSO,CHCI—

For comparison, the nucleophilic addition reactions of propylene oxide with
chlorine-substituted carbanion PhSO>,CHCI— were also studied (see Scheme 1).
The reaction path for the nucleophilic chloroalkylation of propylene oxide with
PhSO,CHCI— is shown in Fig. 2, together with the relative free energies of res-
pective species for the reaction in the gas phase (with ZPE corrections) and in the
solvent Et>0. The optimized structures of IM1 (IM1-1 and IM1-2), TS1 (TS1-2,
the stable structure of TS1-1 could not be found in the present calculation),
s-gauche, TS2, and s-anti for PhSO>,CHCI— are shown in Fig. 1 and important
geometric parameters are given in Table 1.

The reaction mechanism for the nucleophilic chloroalkylation of propylene
oxide with PhSO,CY Cl- is similar to that with PhSO,CY F~ as shown in Fig. 2:
PhSO,CHCI~ + C3HgO — IM1 (IM1-1 and IM1-2) — TS1-2 — s-gauche —
— TS2 — s-anti.

IRC calculations indicated that TS1-2 is connected to IM1-2. The relative
free energy of TS1-2 to IM1-2 for PhSO,CHCI— was predicted to be 23.23 and
24.85 kcal mol=1 in gas phase and in EtoO solvent, respectively. As shown in
Table |1, the Co—O3 bond distance in TS1-2 for PhSO,CHCI- (1.842 A) is longer
than that (1.809 A) in TS1-2 for PhSO,CHF-, while the C1—C, distances are
2.281 and 2.319 A in PhSO,CHCI- and PhSO,CHF-, respectively.

Comparing with the relative free energy of s-gauche for PhSO>CHF-
(—26.99 kcal mol—1) in the Et,O solvent, the relative free energy of s-gauche for
PhSO,CHCI- of —17.17 kcal mol-1 indicates that PhSO,CHCI- is not as thermo-
dynamically stable as PhSO,CHF—.

The structure of s-gauche transforms to s-anti via TS2 with the Co—C3 bond
rotating aong the C;—C, bond, which could be found by examining the
C1CoC3C4 and O3C3CoCq dihedral angle values (see Table I1). The IRC calcul-
ations indicate that TS2 is connected to s-gauche in the back direction and to
s-anti product of the reaction in the forward direction.

The s-anti products of the reaction are predicted to be lower in energy than
the reactant (PhSO,CHCI- + C3HgO) by 36.45 kcal mol—1 in Et,0 solvent and
that the reaction is also exothermic. The barrier heights for this step (the relative
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energies of TS2 to s-gauche) are predicted to be 3.19 and 2.96 kcal mol—1 in the
two phases. The relative free energy of TS1-2 is considered as the overall barrier
height for the reaction.

The relative free energy of s-anti of PhSO,CHCI~ to the reactant (PhSO,CHCI—
+ C3HgO) is 5.27 kcal mol—1 higher than the corresponding value of s-anti of
PhSO,CHF- to (PhSO,CFo~ + C3HgO) in the Et;0 solvent. On the other hand,
the overal barrier height for the reaction of PhSO,CHCI- is higher than the
overal barrier height for the reaction of PhSO,CHF~ in the EtoO solvent (see
Table 1). Estimated from the thermodynamic and the kinetic facts, the nucleo-
philicity of PhSO,CY F~ is better than that of PhSO,CHCI— for the ring opening
reaction with propylene oxide, although negative fluorine effects exist for
PhSO,CY F-. These calculated results are in agreement with the experiment phe-
nomena that the reaction provided satisfactory to good product yields for akyl
monosubstituted epoxides.l On the other hand, as stated in the experimental
study,l the reaction yields dropped in the cases of aryl monosubstituted and
disubstituted epoxides. It is supposed that a possible reason is that there is a com-
petition between the negative fluorine effect and the size effect of the chlorine
atom. For nucleophilic reactions with alkyl monosubstituted epoxides, such as
propylene oxide, the size effect of chlorine atom is more obvious and the
nucleophilicity for PhSO,CHF- is better. However, the better nucleophilicity of
PhSO,CHCI— and the negative fluorine effect are primarily important in nucleo-
philic reactions with aryl monosubstituted and other disubstituted epoxides.
Therefore, it can be concluded that the nucleophilicity of PhSO,CHCI— is better
in nucleophilic reactions with aryl-substituted epoxides, while the nucleophilicity
of PhSO,CHF-is better in nucleophilic reaction with alkyl-substituted epoxides.

Comparing with a previous study, 17 it could be stated that the nucleophilicity
of CHyF~ is better than that of PhSO>CHF-, although the electron-withdrawing
phenylsulfonyl group is an effective way to increase the nucleophilicity. The
reason could be attributed to the fact that the steric hindrance of the phenylsul-
fonyl group decreases nucleophilicity in nucleophilic fluoroalkylation reactions.

CONCLUSIONS

The path of nucleophilic fluoroalkylation reaction of propylene oxide with
PhSO,CYF- (Y = F, H or PhSO») in gas phase and in Et>0 solvent were studied.
The nucleophilic fluoroalkylation of propylene oxide with fluorinated carbanions
was probed by a reactivity comparison between PhSO,CHF-, PhSO,CF,~ and
(PhSO,),CF~. As stated in an experimental study,! introducing another electron-
withdrawing phenylsulfonyl group is an effective way to increase significantly
the nucleophilicity of fluorinated carbanions. The present theoretical calculations
confirmed the experiment results and the nucleophilicity reactivity order of
PhSO>CYF- (Y =F, H or PhSO5) is (PhSO2)2CF- > PhSO,CHF~ > PhSO,CF>~.
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NUCLEOPHILIC FLUOROALKYLATION OF PROPY LENE OXIDE 493

For comparison, the nucleophilic addition reaction of propylene oxide with chlo-
rine-substituted carbanion PhSO>,CHCI— was a so studied. Although the negative
fluorine effect exists for PhSO>CY F-, the nucleophilicity of PhSO,CY F- is better
than that of PhSO,CHCI—for the ring opening reaction with propylene oxide.
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H3BOI

TEOPHUJCKA CTYIUJA HYKJIEOOHUITHOT ®JIYOPOAJIKHJIOBAILA
IMPOITUJIEH-OKCHUJIA ®JIYOPOBAHHUM CYJI®OHHUMA

LING-LI HAN" u TAO LIU?

! Department of Chemistry and Chemical Engineering Key Laboratory of Inorganic Chemistry in
Universities of Shandong, Jining University, Qufu 273155, Shandong, China n ZSchool of Chemistry
and Chemical Engineering, Shandong University, Jinan, China

Teopwujcku je mpoy4yaBaH TOK HykieodwIHe peakudje nponuwieH-okcuna ca PhSO,CYF-
(Y = F, H u PhSO,) y racHoj dasu u y Et,0 xao pacrsapauy. HyxieodunHo ¢ryopoanku-
JIOBame ITPONUIEH-OKCHA ca (ryopoBaHUM KapdaHjOHMMa je MCHUTHBAHA yrnopehuBameMm
peaxtuBHOCTH (denuncyndouun)monoduayopmerun (PhSO,CHF), (dbenuncyndonwn)ou-
dnyopmerun (PhSO,CF;") u duc(dbennncyndonun)monoduyopmerun adjoHna ((PhS0O;),CF).
Penocnen HykneogunHoctu 3a PhSO,CYF™ (Y = F, H unu PhSO;) je (PhS0,),CF™ >
> PhSO,CHF- > PhSO,CF,", mwTo ykasyje Ha TO fia je yBoheme momaTHe eleKTpOH-TIPUBIavYHe
(ennncyndoHuIHe Ipyne, HAYUH Jia Ce 3HATHO Iojaya HyKIeo(UIHOCT GIyopoBaHUX Kapd-
aHjoHa. Pe3ynTatu mpopauyHa 4 nnocrojehu exkcriepuMeHTH ce ToOpo Ciaxy.

(ITpumibero 31. aBrycra, pesuaupano 18. centemdpa 2012)
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Abstract: A quantitative structure—activity relationships (QSAR) study using
Multiple Linear Regression (MLR) and Partial Least Squares (PLS) metho-
dologies was performed for a series of 127 derivatives of 1-[(2-hydroxyetho-
xy)methyl]-6-(phenylthio)thymine (HEPT), a potent inhibitor of the of the hu-
man immunodeficiency virus type 1, HIV-1 reverse transcriptase (RT). The
MLR and PLS methods were employed to explore the relationship between the
descriptors (as independent variables) of a pool of HEPT derivative and anti-
HIV-1 activity, expressed as log (1/ECsp) (as dependent variables). Using Dra-
gon descriptors, the present study was aimed at developing a predictive and
robust QSAR model for predicting anti-HIV activity of HEPT derivatives for a
better understanding of the molecular features of these compounds important
for their biological activity. According to the squared correlation coefficients,
which had values between 0.826 and 0.809 for the MLR and PLS methods, the
results demonstrated almost identical qualities and good predictive ability for
both the MLR and PLS models. After dividing the dataset into training and test
sets, the model predictability was tested by several parameters, including the
Golbraikh—Tropsha external criteria and the goodness of fit, tested using the Y-
randomization test.

Keywords. Golbraikh—Tropsha criteria; Dragon descriptors; Y-randomization.

INTRODUCTION

Infection with the human immunodeficiency virus type-1 (HIV-1) causesin-
creasing destruction of immunity, which finally results in the development of the
immunodeficiency syndrome (AIDS). HIV-1 reverse transcriptase (RT) is one of
the enzymes responsible for the replication of HIV-1.1 The majority of com-

* Corresponding author. E-mail: lumi_crisan@acad-icht.tm.edu.ro
doi: 10.2298/JSC120713085I
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pounds used in the treatment of the HIV-1 infections are inhibitors of the reverse
transcriptase. They belong to two main classes: 1) analogues of 2',3'-dideoxynuc-
leoside (ddNs), such as. zidovudine, didanosine, lamivudine and 2) non-nucleo-
side RT inhibitors (NNRTS), such as nevirapine, delavirdine, tivirapine, MKC-
442 and 1-[(2-hydroxyethoxy)methyl]-6-(phenylthio)thymine (HEPT) derivati-
ves.2 The HEPT derivatives are among the most selective non-nucleoside drugs
discovered and were tested on MT-4 cells by Tanaka and coworkers.®6 Due to
their high specificity and low toxicity, these inhibitors are promising candidates
for the treatment of AIDS, having been extensively studied for many years.”

Quantitative structure—activity relationships (QSAR) studies were previousy
performed on HEPT derivatives used as HIV-1 reverse transcriptase inhibitors by
several methods, i.e., Artificial Neural Networks (ANN) and Multiple Linear Re-
gression (MLR) applied to 908 and 103° HEPT derivatives, respectively, Mini-
mum Steric Difference (MTD) to 34 compounds,0 Neural Networks (NN) to
8011 and 1032 compounds, Particle Swarm Optimization (PSO) and Support
Vector Machine (SVM) to 40 compounds,13 Partial Least Squares (PLS) to 107
compounds,14 Genetic Programming (GP) to 80 compounds,1> MLR to 7916 and
7117 HEPT derivatives and Comparative Molecular Field Analysis (CMFA) to
44 derivatives!8. In QSAR, molecular descriptors are correlated with the biolo-
gical activity of different series of compounds, with the purpose of investigating
their binding mechanism. QSAR analysis can indicate which features of a given
molecule enable the design of new and more potent compounds with strength-
ened biological activities.19 The MLR and the PLS approaches are the most used
computational methods in QSAR studies. These techniques can be employed to
better interpret the pharmacological data and to predict new biologically active
compounds,20

An analysis using the MLR and PLS methods applied to a series of 1271214
HEPT derivatives with known biological activity has not yet been published in
the literature. In this study, these approaches were applied to these compounds
and it was found that the anti-HIV-1 activities could be significantly described by
Dragon descriptors.2l The purpose of this paper is to offer a contribution to the
understanding of the influence of the molecular features of these 127 HEPT deri-
vatives on their anti-HIV-1 activity using QSAR procedures.

MATERIAL AND METHODS
Compounds studied
A set of 127 HEPT compounds (having the common skeleton presented in Fig. 1) with
known biological activity (presented in Table S-I, Supplementary material to this paper) was
analyzed in this study. The anti-HIV activity data (Agys), expressed as log (VECsy), where
ECs, represents the concentration that produces a 50 % protection of MT-4 cells against the
cytopathic effect of HIV-1, were taken from the literature. 1214
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Structural calculations

In the first step, the structures of the 127 investigated molecules were pre-optimized
using the (MM+) Molecular Mechanics Force Field included in the HyperChem 7.52 pack-
age.22 In the next step, the minimized structures were refined using the semi-empirical AM1
Hamiltonian also implemented in HyperChem. For geometry optimization, a gradient norm
limit of 0.01 kcal A1 was set. To display the “real” spatial orientation of the substituents of
the HEPT derivatives, al compounds investigated were superposed on the X-ray coordinates
of 1-[(2-hydroxyethoxy)methyl]-6-(phenylthio)thymine  (http://www.rcsb.org/pdb/explore/
lexplore.do?structureld=1RTI). The RMS fit criterion was calculated for the superposition of
three atoms included in the rigid skeleton, namely N3, C6, C1' (Fig. 1, atom numbering as per
the IUPAC convention).

HNE ;
/J‘E\ 1
x T
R
Fig. 1. General structure of the HEPT derivatives.

Molecular descriptors

1217 molecular descriptors (0D, 1D, 2D, 3D) were used to characterize the set of 127
potent inhibitors of the HIV-1 reverse transcriptase. The descriptors calculated using the
DRAGONZ software were analyzed to check and remove constant or near-constant variables.
The remaining descriptors were used to build the X-matrix in the MLR and PLS analysis, as
follows:2! 35 constitutional descriptors, 92 topological descriptors, 42 walk and path counts,
31 connectivity indices, 47 information indices, 92 2D autocorrelations, 63 Burden eigenvalue
descriptors, 18 topological charge indices, 40 eigenvalue-based indices, 41 Randic molecular
profiles, 53 geometrical descriptors, 133 RDF descriptors, 160 3D-MoRSE descriptors, 99
Weighted Holistic Invariant Molecular (WHIM) descriptors, 195 Geometry, Topology and
Atom-Weights Assembly (GETAWAY) descriptors, 22 functional group counts, 35 atom-
centered fragments, 14 charge descriptors, and 5 molecular properties.

Training and test set generation

The clustering technique is intensively applied to split data sets into training and test sets
to perform further QSAR modeling.2* Therefore the calculated Dragon descriptors were nor-
malized and introduced in the R package® for clustering. The HEPT derivatives were divided
into training and test sets by means of the partition against medoids (PAM) algorithm.2® The
diversity criteria used to estimate the dissimilarity of molecules was the Euclidean distance.
Theinitial dataset of 127 HEPT derivatives was split into fifteen clusters following the maxi-
mum silhouette value criteria. The training/test sets were built taking randomly 25 % of each
cluster as the test set, while the remaining 75 % were used as the training set. In the situation
of singletons, the compounds have been designated for the training set, but the equilibration of
the test set was performed by the inclusion of supplementary compounds from larger clusters.
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MLR method

As the number of calculated descriptors of 1217 is too high compared to the number of
compounds (N = 127), an appropriate variable selection method was necessary. The Genetic
Algorithm (GA) is a reliable and extensively used variable selection method.2”28 GA uses a
stochastic algorithm that elucidates the optimization issues illustrated by fitness criteria,
involving the evolution assumption of Darwin and various genetic functions, including cross-
over and mutation. The MobyDigs?® package uses GAs to select the significant descriptors
that influence the variation of biological activity of the compounds studied in this work. In
MobyDigs, the following parameters were used: the RQK fitness function3® with leave-one-
out cross-validation3! correlation coefficient as constrained function to be optimized, a
crossover/mutation trade-off parameter of T = 0.5 and amodel population size of P = 50.

PLS method

The PLS method is a statistical modeling technique that simultaneously works with two
matrices, X (dependent variables, e.g., molecular descriptors) and Y (independent variables,
e.g., biological activity) to model the relationship between them.32 The relationship between
the X and Y matricesis described as a latent variable approach and is preferable for large data
sets.33 The main advantage of this method in comparison to MLR isthat interrelated variables
can be included in the model. This could lead to a stable and highly predictive model.3* Using
the SIMCA-P+ 12.0 package,3® the QSAR matrix (including the X and Y matrices) was anal-
yzed in the first step by Principal Component Analysis (PCA),38 and subsequently by Partial
Least Squares (PLS)%7 approaches. The PLS method is especially useful for larger data sets.
The squared correlation regression coefficient R2, and the squared cross-validated correlation
coefficient, Q2, are the most important statistical parameters that provide a measure of the
quality and validity for the final PLS model, while the Variables Importance in the Projection
(VIP) values and the sign of the coefficients of the variables are more relevant in explaining
the activity mechanism. The significant principal components were selected by 7 cross-vali-
dation groups.

Model validity

The predictability of the model was tested with the Golbraikh-Tropsha3®40 criteria and
the goodness of fit with the Y-randomization test.#! The following Golbraikh-Tropsha con-
ditions should be satisfied to certify the predictive ability of the MLR and PLS models:

i) Q2> 0.5 (squared cross-validation correlation coefficient);

i) R2 > 0.6 (the squared correlation coefficient R between the predicted and observed
activities);

i) (RR— R3)/R?<0.10r (RR— R?)/R?<0.1and 0.85<k<1150r 0.85<k'<1.15
(concerning the coefficients of determination for the predicted vs. the observed activities R?,
and the observed vs. predicted activities R? through the origin and slopes k and k' of the
regression lines through the origin);

iv) |Rg-R?|<03.

The predictive power of QSAR models is frequently judged based on the predictive
parameter R? (R3.4).#? For a predictive QSAR model, the value of R (presented in Eq.
(1)) should be higher than 0.5:2442

D (Yoredtest) — Yetest )2
Z(Y(test) - Vtrai ning )2

|%?red =1- oy
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The Y-randomization test is a widely used technique that displays the robustness of a
QSAR model, being a measure of the model overfit. The dependent variable (biological acti-
vity) is randomly shuffled and a QSAR model is built using the same descriptor matrix. The
obtained MLR and PLS models (after 500 randomizations) must have the minimal R? and Q2
values. 42

RESULTS AND DISSCUSION
MLR analysis

Using the above-mentioned genetic algorithm, the best MLR Equation (2)
was obtained:

A =33915(+5,594) —0.155(+0.011) DEL S — 43.507(+8.332) X OA+
3.724(+0.254)GGl 3+ 5.056(+1.072) GATSIv — 3.075(+0.649) R4u

Niraining = 95. Niest =32 R® =0.826; Qf o = 0.802; Qb = 0.788,

)

Q& =0.618; a(R%) = 0.156; a(Q?) = 0.039; R; = 0.816; SDEC = 0.66;
F =84.4;5=0.682; AIC = 0.528, Kx = 32.21; Kxy = 38.06

where R2 represents the correlation coefficient, QEOO — leave-one-out cross-
validation parameter, Q2 ., — bootstrapping parameter,31 Q3 — external Q231
a(R?) and a(Q?) — Y-scrambling variables3! RZ, — adjusted R?, SDEP — stan-
dard deviation error in the prediction, SDEC — standard deviation error in the cal-
culation,3! F — Fischer test, s — standard error of estimate, AIC — Akaike infor-
mation criterion,31 the multivariate K — correlation indices (Kx — the multivariate
correlation index of the matrix of X descriptors and Kxy — the multivariate corre-
lation index of the matrix of X descriptors and Y response variables).3!

In the present study, the best MLR model had five parameters. A higher or
lower number of molecular descriptors did not have any significant effect on the
accuracy of the model. Additionally, the predictive R2 (Ieave-one-out cross vali-
dation parameter, Q7o) and external Q2 (Q3,) values were calculated and are
presented in Table I. The most important descriptors (Table S-11 in the Supple-

TABLE I. Correlation matrix of the five selected descriptors included in E 2; DELS represents
the molecular electrotopological variation; XO0A represents the average connectivity index of
order 0; GGI3 represents the topological charge index of order 3; GATSLv represents the Geary
autocorrelation of lag 1 weighted by the van der Waals volume; R4u represents the R autocor-
relation of lag 4 / unweighted

DELS X0A GGI3 GATSlv R4u
DELS 1.000
XO0A 0.182 1.000
GGI3 0.056 0.477 1.000
GATS1v —0.099 0.295 0.119 1.000
R4u —0.215 0.261 0.372 0.512 1.000
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mentary material to this paper), selected by a genetic algorithm, which influence
the anti-HIV activity are the topologica DELS descriptor (which describes the
molecular electrotopological variation), the X0A (average connectivity index chi-
0) connectivity index, the GGI3 (topological charge index of order 3 topological
charge index, the GATS1v (Geary autocorrelation of lag 1/weighted by the van
der Waals volume) 2D autocorrelations and the R4u (R autocorrelation of lag
4/unweighted) GETAWAY descriptors.2L

An intercorrelation analysis of the selected molecular descriptors performed
with the Statistica software®3 is presented in Eq. (2) (Table ). The five selected
descriptors are not intercorrel ated.

The statistical results and intercorrelation coefficients presented in Eq. (2)
and Table I, which the MLR method associated with a proper variable selection
procedure, generates an efficient QSAR model for predicting the anti-HIV-1 acti-
vity of the different HEPT derivatives.

PLSanalysis

A PCA model was built with the SIMCA-P+ version 12.035 software for the
whole X matrix (including N = 127 compounds and X = 1217). From the 63 sig-
nificant principal components resulting from this analysis, the first three com-
ponents already explained 58.2 % of the information content of the descriptor
matrix. PLS calculations were also performed by the same program using 95
HEPT derivatives as atraining set and 32 compounds as a test set. The statistical
results of the PLS model: R2y(CUM) = 0.864 and Q2(CUM) = 0.794 obtained for
the four principal components demonstrated the model overfit. This inconve-
nience was overcome by excluding the noise variables from this model (i.e., the
variables with coefficient values insignificantly different from 0). Thus, a robust
model, M17 (N = 95 and X = 63) with one latent variable (Table I1) was obtained.
Thus, the predictive power of the final PLS model was tested in the next step
using the Golbraikh—Tropsha criteria, and the Iﬁ%red tests.

TABLE II. Statistical characteristics of the findl PLS model; RE cyyy and REcyyy are the
cumulative sum of squares of all the X and Y values, respectively, explained by all extracted
principal components; Q% is the fraction of the total variation of the Y values that can be
predicted for all the A extracted principal components in the cross-validation procedure (7
rounds) used to establish the number of significant principal components, A

PLSmodel  Rfcumy  Recuwy  QACUM) N A X
M17 0.471 0.809 0.803 95 1 63

The descriptors summarized by the significant first principal component in
M17 explain 47.1 % of the variation. 31 of the 63 selected variables in M17
(Table I11) had VIP values greater than 1 and were considered to be the most
relevant for the model.
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TABLE Ill. The coefficients in descending order of VIP values for the first principal com-
ponent of the M17 model

No. VariableID  CoefCS[1] VIP[]] Descriptor significance
1 MATS5e? -0.0271 1.303  Moran autocorrelation of lag 5 weighted by
the Sanderson electronegativity
2 Pw4b 0.0262 1.257 Path/walk 4 — Randic shape index
3 GATSEe? 0.0256 1.231 Geary autocorrelation of lag 5 weighted by the
Sanderson el ectronegativity
4 X3Ac¢ -0.0248 1.190 Average connectivity index of order 3
5 Msd —0.0247 1.186 Mean electrotopological state
6 Me* -0.0242 1.162 Mean atomic Sanderson electronegativity
(scaled on the carbon atom)
7 cics® 0.0241 1.157  Complementary Information Content index
(neighborhood symmetry of 39 order)
8 SPAM -0.0238 1.143 average span R
9 SIC3¢ -0.0238 1141 Structural Information Content index
(neighborhood symmetry of 39 order)
10 ATSEp? 0.0237 1.139  Broto—Moreau autocorrelation of lag 5 (log
function) weighted by polarizability
11 BIC4¢ —0.0236 1.131 Bond Information Content index
(neighborhood symmetry of 4t order)
12 CiCc4¢ 0.0235 1.129  Complementary Information Content index
(neighborhood symmetry of 4th order)
13 AlogP9 0.0234 1.123  Ghose—Crippen octanol—water partition coeff.
(log P)
14 MATS7¢e? -0.0233 1.117  Moran autocorrelation of lag 7 weighted by
the Sanderson electronegativity
15 MATS5m? -0.0233 1.117  Moran autocorrelation of lag 5 weighted by
mass
16 GATS5mM? 0.0232 1.115  Geary autocorrelation of lag 5 weighted by
mass
17 MATS6e? 0.0232 1.113  Moran autocorrelation of lag 6 weighted by
the Sanderson electronegativity
18 nHAcch -0.0232 1.113 Number of acceptor atoms for H-bonds
(N.OF)
19 SIC4¢ -0.0231 1.108 Structural Information Content index

(neighborhood symmetry of 4t order)
20 GATS7€? 0.0230 1.105 Geary autocorrelation of lag 7 weighted by the
Sanderson el ectronegativity
21 SEigv! 0.0229 1.101 Eigenvalue sum from the van der Waals
weighted distance matrix
22 R8p 0.0227 1.090 R autocorrelation of lag 8 / weighted by
polarizability
23 BIC5® -0.0227 1.088 Bond Information Content index
(neighborhood symmetry of 5t order)
24 SEigp' 0.0225 1.081 Eigenvdue sum from polarizability weighted
distance matrix
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TABLE Ill. Continued

No. VariableID  CoefCS[1] VIP[]] Descriptor significance
25 ATSHvE 0.0225 1.079  Broto—Moreau autocorrelation of lag 5 (log
function) weighted by the van der Waals
volume
26 SEigd —0.0223 1.072 Eigenvalue sum from electronegativity
weighted by the distance matrix
27 Mor04mk -0.0223 1.071 signal 04 / weighted by mass
28 ATSAvE 0.0221 1.061  Broto—Moreau autocorrelation of lag 4 (log
function) weighted by the van der Waals
volume
29 Mor04pk -0.0220 1.056 signal 04 / weighted by the polarizability
30 nQP° —0.022 1.055 Number of oxygen atoms
31 Hy9 -0.021 1.040 Hydrophilic factor

2D autocorrelations, btopological descriptors; Cconnectivity indices; dconstitl.rtiona'l descriptors; €information
indices; fgeometrical descriptors; 9molecular properties; Pfunctional group counts; 'eigenvalue-based ondices;
IGETAWAY descriptors; k3D-Morse descriptors

Model validation results

The predictive abilities of the best MLR and PLS models were tested (Table
IV) using the Golbraikh—Tropsha criteria and the 2red test (see Model Validity
section). All the calculated parameters indicated that both models showed a good
predictive power.

TABLE IV. Predictive power results for the external test set; Golbraikh and Tropsha criteria
were used

Model M1 (MLR) M17 (PLS)
R2 0.675 0.717
R2 0.655 0.714
R?2 0.635 0.952
k 1.000 0.937
K 0.974 1.000
|R2-R7?| 0.02 0.238
R2-R2 0.029 0.042
R2
R? - R2 0.059 -0.61
R2
R2 e 0.663 0.715

Analyzing the results of the external test set listed in Table IV, it could be
observed that all the Golbraikh—Tropsha criteria were fulfilled.

The dependence between the observed (Agps) vs. predicted (Apred) anti-HIV
activity values is presented in Fig. 2afor the final MLR model and in Fig. 2b for
the final PLS model.
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The Y-randomization procedure was applied to the test set by SIMCA-P+
+12.0 software3® (for the final PLS model) and by the MobyDigs program?® (for
the final MLR model). This gave the following intercept (PLSYMLR) values of
the regression lines obtained by the correlation between the calculated R2, respec-
tively Q2 values of the original Y-variable and the shuffled Y-variable, respecti-
vely: —0.00267/0.159 for the R% line and —0.125/0.039 for the Q$ line. The
slope values close to zero indicate stable models.

95
85 a 2
75 0 A%
' 4 @ab s
5 68 4%
[
g8 55
<
45
3s] &
25
o
1.5 v . . - - -
2.5 35 45 55 6.5 7.5 8.5
Aobs
951
8.5 1
7.5
o 651
Q
5 557
< 451
3.5 1
251
15

25 35 45 55 6.5 7.5 85

(b) Aobs

Fig. 2. Plots of the predicted (Ayeq) Vs. observed (Agpg) anti-HIV activity for the training set
(triangles) and the test set (circles) for the final MLR (@) and PLS (b) model.

CONCLUSIONS

The final models abtained using the MLR and PL S methods had good statis-
tical parameters and excellent predictive capacity.

The most important molecular descriptors included in the final MLR and
PLS models are related to the geometric representation of the molecules, pro-
viding information on the interatomic distances, topological distances, types of
atoms (in case of 2D-autocorrelation descriptors), information derived from the
molecular graph in 2D space, i.e., the connectivity, counting paths, walks, vertex
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degree of the atoms, etc. (expressed by connectivity indices and topological des-
criptors) and 3D information (by the GETAWAY parameters).

SUPPLEMENTARY MATERIAL

The chemical structure of the studied HEPT derivatives, predicted anti-HIV-1 activity
values and the selected molecular descriptors included in the final MLR model, and predicted
activity value obtained by the PLS method, are available electronicaly from http://
/lwww.shd.org.r/JSCS/, or from the corresponding author on request.
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H3BOI

QSAR MOIENOBAILE AHTH-HIV-1 AKTUBHOCTHU JEPHBATA
1-[(2-XUIPOKCHETOKCH)METUII]-6-(PEHUJITUO)TUMHUHA
MMPUMEHOM METOJOJIOTUJA BUIIECTPYKE IMHEAPHE PETPECHUJE
U ITAPOUJAJTHUX HAJMABUX KBAJIPATA

DANIELA IVAN, LUMINITA CRISAN, SIMONA FUNAR-TIMOFEI u MIRCEA MRACEC
Institute of Chemistry of Romanian Academy, Timisoara, Romania

HsBeneno je QSAR MopenoBame MPUMEHOM METONOJIOTHje BULIECTPYKe JIMHeapHe pe-
rpecyje (MLR) u napuujanHux HajMawux kBagparta (PLS) Ha cepuju on 127 nepusata 1-[(2-
-XUJIPOKCUETOKCH)MeTH]-6-(deruntro)tumuna (HEPT), koju cy MOhHHM HHXUOUTOPH peBED-
cae TtpaHckpunTase (RT) Bupyca xymane ummyHopebuuuenuuje tune HIV-1. IJa Oum ce
UCTpaKWia Besa usMmehy peckpuntopa ctpykrype HEPT pmepuBara (ka0 HE3aBUCHMX IIPO-
MeH/pUBHX) U aHTU-HIV-1 akTuBHOCTH, U3pakeHe npeko log(1/£Csy) BpeOJHOCTH, TPUMEEHE
¢y MLR u PLS mertone. Ha ocHOBy kBampara koeduldjeHaTa Kopejaldje, YHje BPeIHOCTH
nexe usmehy 0,826 u 0,809, 3axbyueHo je ma ode metrome (MLR u PLS) umajy cxopo upeH-
THUUHY Moh npepsuhama.

(ITpumbeno 13. jyna 2012)
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TABLE S-I. The chemical structure of the studied HEPT derivatives (Fig. 1 in the native
paper) and the observed (Agys) anti-HIV-1 activity values

No. Rl R2 R3 X Y AObS
1 CH,OCH,CH,OH CHg 2CH; O S 415
2 CH,OCH,CH,OH CHy 2NO, O S 38
3 CH,OCH,CH,OH CHs 20CH; O S 472
4 CH,OCH,CH,OH CHs 3CH, O S 559
5 CH,OCH,CH,OH CHa 3CH,CH; O S 557
62 CH,OCH,CH,OH CHa 3C(CH); O S 492
72 CH,OCH,CH,OH CHa 3CF, O S 435
8 CH,OCH,CH,OH CHy 3F O S 548
o CH,OCH,CH,OH CHs 3¢l O S 489
10 CH,OCH,CH,OH CHs 3Br O S 524
1 CH,OCH,CH,OH CHs 3 O S 500
122 CH,OCH,CH,0H CHs, 3NO, O S 447
13 CH,OCH,CH,OH CHa 30H O S 409
14 CH,OCH,CH,OH CHy 30CH;, O S 466
15 CH,OCH,CH,OH CHs 35(CHy), O S 659
16 CH,OCH,CH,OH CHs 35Cl, O S 589
17 CH,OCH,CH,OH CHa 35CHg), S S 666
18 CH,OCH,CH,OH CHs 3COOCH; O S 510
108 CH,OCH,CH,OH CHa 3COCH;, O S 514
20 CH,OCH,CH,OH CHy 3CN O S 500
21 CH,OCH,CH,OH CH,CH=CH, H O S 560
22 CH,OCH,CH,OH CH,CHs H S S 6%
23 CH,OCH,CH,OH CH,CH,CHs H S S 500

* Corresponding author. E-mail: lumi_crisan@acad-icht.tm.edu.ro
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TABLE S-. Continued

No. Rl R2 R3 X Y AObS
248 CH,OCH,CH,OH CH(CHa), H S s 723
25 CH,OCH,CH,OH CH,CH; 35(CHs), S S 811
2% CH,OCH,CH,OH CH(CHy), 35(CH), S S 830
27 CH,OCH,CH,OH CH,CHs 35Cl, S S 737
28 CH,OCH,CH,OH CH,CH, H 0O S 6®
29 CH,OCH,CH,OH CH,CH,CHs H O S 547
30 CH,OCH,CH,OH CH(CH,), H O S 720
31 CH,OCH,CH,OH CH,CH; 35(CHy), O S 789
2 CH,OCH,CH,OH CH(CHy), 35(CHy), O S 857
33 CH,OCH,CH,OH CH,CHs 35Cl, O S 785
34 CH,OCH,CH,OH CHs 4CH;, O S 1366
35 CH,OCH,CH,OH CHa H O S 515
36 CH,OCH,CH,OH CH, H S S 60l
37 CH,OCH,CH,OH | H O S 54
38 CH,OCH,CH,OH CH=CH, H O S 569
39 CH,OCH,CH,OH CH=CHCqHs H O S 52
40 CH,OCH,CH,OH CH,CeHs H O S 437
412 CH,OCH,CH,OH CH=C(CgHy), H O s 607
422 CH,OCH,CH,OCHs CHsq H O S 506
43 CH,OCH,CH,OCOOCH; CH, H O S 517
44 CH,OCH,CH,0COC4Hs CHy H O s 512
45 CH,OCH,CHs CHs H O S 648
463 CH,OCH,CH,Cl CHs H O S 58
47 CH,OCH,CH,N5 CHs H O s b5
48 CH,OCH,CH,F CHa H O S 59
49 CH,OCH,CH,CHs CHs H O S 548
50 CH,OCH,CgHs CHs H O S 706
51 CH,OCH,CH CH,CH H o s 17
52 CH,OCH,CHs CH,CH, H s s 758
53 CH,OCH,CHs CH,CH; 35(CHsg, O S 824
54 CH,OCH,CHs CH,CH; 35(CHi), S S 830
55 CH,OCH,CeHs CH,CHs H O s 823
56 CH,OCH,CgHs CH,CH; 35(CHs), O S 855
57 CH,OCH,CqHe CH,CH H S s 809
58 CH,OCH,CeHs CH,CH, 35(CHs), S S 814
508 CH,OCH,CHs CH(CH,), H O s 79
60 CH,OCH,CeHs CH(CH2), H O s 85l
61 CH,OCH,CH, CH(CH2), H S s 789
622 CH,OCH,CeHs CH(CH2), H S S 814
63 CH,OCHs CHs H O S 568
64 CH,OCH,CH,CH,CHs CHs H O S 533
65 CH,CH CHs H O S 566
66 CH,CH,CH,CHs CHa H 0O S 5%
67 CH,OCH,CHs CH,CHs 35Cl, S S 789
68 CH,OCH(CHs), CH,CHs H S S 666
692 CHzo-C' CGH 11 CH 2CH3 H S S 5.79
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TABLE S-. Continued

No. Rl R2 R3 X Y AObS
70 CH,OCH-¢c-CgH1; CH,CH,4 H S S 645
71 CH,0OCH,CgH4(4-CH5) CH,CH,4 H s s 711
722 CH,0OCH,CgH,(4-Cl) CH,CH,4 H S S 792
73 CH,OCH,CH,CgHs CH,CH,4 H S S 704
742 CH,OCH,CH4 CH,CH,4 35Cl, O S 813
75 CH,OCH(CHa), CH,CH;3 H O S 647
76 CH,0-c-CgHy; CH,CH,4 H O S 540
77 CHzoCHz-C-CGH 11 CH2CH3 H O S 6.35
78 CH,OCH,CH,CgHs CH,CH,4 H O s 702
792 CH,OCH,CH4 c-C3Hs H s s 702
80 CH,OCH,CH4 c-C3Hs H O S 700
81 CH,0CH,CH,0-n-C5H1; CHs H O S 446
822 CH,OCH,CH,OH CH, 2-Cl O S 389
83 CH,OCH,CH,OH CH,4 3CH,OH O S 353
84 CH,OCH,CH,OH CH,4 4-F O S 360
85 CH,0OCH,CH,0OH CH, 4-Cl O S 360
86 CH,0OCH,CH,OH CH, 4-NO, O s 372
87 CH,0OCH,CH,OH CHs 4-CN O S 360
88 CH,OCH,CH,OH CH, 4-OH O S 356
892 CH,OCH,CH,OH CH, 40CH; O S 360
90 CH,0OCH,CH,OH CH,4 4COCH; O S 396
91 CH,0OCH,CH,0OH CH, 4COOH O S 345
92 CH,0OCH,CH,OH CH, 3CONH, O S 351
93 CH,0OCH,CH,OH COOCH;, H O S 518
94 CH,0CH,CH,0H CONHCgH5 H O S 474
952 CH,OCH,CH,OH SCeHs H O S 468
96? CH,0OCH,CH,0OH CCH H O S 474
97 CH,0OCH,CH,OH CCCgHs H O S 547
98 CH,0OCH,CH,OH CH, 3-NH, O S 360
992 CH,0OCH,CH,OH COCH(CHa), H O S 49
1002 CH,0OCH,CH,OH COCgHs H O S 489
101 CH,OCH,CH,OH CCCHjs H O S 47
102 CH,OCH,CH,OH F H O S 400
1032 CH,0OCH,CH,OH Cl H O S 452
1042 CH,0OCH,CH,OH Br H O S 470
105? CH,OCH,CH,0CH,CgH5 CH, H O S 470
106? H CHs H O S 360
107 CH, CH, H O S 38
108 CH,OCH,CH,OH CH,CH,4 H O CH, 645
1092 CH,0OCH,CH,OH CH,CH,4 CH,4 O CH, 788
110 CH,OCH,CH4 CH,CH,4 H O CH, 738
1112 CH,OCH,CH4 CH,CH, CH, O CH, 879
1122 CH,0CH,CH,0OH CH(CHy), H O CH, 720
113 CH,OCH,CH,OH CH(CHy), CH, O CH, 856
114 CH,OCH,CHj3 CH(CHy), H O CH, 737
115 CH,OCH,CHj CH(CH3), CH3 O CH, 922
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TABLE S-. Continued

No. Rl R2 R3 X Y AObS
116 CH,CH,CH,CH3 CH,CH, H O CH, 667
117 CH,CH,CH,CH3 CH(CHy), H O CH, 737
118 CH,CH,0CH3 CH,CH; H O CH, 6.60
119 CH,CH,OCH4 CH(CHs), H O CH, 728
120 CH,OCH,OCH34 CH; H O CH, 463
121 CH,SCH4 CH,CH4 H O CH, 868
1222 CH,SCH,CH4 CH,CH, H O CH, 739
123 CH,SCH4 CH,CH, CHs; O CH, 730
124 CH,SCH,CH3 CH,CH; CHs3 O CH, 839
125 CH,SCH, CH(CHs), H O CH, 7.69
126 CH,SCH,CH4 CH(CHs), H O CH, 822
127 CH,OCH,CH,OH CH; H (@] 0] 5.05
qumpounds used as the test set

TABLE S11. The predicted (ApegMLR) anti-HIV-1 activity values and the selected molecular
descriptorsincluded in the final MLR model, and predicted activity value obtained by the PLS
method (ApregPLS)

No. AyredMLR? DELS X0A GGI3 GATSlv Rdu ApredPLS?
1 5.23 28.795 0.732 1.688 1.688 1.688 4.59
2 3.71 45114 0737 2.063 2.063 2.063 3.72
3 5.3 32565 0.731 1.688 1.688 1.688 4.65
4 5.6 28.608 0.732 1.813 1.813 1.813 5.16
5 5.88 20301 0.731 1.813 1.813 1.813 5.23
6P 5.09 30.645 0.745 2.188 2.188 2.188 5.89
7b 2.05 57.318 0.745 2.188 2.188 2.188 3.25
8 4.25 38722 0732 1.813 1.813 1.813 4.30
gb 498 32197 0732 1813 1.813 1.813 472
10 497 20913 0732 1.813 1.813 1.813 4.94
11 475 28.856 0.732 1.813 1.813 1.813 5.08
12° 3.36 43993 0737 1.938 1.938 1.938 3.48
13 4.48 35366 0.732 1.813 1.813 1.813 427
14 5.69 32199 0.731 1.813 1.813 1.813 4.45
15 6.84 20.204 0.738 2.25 2.25 2.25 6.36
16 5.42 36.155 0.738 2.25 2.25 2.25 5.24
17° 7.37 23.668 0.738 2.25 2.25 2.25 6.82
18 4.4 40,726 0.736 1.938 1.938 1.938 4.29
19° 4.62 3793 0.737 1.938 1.938 1.938 437
20 461 34556 0.731 1.813 1.813 1.813 451
21 5.47 30928 0.724 1.625 1.625 1.625 5.49
22 6.31 23231 0725 1.625 1.625 1.625 6.14
23 6.42 23897 0.724 1.625 1.625 1.625 6.27
24b 7 23.945 0.731 2 2 2 6.97
25 8.14 24613 0.737 2375 2.375 2.375 7.46
26 8.75 25361 0742 275 2.75 2.75 8.28
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TABLE S-I. Continued

No. AyeMLRE  DELS X0A GGI3 GATSlv  R4u APl S
27 6.85 31142 0737 2375 2375 2375 6.65
28 5.71 20198 0725 1625 1625 1625 5.73
29 5.63 20835 0724 1625 1625 1625 5.84
30 6.51 20986 0731 2 2 2 6.67
31 7.46 30179 0737 2375 2375 2375 7.22
32 8.25 31002 0742 275 2.75 2.75 7.97
33P 6.23 37.167 0737 2375 2375 2375 6.32
34 453 28629 0732 1563 1563  1.563 4.69
35 4.98 28322 0726 15 15 15 4.74
36 5.54 22389 0726 15 15 15 5.21
37b 414 28291 0726 15 15 15 5.40
38 5.63 30149 0725 1625 1625 1625 5.32
39 5.81 31438 0706 1563 1563  1.563 5.72
40 5.41 31526 0706 1563 1563  1.563 5.83
410 7.07 3387 0699 2 2 2 7.54
420 5.46 26413 0725 15 15 15 5.28
43 4,62 35504 0729 1625 1625  1.625 4.68
a4 5.9 37708 0712 1938 1938  1.938 5.23
45 5.9 22957 0727 15 15 15 5.80
46 5.34 26066 0726 15 15 15 5.61
47 5.16 28585 0724 15 15 15 5.04
48 4.86 3071 0726 15 15 15 4.89
49 5.82 23545 0726 15 15 15 5.56
50 6.13 24845 0706 1563 1563  1.563 6.13
51 6.87 2374 0726 1625 1625 1625 6.62
52 75 17916 0726 1625 1625 1625 6.96
53 8.46 24877 0738 2375 2375 2375 8.08
54 9.18 19.399 0738 2375 2375 2375 8.35
55 6.57 25628 0706 1.688  1.688  1.688 6.98
56 7.84 25912 0718 2313 2313 2313 7.37
57 7.2 19529 0706 1688  1.688  1.688 7.47
58 9.09 21051 0718 2438 2438 2438 8.46
59P 757 24445 0732 2 2 2 7.63
60 7.27 26.333 0712 2063 2063 2063 7.73
61 8.16 18594 0732 2 2 2 7.95
62p 8.09 20232 0712 2063 2063  2.063 8.26
63 5.67 22002 0728 15 15 15 5.38
64 5.54 24118 0725 15 15 15 5.55
65 6 1873 0729 15 15 15 6.18
66 6.16 1975 0727 15 15 15 6.23
67 8.14 25745 0738 2375 2375 2375 7.38
68 6.71 18578 0732 1625 1625 1625 7.70
69P 6.61 2026 0706 1563 1563  1.563 7.83
70 7.35 20081 0706 1.688 1688  1.688 7.73
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TABLE S-I. Continued

No. AyeMLRE  DELS X0A GGI3 GATSlv  R4u APl S
71 6.8 2026 0712 175 175 175 7.45
72 6.54 23036 0712 175 175 175 7.15
73 7.2 2004 0706 1.688 1688  1.688 7.44
74P 7.28 31681 0738 2375 2375 2375 7.09
75 5.9 24499 0732 1625 1625 1625 7.38
76 6.02 26237 0706 1563 1563  1.563 7.38
77 6.55 26066 0706 1.688  1.688  1.688 7.22
78 6.48 25919 0706 1688 1688  1.683 6.97
79 7.78 18887 0706 1556 1556  1.556 7.30
80 7.38 24606 0706 1556 1556  1.556 7.02
81 5.16 28833 0722 15 15 15 5.76
g2p 4.44 32593 0732 1688 1688  1.688 4.26
83 4.65 35144 0731 1813 1813  1.813 4.33
84 3.45 38107 0732 1563 1563  1.563 413
85 41 31953 0732 1563 1563  1.563 4.45
86 2.81 43235 0737 1813 1813 1813 3.39
87 3.64 34215 0731 1563 1563  1.563 4.28
83 3.54 34942 0732 1563 1563  1.563 3.87
8op 458 31967 0731 1563 1563  1.563 4.09
9 4,05 37465 0737 1813 1813 1813 4.24
91 2.97 42161 0737 1813 1813 1813 354
92 4,04 39868 0737 1938 1938  1.938 3.94
93 5.49 41535 073 2 2 2 4.88
% 5.95 43411 0712 2188 2188  2.188 5.33
95P 5.64 31439 0706 1563 1563  1.563 5.98
96P 5.09 31372 0725 1625 1625 1625 5.05
97 5.73 32936 0706 1563 1563  1.563 5.61
98 4.89 32011 0732 1813 1813  1.813 447
9oP 4,62 41287 0736 2 2 2 5.01
100P 5.63 43404 0712 2188 2188  2.188 5.81
101 6.03 30251 0724 1625 1625 1625 5.31
102 3.62 38773 0726 15 15 15 4.02
103° 4.39 31557 0726 15 15 15 443
104b 443 20031 0726 15 15 15 4.89
105P 5.87 28993 0706 1563 1563  1.563 5.69
106P 5.32 17216 0721 1188 1188  1.188 4.69
107 5.43 18036 073 1375 1375 1375 5.06
108 5.66 20288 0725 1625 1625 1625 5.97
109P 757 30498 0737 2375 2375 2375 7.33
110 6.89 2382 0726 1625 1625 1625 6.80
111° 8.37 25185 0738 2375 2375 2375 8.21
112b 6.47 30077 0731 2 2 2 6.86
113 8.18 31321 0742 275 2.75 2.75 8.19
114 7.48 24525 0732 2 2 2 7.75
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TABLE S-I. Continued

No. AyeMLRE  DELS X0A GGI3 GATSlv  R4u APl S
115 9.12 25924 0744 275 2.75 2.75 9.03
116 6.93 20619 0726 1625 1625 1625 7.16
117 7.38 21277 0732 2 2 2 7.81
118 6.41 23286 0726 1625 1625 1625 6.55
119 7.19 23974 0732 2 2 2 7.28
120 5.47 25661 0726 15 15 15 557
121 6.3 19.966 0727 1625 1625  1.625 6.95
1226 6.85 20477 0726 1625 1625 1625 7.19
123 8.08 214 074 2375 2375 2375 8.38
124 8.51 21955 0738 2375 2375 2375 8.61
125 7.11 20619 0734 2 2 2 7.84
126 7.61 21135 0732 2 2 2 8.14
127 5.14 32136 0726 15 15 15 455

3Predicted activity values obtained by the MLR (ApregMLR) and PLS (ApredPLS) approaches; DELSrepresents
the molecular electrotopological variation; XO0A represents the average connectivity index of order 0; GGI3
represents the topological charge index of order 3; GATSLv represents the Geary autocorrelation of lag 1
weighted by the van der Waals volume; R4u represents the R autocorrelation of lag 4 / unweighted; beom-
pounds used as the test set
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Abstract: In this work, poly (3-methylthiophene) (P3MT) and poly (3-octyl-
thiophene) (P30T) films were electrochemically synthesized in non-aqueous
media through the oxidation of the monomers, (3-methylthiophene and 3-octyl-
thiophene) using a standard three-electrode cell in acetonitrile with 0.100 mol
L1 LiClO4. The polymeric thin films were deposited on platinum plates for
optimal quality control of the process. It was observed that the materia as-
prepared by anodic electropolymerization undergoes a natural process of de-
protonation as a function of time. Moreover, the partial de-doped form obtained
in NH4OH solution presents a good chemically stable form but becomes un-
stable again when radiated with blue light. Films obtained by these methods
were characterized by cyclic voltammetry, Raman and photoluminescence
spectroscopy. Both Raman and photoluminescence (PL) spectra led to the
characterization of two structures (pristine and non-pristine forms of the thio-
phene rings), which formed the P3MT and P30T polymer chains. These results
were associated with the stabilization of pristine chains and mixed chains (non-
pristine structures), radical cation and dication forms, in the polymeric film.
Their bands in the Raman and PL spectra were broad and asymmetric and their
adjustments by Gaussian functions indicated that there were three distinct
contributions to the vibration and two to the emission spectra in the formed
polymeric material.

Keywords: conducting polymers; Raman; photoluminescence; poly(alkylthio-
phenes).
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508 RODRIGUES MAIA et al.

INTRODUCTION

Interest in poly(3-methylthiophene) (P3MT) and poly(3-octylthiophene)
(P30T), among the poly(3-alkylthiophene)s (P3ATS), is due mainly to the
environmental stability of these materials that usually produces interfaces with
metallic electrodes used in electronics. 15 In addition, the structural changes that
accompany the electrochemical switching reaction, i.e., the reversible cycling
between the oxidized conducting state and the neutral insulating state, suggest the
applicability of electro-active polymers in passive display devices.6.” However,
Koizumi et al.8 showed that a natural de-doping of poly(3-octylthiophene) occurs
intime. Thisis caused by the instability of the material due to the presence of the
akyl side chains and other factors, such as the nature of the doping, the length of
the alkyl side chain, temperature, humidity and the atmospheric conditions. This
chemical stability was recently studied by submitting these materials to a de-
doping process after their electrochemical synthesis.9.10

Since compounds such as P3ATs have a non-degenerate ground state, they
carry the possibility of self-localized excitations, such as polarons (radical cat-
ions) and bipolarons (dications).11 The two possible situations for counter ion-
polymer interactions with the studied P3ATs, on simulating the doping of the
polymeric chains of P3MT and P30T, are shown in Fig. 1. The association of the

Fig. 1. Probable structures of P3MT and P30T in theradical cation form (&), dication form
(b), both doped with CIO4™ (non-pristine forms) and pristine form (c). R represents
the alkyl side chain.
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counter ion (ClO47) with the carbon atom in position 2 or 5 of the thiophene ring,
which occurs due to coulombic interaction, forms a radical cation in the poly-
meric chain (Fig. 18). However, the action of an electrochemical potential enables
the formation of structures in the dication form (Fig. 1b). Through doping, the
polymeric chain can present two different structures, the pristine and non-pristine
forms. The formation of the non-pristine structure will only occur when a doping
ion is associated with the polymeric chain. Polymeric chains like this are called
mixed chains. In this context, the de-doping consists of removal of anions from
the formed polymer; when that transpires, the polymer is called pristine and only
pristine thiophene rings are present, Fig. 1c.12

In this paper, studies on the formation of PSMT and P30T thin films on a
platinum surface and the typical voltammograms of these systems are reported.
Different experimental conditions were considered during the preparation of the
samples, such as the electrochemical profile of the polymers, which were charac-
terized by ex situ Raman and photoluminescence spectroscopy to verify the pris-
tine and non-pristine forms present in the material. An increase in PL intensity
was verified in irradiated partially de-doped P30T to obtain the PL spectrum,
indicating the instability of the sample.

EXPERIMENTAL
Chemicals

The 3-methylthiophene (CsH;S) and the 3-octylthiophene (C1,H5S) monomers were
purchased from Acros-Organics — 99.0 %; lithium perchlorate (LiClO,4) from Acros-Organics
—99.0 % was used as the supporting electrolyte. All these reagents were used without further
purification. Acetonitrile (CH3CN) of 99.5% purity was obtained from J. T. Baker and used as
supplied.

Electrochemical polymerization and samples

A standard three-electrode cell was used for cyclic voltammetry. A platinum plate (25 x
30 x 0.5 mm) acted as the working electrode and a platinum plate (10 x 10 x 0.5 mm) was
used as the auxiliary electrode. The area of the working electrode covered with the film was
maintained constant at 3.0 cm2. All potentials were determined with reference to Ag/AgCl
into a Luggin-Haber capillary, using a 0.100 mol L1 solution of LiCIO, in acetonitrile as the
supporting electrolyte. The current versus time curve and cyclic voltammograms were obtained
with aMQPG-01: Microquimica potentiostat—gal vanostat controlled by a personal computer.

The polymerizations of 3-methylthiophene (0.035 mol L") and 3-octylthiophene (0.040
mol L) were realized at a fixed potential. The polymer synthesized on the electrode surface
was obtained by taking the working electrode out of the cell and keeping it for some days
under ambient conditions (referred to as “as-prepared”). The film was oxidized at 1.70 V for 1
min, using 0.100 mol L1 LiClO, in acetonitrile as the supporting electrolyte (referred to as
“oxidized"). The films labeled “partially de-doped” were obtained by submitting them to a
concentrated basic solution (ammonium hydroxide).
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510 RODRIGUES MAIA et al.

Soectroscopic characterization

The Raman spectra were obtained from thin film samples using a portable Raman
spectrometer DeltaNu with 785 nm laser line and a spectral resolution of 8 cmrl. DeltaNu
software was employed to remove background fluorescence using the baseline features.

Photoluminescence (PL) analysis

The PL spectra were recorded using a 0.5 m monochromator, a GaAs photomultiplier
tube and a conventional lock-in technique for signal processing. The PL spectra were aso
recorded using a USB4000 Ocean Optics minispectrometer. The excitation source was a diode
laser emitting at 405 nm, with a power density of 0.2 W cm2.

RESULTS AND DISCUSSION

The current versus oxidation time curves of 3-methylthiophene and 3-octyl-
thiophene on a platinum electrode in a 0.100 mol L~ solution of LiClO4 in ace-
tonitrile are shown in Fig. 2A. The electrochemical syntheses of the respective
monomers were accomplished with current densities of 1.03 and 1.11 mA cm2,
as employed by Louarn et al.13 It was observed that during the 3.5 min appli-
cation of the fixed potential, an abrupt current increase occurred in both systems.

4,0x10° 1
3.5x10° 1
3.0x10° 1
2.5x10°

2.0x10°

Current, A

1.5x10°

1.0x10°
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0.0 T T T T T T T T T T 1

Time, min (A) Fig. 2. A) Current versus time

curves of the oxidation of the
1.6x107 1
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. - 0.035 mol L1 and b) 3-octyl-
=X thiophene, 0.040 mol L%, on a
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5 respectively; B) cyclic voltam-
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Subsequently, the two systems had individual behavior, due to the different con-
centrations and potentials applied. Thin films of better morphologica quality
were obtained at 10.0 min. These behaviors could be explained by the formation
of thin films through nucleation and growth mechanisms during the anodic elec-
tropolymerization, under charge transfer control.14

For the films formed under other synthesis conditions, i.e., under potentials
or concentrations below or above those mentioned above, for each different sys-
tem, they presented low homogeneity and, most of the time, formed a “packed
grain” morphology with an substantial amount of empty space on the electrode. It
was observed that under these syntheses conditions, the initial abrupt increase in
the oxidation current did not occur, as shown previously.

The cyclic voltammograms of the polymer thin filmsin a 0.100 mol L1 so-
lution of LiClOg4 in acetonitrile are shown in Fig. 2B. Peaks at —0.60 and —1.28 VV
were observed for this electrolytic solution, relative to the oxidation and reduc-
tion of the electrolyte, respectively, on a platinum electrode. For surfaces formed
by thin films prepared in LiClQOg4, these peaks were shifted to —-0.98 and —1.43 V,
corresponding to the electrochemical dynamics of the supporting electrolyte in
the polymer matrix.1>

The thin films obtained soon after the electrochemical synthesis under condi-
tions of anodic potentials were not immediately electro-active. Cyclic voltammo-
grams were only obtained after a period of up to three days, demonstrating that,
under ambient conditions, spontaneous processes modifying the chemical struc-
ture of the material occur with time. The as-prepared films showed oxidation
peaks at 0.91 and 1.45 V and of reduction at 0.35 and 0.46 V for the PAMT and
P30T, respectively. However, the bands were well formed, not just shouldersin
this potential area, due to an initial sweeping of the potential to —2.00 V, and sub-
sequent acquisition of the voltammograms. This effect could be understood
taking into consideration the function of the electrolyte as a dopant, which, after
sweeping to negative potentials, reorganizes the chemical structure of the thin
film on platinum electrode and the doping, stimulated by the applied potential,
probably leads to the formation of structured polymer layers.16

The two polymers used are members of the P3AT homologous series, and
they differ only by their lateral chain. It could be observed that the displacements
in the potentials showed a characteristic electrochemical behavior, under condi-
tions of this study. Bazzaoui et al.17 electrochemically synthesized the same
P3ATsas thin films on agold electrode in 20.100 mol L1 solution of N(Bu)4ClO4
in acetonitrile. For this study, oxidation/reduction peaks were observed at appro-
ximately 0.70 and 0.55V (P3MT) and at 1.00 and 0.70 V (P30OT).

Attempts were made to prepare some extremely thin films under the con-
ditions shown in Fig. 2A, but at shorter times (3 and 5 min) for PSMT and P30T,
respectively. These films showed different behaviors three days after synthesis,
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512 RODRIGUES MAIA et al.

the oxidation and reduction peaks were not obtained as shown in Fig. 2B. The
oxidation/reduction peaks were observed at 0.35 and -0.45V (P3MT) and at 0.37
and —-0.53 V (P30T). Probably, under these conditions, oligomeric structures
were formed on the surface of the platinum electrode.

The ex situ Raman spectra for PSMT and P30T, as-prepared and oxidized,
are shown in Fig. 3. Bands assigned to the normal vibrations modes of the
thiophene ring were observed.13 Some small frequency displacements in relation
to the bands observed in the study of Louarn were also observed, due to diffe-
rences in the synthesis conditions, the thin thickness of the films and the exci-
tation radiation used for spectra registration. The bands in the PBAMT Raman
spectra were of larger intensity than those in the P3OT spectra. In the latter spec-
tra, some bands were associated with the presence of the electrolyte creating
material doping.

The Raman spectra for the as-prepared samples were compared to the oxi-
dized samples with bands at 1409 and 1423 cm 1, related to PBMT and P30T,
and shifted to 1421 and 1428 cml, respectively. In the PBMT spectrum, the
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intensity of the frequency for bands at 1191 and 1222 cm! increased after the
polymer oxidation, while in the P30T, there was a broadening of the band cen-
tered at 1210 cnmL. The bands associated with these compositions restrict the
discussion of the spectra to these two areas of interest, in other words, at 1140—
—1250 cmr1 and 1378-1480 cm1, due to changes observed in the widths of the
bands obtained under different preparation conditions. These bands are due to
(C=C) inter-ring stretching and (C=C) aromatic symmetric ring stretching, res-
pectively.13

Hernandez et al.18 and Lopez-Elvira et al.19 obtained spectra for PBMT and
P30T in the pristine form and more intense Raman bands at 1450 and 1443 cmr1,
respectively. However, at 1190-1205 cm1 (P3MT) and 1188 cm1 (P30T),
these bands presented a certain broadening. Lopez-Elvira et al.19 observed that
the (C=C) aromatic symmetric and antisymmetric ring stretching of samples
degraded with UV radiation showed band broadening and a 60 cm1 shift to
higher frequencies. It was considered that the broadening observed in the spectra
in Fig. 3 was due to structural changes in the thiophene ring during the electro-
polymerization process. In other words, Raman lines originating from both aro-
matic and quinoid structured rings could be detected.l’ It was observed that
electrochemically synthesized polydiphenylamine showed a band shift at 1609 to
1618 cm1, due to the polymeric de-doping.20 This was the consequence of the
presence of different mixed segments that formed in the polydiphenylamine in
the reduced state, mainly aromatic and quinoid structures.

The deconvoluted Raman spectra in the range from 1378 to 1480 cm1 for
the as-prepared, oxidized and partially de-doped samples are presented in Fig. 4.
The spectra showed three features on deconvolution, probably from the assigned
symmetric stretch of aromatic, semi-quinoid and quinoid structures. The presence
of semi-quinoid species was considered based on the results obtained previously
by EPR spectroscopy.2:10 For P30T prepared using a LiClO4 containing support-
ing electrolyte, referred to as doped (oxidized) and partially de-doped samples, a
free radical was detected, demonstrating that the polymer was not totally de-doped.

For the as-prepared P3MT, bands were observed at 1403, 1423 and 1457
cm1; the oxidized polymer bands were observed at 1405, 1429 and 1463 cnmr1;
and for partially de-doped polymer at 1405, 1431 and 1460 cmL, with relative
frequency intensities that varied with the preparation of the materials. For the as-
prepared P30T, bands were observed at 1413, 1428 and 1447 cmi; for the
oxidized polymer, bands were observed at 1417, 1432 and 1451 cm; and for
partially de-doped polymer at 1414, 1429 and 1453 cnmL. The Raman spectrum
of the partially de-doped P30T had a drastic intensity loss, probably due to the
fluorescence effect, which will be discussed later. This spectrum variation made
amore precise analysis of the intensity variations impossible.
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Fig. 4. Deconvoluted Raman spectra from 1378-1480 cmr! of A) P3MT and B) P30T;
a) as-prepared, b) oxidized and c) partially de-doped.

The bands obtained from the deconvoluted Raman spectra (Fig. 4), at 1403—
—1405 cm! and 1413-1419 cm1, were attributed to the aromatic species of
P3MT and P30T, respectively, based on the characteristic frequency of the pris-
tine form.1819 The results indicated that there were changes in the aromatic
character of thiophene rings to quinone upon electrochemical oxidation, and that
the remaining aromatic rings in the polymer chains were slightly disturbed. After
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deprotonation of the samples, there was an intensity increase in these bands but,
even so, the predominant form was the quinone structure that had the highest
intensity in the spectra. The bands obtained in the deconvoluted Raman spectra at
1423-1431 cm! and 1428-1435 cm1 were attributed to quinoid species. This
assignment was based on the results of Therezio et al.10, who demonstrated that
the polymer chain could exist in quinone and semi-quinone forms that are stabi-
lized by the presence the electrolyte as a dopant. After removal of the electrolyte
in the de-doping process, the quinone form is favored, and radical species desta-
bilize in the chain. The frequencies at 1457-1463 cm! and 1447-1453 cmrl
were considered characteristics of semi-quinoid segments of representative poly-
alkylthiophenes, considering that these species can usually appear at higher fre-
quencies. 21

The frequencies obtained in the deconvoluted Raman spectra from 1189-1195
cm1 and 1191-1196 cm! are shown in Fig. 5, which are attributed to the aro-
matic species of the P3MT and P30T, respectively, based on the characteristic
frequency of the pristine form.1819 Hernandez et al.18 aso associated a band at
1205 cmr! to the aromatic form. However, an increase in the intensity of the
bands in the range of 1211-1228 cm1 (P3MT) and 1204-1227 cm1 (P30OT)
was observed. Casado et al.22 observed spectral differences between the pristine
and oxidized molecules for oligothiophenes related to the intensity of the bands
at 1217-1226 cm1, which were related to the radical cation and dication forms.
These authors considered that the assignment of these bands was not straight-
forward, but it could be expected that the modes have a collective character and
are assignable to mixtures of (C—C) inter-ring and (C=C) aromatic symmetric
ring vibrations, with the probable involvement of stretching vibrations of the
alkyl side chain.

The spectra frequencies for PSMT and P30T were different from each other,
as can be seen in Fig. 5. Considering the assignment of the frequencies to (C=C)
of symmetric aromatic ring and their possible collective character, the frequen-
cies at 1211-1228 cmr1 and 1204-1227 cm1, respectively, could probably be
characterigtic of the dication form. In the same way, the bands at 1222-1228 cnr1
and 1221-1227 cm1 are characteristic of the radical cation.

The PL spectra of PSMT and P30T for the as-prepared, oxidized and par-
tially de-doped samples are shown in Fig. 6. It was observed that the PL intensity
of the as-prepared and oxidized samples for both films presented the same be-
havior. In other words, the as-prepared samples exhibited a greater intensity than
the oxidized samples, indicating that the species present in the oxidized samples
could be causing the loss of luminescence quenching by diminishing the exciton
recombination process. Compared to these samples, the PL spectra of the parti-
aly de-doped P3BMT and P30T thin films exhibited significantly higher inten-
Sities.

Available online at www.shd.org.rs/JSCS/

Copyright (C)2013 SCS

@080

EW MG RMD



516 RODRIGUES MAIA et al.

1600+ 1000
800
3 1200
=
= 600
z
123
£ 800 400
200-
4001 onrits BRRRELL : : : :
1185 1200 1215 1230 1185 1200 1215 1230
200
150
5 3000
-
g 100
z
£ 2000
=
= 50_
1000-- - - S :
1180 1200 1220 1240
300
1750
5 1400 2004
-
‘Z 1050
g 1001
=
700
LI ‘ 0-Lees ‘ - y ‘
1180 120 122 1240 1200 1215 1230
Raman shift, cm™ Raman shift, em’”
(A) (B)

Fig. 5. Deconvoluted Raman spectra from 1140-1250 cmt of A) P3MT and B) P30T;
a) as-prepared, b) oxidized and c) partially de-doped.

As verified by Yoshino et al.23 and Ohmori et al.24, the intensity of the
luminescence emission band in P3ATs increases considerably with the nature of
the alkyl chain of these materials, being related directly to the increase in the
number of carbon atoms. This intensity increase was explained by confinement
of the carriers caused by the alkyl chain length,2325 which favors carrier recom-
bination in the chain and, consequently, the emission intensity increases.
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The deconvoluted PL spectra for the partially de-doped samples are pre-
sented in Fig. 7, from which it can be seen that the fitting of data show two main
contributions to the formation of the spectra of the partially de-doped PAMT and
P3OT. Deconvoluted PL spectral peaks were observed at 603 and 656 nm for
P3MT and 557 and 626 nm for P30OT. Singh et al.26 showed the spectrum of
pristine P30T, i.e, the spectrum of P30T constituted of pristine chains, pre-
sented a band centered at 640 nm, while Wang et al.2? presented a PL spectrum
in which, despite having the main band at 642 nm, a small band appeared at 575
nm. Its origin was not explained. The spectra of partially de-doped samples from
dos Reis et al.9 and Therezio et al.10 show emission bands centered very close to
599 and 678 nm for PSMT, and 575 and 640 nm for P30T, similar to the bands
discussed in this work. The bands at 599 for P3MT and 575 nm for P30T were
attributed to the formation of mixed chains, composed of pristine and non-pris-
tine structures, in the chains of the polymeric film synthesized by the electro-
chemical technique.
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The changes in PL spectra as a function of laser irradiation time for the
partially de-doped P30T sample are shown in Fig 8. An unexpected increase in
PL intensity with laser irradiation was observed. It was mentioned previously that
the Raman spectrum of partially de-doped P30T had a drastic intensity loss, pro-
bably due to the fluorescence effect. However, this behavior was not observed in
P3MT, which presented a quite stable spectrum during the irradiation, and a
Raman spectrum with good signal-to-noise ratio.

In general, an increase in polymer fluorescence observed in samples sub-
mitted to air photo-irradiation was explained by a model that predicted the crea-
tion of an energy profile along the film thickness due to the photodegradation
process of the polymer chains.28 In this case, the excitation was transferred from
more conjugated to less conjugated segments, and the transfer process, assisted
by a non-uniform distribution of photogenerated defects, led to a higher PL quan-
tum efficiency. Lopez-Elvira et al.19 observed that in P3OT thin films, the poly-
mer degradation was very sensitive to the illumination wavelength, blue light they
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found to be more damaging than the UV light. They considered that the degra-
dation induced by the blue light might be intimately related to photo-excitation.
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=
!
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400 S00 600 700 800 Fig 8. PL Spectra of P30T partially
Wavelength, nm de-doped sample; @) 0 and b) 10 min.

Excitation radiation at 405 nm was used to obtain the PL spectrum, a fre-
guency for which there is an increase due to a photochemical process. As it was
observed only in P30T and not in P3MT, it should aso involve the participation
of the alkyl side chains, destabilizing the chains containing the exciton species.
As observed by Yoshino et al.23 and Ohmori et al.,24 the intensity of the lumi-
nescence band in P3ATs increased considerably depending on the nature of the
alkyl chain, but this might have been influenced by the photochemical process.
As discussed by Lopez-Elvira et al.,19 topographic variations were not observed
until irradiation exposures of one to two orders of magnitude larger were adopted.

CONCLUSIONS

The present article dealt with the electrosynthesis of two P3ATs on platinum
electrodes and their characterization by Raman and photoluminescence spectros-
copic techniques. It brought some new insights into the procedure that yields thin
polymer films and their detailed structural analysis and stability, which is inti-
mately related to photo-excitation.

In order to explain the Raman spectra of PAMT and P30T thin films, band-
fitting was employed, which identified three structures (pristine, quinone and
semi-quinone forms) as being the constituents of the polymeric chains. The PL
spectra showed two main contributions: the emission of mixed chains (Gaussian
of smaller wavelength) and the emission of the chains in the pristine form (Gaus-
sian of larger wavelength).

In addition, this paper provided evidence that the luminescence intensity was
inversely related to the conductivity. The luminescence quenching observed in
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doped samples was due to the predominant quinone and semi-quinone segments
presents in the polymer chains.
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n3BOJ

CITIEKTPOCKOIICKA AHAJIU3A CTPYKTYPE U CTABUJIHOCTH IBA
EJTEKTPOXEMHWJCKHU CUHTETHUCAHA T1I0JIN(3-AJTIKWITUO®EHA)

ELAINE CRISTINA RODRIGUES MAIA! DANIELLY CRISTINA BENTO', EDSON LAURETO? DIMAS AUGUSTO
MOROZIN ZAIA1, ERALCI MOREIRA THEREZIOg, GREGORY J. MOORE4 1 HENRIQUE DE S]-\NTAN]—\1
? Departamento de Quimica, Universidade Estadual de Londrina, 86051-990, Londrina, PR, Brazil,
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[Monu(3-meruntuoder) (P3MT) u nonu(3-oxtuntuoden) (P30T) dbunmoBu enexkTpo-
XEMHjCKM Cy CHHTETHCAaHH KopulrhewmeM CTaHZapAHE TpO-eleKTponHe henvje y aleToHWT-
puny ca 0,100 mol L1 LiClO,. [TonuMepHy TaHKA (HUIMOBH Cy JEMOHOBAHH Ha IUIOYMIE Of
IUIaTHHE pajy Hajdosbe KOHTpOJE KkBaauTeTa mporeca. OnaXeHo je 4a 0BaKo IMPUIIPEMIbEH
Marepuja 3a aHOIHY eleKTPONoIMMepHU3alHjy Mokasyje NpUpOoSHU MPolleC JeNpOTOHU3aLuje
y dyHkuuju BpeMeHa. Takobhe, BpcTa maTepujana, godujeHa y NH,OH pactBopy, moxasyje
no0py XeMHjCKy CTadWIHOCT any, Kaja je OCBeT/beHa IJIaBOM CBemIolrhy, ITOHOBO IOCTaje
HectabunHa. ®WIMOBH [OOHjEHH OBHMM MeTOJaMa Cy OKapaKTePHCaHW LUKIMYHOM BOJITa-
MEeTpHjoM, pamaHCKoM U ¢otomymuHucueHTHOM (PL) cnexrpockonujom. U Pamancku u PL
cnekTpu omoryhaBajy kapakTepusaluujy ABe CTpyKTypHe dopmMe THOPEHCKUX MPCTEeHOBa KOjU
rpage P3MT u P30T nonumepse nanue. Ha nobujeHe pesynraTte yTuue crabunusaiuja npBo-
OWTHUX NaHalla ¥ MELIaHWX JIaHAla, PAJUKAJICKUX KaTjoHA M OUKATjOHCKUX (HOPMH Y MOJH-
MepHUM dunmoBuMa. thuxose Tpake y PamaHckum 1 PL cnexTpuma cy LIMpPOKe W acHMeT-
puuHe na je BpUXoBo JeduHUcawe [aycoBuM (yHKIMjama OWI0 HEOMXOLHO, LITO je yKa3auo
Ha TO Ja IOCTOje TPH OfBOjeHa JOoNmpHHOca BUOpAllMOHMM M JIBA €MHUCHOHHMM CIeKTpuUMa y
HaCTalUM jeUHbEHBUMA.

(ITpumibeHo 27. MapTa, peBugupaHo 3. centemdpa 2012)
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Abstract: A multi-step thermal decomposition of a molecular precursor, { N(n-
C,4Ho)[FE'FE'(C,0,)3} . Was studied using non-isothermal thermogravimetric
(TG) measurements in the temperature range 300 to ~800 K at multiple heating
rates (5, 10 and 20 K minY). The thermal decomposition of the oxal ate-based
complex proceeded stepwise through a series of intermediate reactions. Two
different isoconversional methods, namely, an improved iterative method and a
model-free method were employed to evaluate the kinetic parameters: acti-
vation energy and rate of reaction. The most probable reaction mechanism of
thermal decomposition was also determined. The different reaction pathways
leading to different steps in the TG profile were also explored, which are sup-
plemented by earlier experimental observations.

Keywords: molecular materials, oxalates, non-isothermal thermogravimetry;
decomposition kinetics, model free methods.

INTRODUCTION

Among al nanomaterials, metal oxides are very attractive functional mate-
rials synthesized on the nanoscale. Their unique characteristics make them the
most diverse class of materials with properties covering almost all aspects of
solid-state physics and materials science. Metal oxides represent therefore essen-
tial constituents in technological applications such as magnetic storage,1.2 gas
sensing34 and energy conversion,® to name but a few. Various physical or che-
mical synthetic approaches for the synthesis of metal oxide nanoparticles have
been developed over the years.6 Research was initiated aimed at the preparation
of metal oxide nanoparticles using molecular metalorganic complexes as precur-
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sors through the thermal decomposition route. The approach consisted of two
steps: the synthesis of molecular metal organic precursors in the first step and the
oxidation of the precursor in a controllable manner in the second step. The pre-
cursors thermally degrade at different levels depending on the reaction condi-
tions. It was conjectured that controlled oxidation through therma decomposition
of the precursors may lead to various metal oxide nanoparticles. Thus, by stu-
dying the solid-state thermal decomposition reaction kinetics of the precursors,
the shape and size of the metal oxide nanoparticles could be monitored by exter-
nally controlling the different reaction kinetic parameters.

Polymeric bimetallic oxalate complexes of the general formula,
{AIMIMITT(C204)3]} <, (A: organic cation, M!! and M!!!: di-/tri-valent transition
metal ions, C>04: oxaate ligand) have been important topics in the field of
molecular magnetism.” Thermal decomposition of a ferromagnetic material of
this family, {N(n-C4Hg)4[Mn!!Cr!!/(C504)3]}.. results in a spinel compound,
Mn 5Crq1 504 a ~ 500 °C.8 Recently, thermal decomposition of the molecular
ferrimagnetic material { N(n-C4Hg)4[Fe'lFe!ll(Co04)3]} .. Was reported.910 |t was
seen that thermal decomposition leads to the formation of nano-sized ferrites.
These results suggested that {A[M!IM!(C204)3]}.. type molecular materials
may be suitable single-molecular precursors for the synthesis of metal oxides via
the therma decomposition route. Moreover, the synthesis of these molecular
materialsis quite easy and economic, and the desired metal oxides could be pre-
pared from such homo/heterometallic complexes at relatively low temperatures.

In light of the above, it was thought worthy to undertake a systematic study
of the kinetics of the solid state thermal decomposition reaction of {N(n-
-C4Ho)4[Fe'IFE!(C204)3]} o to gain a comprehensive understanding of the pro-
cess. The thermal decomposition of oxalate-based complexes is usually compli-
cated and proceeds stepwise through a series of intermediate reactions.11 In the
present study, two different isoconversional methods, namely, an improved
iterative method (to obtain a more accurate value for the activation energy of the
reaction)12 and a model-free method (to obtain reliable and consistent kinetic
information from the non-isothermal data)13 were employed to analyse the ther-
mogravimetry results, as well as to estimate the kinetic parameters of the thermal
decomposition of { N(n-C4Hg)4[Fe!/'Felll(C204)3]} ». The kinetic parameters of a
solid state thermal decomposition reaction have a physical meaning and could be
used to study the solid state reaction mechanism vis-a-vis the reaction model.
Modern kinetics investigation procedure using multi-heating rates for multi-step
reactions are also used to determine the correct reaction mechanism function.14
The variation of the activation energies with the extent of the reactions are dis-
cussed to revea the complexity of the multi-step reactions observed for this
material.
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EXPERIMENTAL

The precursor material {N(n-C4qHg)s[Fe''FE"'(C,04)5]} ., (BuFeFe) was prepared in a
one-pot reaction according to a reported procedure.’> The powdery deep green coloured
sampl e thus obtained was used for the thermogravimetric (TG) study. The measurements were
performed using an STA 449C Thermogravimetric analyzer (Netzsch, Germany) under a dry
air atmosphere. The sample mass used for TG study was ~ 4 mg. UHP nitrogen (99.999 %)
was used as protective gas in the instrument. All the kinetic parameters, namely, the activation
energy, the pre-exponential factor, and the reaction model calculations, were performed using
aprogram compiled in MATLAB.

RESULTS AND DISCUSSION

The thermal decomposition of BuFeFe was monitored by TG at three dif-
ferent heating rates (f) 5, 10 and 20 K min—1. The TG curves of BuFeFe obtained
at three different heating rates are shown in Fig. 1, from which different thermal
decomposition steps can be seen. Thus, a very gradual loss of mass (m) for the
three different heating rates commences at around 315 K. The thermal decompo-
sition proceeds with rapid mass loss through three linear steps, indicating dif-
ferent stages of solid state reaction of BuFeFe. These linear steps, which appear
in heating rate dependent temperature ranges, are indicated by arrows in Fig. 1,
and denoted as Step-1, Step-11 and Step-111, respectively, in Tablel. It can be seen
that the temperature range (AT) corresponding to the different steps were shifted

100
80 100
Step-|
X
=z 75 —
=0 o°| @ (0)
= (©
1 IS
50<
40 T'Step-ll
251 , , , , Step-l
400 500 600 700 800
20 T/K
T T T T T T T T T 1
300 400 500 600 700 800
T/K

Fig. 1. Thermogravimetric profile of { N(n-C4Hg)4[Fe''Fe!'(C,0,)3]} .. obtained at a heating
rate of 10 K min'1. The arrows indicate the different steps of the thermal decomposition. Inset
represents the TG profiles of { N(n-C4Hg)[Fe!'F&!'/(C,04)3]} .. obtained under three
different heating rates: a) 5, b) 10 and ¢) 20 K min'L,
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towards higher temperatures with increasing heating rate. For example, in case of
Step-1, the loss of mass continues until <587 K for =5 K min1, until 598 K
for #=10 K min~1 and until 612 K for #= 20 K min—l. The AT and m values
corresponding to the different steps under different heating rates, along with the
residual mass at 800 K in each case of heating rate are compared in Table |. Step-
| corresponds to the largest mass loss in the TG profile. Thus, BuFeFe undergoes
successive solid state reactions in three steps. Thermal decomposition becomes
complete at ~723, 718 and 685 K for heating rate 5, 10 and 20 K min—1, respec-
tively, with very similar residual masses. It was reported earlier that the decom-
position of BuFeFe proceeds through a few intermediate phases and finaly re-
sults in the formation of a powdery deep red product, which is nothing but the
nano-sized ferrite particles (hematite and magnetite).9.10

TABLE |. The temperature range of the different steps and the corresponding mass loss values
during the thermal decomposition of { N(n-C4Hg).4[Fe''Fe'(C,0,)3]}.. and associated residual
mass values estimated under different heating rates; £ = heating rate, AT = temperature range,
m = loss of mass

B K minl Step-| Step-11 Step-111 Residual
AT/ K m/ % AT/ K m/ % AT/ K m/ % mass, %
5 315-587 52 587-625 12 625-723 9 27
10 315-598 54 598-633 11 633-718 9 26
20 315612 54 612-648 11 648-685 10 25

Presently, the therma decomposition mechanism of BuFeFe is analyzed
considering the first two steps of the TG profile only, as it is impractical to
consider Step-I11. To describe the kinetics of thermal decomposition of BuFeFe
reliably, isoconversional methods were used. In the isoconversional method, the
reaction rate at constant extent of conversion is assumed to be a function of tem-
perature only.16 Two simplifying assumptions are used in this regard: i) the tem-
perature at any point in the solid remains same and ii) the controlling step in the
reaction rate does not alter throughout the transformation of a chemica pro-
cess.17 Under non-isothermal conditions where the temperature varies linearly
with time, i.e., the linear heating rate = dT/dt = const., the kinetic equation of
solid state thermal decomposition is frequently described by the well-known dif-
ferential rate equation:18

2= Al (a) exp(— %) )

where o = (mi—my)/(mi—mx) is the extent of reaction, i.e, the fraction of the
material that had reacted in timet, m; and m¢ are the initial and final masses in the
particular decomposition step of interest, m is the mass at any instant of the
reaction in this step, do/dT is the rate of conversion (in K-1), A is the pre-
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exponential Arrhenius factor (in min1), f(a) is the differential conversion
function depending on the mechanism of akinetic reaction,1® E* is the activation
energy (in kJ mol—1) and R is the universa gas constant (in kJ mol-1 K-1). The
variations of the extent of reaction (a) with temperature during the thermal
decomposition of BuFeFe during Step-1 and Step-11 are illustrated in Fig. 2.

1.0 i { ;
§f i
Y A
(b) st f
*) AA ;k
0.54 Step-11 :'?‘A f
A &
S
¥
¥
o it
SRS (1) () (iii)
1.0+ P F
o & F
@ A x
(@ P /*/
Step-1 QPP/ A */*
0.5 S K
D a *
o::A/A *,*’**
*
GRS “32* ***********
4 Sk Kk
0.0 P
450 500 550 600 650
T/ K

Fig. 2. Variation of the extent of conversion () with temperature during the thermal
decomposition of { N(n-C4Hg)4[Fe'Fe'!'(C,0,)4]} .. for Step-1 (a) and Step-11 (b) under
different heating rates: i) 5, i) 10 and iii) 20 K min.

The iterative procedure is used to calculate the activation energy, approxi-
mating the exact value of activation energy, according to the following equa
tions:12

B _jn PR E 2
h(X)Toii 9(@)Ey Ry
and
Bi _, 0.0048AE; A,E,
In H(x) =In o(a)R 1'0516—RT0,J 3

here h(x) is expressed as:20
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x4 +18x3 + 88x2 + 96X
x4 + 20x3 +120x2 + 240x +120

h(x) =

and H(X) is expressed as;14
exp(—x)h(x) / x2

H(x)=
(x) 0.0048exp(—1.0516X)

where x=E, / RT,; . In performing the iterative procedure, the following steps
are often used: Step 1 — the initial value of the activation energy (E,); is esti-
mated by fitting Eq. (2) or (3) with the assumption h(x) = 1 or H(X) = 1. Gene-
raI ly, the conventional isoconversional methods stop calculating at this step; Step
—using E;, = (E;)1, h(x) and H(x) are calculated and a new value of Ej, =
= (Ea)z is calculated from the fit of the plot In[£ /h(\)T2;] vs. 1/ Ty with
Eq. (2) or of the plot In[4; /H(x)T 1 vs. 1/ T, with Eq. (3) Step3—repet|t|on
of Step 2 replacing (EJ,)1 with (Ei,)z resulting in E,, = (E)zand so on until
the absolute difference [(Ep)i — (Eg)i-1] becomes less than 0.1 kJ mol—1. The
last value of (E); thus obtained is considered to be the most accurate estimate
of the activation energy (E;,) of athermal reaction. The thus obtained E,, va-
lues for the present thermogravimetric data, based on Egs. (2) and (3), are listed
inTablell.
In the model-free isoconversional method for non-isothermal thermogravi-
metry experiments, the activation energy E;, can be evaluated at any particular
value of o by minimizing the following objective function:13,14

(4)

©)

| (6. Toi ) B
Q(Ey) = (6)
Zl,zl | (Eo T )
where | (Ef,, Ty, ), the temperature integral, is given as:
Ta,i *
(ETes)- | exp[— ;“_JdT ©

There are several methods and popular approximations to evaluate this tem-
perature integral. However, the approximation as adopted by Cai et al.2! is proved
to be superior to any of the other approximations and is the most suitable solution
for the evaluation of the activation energy, E,,, and other kinetic parameters
from non-isothermal kinetic analyses. According to this approximation, the
temperature integral is given as:21

By
T, . +0.66691 .
J Eo _ RTog,i a Ea
exp| — dT =— exp| — (8)
RT o | Eo |5 ea003 Rlaj
o, i
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*

T £ RT2. RTi +0.66691 .
[ o[ £ | ar- | R o] ®
0 RT Fa Ti +2,64943 Rl
a

The minimization procedure was repeated for each value of « from 0.1 to 0.9
for Step-l1 and Step-11 (taking the data from Fig. 2) to determine the dependency
of Ejon o during Step-l and Step-1l of the thermogravimetry profile. The
E/, values thus obtained for Step-1 and Step-I1 are presented in Table Il. The
activation energy ( E;,) values obtained by the three different methods are shown
as a function of « in Fig. 3 for Step-1 and Step-ll. It is noticeable that the E,
values thus calculated by the three different methods (Egs. (2), (3) and (6)) are
remarkably similar.

150 - 195
O Eqn.(6)
O EqQ) O (b)
7 Equ()
125 4 .
|
~ ™ 180
- -
=) )
§ 100 §
~ ~
* *
3 R 3
&) 165 o
754
50 . . . . . . . . . 150
0.0 0.2 04 0.6 0.8 1.0

a

Fig. 3. Dependence of the activation energy on the extent of conversion () during the thermal
decomposition of { N(n-C,Hg)4[Fe'Fe''(C,0,)4]} .. obtained using different isoconversional
methods: a) Step-1 and b) Step-11. The arrows indicate the scales used.

From Fig. 3, it is clear that in case of Step-I of the thermal reaction, the E,
value increased exponentially (E;, = a(1-e%%), a and b being two fit parameters)
for o < 0.4 and beyond that, E;, increased linearly with increasing o. Thus, at
around a = 0.4, the rate of reaction became almost saturated. However, the
reaction was triggered at o = 0.5, resulting in the linear E;, vs. a variation for the
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remaining values of a. On the other hand, for Step-1l of thermal reaction, the
variation of E;, vs. a (Fig. 3b) was quite different from that observed for Step-l.
Here, the E;, value increased with increasing a until a = 0.6 and beyond that, the
E;, value decreased with increasing a. The variation E,, with a observed for
Step-11 could be well-fitted with a Gaussian type distribution function, as shown
by the dotted curve in Fig. 3. These different Ey, vs. a variations, being either
intra-step or inter-step thermal decomposition reactions, are the manifestations of
different reaction rate control mechanismsinvolved along these steps.

The integral form of the reaction model describing the reaction mecha
nism16.18 js given by:

o(e) = [[f ()] " dex
0

Some of the frequently used reaction mechanisms operating in solid-state
reactions are given in the literature.22 The equation which is mostly used to
estimate the correct reaction mechanism, i.e., the g(o) function, is:14

Ing(a):{In%—%ﬂne;xﬂnh(x)}—lnﬂi 9
R x2

where the symbols have their usual meaning. The values of o corresponding to
the multiple heating rates at the same temperature along the « vs. T plots (Fig. 2)
were used to generate a plot of In g(a) vs. In 3. For the determination of the
correct mechanism function, the slope of the straight line In g(a) vs. In 4, using
linear regression, should be equal to —1.0000 and the square of the linear corre-
lation coefficient, R2, should be close to unity.14 While finding the most probable
reaction mechanism function g(«) involved in the present thermal decomposition
reactions appearing in Step-1 and Step-I1, 35 types of mechanism functions given
in literature?2 were used. Incidentally, a number of g(a) functions satisfied the
conditions specified above when a particular temperature was used. To remove
the confusion, different temperature values were used to arrive at a conclusion
about the most probable reaction mechanism function. The most probable reac-
tion mechanism functions, g(a), obtained for the solid state reactions corres-
ponding to Step-1 and Step-11 of the thermal decomposition profile of BuFeFe
according to Eq. (9) are g(a) = In & and g(a) = (1— a)~2 — 1, respectively. Thus,
Step-l of the TG profile corresponds to “nucleation” as the rate-controlling
mechanism, whereas Step-11 of the profile corresponds to “chemical reaction” .22

Using the estimated value of the activation energy and the most probable
reaction model, the value of the pre-exponential or frequency factor (A) can be
evaluated from the following equation:23.24
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B

A=—— ) exp(Xp) (10)
where xp = E,/ RT, (Tp is the peak temperature on the corresponding diffe-
rential thermogravimetric curve), f'(ap) is the first derivative of the kinetic model
function. The A values are thus determined for Step-1 and Step-11 of the TG pro-
file of BuFeFe for different values of a under different heating rates. The vari-
ations of A with o under different heating rates are shown in Fig. 4. The effect of
heating rate on the A values was found not to be remarkable. However, the
dependence of A on the a values were quite noticeable and were different for
Step-1 and Step-11. For Step-I, the variation of A(a) was similar to that observed
for the variation of E,, but for Step-11, the values of A(«) increased linearly up to
a =~ 0.5 and then become nearly independent of a, in contrast to the correspond-
ing Ey (o) variation in the same temperature region. The average values of A
estimated for the different heating rates are presented in Table Il as a function of

1018_

~C- B =5K/min @
| e 86
—

(b)

Fig. 4. Dependence of the frequency factor (A/ min'1) on the extent of conversion (o) during the
thermal decomposition of { N(n-C4Hg)[F€''F&''(C504)3]} ... @ Step-1 and b) Step-I1.
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the a values. The rate of reaction for the decomposition of BuFeFe varied in the
range of 1031012 min-1 and 10121018 min-1 for Step-l1 and Step-11, respecti-
vely. Thus, for both steps of the reaction, the A values varied by an order of 109
and 106 for Step-1 and Step-1, respectively. This indicates that the reaction rate
cannot be assumed to be a constant for the studied non-isothermal decomposition
process. Interestingly, from Table I1, it could be seen that the greatest number of
A values were grouped about the order of 1015 min-1 in Step-11 within a narrow
E;, range, while for Step-I, the A values were distributed over a wide range of
E;, values. The values of A in solid state reactions are expected to be in a wide
range.22 Low factors often indicate a surface reaction. If the reactions are not
dependent on the surface area, alow A value indicates a “tight” complex, while a
higher A value indicates a “loose” complex. Accordingly, in the present case,
Step-1 may involve loose and tight complexes, whereas Step-11 involves a tight
complex only.

Considering the mass loss values during the different thermal decomposi-
tions of BuFeFe, observed in the thermogravimetry profile, the reaction path-
way(s) as well as the reaction product(s) at the end of the successive reaction
step(s) of the thermal decomposition have already been reported by the authors.®
The thermal decomposition process of BuFeFe was proposed as follows:

Reaction pathway for Step-1:

2{N(n-C4Hg)4[Fe''Fe'll(C204)3]} .. — [FE'FEN(C204)3 5] +
+ FepO3(s) + 2(n-C4Hg)3N(g) + 2C4Hg(g) + (3+2x)CO2(g) + 3CO(g)+ H2(9)
Reaction pathway for Step-11 and Step-I11:
6[FellFe!!l(C,04)34] — 3Fe03(S) + 2Fe304(s) + (19-12X)COx(q) + 17CO(g)

where g and s denote gaseous and solid substances, respectively and x is a
positive number (< 3). The observed mass loss values compare well with the
calculated mass loss values following the proposed reaction pathways. Thus, the
proposed reaction pathways indicate the formation of either Fe304 (magnetite) or
FeoO3 (hematite) or a mixture of both as the end-product of the thermal decom-
position of the molecular magnetic precursor BuFeFe. The formation of the pro-
posed end products was supplemented by IR and powder XRD studies and con-
firmed by magnetic studies.9 Incidentally, at present the authors have studied the
reaction kinetics of Step-l1 and Step-11. An attempt to continue the calculation of
kinetic parameters to Step-111 was avoided because of practical difficulties as
Step-111 corresponds to very small mass loss, which, if considered, would have
introduced an erroneous result due to the large error associated with the o(T)
values.

Along the above-stated step-wise reaction pathways, during Step-1 of the
thermal decompoasition, the bimetallic 3-dimensional network structure of { N(n-
C4Ho)4[Fe''Felll(Co04)3} o is disrupted completely. Here the organic cationic
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part, N(n-C4Hg)4*, decomposes giving rise to various gaseous substances, while
the 2-dimensional Fe'll-oxalate—Fe!! anionic layers are partially degraded giving
rise to FexOs. It is apparent that the former process may require a lower acti-
vation energy than the latter and will be completed faster due to the limited
abundance. The partial decomposition of the Felll-oxalate-Fe!! anionic layers
may be due to scission of the metal—oxalate linkages. In this way, the initia
exponential growth in the Ej vs. a plot for Step-1 may be due to the decom-
position of N(n-C4Hg)4™, while the steady linear E;, vs. « variation in the later
part of Step-I may be due to decomposition of the bimetallic network and for-
mation of metal oxides. The reaction mechanism responsible for this step of the
thermal decomposition was resolved to be nucleation given by g(a) = In @, an
accel eratory rate equation.22

The early stage of Step-11 supposedly favours the gradual decomposition of
the bimetallic network and formation of metal oxides, giving rise to a steady
growth in the E,, vs. a variation. It should be noted that the activation energy
required for the linear part of the EJ, vs. a plot in Step-l and those for the initial
growth part of the Ej, vs. o plot in Step-ll lie in the same range. The Gaussian
type variation of E;, with « is certainly the manifestation of a reaction control
mechanism owing to the residual amount of reactants, i.e., the remaining amount
of thermally degradable molecules as well as the in situ degraded gaseous pro-
ducts. It should be noted that the thermal decomposition of iron oxalate to hema-
tite in an air atmosphere and to magnetite in presence of CO/CO> mixture was
reported by other workers.2> The thermal decomposition initially started in air
atmosphere leading to the formation of hematite along with a profuse amount of
CO> and subsequently, on further heating, it might have led to the formation of
magnetite.26 The reaction mechanism responsible for Step-11 of thermal decom-
position observed in the present study was resolved to be a chemical reaction
type.22

CONCLUSIONS

The present study demonstrates the kinetics of solid state reaction of the
thermal decomposition of {N(n-C4Hg)a[Fe!!Fe!l(C204)3} ., at multiple heating
rates. The thermal decomposition proceeds through three different steps, indi-
cating three reaction mechanisms. The reaction mechanism responsible for Step-I
of the thermal decomposition was resolved to be nucleation whereas Step-11 is of
a chemical reaction type. Calculation of kinetic parameters for Step-111 was
avoided due to practical difficulties. Step-wise reaction pathways leading to fer-
rites were proposed. The rates of the reactions were in the range of 103-1012 and
10121018 min-1 for Step-1 and Step-11, respectively.

It would be of interest to know the nature of the dependence of the reaction
kinetics and the reaction mechanism on the sample environment. The identi-
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fication of the various reaction products at the end of each step of the TG profile
is necessary and thereby the complete reaction pathway. These studies require an
in situ FT-IR study and evolved gas analysis (EGA), which subjects of our pre-
sent interest. These results would provide insight into the mechanism of external
control of the solid state thermal reactions in order to yield interesting ferrite
material s using molecular complex precursors through the thermal decomposition
route.

H3BOI

TEPMAJTHA JTEKOMITIO3HULIUJA MOJIEKYJIAPHOT MATEPHJAJIA
{N(N-C4Hg)4[Fel'Fel'(C,04)31}.. IO ®PEPUTA: UCITUTUBAIGE PEAKITUOHE KUHETHUKE

ASHIS BHATTACHARJEEi, DEBASIS R0Y1, MADHUSUDAN ROY” 1 ARUNABHA ADHIKARI®

! pepartment of Physics, Visva-Bharati University, Santiniketan, India, ZApplied Material Science
Division, Saha Institute of Nuclear Physics, Kolkata, India n 3 Department of Physics, West Bengal State
University, Barasat, India

TepManHa A€KOMIO3MLMja MoJeKynapHor npekypcopa, {M-C4Hg)s[FellFelll(C,04)3},
K0ja ce OfBUja y BULIE CTyNieBa, UCIUTHBAHA je HEU30TEPMCKUM TE€PMOIPaBUMETPHjCKUM
(TT) mepemnma y Temnepatypckom oncery o 300 go =800 K npu pasnuyutum dp3uHama
rpejama (5, 10 u 20 K min!). Tepmanua nexoMmnosuuuja KoMmIuiekca Ha Hasu okcanaTa ce
OIIBHja CTYNHEBUTO Kpo3 HU3 peakuuja. KopuirheweM nBe pa3nuyuTe M30KOHBEP3UOHE Me-
ToZe, TayHUje, yHanpeheHe urepatuBHe MeTofe U MeToje Oe3 mogena ofmpeheHu cy kuHe-
THUUKY NapaMETpU: €HEpr¥ja akTUBauuje W Op3WHAa peakuHje, U HajBEPOBAaTHHjH PEAKLMOHU
MexaHHU3aM TepMasHe JeKoMIIo3uLyje. Pa3nuyuTH peaklMOHU MyTeBU KOjU Pe3yiTyjy y pas-
JIMYUTHM CTYIHBEBUMa T€PMOIpaBUMETPHjCKUX Npoduiaa cy Takohe pasmaTpaHd KODHIL-
hemeM paHMjUX eKClIepUMEHTATHUX pe3yJiTata UCTUX ayTopa.

(ITpumiseno 19. maja 2012)
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Differential pulse anodic stripping voltammetric deter mination
of berberine using a nano-Na-montmorillonite clay-modified
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Abstract: A simple and sensitive method is presented for the electrochemical
determination of berberine based on a nano-Na-montmorillonite (nano-Na-
MMT) clay-modified carbon paste electrode. The electrochemical oxidation
and adsorption behavior of berberine was studied at the proposed electrode by
linear sweep voltammetry in acetate buffer (0.2 M, pH 5.6). A differential pulse
anodic stripping voltammetric procedure was developed for the determination
of the drug. A good linear relationship between the oxidation peak current
magnitude and the concentration of berberine was observed in the range from
1.0 to 18.0 pug mL"1 with a detection limit of 0.07 ug mL"! and a quantification
limit of 0.24 ug mL-L. The proposed method was successfully applied to the
determination of berberinein pharmaceutical tablets.

Keywords: berberine; nano-Na-montmorillonite clay; carbon paste electrode;
modified electrode; electrochemical determination.

INTRODUCTION

Berberine, a well-known natural isoquinoline alkaloid, is mainly isolated
from the roots and rhizomes of several plants, such as berberidaceae, ranuncu-
laceae, menispermaceae, etc.! As a medicinal drug, it has drawn extensive atten-
tion for a long time due to its extensive biological activities, such as antibacte-
rial,2 antiparasitic,3 antimicrobial,4 antifungal,® hypotensive,® etc. Hitherto, nu-
merous efforts focused on the research and development of berberine as an an-
timicrobial drug in the treatment of ocular trachoma infections and intestinal in-
fections, such as acute gastroenteritis and bacillary dysentery.4 In addition, the
effects of berberine on human malignant brain tumor,” esophageal cancer,8 leu-
kemic cancer® and colon cancer0 cell lines were tested and significant cell death

* Corresponding author. E-mail: pclab@swu.edu.cn
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effects were evidenced. Therefore, berberine research is becoming increasingly
active with the aim of extending its possible potential in clinical practice.

Medicinal analysis plays an important role in quality control in medicine.
The development of sensitive, simple, rapid and reliable methods for the de-
termination of active ingredients is very important and interesting. At present, the
methods of detection of berberine mainly include: supercritical fluid chromate-
graphy (SFC),1! high performance capillary electrophoresis (HPCE),12 thin layer
chromatography (TLC),13 electro-generated chemiluminescence (ECL),14 reso-
nance Raleigh scattering (RRS),1° high performance liquid chromatography
(HPLC)26 or reverse phase liquid chromatography (RPLC)17 and 1H-NMR spec-
troscopy.18 Most of these methods are costly and require expertise in addition to
time-consuming pretreatment steps. The electrochemical properties of berberine
have been known for a long time through studies concerned with the electro-
chemical reduction and adsorption of berberine at mercury electrodes.1920 The
electrochemical reduction of berberine with a glassy carbon electrode was aso
reported.21

The carbon paste electrode (CPE), a mixture of conducting graphite powder
and hydrophobic adhesive, has been extensively used in electro-analytical
chemistry because of its excellent properties: wide potential range (from —1.40 to
1.30 V), easy preparation, convenient surface renewal, low residual current,
porous surface, and low cost.22 Recently, some new reports have appeared on the
application of carbon paste electrodes for the analysis of drugs,2324 biomole-
cules, 2526 and other important compounds.27:28 These studies showed that the
sensitivity of a bare CPE isrelatively poor in trace assays. In order to improveits
sengitivity, it is a fascinating and effective way to modify bare CPE by mixing
with some other unique substances.

Nano-materials, defined as having one or more external dimension in the
size range 1-100 nm, have received steadily growing interests because of their
peculiar and fascinating properties, which include the quantum size effect, the
small bulk effect, the surface effect and the macroscopic quantum tunneling
effect.29 Recently, some nano-materials were used as modifiers to improve the
sensitivity of electrodes, such as carbon nanotubes, 23242730 gold nanoparti-
cles,31 Si0,,32 montmorillonite33 and TiO,.30

Montmorillonite belongs to the smectite group of clays and has a well-
layered structure. Its predominant properties are its huge cationic exchange capa-
city, due to an excess negative charge on the surface of the clay, and a strong
adsorptive ability, attributed to the expandability of its internal layers.34 There-
fore, montmorillonite has been widely used to modifying electrodes to improve
their determination sensitivity towards anions,3° cations,33 and organic com-
pounds,36:37 and has been employed to fabricate biosensors.38
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In this work, because of its positive charge in solution, the electrochemical
oxidation and adsorption behavior of berberine were investigated using a carbon
paste electrode modified with nano-Na-montmorillonite clay (nano-Na-MMT/
/ICPE). A differential pulse anodic stripping voltammetric (DPASV) method was
developed using acetate buffer (0.2 M, pH 5.6) as the supporting electrolyte. The
proposed method was applied to the determination of the drug berberine in phar-
maceutical tablets.

EXPERIMENTAL
Reagents and chemicals

Nano-Na-MMT clay (=25 nm) was purchased from the Fenghong Clay Chemicals Co.,
Ltd. (Zhgjiang, China). The content of montmorillonite was 96.0-98.0 %, and the apparent
density and diameter thickness ratio of the material were 0.25-0.35 g cm3 and 200, res-
pectively. Berberine chloride was provided by the College of Pharmacy of the Southwest
University (Chongging, China). The analyzed formulation was “compound berberine tablets’
labeling to contain 30 mg berberine chloride per tablet (Chongging Tongjunge Pharmaceutical
Factory Co., Ltd. of the Taiji Group, China).

A standard stock solution of 0.20 mg mL- berberine was prepared in ultra pure water.
The desired concentration of berberine was obtained by direct dilution of the appropriate
quantity of stock solution with the supporting electrolyte.

Britton—Robinson (B—R) universal buffer (pH 2—10) and acetate buffer (0.2 M, pH 3.7—
—5.6) were prepared in ultra pure water and were used as supporting electrolytes. All the
employed chemicals were of analytical reagent grade and used without further purification.

Apparatus

All electrochemical measurements were performed on a LK2006AZ e ectrochemical
analyzer (Lanlike Chemistry & Electron High Technology Co., Ltd. Tianjing, China). A con-
ventional three-electrode system, including a nano-Na-MMT/CPE (3 mm in diameter), a sa-
turated calomel reference electrode (SCE), and a platinum flat counter electrode, was em-
ployed. All potentias are referred to SCE.

Preparation of the nano-Na-MMT/CPE

Graphite powder (4.75 g) and nano-Na-MMT clay (0.25 g) were mixed uniformly by
milling in a small agate mortar. Then 1.8 mL Nujol oil (d = 0.84 g mL-1) and a little ethanol
were added, and the mixture was milled again to obtain a homogenous 5 mass % nano-Na-
-MMT modified carbon paste after ethanol evaporation. Various modified carbon paste con-
taining different mass percentages of nano-Na-MMT clay (0.0, 2, 4, 6, 8 and 10 mass %) were
prepared in the same way. An amount of the prepared modified carbon paste was pressed into
the end cavity of the electrode body. The surface of the constructed nano-Na-MMT/CPE was
polished on clean paper before use.

General analytical procedure

Acetate buffer solution (10 mL, 0.2 M, pH 5.6) was introduced into the electrolysis cell
and then a polished nano-Na-MMT/CPE was immersed in the supporting electrolyte. Then
several cyclic voltammetric sweeps were applied to obtain alow background current. Then an
analyte solution was introduced into the electrolysis cell, then at a selected preconcentration
potential, accumulated to the developed nano-Na-MMT/CPE for a selected preconcentration
time while the solution was stirred at 700 rpm. At the end of the preconcentration time, the
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stirring was stopped 5 s for the solution becoming quiescent. The voltammograms were then
recorded by scanning the potential in the positive direction using differential pulse voltam-
metry. After each measurement, the used carbon paste was carefully removed and a new nano-
-Na-MMT/CPE made again.

RESULTSAND DISCUSSION
Electrochemical behavior of berberine at CPE

Linear sweep voltammograms (LSV) of 10.0 ug mL—L berberine were re-
corded at both a bare CPE and a5 mass % nano-Na-MMT/CPE in B-R universal
buffer (pH 2-10) and in acetate buffer (0.2 M, pH 3.7-5.6) at 50 mV s1 before
preconcentration and after preconcentration at 0.40 V for 150 s. The obtained
LSVs are presented in Fig. 1. As shown, a very ill defined anodic peak was
observed at the bare CPE before preconcentration (Fig. 1A, curve a), and a
somewhat better peak was observed at the 5 mass % nano-Na-MMT/CPE (Fig.
1B, curve a) in acetate buffer (0.2 M, pH 5.6). The observed anodic peak corres-
ponded to the oxidation of the methylenedioxy ring of berberine (Scheme 1).3°

200+ 150+
150+ b
100+
< b < a
£ 100+ c
= - =
50
50
0+— : . . . 0+— . . . :
04 05 06 07 08 04 05 06 07 08
E/IV EIV

(A) (B)
Fig. 1. Linear sweep voltammograms of 10.0 ug mL-1 berberine in acetate buffer (0.2 M, pH
5.6), recorded at a bare CPE (A) and at a nano-Na-MMT/CPE (B) before preconcentration
(curves a) and after preconcentration at 0.40 V for 150 s (curves b), scan rate v =50 mV s,

Scheme 1. Proposed mechanism for the el ectro-oxidation of berberine.
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On the other hand, the voltammograms recorded after preconcentration at
0.40V for 150 s showed alittle enhanced peak at the bare CPE (Fig. 1A, curve b)
and a better-defined enhanced peak at the 5 % (w/w) nano-Na-MMT/CPE (Fig.
1B, curve b). This enhancement of the peak current compared to that at the bare
CPE indicated the strong enrichment behavior of berberine onto the modified
CPE. This phenomenon may be attributed to cationic exchange and the adsorp-
tive properties of the nano-Na-MMT clay, and consequentially the sensitivity of
assay for berberine was remarkably improved. Therefore, nano-Na-MMT/CPE
was used as the working electrode for the rest of the analytical study.

Further, linear sweep voltammograms of 10.0 ug mL—1 berberine were re-
corded at different scan rates, v (10-300 mV s1), at the developed 5 mass %
nano-Na-MMT/CPE following preconcentration at 0.40 V for 150 s. The peak
current (Ip) magnitude increased upon increasing the scan rate (v). According to
the simplified Randles-Sevcik equation (I = —constantxy1/2),40 a linear plot of
log Ip vs. log v was obtained with corresponding equation:

log Ip (nA) = 0.614log v + 0.692 (r = 0.998 and n = 7)

wherevisinmV s 1. The lope value of 0.614 is close to the expected theoretical
value of 0.5, indicating that the oxidation process of berberine at a nano-Na-
MMT/CPE is diffusion controlled. Moreover, as the scan rate was increased, the
peak potential (Ep) shifted towards more positive potential, showing an irever-
sible oxidation process.#1 Since a slope value of 0.256 V dec™1 was found from
the Tafel plot constructed from data of the rising part of the current—voltage curve
recorded at a scan rate of 50 mV s71, it could be estimated that ang = 1.05. The
number of electrons, ng, transferred in the rate-determining step of the removal of
electrons from the methylenedioxy ring of the berberine moiety was 2.3% Then,
the transfer coefficient o should be 0.52.

Based on the electrochemical oxidation and the adsorption behavior of ber-
berine onto the developed nano-Na-MMT/CPE surface, a differential pulse ano-
dic stripping voltammetric (DPASV) method was optimized for its trace deter-
mination.

Composition and stability of the nano-Na-MMT/CPE

DPASV curves of 10.0 ug mL—1 berberine in acetate buffer (0.2 M, pH 5.6)
at CPEs modified with various mass percentages (% w/w) of nano-Na-MMT clay
were recorded after preconcentration at 0.20 V for 150 s. As shown in Fig. 2, the
magnitude of the peak current (lp) increased with increasing percentage of nano-
-Na-MMT clay in the modified CPE up to 5 mass %, and then decreased. Such an
enhancement of the magnitude of stripping peak current (Ip) was expressed due
to the strong adsorptive properties of the nano-Na-MMT clay. However, at higher
percentage of nano-Na-MMT clay in the modified CPE, the decrease in the mag-
nitude of the peak current (Ip) may be attributed to the decrease in conductivity of
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the electrode with the increasing percentage of the nonconductive nano-Na-MMT
clay, which hindered the electron transfer process and increased the background
current. This status reflected the competitive relationship between the adsorption
ability and the conductive ability of the electrode. As stated above, 5 mass % of
nano-Na-MMT/CPE was used in the succedent analytical study.

100+ / \
Fig. 2. Effect of the mass percentage
(% wiw) of nano-Na-MMT clay on the

60+ . DPASV peak current (1) of 10.0 pg

mL-1 berberine in acetate buffer (0.2

. , ; ; ; — M, pH 5.6); Epec = 0.20 V, t,o = 150 s,

0 2 4 6 8 10 AE;=6mV,E,=100mV, t, =0.1s
Amount of nano-Na-MMT, % andt,=05s.

Ip/nA

Moreover, the reproducibility of results utilizing 5 mass % nano-Na-MMT/
/CPE fabricated repeatedly was examined by comparing the DPASV oxidation
peak current (Ip) of 10.0 pg mL-1 berberine. Nine repetitive analyses utilizing
three separately fabricated 5 mass % nano-Na-MMT/CPE were obtained. It was
found that the oxidation peak current (Ip) magnitude remained almost constant
with arelative standard deviation of 4.2 %.

SEM characterization of the surface of the electrodes

Figure 3 depicts the typical images of scanning electronic microscope (SEM)
based on different electrodes. Figure 3A shows an obvious image of the smooth
graphite layer. After mixed nano-Na-MMT and graphite powder, a homogeneous
morphology was obtained with aloose and porous layer (Fig. 3B).

Pulse parameters and preconcentration parameters

DPASV of 10.0 pg mL—1 berberine in acetate buffer (0.2 M, pH 5.6) follow-
ing its preconcentration onto a developed 5 mass % nano-Na-MMT/CPE at 0.20
V for 150 s were recorded at the various pulse parameters (scan-increment AEg =
= 2-15 mV, pulse-amplitude E; = 5-100 mV, pulse-width t, = 0.01-1 s, and
pulse-period tp = 0.1-1 s). A developed, obvious and symmetrical voltammetric
peak was obtained under the following pulse parameters. AEg = 6 mV, E5 = 100
mV, t, = 0.1 sand tp=05s.
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Fig. 3. SEM Images of a bare CPE (A) and a5 mass % nano-NaMMT/CPE (B).

The effect of various preconcentration potentials (Egcc) from —0.30 to 0.40 V
on the magnitude of the peak current (Ip) of the DPASV of 10.0 ug mL—1 ber-
berine in acetate buffer (0.2 M, pH 5.6) was evaluated at a 5 mass % nano-Na-
-MMT/CPE following preconcentration for 150 s (Fig. 4). The results showed
that magnitude of the peak current (Ip) increased with increasing potentia in the
range from —0.30 to 0.20 V. At more positive preconcentration potentials, a sig-
nificant decrease in the magnitude of the peak current (Ip) was observed. There-
fore, a preconcentration potential of 0.20 V was the best and was applied in the
present analytical study.

AN

Ip/nA
[ee]
&

Fig. 4. Effect of preconcentration po-
tential (Exc) on the DPASV peak cur-
rent (Ip) of 10.0 ug mL"! berberine in
804 - acetate buffer (0.2 M, pH 5.6) after
preconcentration onto a 5 mass %
04 -0.2 0.0 0.2 0.4 nano-Na-MMT/CPE for 150 s; AES =6

mV, E; =100 mV, t, = 0.1 sand t, =
Epoe!V =05s.

acc

On the other hand, DPASV of 4.0 and 10.0 pg-mL—1 berberine were
recorded at increasing preconcentration times (tacc) under the foregoing optimal
operational conditions. As shown in Fig. 5, in order to avoid the saturation of
electrode surface, a preconcentration time of 150 s was applied in the present
analytical study.
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Fig. 5. Effect of preconcentration time
60+ (tacc) ON the DPASV peak current (1)
of 4.0 (a) and 10.0 pg mL-1 (b) berbe-
rine in acetate buffer (0.2 M, pH 5.6)
50 . . . . __ after preconcentration onto a5 mass %
0 100 200 300 400 500 nano-NaMMT/CPE at 0.20 V; AEg=6
mV, E; =100 mV, t, =01lsand t, =
t_Is P
acc =05s.

According to the above results, the optimum operational conditions of the
DPASV method utilizing 5 mass % nano-Na-MMT/CPE in acetate buffer (0.2 M,
pH 5.6) were: Egc = 0.20 V, taec = 150 s, AEs= 6 mV, Eg =100 mV, t, =0.1s
andt, =0.5s.

Linearity

The relationship between the magnitude of the oxidation peak current (Ip)
and the concentration of berberine (Fig. 6) was examined utilizing the developed
5 mass % nano-Na-MMT/CPE in acetate buffer (0.2 M, pH 5.6) by the developed

DPASV method. A linear range from 1.0 to 18.0 pg mL—1 berberine was obtained
with the following regression eguation:

lp (NA) = 20.34c (ug mL~1) + 16.05 (r = 0.997 and n = 6)

The limit of detection (LOD) and limit of quantification (LOQ) of berberine
were estimated using the expression: kSD/b,42 where k = 3 for the LOD and 10
for the LOQ, SD is the standard deviation of the blank and b is the slope of the
calibration plot. The LOD and LOQ value were found to be 0.07 and 0.24 ug mL—1,
respectively.

Interference studies

The influence of various potentialy interference species that are commonly
found with berberine in pharmaceuticals on the determination of 10.0 ug mL—1
berberine were investigated to evaluate the selectivity of the proposed method.
The tolerance limit was taken as the maximum concentration of the foreign
substances that caused an approximately +5 % relative error in the determination.
The results after the experiments revealed that 800-fold of glucose, sucrose and
citric acid, 500-fold of methanol, ethanol, Ca2*, Mg2*, Al3*, Fe3*, Fe2t, NH4*,
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PO43-, SO42-, SO32-, CO32-, NO3~, Cl~ and F~, 300-fold of potassium sor-
bate, agueous ethylcellulose and carboxymethy! cellulose, 50-fold of Tween
60 and Tween 80, and a saturated starch solution did not affect the selectivity.
Although ascorbic acid showed interference in the determination of berberine,
the interference could be minimized, if necessary, by using the ascorbic oxidase
enzyme, which exhibits high selectivity to the oxidation of ascorbic acid. These
results confirmed the suitable selectivity of the proposed method for the deter-
mination of berberine.

800+

600 4

I/ nA

400 -

200 -

0.2 0.4 E/V 0.6 0.8

Fig. 6. DPASV recorded at a5 mass % nano-Na-MMT/CPE for different concentration of
berberine (1.0, 2.0, 5.0, 9.0, 13.0 and 18.0 pg mL1) in acetate buffer (0.2 M, pH 5.6). The
inset shows a plot of peak current (1) vs. the concentration of berberine.

Analytical application

The sample powder was obtained from 10 tablets after the sugar-coating had
been carefully removed. An accurately weighed amount of the power was dis-
solved in ultra pure water by ultrasonic sound for 30 min. After addition of an
appropriate quantity of sample solution into 10 mL acetate buffer (0.2 M, pH
5.6), the DPASV was recorded.

The content of berberine was obtained by the standard addition method, and
the results are listed in Table I. The recovery rates of standard solution of ber-
berine were examined to detect the interference of excipients and co-formulated
drugs. The value of recovery was at the range from 97.9 to 104.4 %, which
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suggested that the excipients and co-formulated drugs have an acceptable inter-
ference on the determination. In addition, the average content of berberine in the
selected tablets is 29.65 mg per tablet. The value of relative standard deviation
and relative error were 1.02 and —1.16 %, respectively.

TABLE |. Results of berberine analysisin real samples (n =5)

Detection result Standard Standard solution
Sample of sample solution added found

Recovery Result of sample

pg mL2 pg mL-2 pg mL- % mg/tablet
1 9.785 5.000 5.220 1044 20.64
2 9.659 5.000 5.119 1024 20.26
3 9.746 5.000 4.965 993 20,52
4 9.824 5.000 5.050 101.0 20.76
5 9.932 5.000 4,893 97.9 30.08
CONCLUSION

In this work, a new method based on a nano-Na-montmorillonite clay mo-
dified carbon paste electrode was first developed for studying the direct electro-
chemical oxidation of berberine chloride. Simultaneously, a simple and sensitive
differential pulse anodic stripping voltammetric method was developed and des-
cribed in detail. This method was applied to the direct assay of berberine in phar-
maceutical tablets without any precipitation, evaporation or extraction process,
which were not necessary, as there was no interference from the excipients. The
high precision, accuracy, sensitivity and selectivity of the method can foresee its
promising application as a simple, convenient, and fast electrochemical method
for the determination of berberinein clinical and pharmaceutical formulations.
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H3BO[J

OIOPEBUBAILE BEPBEPUHA NUOEPEHIIUJAJTHOM ITYJICHOM AHOOHOM CTPUITUHT
BOJITAMETPUJOM HA EJIEKTPOIH Ol YIJBEHUYHE INACTE MOJU®HNKOBAHE
HAHOYECTHIOAMA HATPUJYM-MOHTMOPHWJIOHUTA

WEN CHEN, MING-XIAO ZHANG, CONG LI n YONG-LING LI

School of Chemistry and Chemical Engineering Southwest University, 2 Rd Tiansheng, Beibei District,
Chongging, P. R. China

ITpencraesbeHa je jefHOCTAaBHA M OCET/bMBA €IEKTPOXEMHjCKa MeTofa onpehuBama dep-
OepHHa Ha eJIeKTPOAY Of YIJbeHUYHe nacTe MoAu(dHUKOBaHE HAHOUECTHIIaMa HaTPHjyM-MOHT-
MopuioHUTa. Ha 0BOj eekTponu je HCIUTHBAHA eleKTPOXeMHjcka OKCHIAIHja U afCcopIHja
OepdepuHa momohy BonTaMeTpuje ca THHEAPHO NPOMEH/bUBHM IOTEHIMjaIoM y alleTaTHOM
nydepy (0,2 M u pH 5,6). Pa3BujeHa je mpouenypa ofpehuBama NOMEHYTOT jieka METOJOM
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depeHIMjasHe MyJICHE aHOOHEe CTPUIHHT BonTametpuje. [JodujeHa je mobpo nmeduHHcaHa
HeapHa 3aBUCHOCT MaKCUMyMa CTpyje okcunanuje bepdbeprHa o merose KOHIEHTpaluje y
cery oz 1,0 1o 18,0 pg mL™! ca rpanuuom aetexuuje ox 0,24 pg mL 1. Mpemnoxena Metoza

je ycnelmHo npuMeneHa 3a ogpehuBame 6epbeprHa y KOMEPLMjaTHUM TadaeTamMa.
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Extended abstract

EXTENDED ABSTRACT

Electr odeposition and char acterization of Ni-M 0O, composite
coatings as cathodes for the hydrogen evolution reaction in
alkaline solution®

UROS C. LACNJEVAC*#

Institute for Multidisciplinary Research, University of Belgrade,
Kneza Viseslava 1, 11030 Belgrade, Serbia

(Received 15 December 2012)

Abstract: Composite Ni-MoO, coatings were prepared and characterized with
respect to their possible application as electrocatalysts for the hydrogen
evolution reaction (HER) in akaline solution. The composites were elec-
trodeposited onto Ni meshes from an ammonium chloride Ni solution with
suspended Mo0O, particles under simulated industrial conditions for the
production of commercial cathodes. The influence of the concentration of
MoO, particles in the solution and deposition current density on the mor-
phology, and chemical and phase composition of the obtained coatings were
investigated by scanning electron microscopy (SEM), energy dispersive X-ray
spectroscopy (EDS) and X-ray diffraction (XRD). Catalytic activity of the
coatings for the HER was examined by polarization measurements in a 32 wt.
% NaOH solution at 90 °C and compared to the activity of the commercial De
Nora’s cathode (DN). It was shown that the most active Ni-MoO, coating
exhibited better polarization characteristics for the HER than the DN cathode.
The mechanism of the HER on the specified Ni-MoO, coating was investi-
gated in 8 mol dm3 NaOH at 30 °C by means of steady-state polarization
measurements and an electrochemical impedance spectroscopy (EIS). Based on
the theoretical interpretation of the experimental data, the rate constants of the
three individual steps of the HER were determined and the source of catalytic
activity of the coating was elucidated.

Keywords. hydrogen evolution; electrocatalysis; Ni-MoO, coating; morpho-
logy; electrochemical impedance spectroscopy.
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Chlor—alkali electrolysis is an industrial process of major importance since
more than 95 % of chlorine and 99.5 % of sodium hydroxide are annualy
produced in the world by mercury, diaphragm and membrane chlor—alkali tech-
nologies.l One of the main obstacles to the future development of the chlor—
alkali industry is the high cost of the consumed electrical energy,! partially asso-
ciated with the inadequate efficiency of the hydrogen-evolving cathodes. Over
the past years, great effort has been devoted to searching for cathode materials
suitable for industrial application,2-16 which have to meet several criteria, such
as. high catalytic activity for the hydrogen evolution reaction (HER), large sur-
face area, good mechanical, chemical and corrosion stability and low cost of the
components. Nickel is used as the basic component of industrial cathodes due to
its stability in alkaline media, moderate activity for the HER and low price.l’ In
commercia zero-gap membrane cells of the Industrie De Nora (DN), a Ni-RuO»
composite coating, characterized by the low overpotential for the HER, is em-
ployed as the cathode. However, regarding a high price of ruthenium compounds
on the market, economic factors promote the tendency to replace the Ru-con-
taining cathode with materials based on non-noble metals that show similar cata-
lytic activity for the HER in akaline solution as the commercial cathode.

In this lecture, the results of an investigation of the microstructure, chemical
and phase composition and catalytic activity for the HER of Ni-M 0O, composite
coatings prepared by the simultaneous electrodeposition of Ni and MoO, were
presented. The coatings were el ectrodeposited from suspensions composed of 0.2
mol dm~3 NiCl, + 2.0 mol dm3 NH4Cl solution (pH 3.6) and MoO; particles.10
The average particle size of MoO» powder was determined to be 850 hm using
the Scherrer formula.10 The electrodeposition was performed in atest cell 9 i.e., a
20 dm3 volume flow reactor, in which the suspension was circulating with a
constant flow rate of 50 L min—1 and air bubbles were continually introduced at
the bottom of the cell in order to prevent precipitation of the suspended MoO»
particles and achieve their additional mixing. A Ni mesh 40 was used as the
cathode substrate, while the anodes were two Ni plates. Dimensions of all three
electrodes were 18 cmx22 cm. The catalytic activities of the obtained Ni-MoO»
coatings were estimated by recording steady-state polarization curves for the
HER in a 32 wt. % NaOH solution at 90 °C, and compared to the activity of the
commercial DN electrode. The morphology, chemical and phase composition of
the coatings were investigated by SEM, EDS and XRD analysis, respectively.

In order to establish the optimal conditions for the electrodeposition of Ni—
—Mo0Os coatings, preliminary experiments were conducted in a beaker cell (V =
= 0.5 dm3) with much smaller electrodes (2 cmx3 cm).10 The concentration of
MoO, particles in the solution was varied in the range of 3-10 g dm3, whereas
the deposition current density jgep Was varied from 50-1000 mA cm2. It was
found that the coatings with larger content of Mo, electrodeposited from sus-

Available online at www.shd.org.rs/JSCS/

Copyright (C)2013 SCS

@080

EW MG RMD



HYDROGEN EVOLUTION ON Ni-MoO, COMPOSITE CATHODES 551

pensions with higher concentration of MoO, and at lower jqep, exhibited the best
catalytic activity for the HER, but were also characterized by the appearance of
cracks and smaller and non-uniform thickness, implying a short service life under
industrial conditions of exploitation. On the other hand, the coatings with alower
content of Mo, i.e., alarger content of Ni, were thicker and had a developed sur-
face area, but the overpotentia for the HER was considerably larger. With res-
pect to the catalytic activity for the HER, it appeared that for every applied jgep,
thereisan optimal concentration of MoO» particles in the solution and vice versa.

Deposition of the coatings in the test cell was carried out at jgep = —300 MA
cm2, while the concentration of MoO, was varied in the range of 1 —3 g dm3.10
It was discovered that the morphology and composition of the Ni-MoO» coatings
and, consequently, their activity for the HER, were crucialy dependent on condi-
tioning time of the deposition suspension. The coating electrodeposited from the
suspension with 2 g dm=3 of MoO,, conditioned for 1 h, was 2 um thick and
characterized by the presence of cracks and a uniform composition with 16 at. %
Mo and 62 at. % O. The coating €l ectrodeposited from the same suspension after
24 h conditioning had a thickness of about 40 pm and was composed of uni-
formly distributed Ni-rich (practically pure Ni) and MoOo-rich (16 at. % Mo)
parts, distinguishable from back-scatter electron micrographs of the cross section
as the gray and white areas, respectively. The difference in the microstructure
and composition of the two coatings was attributed to the sluggish occlusion of
suspended MoO», particles by Ni2* in the solution. The latter coating displayed a
60 mV lower overpotential for the HER at higher current densities compared to
the former one.

The best polarization characteristicsin 32 wt. % NaOH at 90 °C exhibited by
the coating, deposited from a suspension with 3 g dm=3 of MoO, after 24 h
conditioning.10 At a current density of —300 mA cm2, the overpotential for the
HER recorded on this sample was 15 mV lower in comparison to that of the com-
mercial DN cathode. Its surface was found to be composed of two characteristic
parts,18 differing in composition and morphology. The Ni-rich parts (78. at. %
Ni) consisted of agglomerates of ball-like grains of 2 um in diameter, whereas
the MoO»-rich parts (76 at. % O) were characterized by the presence of mud-like
cracks typical for electrodeposited Ni-Mo-O systems.19.20 Cross section analysis
of MoO»x-rich parts revealed that the cracks did not reach the Ni substrate, but
extended only to the compact Ni-rich underlayer. Only two phases, Ni and
MoO», were detected by XRD analysis, confirming that the MoO» particles were
incorporated into the Ni matrix during the electrodeposition process. It was con-
cluded that the coating prepared from the suspension containing 3 g dm= of
MoO, after 24 h of aging represents the most promising candidate for replace-
ment of the commercial DN cathode since it exhibits better polarization charac-
teristics for the HER than the DN cathode and has a satisfactory microstructure.
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The kinetics and mechanism of the HER on this coating were examined in an
8 mol dm3 NaOH solution at 30 °C by means of steady-state polarization mea-
surements and the electrochemical impedance spectroscopy (EIS).18 The polari-
zation curve was characterized by only one well-defined Tafel slope of b = -122
mV decl in the overpotential range || > 70 mV. The impedance spectra recorded
at four different overpotentials corresponding to the Tafel region consisted of two
overlapped semicircles on the complex plane diagrams. The so-caled 1CPE
equivalent circuit?1,22 was successfully fitted to the impedance spectra, providing
the values for the circuit parameters. Based on the theoretical model for the
HER, 23,24 the polarization curve and the overpotential dependences of the circuit
parameters were simultaneously simulated using the non-linear least squares
method. The fitting procedure produced values of the rate constants of the three
elementary steps of the HER. In the range of low overpotentials, 0 < || < 50 mV,
the rates of the Heyrovsky and Tafel steps were approximately the same,
indicating that the reaction equally proceeds through both possible reaction path-
ways, the Volmer—Heyrovsky and the Volmer—Tafel. At || > 150 mV, the rate of
the Tafel step was approaching the limiting value and the reaction dominantly
proceeded through the VVolmer—Heyrovsky reaction pathway, with the Heyrovsky
step being the rate determining one.18

At the most negative overpotential studied by EIS, the roughness factor was
calculated to be 125. In order to separate the contribution of surface roughness to
the catalytic activity for the HER, the intrinsic activity of examined Ni-MoO,
coating was determined and compared to the intrinsic activity of a flat poly-
crystalline Ni electrode reported in literature.2526 Considering that the intrinsic
activity for the Ni-MoO» electrode was an order of magnitude higher in com-
parison with the one for a polycrystalline Ni, it was concluded that the synergetic
effect on the catalytic activity for the HER in akaline solution could be assigned
to aNi + MoO» combination.
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through Project No. 172054. The author would aso like to express his gratitude to the De-
partment for Research and Development of the Industrie De Nora S.p.A. for providing the
necessary eguipment and chemicals.

Available online at www.shd.org.rs/JSCS/

Copyright (C)2013 SCS

@080

EW MG RMD




HYDROGEN EVOLUTION ON Ni-MoO, COMPOSITE CATHODES 553

U3BOJ

EJTEKTPOXEMHJCKO TAJIOXKEIBE U KAPAKTEPU3ALIMJA KOMIIO3UTHUX Ni-MoO;
[TPEBJIAKA KAO KATOJA 3A PEAKIINJY U3[IBAJALA BOJOHHUKA Y AJIKAJIHUM
PACTBOPHMA

YPOWI Y. JTIAYKLEBALL

HHCTHTYT 3@ MYJITHIHCHHIVIHHAPHA HCTPAXXHBARKA, YHUBEP3HUTET y beorpazy,
Knesa Buwecnasa 1, 11030 beorpazn

Komno3utHe Ni—-MoQO;, npeBnake Cy MpUIIpeMJbeHe U OKapaKTepHUCAaHe Ca CTAaHOBUIITA
BUX0Be Moryhe IpUMeHe Kao KkaTajau3aTropa 3a peakuujy U3fBajarba BOJOHHKA Y alKaJlHUM
pactBopuMa. KOMIO3UTH Cy eNeKTPOXeMHjCKH HUCTalI0KeHH Ha Ni Mpexule U3 aMOHHjyM-
-XJIODUAHOT PacTBOpa HUKIA ca CyCNeHZoBaHMM MoQO; uecTHllaMa Yy CUMYJIHpPAHUM HHIYC-
TPHUjCKUM YCIOBHMaA 3a MPOU3BOAKY KOMEPLUjaIHUX KaToAa. YTHULAj KOHLEHTpaLyje YecTula
MoO;, y pacTBoOpy U I'yCTHHE CTpYyje Taloxewma Ha MOP(GOJIOTHjY U XeMUjCKU B (pa3HU cacTaB
nodujeHHUX TIpeBlIaka WCIHUTHBAH je MeTolJaMa CKeHHpajyhe eleKTpoHCKe MHKDPOCKOTIHje,
€HEepPreTCkH AUCIEP3UBHE CHEKTpOCKoNnMje X-3payewma U peHAreHcke gudpaxuuje. Karanu-
THUYKA aKTUBHOCT TIpeBJIaka 3a W3IBajarme BOZOHHMKA WCIHUTHBAHA je TOJapH3allMOHUM Mepe-
wUMa y 32 mac. % NaOH na 90 °C u ynopeheHa ca aktuBHowhy komepuujanae katone (De
Nora). HajaxtuBHHja Ni-M0O, mpesnaka mnokasyje 0osbe MonapHU3aliMOHE KapaKTEPUCTHKE
Hero KoMepuujaaHa KaTtona. MexaHn3am H3nBajawma BOJOHHWKA Ha HaBeneHoj Ni-MoO, mpe-
pnany y 8 mol dm™ NaOH ma 30 °C ucnurtas je momohy CTaMOHAPHMX IONAPH3AIHOHNX
Mepema U METOZle CTIEKTPOCKOIHje eJIeEKTPOXeMHjCcKke umMnesaHuyje. Ha ocHOBy Teopujcke UH-
TeprpeTanyje eKCIepUMeHTaTHUX NojaTaka ogpeheHe cy BpeAHOCTH KOHCTaHTH Op3UHA IOoje-
IOWHAYHUX CTYIHEBa peakldje U pasjallibeHa MPUpPo/ia KaTaTUuTHUKe aKTHBHOCTH ITPEBJIaKe.

(ITpumspeno 15 fnenemdpa 2012)
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Genetic algorithm-based wavelength selection in
multicomponent spectr ophotometric deter minations by partial
least squareregression: application to a sulfamethoxazole and

trimethoprim mixturein bovine milk

MOHAMMAD HADI GIVIANRAD*, MOHAMMAD SABER-TEHRANI
and SABER ZARIN

Department of Chemistry, Science and Research Branch, Islamic Azad
University, Tehran, Iran

(Received 3 March, revised 26 May 2012)

Abstract: The simultaneous determination of sulfamethoxazole (SMX) and
trimethoprim (TMP) mixtures in bovine milk by spectrophotometric method is,
due to spectra interferences, a difficult problem in anaytical chemistry. By
means of multivariate calibration methods, such as partial least square (PLS)
regression, it is possible to obtain a model adjusted to the concentration values
of the mixtures used in the calibration range. A genetic algorithm (GA) is a
suitable method for selecting the wavelengths for PLS calibration of mixtures
with almost identical spectra without the loss of prediction capacity using a
spectrophotometric method. In this study, a calibration model based on the
absorption spectra in the 200400 nm range for 25 different mixtures of SMX
and TMP. Calibration matrices were formed from samples containing 0.25-20
and 0.3-21 pg mL"1 for SMX and TMP, at pH 10, respectively. The root mean
squared error of deviation (RMSED) for SMX and TMP with PLS and genetic
agorithm partial least square (GAPLS) were 0.242 and 0.066 pg mL-1, and
0.074 and 0.027 pug mL-1, respectively. This procedure alowed the simul-
taneous determination of SMX and TMP in synthetic and real samples and
good reliability of the determination was proved.

Keywords. sulfamethoxazole; trimethoprim; partial least square; simultaneous
determination; bovine milk.

INTRODUCTION

Sulfamethoxazole, 4-amino-N-(5-methylisoxazol-3-yl)-benzenesulfonamide,
(SMX) is a sulfonamide antibiotic that is a highly effective chemotherapeutic
agent, which competitively inhibits the bacterial enzyme dihydropteroate syn-
thetase.1.2  Trimethoprim, 5-(3,4,5-trimethoxybenzyl)pyrimidine-2,4-diamine,

* Corresponding author. E-mail: givianradh@yahoo.com
doi: 10.2298/JSC120303080G
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(TMP), is one of the most widely used antibacterial additive. In addition, TMP is
a dihydrofolat-reductase inhibitor.3 A combination of TMP/SMX is an effective
antimicrobial agent that is commonly used in dairy cattle for the treatment or
prevention of respiratory infections and mastitis.# The use of this combination
may lead to the presence of residual levels in milk and meat. Residues of this
combination can cause severa risks for human health, such as alergic reaction in
hypersensitive individuals and induction of resistance of strains of pathogenic
bacteria. Various methods have been published for the determination of SMX
and TMP in milk and biological fluids.5>14 Most of these methods employ sepa-
ration methods, such as online solid phase extraction-iquid chromatography
with UV (SPE-LC-UV) and mass spectrometry detection (SPE-LC-MSMS),3 a
HPLC method using an on-line clean-up column coupled with amperometric
detection employing a boron-doped diamond (BDD),# or micellar electrokinetic
capillary chromatography.® The majorities of these methods are expensive and
time consuming. Besides these methods, UV—Vis spectrophotometry could be
considered a rapid method. Moreover, a flow-through optosensor combined with
photochemically induced fluorescence was used for the simultaneous determi-
nation of binary mixtures of sulfonamides in pharmaceuticals, milk and urine.1
However, spectrophotometric methods are sensitive and a hand scanner is inex-
pensive, available in most work offices and is easy to operate by non-skilled
users. The simultaneous determination of SMX and TMP in milk by this method
could be a difficult task, because their absorption spectrums overlap in this re-
gion and superimposed curves are not suitable for quantitative evaluation. Hence,
multivariate calibration methods are playing an important role in the multicom-
ponent analysis of mixtures SMX/TMP by UV-Vis spectrophotometry.8

In the present study, a multivariate calibration method, i.e., partia least
square (PLS) regression, was applied to the simultaneous spectrophotometric
determination of SMX and TMP in milk. The magor advantage of multi-com-
ponent analysis using PL S are speed and expense. A genetic algorithm (GA) isa
very useful technique with variable selection problems, because the relationship
between the presence/absence of the variables in a calibration model and the
prediction ability of the model, specifically for PLS models, is very complex and
the mathematical properties are unknown.

EXPERIMENTAL
Apparatus and software

The spectra were obtained with an Agilent UV—Vis spectrophotometer, PerkinElmer
(Lambda 25) in the wavelength range of 200 to 400 nm. A 1-cm path length quartz cell was
used. The spectra were blank-corrected. The pH values of the solutions were measured with a
Metrohm, model 827 instrument, using a combined glass electrode. All the absorbance spectra
were digitized and stored at wavelengths from 200 to 350 nm in steps of 1 nm and transferred
(in ASCII format) to a Pentium IV computer with Windows XP operating system. Data
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processing (GAPLS) was performed by a laboratory-written program in MATLAB, version
7.8.0 (R20093).

PLSand GA

The application of quantitative chemometrics methods, particularly partia least squares
(PLS), to multivariate chemical data is becoming more widespread, owing to the availability
of digitized spectroscopic data and commercial software for laboratory computers. The advan-
tage of multicomponent analysis along with the partial least squares method in mixturesis the
demonstration of fast separation steps. The theory and application of partial least sguares
(PLS) in spectrometry were previously discussed by several workers. 1617 Genetic agorithm
(GA) is a very useful technique in variable selection problems, because of the relationship
between the presence/absence of the variables in the calibration model and the prediction
ability of the model. The algorithm used in this paper is an evolution of the agorithm
described in the literature,18 the parameters of which are tabulated in Table .

TABLE |. Parameters of the genetic algorithms

Parameter Vaue

Population size 30 Chromosomes; on average, 5 variables per
chromosome in the original population

Regression method PLS

Response Cross-validated percent explained variance (5 deletion

groups, the number of componentsis determined
by cross-validation)

Maximum number of variables 30

selected in the same chromosome

Probability of mutation 1%

Probability of cross-over 50 %

Maximum number of components Determined by cross-validation on the model
containing all the variables (not more than 15)

Number of runs 100, backward elimination after every 100" evaluation

and at the end (if the number of evaluation
is not amultiple of 100)
Window size for smoothing 3

Reagents and solutions

All experiments were performed with analytical grade reagents and used directly without
further purification. Methanol was obtained from Merck. Doubly distilled deionized water
was used to prepare the reagent solutions. The pharmaceutical substances (SMX and TMP)
were of analytical grade and were obtained from Sigma. The stock solutions (50 ppm) of
SMX and TMP were prepared by dissolving the sample powders in NaOH 0.001 M and
deionized water, respectively. Universal buffer solutions (pH 2—12) were prepared by mixing
50 mM phosphoric acid, 50 mM boric acid, 50 mM acetic acid and a sufficient amount of
CO,-free NaOH solution.

One-component calibration

For each component, the linear dynamic concentration range was found by one-com-
ponent calibration. For the preparation of each solution, different volumes of SMX and TMP
stock solutions (50 pg mL-Y) were added to 2 ml universal buffer (pH 10) in a 10 ml volu-
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metric flask and then diluted to the mark with deionized water. The concentration ranges of
SMX and TMP for the construction of the calibration graphs were 5-40 ug mL™1. The absor-
bance spectra were achieved over the 200400 nm spectral range vs. the solvent blank. The
linear dynamic range for SMX (0.25-20 pug mL-Y) and TMP (0.3-21 pg mL 1) was determined
by regression of the absorbance at the corresponding Amax VS. concentration.

Binary standard solution

Two set of solutions (calibration and prediction sets) were prepared (Table 11). The calib-
ration set contained 25 standard mixtures, and 6 mixtures were used as the validation set. Con-
centrations of SMX and TMP in the standard mixtures were 1-15 ug mL1 and 0.2-8.0 ug mL-1,
respectively. For preparation of each solution, the required volumes of stock solution and
2 mL universal buffer were added to 10 mL volumetric flask and diluted to the mark with
0.001 M NaOH. Then absorbance spectra of the mixture were recorded vs. the blank solvent
in the wavelength range of 200400 nm (at 1.0 nm intervals).

TABLE Il. Concentration data of the different mixtures used in the caibration (M1-M25) and
the prediction (M26-M31) set for the determination of SMX and TMP

Mixture ~ SMX2  TMP° | Mixture SMX TMP | Mixture SMX TMP
M1 1.0 0.2 M14 8.0 6.0 M27 5.0 1.0
M2 1.0 16 M15 8.0 8.0 M28 6.0 16
M3 1.0 3.0 M16 11.0 0.2 M29 8.0 5.0
M4 1.0 6.0 M17 11.0 16 M30 10.0 6.0
M5 1.0 8.0 M18 11.0 3.0 M31 15.0 24
M6 5.0 0.2 M19 11.0 6.0

M7 5.0 16 M20 11.0 8.0

M8 5.0 3.0 M21 15.0 0.2

M9 5.0 6.0 M22 15.0 16

M10 50 8.0 M23 15.0 3.0

M11 8.0 0.2 M24 15.0 6.0

M12 8.0 16 M25 15.0 8.0

M13 8.0 3.0 M26 4.0 0.8

8Concentrations of sulfamethoxazole in ug mLL; Peoncentrations of trimethoprimin ug mL"1

Preparation of real samples

In this study, milk was selected as a real sample. In order to determine concentration of
SMX and TMP in milk, an extraction method was applied. In this case, the binary standard
solutions were prepared in skimmed milk. The milk samples were filtered through a filter
paper to remove solid particles. Then 10 ml of filtered milk and 15 g of anhydrous sodium
sulfate were transferred into a 50 mL polypropylene centrifuge tube, blended with 15 ml of
ethyl acetate for 1 min using a high-speed blender, and then centrifuged for 2 min at 3000
rpm. The organic phase was collected into clean centrifuge tubes, and the same amount of
organic phase was added to the remainder of the sample in the centrifuge tubes and the extrac-
tion process was repeated. The combined extracts were evaporated to dryness under reduced
pressure at 40 °C. The residue was dissolved in 2 ml of 0.001M NaOH and used for spectro-
photometric analysis. An average extraction recovery in the range of 92-98 % was achieved
using this developed method. The blank sample was prepared in the same method as for the
analytes except that no analyte was added to the milk.
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RESULTS AND DISCUSSION

The absorbance spectra of 15 mg L—1 SMX and TMP under certain experi-
mental condition were recorded.8 It could be inferred that the spectra of SMX
and TMP were highly overlapped. Therefore, these compounds cannot be deter-
mined in presence of each other and it is necessary to use a chemometrics method
to solve this problem. This problem aleviated by use of multivariate calibration
methods.

Effect of pH

The influence of the medium pH on the absorption spectra of the two com-
pounds was studied over the range of 2 to 10. The optimum pH (pH 10) was
selected at which value the minimum overlap between two species, higher selec-
tivity and maximum sensitivity were evidenced as mentioned previously.8

Variable selection

In this work, the calibration set had 121 variables. GA was run for these 121
variables (in the 200-320 nm range), using a PLS regression method. The maxi-
mum number of factors which, determined by cross-validation on the model con-
sisted of all the variables. To find optimum the wavelength set for the determi-
nation of SMX and TMP, the GA procedure was repeated 10 times. Finaly, a
wavelength was selected if the percent of selection for that variable exceeded a
critical value. The wavelengths selected by GA were 277, 239, 240, 241, 242,
217, 216 and 215 nm for SMX and 238, 237, 236, 235, 234, 256, 255 and 312
nm. Selected variables were used for PLS modeling.

Data processing and PLS modeling

PLS and GAPLS regression was run on the calibration data, and the concen-
trations of the analytes were predicted at the optimum number of factors. The
selection of the number of factorsin factor analysis-based methodsis very impor-
tant for achieving the best prediction. The model refinement procedure used the
predicted residua errors sum of squares (PRESS) of the leave-one-out cross-
validation to select the optimal number of PLS factors. In the case of each hum-
ber of factors used, given 25 calibration standards, n—1 solutions were used in the
model-building step (calibration) and the resulting model was used to predict the
concentration of the desired analyte in the solution. This procedure was repeated
n times until the concentrations of the analyte in all solutions were predicted.
When each number of factors was entered, PRESS was calculated by comparing
the predicted concentration of compounds in each sample with a known concen-
tration of compounds in the standard solutions, (Eq. (1)):
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N 2
PRESS:[Z(G ~Cj )} @
i=1
where N is the total number of calibration samples; G the reference concentration
for the jth sample; G represents the estimated concentration. The GAPLS and
PLS PRESS values are minimum in a number of factors for TMP and SMX,
respectively. Then these numbers of factors were selected as the optimum for the

calibration models (Figs. 1 and 2).

0.91
1 —e— PLS
0.8t 1 —t— GAPLS

0.71
0.6}
0.5}¢

0.4}

PRESS

0.3}
0.2}

0.1t L
0 A A A a4 4 4 4 4 4 4 4 o &

5 10 15 20 25
NFs

Fig. 1. Plots of PRESSvs. number of factors (NFs) by PLS and GAPLS for SMX.

Satistical parameters

For the constructed models, two parameters were selected to evaluate the
prediction ability of the models for the simultaneous determination of TMP and
SMX, i.e., the root mean square error of deviation (RMSED) (Eg. (2)) and the
relative error of prediction (REP) (Eg. (3)), calculated for each component as

follows:
n o a 2
RMSED:%/Zi:l(+Q) 2

REP(%) =227~ (6 )2 ©)
i=1
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where ¢ is the true analyte concentration in the sample i, G represents the esti-
mated analyte concentration in the sample i, C is the mean of the true concen-
tration in the prediction set and n is the total number of samples used in the pre-
diction set.

1.4'1

—o—PLS
1.2b 4= GAPLS
1t
N L
3 0.8
&
o 0.6f
0.4}
0.2¢
0
0 5 10 15 20 25

NFs
Fig. 2. Plots of PRESSvs. number of factors (NFs) by PLS and GAPLS for TMP.

Determination of SMX and TMP in the test set mixtures

The PLS and GAPLS methods were applied to the spectrophotometric con-
current monitoring of SMX and TMP. The predictive abilities of the methods
were determined using 6 test mixtures (Tables Il and V). It can be seen that the
values of PRESS, RMSED and REP (%) for the GAPLS method were lower than
those for the PLS method.

TABLE l1ll. Prediction results for SMX in the synthetic samples using the PLS and GAPLS
methods

Samol PLS? GAPLS?
e Added®  Predicted® Recovery, %  Predicted  Recovery, %

1 4.00 388 97.00 3.98 99.50

2 5.00 535 107.00 511 102.20

3 6.00 6.15 102.50 6.03 100.50

4 8.00 8.19 102.37 7.90 98.75

5 10.00 10.39 103.90 9.98 99.80

6 15.00 14.94 99.60 15.05 100.33
RMSED! _ 0.242 _ 0.066 -
REP®/ % _ 3.023 _ 0.829 _

3Partial least square regression; bgenetic algorithm partial least square; “concentrations of sulfamethoxazole in
ng mL"L; droot mean squared error of deviation in pug mL"L: €relative error of prediction
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TABLE 1V. Prediction results for TMP in the synthetic samples using the PLS and GAPLS
methods

Samol PLS? GAPLS

e Added® Predicted®  Recovery, % Predicted Recovery, %
1 0.80 0.74 92.50 0.81 101.25
2 1.00 1.03 103.00 1.01 101.00
3 1.60 151 04.37 1.59 99.37
4 5.00 5.03 100.60 498 99.6
5 6.00 6.13 102.16 6.06 101.00
6 2.40 2.35 97.91 2.39 99.58
RMSEDA - 0.074 - 0.027 -
REP®/ % — 2.648 — 0.964 —

3Partial least square regression; bgenetic algorithm partial least square; Cconcentrations of trimethoprim in pg
mL"L: droot mean squared error of deviationin pg mL"L; Erelative error of prediction

Determination of SMX and TMP in bovine milk samples

The real samples in this study were bovine milk from the Kadkhoda dairy,
Iran. Three spiking levels (3, 6 and 10 ug mL~1 for SMX, and 3, 5 and 8 pg mL 1
for TMP) in bovine milk samples were determined, based on the GAPLS and
PLS methods. Accordingly, the accuracy of the GAPLS method was recognized
as being better than that of the PLS method. Each measurement was repeated 6
times and the obtained mean recovery values are tabulated in Table V (found va-
lues calculated based on X +(tSD.)/</N , for N = 6 measurements and t(n-1=5) =
= 2.571). The obtained values for the recovery rate varied between 98 and 108 %
and the obtained values for the RSD ranged from 1.2 to 5.5 %. It could be
observed that for all mixtures, the calculated values were in satisfactory agree-
ment with those of the declared values. Consequently, the performance character-
istics are recognized as acceptable and therefore the method is considered suit-
able for the intended purpose.

TABLE V. Recovery yields and relative standard deviations at different spiking levels in
bovine milk samples

sample PLS? GAPLSP
Spiking level® Recovery, % RSDY/ % Recovery, % RSDY/ %
SMXe 3.00 108.10 4.10 101.90 3.50
6.00 100.40 3.80 99.60 120
10.00 97.50 2.50 98.20 1.60
TMP 3.00 84.40 4.80 108.40 4,70
5.00 101.10 5.90 100.70 5.50
8.00 105.40 4.80 101.80 3.90

@Partial least square regression; bgenetic algorithm partial least square; © different spiking levelsin bovine milk
samplesin ug mL"L; drelative standard deviation; Ssulfamethoxazole; ftrimethopri m
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CONCLUSIONS

This was the first spectrophotometric determination study that was accom-
plished on bovine milk in this manner. For overcoming the high spectral overlap
observed between the absorption spectra, PLS was successfully applied to the
absorption spectrafor the concurrent analysis of SMX and TMP in their synthetic
mixtures. In addition, the present study showed that GA could be regarded as a
good method for feature selection in the spectral data sets. The proposed tech-
niques are precise, inexpensive, simple to perform and do not require separation
steps. The resulting data for the TMP and SMX mixture data set demonstrated
that the predictive ability of the models, obtained with the wavelengths selected
by the algorithm, was frequently enhanced. The good agreement between the
obtained and spiked results demonstrated the utility of this procedure for the
simultaneous detection of SMX and TMP in complex synthetic and bovine milk
samples without tedious pretreatment. The superiority of the developed GAPLS
method, which included the application of a chemometric method to milk
samples and biological fluid samples, as well as the selection of wavelength by
the GA method, over other official methods was demonstrated. In addition, it is
very simple and accurate.
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H3B0OP TAJTACHUX OYXXHWHA FA3VUPAH HA TEHETUYKOM AJITOPUTMY Y
BUIIEKOMIIOHEHTHOM OIOPEBUBAKBY METOJOM HAJMABUX KBAJIPATA:
[MPUMEHA HA CMEIIHN CYI®AMETOKCA3OJIA U TPUMETOITIPYMA Y MJIEKY TOBEIJA

MOHAMMAD HADI GIVIANRAD, MOHAMMAD SABER-TEHRANTI U SABER ZARIN
Department of Chemistry, Science and Research Branch, Islamic Azad University, Tehran, Iran

HcTtoBpemeHo onpehusame cyndameTokcasona U TPUMETONPUMA Y CMEIIY, Y SUBObEM
MJIEKY, CEKTPO(OTOMETPHjCKOM METOOM NPEeACTaB/ba BEJIUKH NMPODIEM Y aHAJIUTHUKO] Xe-
Muju 300r ciexTpanHux cMeThy. KopuirhemweM MyITHBapHaHTHE KalnudpalioHe MeTozie, Kao
LITO je Mapu{jalHa perpecvja HajMawux kBagpaTa (PLS), moryhe je nobutu Monen mpuma-
roheH KOHIIEHTpallHjaMa Y CMeIlIH, KOpULUTheHUM Yy KaaudpalioHOM oricery. [eHeTHUKH anro-
putam (GA) je morogHa MeToja sa CENEeKTOBame TajlaCcHUX OyKHWHA 3a PLS kanudpauujy
CMellla ca CKOpPO UJEHTHYHUM CIIeKTpUMa, be3 ryduTka kamnanuTera npensuhama, py KOpULI-
hewy cnexTpodoToMeTpujcke MeToze. Y OBOM pany je KanudpauuoHH mozen DasupaH Ha
ancopnuuoHoM cnektpy y omncery 200—400 nm 3a 25 pa3nuuuTuX cMelia cyndameTokcasona
U TpuMeTonpuma range. KamudpauuoHe marpuue cy ¢dbOpMHUpaHe 3a Y30pKe KOjH cafpxe
0,25-20 u 0,3-21 pg mL! cyndamerokcasona u Tpumeronpuma Ha pH 10. BpennocTu
RMSED 3a cyndameTokca3on u TpUMeTolpuM, basupane Ha PLS um GAPLS, usHocuie cy
0,242 u 0,066 ug mL™!, u 0,074 u 0,027 pg mL"!. Osa npouemypa omoryhasa ucToBpeMeHO
oppehuBame cyndameroxcasosna U TPUMETONPUMA y CUHTETUUKMM WM PEAJHUM y30pLHMa U
notepheHa je noba noysmaHOCT MeToze.

(TTpumssero 3. MapTa, peBuaMpaHo 26 maja 2012)
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Determination of trace elementsin refined gold samples by
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Abstract: This paper presents a method for the determination of trace contents
of silver, copper, iron, palladium, zinc and platinum in refined gold samples. A
simultaneous inductively coupled plasma atomic emission spectrometer in the
radia torch position and with a cross flow nebulizer was used for the deter-
minations. In order to compare the different calibration strategies, two sets of
calibration standards were prepared. The first set was based on matrix matched
calibration standards and the second was prepared without the addition of
matrix material. The detection limits for the matrix-matched calibrations were
higher for some elements than those without matrix matching. In addition, the
internal standardization method was applied and experiments indicated that
indium was the best option as the internal standard. The obtained results for
gold samples with matrix matched and matrix free calibrations were compared
with the results obtained by the standard addition method. The accuracy of the
methods was tested by performing a recovery test. The recoveries for the
spiked sample were in the range of 90-115 %. The accuracy of the methods
was also tested by analysis of a certified reference material of high purity gold
AUGHPL. The best results were achieved by matrix free calibration and stan-
dard addition method using indium as the internal standard at a wavelength of
230 nm.

Keywords: refined gold samples; trace elements; |CP-AES; certified reference
material of high purity gold AUGHPL.
INTRODUCTION

Gold, one of the most important precious metals, is widely used in different
fields of science, mostly in microelectronic and medicine. During the last few
years, gold has found extensive application in diagnostics and therapy of diffe-
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566 STEHARNIK et al.

rent types of cancer. The application of gold mostly depends on its purity. The
presence of trace impurities could significantly affect its physical and chemical
properties. Therefore, it is very important to find a rapid and accurate technigue
for the determination of trace elements in refined gold samples. In the Mining
and Metallurgy Institute Bor, high purity gold is produced from different mate-
rials, mostly from anode dlime and electrical waste by a long process of puri-
fication and finally by reduction of gold with SO> gas or by electrolytic sepa-
ration of gold. The American Society for Testing and Materials established the
maximum allowed concentrations of some elements in 99.99 % purity gold
(ASTM B562-95) standard,! as shown in Table|.

TABLE I. Maximum allowed concentrations of the investigated elements according to the
requirements ASTM B562-95 standard1 for 99.99 % purity gold

Element Concentration, mg kgt
Ag 90
Cu 50
Pd 50
Fe 20

A detailed study of the literature revealed that there are not many published
papers that present results for the determination of trace elements in pure gold.
The determination of major constituents in precious metals is mostly realized by
fire assay and trace elements are determined using different spectrometric me-
thods. During the 1960s and 1970s, the determination of trace elements in pure
gold was performed by the emission spectrographic technique with different
excitation sources, such as arc and glow discharge lamp.2:3 Atomic absorption
spectrophotometry with a graphite furnace (ETAAS) or flame (FAAS) was used
for the determinations of some elementsin pure gold during 1990s.4-11 In the last
few years, inductively coupled plasma atomic emission spectrometry (ICP-
-AES)12.13 and especially inductively coupled plasma mass spectrometry (ICP-
-MS)14-21 and laser ablation inductively coupled plasma mass spectrometry (laser
ablation-ICP-MS)22 have been extensively applied. Electrochemical techniques
were also used for the determination of some trace elements in pure gold, in par-
ticular, stripping voltammetry was used for the determination of arsenic(l11) and
silver.2324 Trace elements in gold and its alloys samples were determined by
synchrotron radiation X-ray fluorescence spectrometry (SR-XRF)2526 and energy
dispersive X-ray spectrometry (EDXRF).27

In order to improve the sensitivity and to reduce matrix effects, many re-
searchers used a combination of different pre-concentration methods or matrix
separation with instrumental analysis, mostly by FAAS, ETAAS, AESICP or
ICP-MS for the determination of trace elements in pure materials. Procedures
that involve separation steps for the complete removal of the matrix are often
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DETERMINATION OF TRACE ELEMENTS IN REFINED GOLD SAMPLES 567

tedious and complicated, thereby increasing the risk of contamination with the
resulting worsening of the detection limits. On the other hand, the direct deter-
mination of trace elements has some advantages, such as minimizing sample pre-
paration, reducing the potential risk of sample contamination, simplicity of use
and rapidity.

In this paper, a direct determination of silver, copper, iron, palladium, zinc
and platinum in refined gold samples was redlized by application of simultaneous
inductively coupled plasma atomic emission spectrometry.

EXPERIMENTAL
Apparatus

All measurements were performed using a Spectro Ciros Vision simultaneous inductively
coupled plasma atomic emission spectrometer (Germany) and controlled by Smart Analyser
Vision software. This device is provided with a radial torch position and a cross flow nebu-
lizer, a double grating spectrometer with 22 linear CCDs as detectors situated on a Rowland
circle, allowing a spectral range of 125-770 nm. The energy for the plasma was obtained by a
free-running 27.12 MHz generator.

In the present investigations, the most sensitive and recommended wavelengths?® of the
analyzed elements were selected as much as possible free from spectral interferences from the
gold matrix and other elements present in the samples (Table I1). Emission peaks of analytes
were symmetrical and well resolved from the gold pesks. The appropriate spline or poly-
nomial corrections were applied for subtraction of background intensities from the analytical
line of calibration standards and unknown samples.

TABLE Il. Wavelengths used for the determination of the trace elementsin refined gold

Element Wavelength, nm
Ag 328.068
Cu 324.754
Pd 340.458
Fe 259.941
Pt 214.423
Zn 213.856

Preparation of calibration standard solutions

All chemicals and acids were of analytical grade. Calibration solutions of the elements
Ag, Cu, Pd, Fe, Pt and Zn were prepared. They were prepared from the corresponding 1 g L1
stock solutions (Accu Standards, USA). Ultra pure deionized water was used for the dilution
and preparation of the calibration standards at the desired concentration.

Two sets of calibration standards were prepared, i.e., matrix-matched with and without
internal standard and aqueous calibration standards also with and without internal standard.
Fresh calibration standards were prepared before each analysis. This procedure was applied to
reduce the possibility of precipitation the analyte elements that could occur if the diluted
solutions were kept for some time.

Matrix-matched calibration standards were prepared so that all the calibration standards
had the same concentration of matrix as the unknown samples. To this aim, 0.1000 g of pure
gold powder, obtained from the laboratory of the Mining and Metallurgy Institute Bor, was
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weighed and dissolved in 8 mL aqua regia. After complete dissolution, the gold solution was
cooled and quantitatively transferred into a 10 mL volumetric flask. Then 1 mL of a solution
containing all the mentioned trace elements at a concentration of 10 mg L1 was added and
diluted with ultra pure deionized water to the final volume (10 mL); hence, the individua
concentration of each element was 1 mg L-1. This procedure was repeated for lower concen-
trations of the calibration samples. Indium was used as the internal standard at a concentration
of 1mgL1

The concentration of the elements both with the internal standard and with standard
additions were cal culated according to Skoog.2

In order to compare the obtained results by different calibration strategies and to con-
clude which is the best, different sets of calibration standard solutions were made. All six
strategies are present in Table 1.

TABLE Ill. Name of the analytical program, type of calibration standard and wavelength of
the internal standard

Analytical program name Type of calibration standard Internal standard, nm
Au-H,0 Matrix free None
Au-Au Matrix matching None
Au-1n230-H,0 Matrix free In 1l 230.606
Au-1n230 Matrix matching In 1l 230.606
Au-In325-H,0 Matrix free In1 325.609
Au-In325 Matrix matching In1 325.609

Preparation of the samples and the certified reference material

Refined gold samples of unknown composition were weighed (0.5000 g) and dissolved
in 40 mL aqua regia. After complete dissolution, the gold solutions were cooled, quanti-
tatively transferred into 50 mL volumetric flasks. Indium was added as the internal standard in
aconcentration of 1 mg L1,

The certified reference materia of high pure gold AuGHP1 (Order No. 1A/7075/10,
Rand Refinery Ltd., South Africa) was prepared in the same manner.

For the standard addition method, the gold samples and certified reference material were
prepared as follows. after weighing (0.5000 g), they were dissolved in 40 mL aqua regia.
After complete dissolution, the gold solutions were evaporated to a smaller volume, cooled,
and quantitatively transferred into 25 mL volumetric flasks. Three aliquots of gold solution of
5 ml were transferred into 10 mL volumetric flasks. The first was diluted to the final volume
with ultra pure deionized water. The appropriate volumes of standard solution from 10 mg L1
of analyzed elements were added to the second and third volumetric flask. Indium was added
astheinternal standard to all prepared solutions. The final concentration of indium was 1 mg L-1.

RESULTSAND DISCUSSION

It isawell-known fact that a matrix element can change the intensities of the
analytical lines of impurity elements in different matrix materials. A matrix ele-
ment modifies amost all steps the sample undergoes, from its introduction into
the system to light emission. Easily and non-easily ionized elements are respon-
sible for changes in the analytical signals because they modify the state in which
the analyte is introduced into the plasma, the plasma thermal characteristics, the
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excitation efficiency of an analyte and the spatial distribution of the emitting
species.30-32

Matrix effects can be reduced using robust operating conditions that lead to
efficient energy transfer between the plasma and sample.33:34 The ideal robust
conditions would result in the absence of variation in the signal intensities of
analytes for any change in the matrix or reagent composition.3> Under robust
conditions, an increase in the matrix concentration or acid leads to signal depres-
sion for ionic lines. Usually, this depression is similar for every line, regardless
of the ionization energy and the line excitation energy. The use of robust con-
ditions results in a flat response for all elements, contrary to non-robust condi-
tions when the response is element dependent.36 Under non-robust conditions,
the plasma is more sensitive to any small change in the forward power or the
amount of aerosol delivered to the plasma. Therefore, non-robust conditions
should be avoided for analytical application; they can be useful to enhance the
matrix effects.37-40

The most effective way to eliminate matrix effects is the separation of the
matrix element but thisis not practical in daily work, asit is time consuming and
demands working with ultra pure chemicals in order to avoid contamination of
the samples. Direct analysis has the advantages of minimizing the sample prepa-
ration procedure and reducing the potential risk of sample contamination. Thus,
the possibility for direct determination of trace elements in pure gold was inves-
tigated with and without matrix matching and with internal standardization
methods. Such results were compared with those obtained by the standard addi-
tion method.

Choice of theinternal standard

In order to apply the internal standardization method, some potential internal
standard elements were investigated. Preliminary experiments indicated that most
of the commonly investigated elements (Sc, Mo, Y, Ge, Sr, V and Zr) had
significant spectral overlap with some of the sensitive analytical lines of the
analyzed elements. However, as indium did not show spectral interferences with
the analyzed elements, it was employed as the internal standard in further experi-
ments. The most sensitive wavelengths of indium, i.e., 230 nm and 325 nm, were
tested as the internal standard. Internal standardization is effective if the charac-
teristics of the internal standard and analyte elements are similar in the plasma
and they strongly depend on the operating conditions.41-43

Selection of the optimal experimental parameters

The optimal experimental parameters for al anayzed elements and internal
standard were obtained by pumping aworking solution containing 0.5 mg L1 of
the analytes through the carrier line and optimizing one parameter while fixing
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al the other parameters. The optimal experimental parameters were selected as a
compromise for multi-element analysis and they are givenin Table IV.

TABLE V. Optimal experimental parameters for ICP-AES

Parameter Value
Generator power, W 1450
Relative torch position, mm 5
Diameter of injector bore, mm 1.8
Coolant flow rate, L mint 12
Auxiliary flow rate, L min1 0.6
Nebulizer flow rate, L mint 0.75
Sample uptake rate, mL min1 15
Measurement processing mode Peak height
Background correction Manual selection

Investigation the influence of relative torch position on the intensity of all
analytical and internal standard lines showed that the maximum intensities were
achieved by observation 5 mm above the induction coil. In particular, satisfactory
results could be obtained under robust operating conditions when a high gene-
rator power (Figs. 1 and 2) is combined with along residence time, which could
be achieved with lower carrier gas flow rates (Figs. 3 and 4). It may be seen in
Figs. 1-4 that indium could be an adeguate internal standard for the efficient
compensation of changes in the amount of formed aerosol and analyte residence
time at a carrier gas flow rate of 0.75 L min~1 and a high generator power of
1450 W.

The change in the behavior of the ionization and excitation conditions of
plasma as a function of operating conditions was monitored through the
Mgl1280/Mgl 285 intensity ratio in order to obtain its highest value.33:35.36,38 An
increase in the generator power from 1000 to 1500 W led to an increase in the
values of Mgl1280/Mg1285 ratio. Generator power of 1500 W had slightly higher
value for this ratio, but RSD value of the measurements was higher under this
condition. The effect of nebulizer flow rate on the Mgl1280/Mgl285 ratio from
0.5to 1 L min—1 showed that the highest values for Mgl1280/Mgl285 ratio were
obtained for a nebulizer flow rate in the range from 0.7 to 0.85 L min—1, but the
lowest RSD value of the measurements was obtained with a nebulizer flow rate
of 0.75L min-1,

Determination of trace elements in gold samples

Using the establish experimental conditions, as given in Table IV, the
achievable detection limits for the investigated elements, defined as the analyte
concentration giving a signal that is three times the standard deviation (n = 6) of
the blank, are givenin Table V.
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A refined gold sample of unknown composition was analyzed using the
previoudy defined analytical programs and experimental parameters. The obtained
results for different calibration strategies are presented in Table VI. Since the
detection limits for most of the analyzed elements were dlightly higher with the
matrix matching calibrations than without matrix matching, especially for copper
and iron, the contents of such elements could not be quantified with the former
technique. Similar results for a decrease in sensitivity for matrix matching calib-
ration were obtained by Hinds,® Baucells!3 and Kogan.22 These results could be
explained by the fact that high purity gold free from all the analyzed elements,
which should be used for the preparation of calibration solutions as the matrix
material, is not readily available. Inhomogeneous distributions of these trace
elements present in the matrix material lead to higher standard deviation of blank
and higher detection limits. Therefore, matrix free calibration and standard addi-

Available online at www.shd.org.rs/JSCS/

Copyright (C)2013 SCS

@080

EW MG RMD




572 STEHARNIK et al.

tion methods are more convenient for analyte contents lower than 10 mg kg1 in
solid samples.
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TABLE V. Detection limits for the determination of trace elementsin gold

Analyte Matrix matching calibration, mg/L Matrix free calibration, mg/L
No IS In230nm  In 325 nm No IS In230nm  In325nm

Ag 0.006 0.006 0.009 0.006 0.004 0.007
Cu 0.014 0.019 0.014 0.007 0.004 0.006
Fe 0.020 0.022 0.020 0.005 0.003 0.004
Pd 0.017 0.018 0.018 0.017 0.018 0.016
Pt 0.039 0.027 0.035 0.016 0.010 0.014
Zn 0.004 0.008 0.008 0.003 0.001 0.002

In general, matrix matching is certainly a better way to overcome matrix
effects. However, this matching requires perfect knowledge of the sample com-
position, which is not always possible. In the case of analysis of ultra pure mate-
rials, matrix-matching calibration requires using a matrix material with as low
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possible concentrations of the investigated elements. The gold matrix used in the
present investigation did not contain significant amounts of Ag, Pt and Pd but
involved some contents of Cu, Fe and Zn. Therefore, the results for Cu, Fe and
Zn were better using internal standardization without the addition of the matrix
material and standard addition methods, while, the results for Ag, Pt and Pd were
in accordance with all calibration strategies and standard addition methods.

TABLE VI. The results of the analysis of the gold sample (mean +SD, mg kg'1); the results
for zinc were lower than the limit of quantification of the employed ICP-AES

Anaytical program Ag Pd Pt Cu Fe
Au-H,0 88.80+1.30 10.84+0.22 13.70+0.34 2.80+0.17  6.52+0.31
Au-Au 91.55+2.14 12.06£0.62 12.27+0.55 ND ND
Au-1n230-H,0 91.97+1.13 13.06+0.28 14.64+0.28 3.57+0.20  6.60+0.22
Au-1n230 83.05+3.12 11.93+0.53 12.45+0.51 ND ND
Au-1n325-H,0 102.1742.34 12.38+0.26 14.90+0.55 3.57+0.35  7.05+0.57
Au-In325 85.60+3.31 11.47+0.66 12.07+0.73 ND ND
Standard addition method
No-Is 79.02+42.30 12.79+0.52 12.79+0.53 3.01+0.03  7.23+0.41
Is-1n230 82.78+3.67 11.29+0.28 13.55+0.63 3.39+0.18  6.77+0.25
Is-In325 82.78+4.99 12.04+0.61 13.55+0.75 3.76£0.13  8.28+0.81

The precision of the methods, expressed as RSD values for four replicate de-
terminations from the same sample solution, was apparently better using matrix
free caibration standards, especialy when indium at wavelength of 230 nm was
used as the internal standard. The obtained RSD values were within 5 % for all
analyzed elements, except for copper. The main reason for higher RSD values for
copper compared to other investigated elements was its lower concentration,
which is close to the limit of quantification. The precision of the obtained results
by matrix matching and matrix free calibration for silver, palladium and platinum
was aso compared through the F test. As the ratios of the variances Fexperiment
were smaller than Figle, this indicated that there were no significant differences
in precision of the methods at the 95 % confidence level.

As no pure gold certified reference material containing all analyzed elements
was available, the accuracy of the methods was realized by performing the reco-
very test for al the analyzed elements. The recoveries were evaluated by analysis
of trace elements in unspiked and spiked samples using the described methods.
The results from Table VI indicated spike recoveries in the range 90-115 % and
there was no evidence of interferences of the gold matrix in the described AES-
-ICP anaysis. The accuracy expressed as the percent of the spike recoveries
shows good agreement for all calibration strategies.
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TABLE VII. Spike recoveries, %, of the trace elementsin the pure gold sample

Analytical program Ag Pd Pt Cu Fe Zn

Au-H,0 109.8 93.6 103.2 95.3 935 93.2
Au-Au 115.3 90.9 99.3 92.2 98.3 935
Au-n230-H,0 102.2 101.0 109.7 99.6 99.0 99.2
Au-1n230 112.1 89.8 100.3 92.2 94.0 95.7
Au-In325-H,0 108.2 100.1 107.0 97.0 99.2 99.9
Au-In325 110.8 91.3 102.0 95.4 101.1 95.6

Analysis of certified reference material of high purity gold

The internal standardization and the standard addition method were further
validated by analyzing a certified reference materia of high purity gold AUGHPL.
The determination results of the certified reference material by the internal stan-
dardization and the standard addition methods, together with the certified values,
aregivenin Table VIII.

TABLE VIII. The results of analysis the certified reference material of highly pure gold
AUGHPL (mean +SD, mg/kg)

Analytical program Fe Cu Zn Pt
Au-H,0 8.62+0.30 4.67+0.07 4.30+0.08 ND
Au-1n230-H,0 10.27+0.26 4.78+0.21 5.01+0.19 ND
Au-1n325-H,0 10.74+0.27 4.43+0.10 5.25+0.33 ND
Certified value 8.90 4.40 4.30 1.80
Standard addition method

No-Is 8.13+0.26 4.69+0.25 4.69+0.26 1.56+0.39
I1s-1n230 8.75+0.40 4.38+0.09 4.69+0.11 1.56+0.29
1s-1n325 10.31+0.56 4.38+0.29 5.00+0.41 2.50+0.50

The results of the analysis of the certified reference material obtained by the
internal standardization and the standard addition methods were in accordance
with certified values, with the exception of platinum. The obtained results for
platinum using matrix-matching and matrix free calibrations with and without
internal standard were lower than the limit of quantification, but the recoveries
obtained by standard addition methods were in the range from 86.67 to 138.89 %.
Thu sensitivity enhancement is essential for the determination of low concen-
trations of platinum by inductively coupled plasma atomic emission spectro-
metry. This can be achieved using a more efficient sample introduction tech-
nique, such as ultrasonic nebulizer or electrothermal vaporizer, as well as using
more sensitive techniques such as inductively coupled plasma mass spectrometry
or electrothermal atomizer atomic absorption spectrophotometry. The internal
standardization and standard addition method were proved effective ways of
overcoming matrix effects. Comparison of the results obtained using the two
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wavelengths for indium, employed as an internal standard, indicated better results
were obtained using the 230 nm wavelength.

CONCLUSIONS

A rapid and simple method for the determination of trace contents of silver,
copper, iron, palladium, zinc and platinum in refined gold samples was deve-
loped. Indium was used as the internal standard. Two sets of calibration standards
were prepared. In the first set of matrix matched calibration standards, the con-
centration of the gold matrix was the same as in the samples, while in the second
set, the matrix material was not present. The detection limits of some elements
for matrix matching calibrations were higher than those obtained without the
addition of matrix material. The precision of the methods, expressed through the
RSD values, was better using matrix free calibration standards using the indium
230 nm line as the internal standard or without using the internal standard. The
accuracy of methods was confirmed by performing the recovery test and by
analysis of a certified reference material of high purity gold AUGHP1. Therefore,
simultaneous inductively coupled plasma atomic emission spectrometry with a
radial torch position and a cross flow nebulizer can be successfully applied for
the determination the trace elements in refined gold samples. The best results
were achieved by matrix free calibration and the standard addition method using
the indium 230 nm line as an internal standard.
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H3BOJ

OJOPEBUBAILE TPATOBA EJIEMEHATA Y Y30PLIMMA PAOUHUCAHOT 3JIATA
ATOMCKOM EMHCHOHOM CIHEKTPOMETPUJOM CA UHOYKTHUBHO
KYIUIOBAHOM IJTABMOM

MUPJAHA IITEXAPHHK', MAPHJA TOZJOPOBUE’, JIPATAH MAHOJJIOBUR, IATMBOP CTAHKOBHER’,
JEJIEHA MYTUR’ 1 BIACTUMHUP TPYJHR'

1 HHCTHTYT 3a pyAapcTBo H MeTanyprajy bop, Cextop 3a xemujcka Henurupama, 19210 bop,n
Z Yausep3rer y beorpany, Xemujcxu gaxynrer, 11000 Beorpag

OBaj pan mpukasyje MeTomy 3a ompehuBame HHUCKHX canpxaja cpedpa, dakpa, reoxbha,
najagyjyma, UMHKa U IJIaTHHE Y y30pLuMa padHHUCAHOT 3/1aTa. 3a UCHUTHBamka je kopuirhex
aTOMCKH €MHUCHOHH CIIEKTPOMETAp Ca MHOYKTUBHO KYIUIOBAHOM IUIA3MOM, PajUjalHO IOC-
TaB/bEHUM I/ITAMEHUKOM Ca YHAaKpCHUM pacnpluusadeMm. Jla Ou ce ynopenuse pasiuuure cTpa-
Terdje Kanudpanuje NpUnpemM/beHa Cy ABa CeTa KaJIUOpalLMOHUX CTaHAappaa. [IpBH ceT kanu-
OpallMOHMX CcTaH[apa ca U JpyTrH ceT cTaHzapha 0e3 jojarka marpukca. ['paHuie gerexiuje
nodujeHe mpu Kopulrhewy cTaHZapla ca JOOATKOM MaTpHKCa Cy BHUILE 3a HEKe eJleMeHTe Off
kanudpauuja 0e3 jomatka mMaTpukca. Takohe, IpUMemeHa je U MeTola YHyTpallllbe CTaHfap-
JH3alyje, eKCIEPUMEHTH Cy NMOoKasald Aa je MHAMjyM HajdosbM U300p 3a yHyTpallkH CTaH-
napn. Pesynraty aHanu3a y3opka 3narta J0OMjeHUX KOpUIThemeM CTaHAapha ca U 0es jonarka
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Marpukca ynopeheHu cy ca MeTonom CTaHZapIHOT fojaTka. TauHOCT MeTOofa MCIHUTaHa je
NPUHOCOM CTaHIApAHOT fojiaTka U fodujeHe cy BpegHocTH y oncery of 90 go 115 %. Taynoct
MeToze, Takohe, je mpoBepeHa KopuurheweM cepTU(UKOBaHOT pedepeHTHOT MaTepujaja BU-
cokouucror 3n1ata AuGHP1. Hajdomu pesyntaTv OCTUTHYTH Cy yHOTpedoM kaaudpaluoHUX
cTaHjapfa de3 jofaTka MaTpUKCca U METOLOM CTaHLApAHOT JofaTka YIoTpedoM HHANjyMa Kao
YHYTpaIIkeTr CTaHJapAa Ha TaJllaCHOj oyXuHH of 230 nm.
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Abstract: Mechanochemical treatment of Serbian kaolin clay was performed in
a planetary ball mill using two different milling media, hardened steel or zir-
conia vias and balls. The samples obtained after various milling times were
characterized by particle size laser diffraction (PSLD), X-ray diffraction (XRD),
differential scanning calorimetry/thermogravimetry (DTA/TGA) and Fourier-
transform infrared (FTIR) analyses. The mechanochemical treatment induced
amorphization of the kaolinite phase accompanied by dehydroxylation. It was
found that for given milling parameters, amorphization mainly occurred in the
milling period up to 15 min, and was completed after about 30 min of milling
for both employed milling media. The pozzolanic activities were determined by
the Chapelle method. Milling in the hardened steel milling medium had no
significant influence on pozzolanic activity, even though there was accumu-
lated iron contamination. For both milling media, a pozzolanic activity of 0.79
was obtained for the samples milled for 15 min and it remained amost
unchanged with prolonged milling. The determined pozzolanic activity values
were similar to those of commercial metakaolinite or metakaolinite obtained by
calcination of the same clay, thereby, indicating that highly reactive pozzolana
could be obtained by mechanochemical treatment of Serbian kaoline clay.

Keywords. kaolin clay; kaolinite; metakaolinite; mechanochemical treatment;
pozzolana.

INTRODUCTION

Kaoline clays are important industrial materials, used in engineering and
construction applications, ceramic processing, environmental remediation and in
many other miscellaneous applications.! There is an ongoing interest in the
utilization of kaolin clays as raw materials for the manufacture of metakaolin

* Corresponding author. E-mail: miodrag.zdujic@itn.sanu.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/JSC120829107M
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580 MITROVIC and ZDUJIC

(MK), a dehydroxylated form of the clay mineral kaolinite, as a pozzolanic addi-
tive for cement and concrete. MK usage can be found in many aspects of obtain-
ing concrete and can have beneficial effects on the ultimate compressive strength,
permeability and chemical durability, as well as economic and ecological advan-
tages.2 Bearing this in mind, as well as the lack of traditional pozzolanic mate-
rials (e.g., fly ash and silica fume), great effort has been given to improving the
technical characteristics MK as well as its production using kaolin clay as the
raw material .3-5

Metakaolinite (Al>Sio0O7) is an X-ray amorphous reactive aluminosilicate,
commercially obtained by heat treatment of kaolinite (Al>SioOs(OH)4) clay.6.”
The heat trestment involves the use of fossil fuels that produce CO, and other
gases (NOy and SOy types), al of which are air pollutants. Recently, there has
been an effort to reduce the emissions of greenhouse gases, and to develop pro-
cesses less aggressive to the environment. One of these processes is mechanical
treatment, widely applied for the modification and synthesis of various classes of
materials.8-10 The mechanochemical treatment of kaolinite has also been re-
ported in several papers.11-21,

In Serbia, there are several high-quality kaolin clay deposits. the Arande-
lovac Basin, the Kolubara Basin, and the Vranje and Kriva Reka Basin. Certain
guantities of the kaolin clays from these deposits are used in the ceramic industry
and for the production of refractory materials. In order to find other possible
applications, a process of metakaolin production by heat treatment (calcination)
of Serbian kaolin clay was developed.22 Good pozzolanic activity, as well as
mechanical and physical characteristics of the cements with the addition of
metakaolin produced by calcination and subsequent milling,23 gave substantial
reason to try to produce reactive pozzolana with a process less aggressive to the
environment, i.e., mechanochemical treatment.

Although a lot of work on milled kaolinite has been reported in recent
years,11-21 there seem to be only one report on the pozzolanic activity of amor-
phous kaolinite obtained by mechanochemical treatment.19 Furthermore, it should
be born in mind that the mineral composition of natural kaolin clays from dif-
ferent locations usually differ remarkably, thus influencing the physical and che-
mical properties of produced kaolinite.

In this work, the results of mechanochemical treatment of Serbian kaolin
clay, performed using either hardened steel or zirconia vial and balls as the mil-
ling media, are presented. The investigations were focused on how milling influ-
ences the pozzolanic activity and whether contamination arising from balls and
vial debris affects the properties of the final product. The results obtained enable
a better understanding of kaolinite preparation by milling and its properties as a
pozzolanic additive.
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MECHANOCHEMICAL TREATMENT OF SERBIAN KAOLIN 581

EXPERIMENTAL
Material

Kaolin clay from the Arandelovac Basin in Serbia was used for mechanochemical treat-
ment. Before characterization and mechanochemical treatment, clay was dried to less than 0.5
% moisture content, crushed and then ground in ball mill for 10 min (sample denoted as 0 h).

The chemical composition of the starting clay expressed in mass % of oxides was SiO,,
48.00; Al,O3, 31.75; Fe,03, 4.38; Ca0, 1.00; MgO, 0.48; Nay,O, 0.16; K,0, 1.50 and loss on
ignition 12.33 %. The main physical characteristics of the starting clay were given previoudy.23

The semi quantitative estimation, namely chemical analysis in combination with X-ray
diffraction (XRD) analysis was used to determine the kaolinite and quartz contents of 80 and
10.6 mass %, respectively.

Milling procedure

The powders were milled without any additives (dry milling) in a planetary ball mill —
Fritsch Pulverisette 5 — using either hardened steel 500 cmd vials and 13.4 mm diameter balls
or 500 cmd zirconia vials (yttrium oxide added ZrO,) vias and 10.0 mm diameter balls, in an
air atmosphere. The masses of the powders were 25 and 20 g for milling in the hardened steel
and zirconia vials, respectively, giving a balls-to-powder mass ratio of about 25 for both sets
of milling. The angular velocity of the supported (basic) disc, measured by a tachometer,
varied between 340 and 350 rpm (35.6 and 36.7 rad s1) throughout the milling. Thus, the
milling parameters were such that the same milling intensity may be expected for both milling
media242> Due to contamination arising from ball and vial debris, the color of the powders
milled in the hardened steel vials gradually darkened from almost white to black. Prolonged
milling up to 5 h was deliberately performed in order to investigate the possible effect of
contamination on the properties of the clay prepared by mechanochemical treatment. Thus,
chemical analysis of the powder milled for 5 h revealed an iron contamination of 5.6 %.
Milling in zirconia was performed for up to 2 h of milling. Determination of the ZrO, con-
tamination by chemical analysis was not performed but since the XRD analysis did not reveal
aZrO, phase, it should be no greater than afew percent.

Experimental techniques

The particle size distribution was measured by laser particle size analyzer on Mastersizer
2000 (Malvern Instruments Ltd., UK), which covers the particle size range of 0.02-2000 um.

The X-ray powder diffraction data were collected on a Philips PW1710 diffractometer
using Cu-Ke graphite-monochromatized radiation (4 = 1.5418 A) in the 26 range 4—65° (step-
length: 0.02° 26, scantime: 5 s).

The thermal behavior of the staring clay and powders milled for 15 and 30 min and for 1
and 2 h was investigated from room temperature up to 1100 °C using an SDT Q600 simul-
taneous DSC-TGA instrument (TA Instruments) with a heating of 20 °C min'l under a
dynamic (100 cm3 min'1) N, atmosphere.

The Fourier-transform infrared (FTIR) spectrawere recorded using Nicolet 6700 Thermo
Scientific spectrometer. Measurements were conducted in the wave number range 4000-400
cml, with 4 cm? resolution.

The pozzolanic activity was evaluated according to the Chapelle test.28 Kaolinite clay of
amass of 1 g was mixed with 1 g Ca(OH), and 200 cm? boiling water. The suspension was
subsequently boiled for 16 h and the free Ca(OH), was determined by the means of sucrose
extraction and titration with HCI solution.
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582 MITROVIC and ZDUJIC

RESULTS AND DISCUSSION
Particle size distribution

Particle size measurements revealed that mechanochemical treatment using
either hardened steel or zirconia vials and balls induced only a moderate powder
change compared to the kaolin clay pre-milled for 10 min (Fig. 1). Mean particle
size slightly increased from 9.85 to 11.34 um after 15 min, because of particle
agglomeration, and remained almost unchanged for milling times up to 30 minin
the hardened steel vial. Such an observation is in an agreement with previously
reported results.1> Particle size reduction of the fraction of coarse powder particle
size could also be noticed. The powder behaved in a similar manner during mil-
ling in the zirconiavial.

99.999 -
99.99 oOh
99.9 4 —— 15 min (steel vial and balls)
995 - —-=- 30 min (steel vial and balls)
ggg 5 - = = 30 min (zirconia vial and balls)
95
90

Volume, %
BCNO~d
ooOoOoo
| |

0.1 1 10 100
Particle Size, um

Fig. 1. Particle size distribution of the kaolin clay pry-milled for 10 min (0 h) and milled for
15 and 30 min using hardened steel balls and vial and milled for 30 min using
zirconia balls and vial.

XRD structural analysis

The XRD patterns of the starting clay and samples milled for various milling
times, for both milling media, are presented in Figs. 2 and 3. XRD analysis of the
starting clay identifies kaolinite (Al2SioOs(OH)4) by basal reflections at about 26
12.4, 20.0, 21.0 and 25.0° (JCPDS card No. 89-6538), quartz at 26 20.9 and 26.7°
(JSPDS card No. 89-8934) and mica at 20 8.9 and 17.9° (JCPDS card No. 88-
0791). In the XRD pattern of the sample milled for 15 min, the peaks of kaolinite
had almost vanished (or can hardly be resolved) as the result of deterioration of
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MECHANOCHEMICAL TREATMENT OF SERBIAN KAOLIN 583

the kaolinite structure. The loss of peak intensity at 20 12.4° suggests breaking of
the bonds between the kaolinite layers (001).15 Mechanochemical treatment
induces dehydroxylation, and the consequential transformation of kaolinite to a
very disordered (amorphous) structure. It was aready demonstrated that during
milling, the kaolinite phase becomes gradually distorted and amorphous.13-16
For the thermally induced transformation of kaolinite to metakaolin, a molecular
dynamic study showed that the loss of crystallinity was governed by the loss of
hydroxyl groups at the surface of the inter-layer spacing and the migration of the
aluminum into the vacant sites.”

Q

K
M Q g
M K o K
Q K QQ
%) Oh
= Q K
- Wwwm ‘-?J-k Moy K o AA-.-_.:15 min
pe -
< T ~ 30min
= }L A
[72]
[
5 Dariiond v — _— 1h
=
) N k ) N ~2h
Q
W W 9 Q5
[ T | T | T T T T T T 1
10 20 30 40 50 60

20/°

Fig. 2. XRD Patterns of the kaolin clay milled for various milling times using hardened steel
balls and vial (K — kaolinite, Q — quartz, M —mica).

The XRD patterns of the samples milled for longer milling times (30 min, 1,
2 and 5 h) are similar (Figs. 2 and 3), indicating that with prolonged milling
structural changes occurred very slowly. The XRD patterns suggest that the
quartz phase was not altered because the position of peaks at 26 21.2 and 27.4°
remained almost unchanged. However, their intensities gradually decreased, per-
haps as the result of very slow dissolution of quartz into the disordered (amor-
phous) matrix. XRD analysis of mechanically treated samples during either hard-
ened steel or zirconia milling medium indicated fast deterioration of the kaolinite
structure during milling, mainly within the first 15 min. The results obtained in
this study are consistent with previous investigations.11-19
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Fig. 3. XRD Patterns of the kaolin clay milled for various milling times using zirconia balls
and via (K —kaolinite, Q —quartz, M —mica).

Intensity, Arb. Units

The observation that almost identical results were obtained in both milling
media suggests that specific energy dose defined as cumulative mechanical
energy transferred to the powder during milling time is responsible for the kine-
tics and final phase formation, in spite of different milling parameters such as
impact energy and frequency.2’

DTA/TGA thermal analysis

Thermal analysis of the samples milled for various milling times further
supports the XRD findings. On the DTA curve (Fig. 4a) of the pre-milled clay
(milling time O h), two heat effects could be identified. A well-developed endo-
thermic peak at a temperature of about 511 °C, assigned to the process of dehyd-
roxylation, was accompanied with aweight loss of about 12 % during heating up
to temperatures of about 800 °C (Fig. 4b). At higher temperatures, the exother-
mic heat effect at about 982 °C could be assigned to the crystallization of spinel
and/or mullite phases.12
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Fig. 4. DTA (8 and TGA (b)
curves of the kaolin clay milled for
various milling times using hard-
ened steel balls and vial.

For the sample milled for 15 min, the endothermic heat effect had almost
disappeared, indicating that mechanochemical treatment induced breaking of
O—H bonds. It should aso be noted that this peak was shifted to a lower tem-
perature of about 460 °C. Thus, mechanochemica treatment through the gene-
ration of lattice defects decreased the dehydroxylation temperature by about 50
°C. For prolonged milling times, such a heat effect could not be detected, im-
plying that the process of dehydroxylation was completed in up to about 30 min
of milling. The exothermic peak shifted to lower temperatures with milling time
(from 982 to 920 °C for 0 and 2 h, respectively), which is in agreement with
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586 MITROVIC and ZDUJIC

previously reported results.12 DTA results (Fig. 4b) show that water release was
facilitated in the milled samples in comparison to the unmilled sample.
DTA/TGA curves of the samples milled in the zirconiamilling medium
along with metakaolinite sample prepared by heat treatment (calcination) of the
kaoline clay at 650 °C for 90 min,22 are given in Fig. 5. As can be seen, milled
samples exhibited a very similar thermal behavior to that milled in hardened
steel, suggesting contamination had no significant effect on the dehydroxylation
process. Therefore, the weight loss between 100 and 300 °C (Figure 4b and 5b)
may be attributed to the liberation of coordinated water, which is formed from

\ a
\. 0h

e

15 min \// ——
30 min
N\ 1h

2h

Temperature Difference, Arb. Units

650 °C/ 90 min
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- N\ —0h
= 94 - 15 min
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£ 92- 1h
a \\\-. aridara) 2 h
g e N
90 - :
86, —
! b : e——
86 Fig. 5. DTA (a) and TGA (b)
—T T 1 11— curves of the kaolin clay milled
0 200 400 600 800 1000

for various milling times using
T/°C zirconia steel ballsand vial.
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MECHANOCHEMICAL TREATMENT OF SERBIAN KAOLIN 587

the OH groups because of mechanochemical dehydroxylation of kaolinite. The
difference in the thermal behavior of amorphous kaolinite and of metakaoliniteis
obvious from Fig. 5. The metakaolinite sample was characterized by the absence
of a dehydroxylation heat effect (Fig. 5a), while the TGA measurement did not
reveal any significant weight loss (Fig. 5b).

Infrared analysis

The FTIR spectra of the pre-milled kaolin clay and those of the kaolin clay
milled for 15 and 30 min, and 1 and 2 h in the zirconia-milling medium are
shown in Fig. 6. The characteristic bands at 3697, 3651 and 3620 cnm1, assigned
to SIO—H stretching vibrations, were markedly decreased in intensity in the spec-
tra of the mechanochemically treated samples, indicating the scission of O—H
bonds. The appearance of a broad band at 3443 cm~1 may be assigned to the
hydroxy! vibrations of interlayer and adsorbed water.11.19-21.28 The very weak
but detectable bands at 3697 and 3624 cnL indicate that after 30 min of milling,
some OH groups still remained bonded between the adjacent kaolin layers,
evidencing that some residual kaolinite phase still existed. However, on prolong-
ing the milling time up to 1 h, these bands completely disappeared, implying
completion of the dehydroxylation process. No significant difference could be
observed between samples milled for 1 and 2 h.

FTIR spectra of the samples milled in hardened steel milling media (not
given) exhibited almost identical features as presented in Fig. 6.

Pozzolanic activity

Determination of pozzolanic activity, and in particular lime reactivity, of
various materials is essentia for their efficient application in cement and con-
crete. The influence of milling time of the kaolin clay on the pozzolanic activity
is given in Table I. It is evident that after 15 min of milling, the pozzolanic
activity reached its highest value of 0.79 g Ca(OH)» per g pozzolana. Prolonged
milling dslightly decreased the pozzoloanic activity. The values obtained were
similar to those of metakaolinite obtained by calcination?2 and subsequent mil-
ling23 for the same kaolinite clay, as well as commercial metakaolinite, implying
that mechanochemical treatment could be applied to produce highly reactive poz-
zolana.

It is known that the lime reactivity of a pozzolanic material depends on its
particle size and surface area as well as its mineralogical composition.2° High
reactivity pozzolans are those that contain large proportions of amorphous alumi-
nosilicates, have particles of small average mean diameter and relatively high
specific surface. Therefore, taking the structural changes of the starting clay
during milling into the account, it could be presumed that amorphization of the
studied kaolinite was the main factor responsible for the obtained pozzolanic
activity.
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and milled for various milling
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TABLE |. Pozzolanic activity of the kaolinite clay milled for various milling times in either
hardened steel or zirconia milling medium (balls and vial), and obtained by calcination and
subsequent milling in comparison to commercial metakaolinite

Pozzolanic activity, g Ca(OH), per g pozzolana

Milling time

Hardened steel Zirconia

0 h (pre-milled for 10 min) 0.59
15 min 0.79 0.79
30 min 0.75 0.74
2h - 0.73
5h 0.76 -
Metakaolinite obtained by calcination?! 0.65
Metakaolinite obtained by calcination and

oo 0.76
subsequent milling
Commercia metakaolinite 0.78
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CONCLUSIONS

The results obtained in this study show the feasibility of obtaining highly
reactive pozzolan by mechanochemical treatment. The results could be summa-
rized asfollows:

Milling in a hardened steel or zirconia medium has no significant effect on
the pozzolanic activity beyond a milling time of 15 min.

Contamination arising from ball and via debris during milling in hardened
stedl also had significant effect on the pozzolanic activity.

Milling of the pre-milled clay induces only moderate changes in the particle
size distribution.

XRD and DTA/TGA analyses of mechanically treated clays indicated a fast
deterioration of the kaolinite structure (amorphization) occurred mainly within
thefirst 15 min.

The absence of a signal at 913 cm2 arising from Al-O—H bonds in the IR
spectra of milled samples confirmed mechanochemical dehydroxylation and
transformation to amorphous kaolinite.

Milling for more than 30 min was unnecessary, as further milling has no sig-
nificant effects on the characteristics of the pozzolan.

In conclusion, mechanochemical treatment instead of the heat treatment
could be employed for the production of pozzolan with the same activity.

Acknowledgements. This work was financially supported by the Ministry of Education,
Science and Technological Development of the Republic of Serbia (Grants Nos. TR 36017
and 45001). The authors are grateful to their colleagues Smilja Markovi¢ and Zoran Stoja-
novi¢ for the particle size measurements.

H3BOJ

PEAKTUBHH ITYIOJIAH JOBMJEH MEXAHOXEMHWJCKHUM TPETMAHOM
IOJOMARE KAOJIMHCKE I''TMHE

AJIEKCAHIPA MHTPOBUE' n MHOIPAT SHYJI/I'BZ

1 HHCTHTYT 3a HCITHTHBAamEe MaTeprjasia, byinesap sojpoge Mumnha 43, 11000 beorpan ZHHCTHT_VT
TEXHHYKHX HAyKa CPIICKe aKageMuje Hayka H yMeTHOCTH, Krnes Muxannosa 35, 11000 beorpan

Iomaha KaoJHMHCKa INIMHA jé MEXaHOXEMHjCKH TPETHPaHa y IUIaHETAPHOM MJIMHY KO-
puwhemem yenuuHux win ZrO, mocyza M KyIIHLa. Y30pUM JOOHjEHH NOC/IE PasTHYMTHX
BpEMEHa MJIEBEHa HCIMTHBAaHH Cy DEHATEHCKOM CTPYyKTypHOM (XRD) M gudepeHuHjanHO
TEPMHjCKOM U TepMorpaBumeTpujckom (DTA/TGA) aHanu3om, HHPPALPBEHOM CHEKTPOCKO-
nujom ca Pypujeosom Tpancdopmanujom (FTIR), kao 1 macepckom oUQPaKIHjoM pacrojese
BenrnyuHe yectuna ((PSLD). MexaHOXeMHjCKH TPeTMaH NMPOYy3poKyje amopdu3annjy KaoarH-
cke dasze mpaheny mexuppoxcunaudjom. Haheno je ma je amopdusaudja WHTE3WBHA TOKOM
noyeTHux 15 min mieBena, a 1a je TOTOBO y MOTIIYHOCTH 3aBplieHa HakoH 30 min MieBemna.
ITynonaHcka akTUBHOCT je onpehusana Chapelle MeTonom. MieBemwe y 4YeIHUHUM IOCyJama y
Tpajamy of 5 h Hema OuTHOr yTulaja Ha IyLOJAHCKY aKTMBHOCT, MaKO je TOKOM MJeBema
TOILLJIO [0 3amp/bamka Npaxa reoxhem. BpegHocT nynonaHcke akTUBHOCTH of 0,79 nobujana je
3a y3opak miieBeH 15 min y yeIM4HMM Kao U 3a OHaj MieseH y ZrO, mocygama, ¥ 0CTaje ro-
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TOBO HENPOMeEHeHa 3a Jya BpemeHa mieBewa. OnpeheHe myrosaHcke akTUBHOCTH Oiucke
Cy BpEAHOCTMMA 3a KOMepLHjalHH MEeTaKaoJIMHHUT, Ka0 U 32 METaKaolIMHUT NOOUjeH Kaslu-
HallMjoM KaOJIMHCKE IJIMHE MCTOT XEMU]jCKOT cacTaBa. Ha OCHOBY OoBOra, MOXe Ce 3aKk/byYUTH
Ila je MeXaHOXeMHjCKH TPeTMaH MOroiHa MeToza 3a JoOujake PeKaTUBHOT Myli0JIaHa.
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Abstract: Two polyaza macroligands N,N"-bis(2-aminobenzyl)-1,2-ethanedi-
amine (L1) and 3,6,9,12-tetraaza-4(1,2),11(1,2)-dibenzo-1(1,3)-pyridinacyclo-
tridecaphane (L2) were characterized and investigated for their metal ion
extraction capabilities. The nature of all complexes was established by spec-
troscopic techniques. The equilibrium constants were determined by spectro-
photometric and potentiometric techniques and the residual concentration of
metals in the solutions by atomic absorption spectrometry (AAS). The capacity
of the ligands to remove heavy metals such as Cu(l1), Ni(I1), Cd(l1), Zn(Il) and
Pb(I1) as insoluble complexes was evaluated in wastewater from industrial
effluents. These agents showed high affinity for the studied metals. The values
of the equilibrium constants of the isolated complexes (between 1x10* and
2x107) demonstrated the feasibility of applying these chelating agents as alter-
natives for the removal of heavy metals from industrial effluents.

Keywords. polyaza macroligands; pollutant removal; wastewater; heavy
metals.

INTRODUCTION

The removal of heavy metals from agueous solutions is an important issue
faced by industries discharging wastewater. Due to rapid industrialization, an
alarming amount of toxic heavy metals has been released into the environment,
endangering natural ecosystems and public health.l In recent years, a wide range
of treatment technologies, such as chemica precipitation, solvent extraction,
adsorption, membrane filtration, and electrodialysis, have been developed for the
removal of heavy metals from contaminated wastewater.2 The use of organic-

* Corresponding author. E-mail: perla.elizondomr@uanl.edu.mx
doi: 10.2298/JSC120228050E
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592 ELIZONDO MARTINEZ et al.

based ligands that produce stable coordination compounds has been proposed as
an alternative procedure for the selective extraction and removal of dissolved
heavy metals from contaminated water.34

Some of the main features of a suitable extracting agent are high affinity
toward the target metals and their ability to form stable insoluble compounds. In
this context, Schiff base macroligands show great potential to act as extracting
agents.>~7 Schiff base condensation reactions have been used to produce a large
number of macroligands or receptors that form metal complexes with different
stahilities according with the nature of the ligands and the preferences of the
metal ions to coordinate.>8-14

The synthesis of new polyaza macrocyclic and their potential applicationsin
areas such as environmental protection for the removal of heavy metals from
contaminated effluents are themes of great interest. The synthesis of a polyaza
receptor incorporating five nitrogens and a pyridyl unit to obtain the cyclic mac-
roligand  3,6,9,12-tetraaza-4(1,2),11(1,2)-dibenzo-1(1,3)-pyridinacyclotrideca-
phane (L 2) was previously reported. This ligand was capable of binding metal
ions such as Ni(ll), Pb(l1) and Zn(Il) to give high yields of fairly stable com-
plexes at room temperature with 1:1 (metal:ligand) stoichiometry that were inso-
luble in water.9.10.16

As part of the ongoing development of new ligands, the goal of this work
was to investigate the potential extracting properties of the acyclic and cyclic
macroligands L1 (N,N’-bis(2-aminobenzyl)-1,2-diaminoethane) and L2 toward
Cu(ll), Ni(ll), Cd(I1), Zn(ll) and Pb(ll). These metals are usually reported in
wastewater samples from some industries and creeks in Monterrey, Mexico. The
capabilities of these ligands to minimize the metal concentration below the
alowed limits by the Official Mexican Regulations for treated water dischargel’
were evaluated. The spectral characterization (infrared and MS), elemental anal-
ysis and the equilibrium constants determined by UV-vis and potentiometric tit-
ration of the complexes of Cu(ll), Ni(Il), Cd(II), Zn(Il) and Pb(I1) with L1 and
L 2 are aso reported herein.

MATERIALS AND METHODS

All reagents of the highest available purity were obtained from Aldrich and used without
further purification.

The UV-Vis spectra were recorded on a GBC Scientific Cintra 6 spectrometer and the
IR spectra on an IR-FT Nicolet 550 Magna-IR spectrometer or an ATR-FT Perkin Elmer
Spectrum 1. The ESI-TOF mass spectra were obtained using a Bruker Daltonics Data Anal-
ysis 3.3 instrument. The elemental analysis for C, H and N were performed using a Perkin
Elmer 2400 Series II CHNS/O elemental analyzer. The metal ion concentrations were esti-
mated using a GBC Scientific 932 AA atomic absorption spectrometer.
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APLICATION OF POLYAZA MACROLIGANDS FOR HEAVY METAL REMOVAL 593

Synthesis of the macroligands and their complexes

The receptors L 1 and L 2 (Fig. 1) were synthesized according to published procedures.1®
Briefly, L1 was synthesized by condensation reaction between 2-nitrobenzaldehyde and
ethane-1,2-diamine followed by the selective reduction of the imine and nitrate groups using
NaBH, in methanol and NH,NH,-H,0 in ethanol, respectively. The L2 cyclic ligand was
produced in the template reaction between L1 and 2,6-diformyl pyridine (DFP) using Mn(l1)
ions as the templating agent.

| X
Z
N
@\/ N NHZ " 3
N
\/\N/\©
H
L1 L2

Fig. 1. Polyaza macroligand structures.

The complexes were prepared at room temperature by direct reaction between an etha-
nolic solution of the required ligand and an ethanolic solution of the appropriate metallic salt
(either the nitrate or perchlorate) in a1:1 moleratio (M:L) (Eg. (1)):

mM +nL — ML, (D]

whereL isL1or L2 and M is Cu(ll), Ni(Il), Zn(I1), Cd(I1) or Pb(I1).

Ligand 1. A solution of L1 (274 mg, 1 mmol) in EtOH (5 mL) was added to 5 mL of an
EtOH solution of Ni(Il), Cu(ll), Zn(l1), Cd(I1) or Pb(I1) (1 mmol) and the mixture was stirred
for 30 min. The resulting product was then recrystallized from hot ethanol and finally dried in
avacuum desiccator.

Ligand 2. A solution of L2 (373 mg, 1 mmol) in EtOH (4 mL) was added to 5 mL metal
solution of Ni(I1), Cu(Il), Zn(ll), Cd(l1) and Pb(ll) (1 mmol), and this mixture was stirred for
30 min. The resulting product was then recrystallized with hot ethanol and finally dried in a
vacuum desiccator.

Elemental analysis, infrared and mass spectrometry studies were used to characterize the
compounds. The stability constants of the colored complexes were determined at 25 °C by
UV-Vis spectrophotometry with application of the Job Method.18 Potentiometric titrations
were used to characterize the uncolored complexes at 25 °C.19

Affinity studies and equilibrium constants.

The affinity of L1 and L2 toward the metals was determined based on the mole per-
centage of bound metallic ions.

The obtained complexes were filtered, washed with ethanol and after drying, the solids
were weighed and a decimal part of each one was dissolved in the minimum amount of HNO5
and the sample volume was made up to 50 mL with deionized water. A 1-mL aliquot of the

Available online at www.shd.org.rs/JSCS/

Copyright (C)2013 SCS

©3

56

RE MO




594 ELIZONDO MARTINEZ et al.

samples was taken and the volume adjusted to 25 or 100 mL with deionized water. The re-
sulting solutions were analyzed by AAS in order to determine the mole percentage of bound
metallic ion. All assays were performed in triplicate and the results are presented as mean
values.

Application to the removal of heavy metals from water samples

The metals and their concentrations in synthetic water samples were based on previous
analysis performed on real water samples.20 The synthetic samples were a mixture of 0.0001
moles of one or more metal. With respect to the real waters, four samples were selected, two
from industry, the third from the Topo Chico Creek, and the fourth from the Boca Lake,
which is the main source of drinking water in Monterrey, Mexico. These samples were pre-
viously treated by ozonization to eliminate organic matter and, in the cases where this pro-
cedure failed, to acid digestion.?! The pH of the solutions was adjusted to 5.5 before the
addition of an excess of the corresponding receptor. The results of the characterization of the
water samples are given in Table |I. The concentrations of free metal ions were determined by
AAS.

TABLE I. Characterization of crude water samples. Average value of the three determina-
tions; “+ confidence interval (P = 0.05; n = 3); Cd concentrations were below < 0.10 mg LL;
ND: not detected

Concentration, mg L1

Sample PH cu(in Ni (I1) Zn(l) Po(Il)
Topo Chico 59  3.01%0.19 3356021 349+0.22 ND
San Juan River 61  296+023 2204018  2.65+0.21 ND
Industrial water 1 51 6.63+0.39 1254066 2024017  537+0.31
Industrial water 2 5.2 ND 240+120  72.0+3.6 ND

RESULTS AND DISCUSSION

All products were characterized by UV-Vis, IR and MS spectroscopy. The
yields, colors, elemental analyses and mass spectrometry data of the ligands and
their complexes are given in Table Il. The receptors formed stable complexes
with Cu(ll), Ni(I1), Zn(l1), Cd(Il) and Pb(Il) at room temperature. The complexes
were isolated in high yield (71-96 %) as colored crystalline mononuclear solids.
The complexes of Cd(11) and Pb(I1) with L1 and L2 were found to be soluble in
methanol. The complexes of Cu(ll), Ni(ll) and Zn(ll) with L1 were soluble in
acetonitrile and methanol while the complexes of Cu(ll), Ni(ll) and Zn(I1) with
L2 were soluble in acetonitrile. Mass spectroscopy was used for the structural
characterization of the solid products (Table I1). The mass spectral data indicated
complex formation since all the products showed a characteristic molecular ion
(M) that represented the molecular ion peak of the complex. The mass spectra of
L1 and L2 also showed a parent peak at m/z 271.4 and 374, respectively, corres-
ponding to protonated L1 and L 2. Each of the complexes had a 1:1 (ligand:me-
tal) stoichiometry. The formulaisin agreement with the mass spectral data.
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APLICATION OF POLYAZA MACROLIGANDS FOR HEAVY METAL REMOVAL 595

TABLE Il. Physical properties, elemental analysis and mass spectrometry data of the ligands
and their complexes

vidd Elemental analysis Mass spectrometry

Compound ('% Color  Found (Calcd.), % Molecular lon molecular

C H N mass fragment
L1 54 Pade 709 82 205 270.1 [L1+H]" (271)
CisH2N, yellow (70.1) (8.2) (20.7)
[CUL1](NOs), 95 Dak 4201 493 18.15 4575 [CuL1-2H]*
C16H2NCuOg blue (41.92) (4.84) (18.30) (332
[NiL1](NOs), 90 Lilac 4186 481 18.28 453.1 [NiL1-2H]"
C16H2NgNiOg (42.42) (4.89) (18.44) (327)
[ZnL1](CIO,)»2H,0 93 Creamy 34.41 4.62 10.23 [ZnL1](ClO,)»H,0 [ZnL1]" (335)
C1sH2N4Zn0OgCl, (34.77) (4.38) (10.14) (552.7) [ZNL1CLO,H]*

(433)

[CAL1](NOs), 75 Creamy 38.20 4.38 16.43 - -
C16H2NCdOg (37.92) (4.30) (16.58)
[PbL1](NO,), 90 White 3140 362 13.83 601.6 [PoL1-H]*
C16H22N6PbOg (31.94) (3.69) (13.97) 477)
L2 57 White 735 74 191 373.0 [L2+H]" (374)
Cu3H2/Ns 73.6) 7.9) (18.6)
[CUL2)(NOs),-EtOH 94 Green 4943 550 16.49 607.1 [CuL2-H]*
C,5H33CuN;0O, (49.46) (5.48) (16.15) (435)
[NiL2](NOs),-EtOH 88 Purple 49.43 550 16.49 602.3 [ZnL2-H]*
C,sH3sNiIN;O; (49.86) (5.52) (16.28) (436)
[ZnL2](CIO,), 96 White 4354 3.72 1047 637.9 [CdL2-H]*
Cy3H27,ZnNsOgCl, (43.31) (4.27) (10.98) (484)
[PbL2](NOs), 77 White 3940 3.10 13.76 704.7 [PbL2-H]*
Cu3H27PbN;Oe. (39.20) (3.86) (13.91) (579)
[CAL2](NOs),-EtOH 71 Creamy 4540 4.78 14.36 [CdL2](NOs),: [CdL2-H]*
C,5H33CdN;0O, (45.77) (5.07) (14.95) -EtOH (639.9) (484)

Elemental analysis data were also obtained. The results were in good agree-
ment with the formula. The structures of the ligands (L 1 and L 2) and their com-
plexes were also determined from their FT-IR spectra (Table I11). The IR spectra
of the free ligands were compared with those of the metal complexes to deter-
mine the bonding mode of the ligands to the metal in the complexes. In the IR
spectral data of the ligands, strong bands for L1 (3398 and 3316 cm1) and for
L2 (3420 and 3249 cm1) belong to the v(N—H) vibration of the aromatic amine
groups. In the spectra of complexes, these bands were shifted to lower frequen-
cies. The IR spectra confirmed the existence of cyclic ligands in the complexes,
by the presence of strong absorption bands at ca. 1600-1608 cm—1 and 1412—
—1510 cm1, expected for the two highest-energy pyridine or benzene ring vibra-
tions.22 All complexes showed weak to medium intensity bands in the region
710-1380 cm—L, which were absent in the spectra of the free ligands; these can be
attributed to (M—N). The absorptions of the counter ions (NO3~ or CIO4") pro-
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vided some useful structural information. The IR spectra of the nitrate complexes
showed bands at 1342-1322 cm1 and ca. 1034 cm1, suggesting the presence of
coordinated nitrate groups, as well as a band at ca. 1384 cm? attributable to
NOs3™. Thus, the IR spectra gave evidence that that the nitrate groups are involved
in the coordination sphere of the metal ion. The IR spectra of the perchlorate
complexes exhibited bands attributable to the asymmetric Cl-O stretching mode
at 1088 cm~ and the asymmetric Cl-O bending mode at 627 cm1.23 The bands
of the perchlorate complexes did not suggest interaction of perchlorate anions
with the metal .23 Therefore, it could be concluded that the L1 and L2 ligands
bound to the metal ions through nitrate N groups. Spectroscopic studies and ele-
mental analysis suggested a 1:1 metal-ligand ratio for all the formed complexes.

TABLE Ill. Frequencies of significant bands in the IR spectra of the ligands and their com-
plexes; vs— symmetric stretching and v — asymmetric streching

V(N-H) and vos  v(C-N) V(ArC=C) v (freeor coordinate anion)
1 1 -1 -1

Compound ) ]
cm cm cm cm

L1 3398, 3316  1627,1502 1496, 1459 -

[CUL1](NOs), 3266, 3195  1620,1581 1498, 1464 1381, 1334, 1094, 851, 826,
765 v(NOg)

[NiL1](NO3), 3311, 3260 1615, 1574 1497,1412 1308, 1088, 1034, 852,
819 v(NG3)

[ZnL1](CIOy), 3333,3295 1620, 1585 1499, 1460 1091, 624 v(CIOy)

[CAL1](NOs), 3430, 3293 1618 1498, 1458 1384, 1272, 1037, 843,
820 v(NO3)

[PbL1](NOs), 3350, 3264 1608 1496, 1456 1330, 1052, 825,
752 v(NOy)

L2 3420, 3249 1604 1510,1433 -

[CUL2](NOs), EtO 3150 1612 1500,1475 1359, 1332, 826,

H 740 v(NOg)

[CuL2](CIOy), 3262, 3251 1600 1501,1456 1090, 622 v(CIOy)

[NiL2](NOs;),-EtOH 3278, 3230 1605 1471,1451 1388, 1322, 839,732 v(NOs)

[ZnL2](CIOy), 3290, 3250 1609 1497,1460 1094 v(ClO,™)

[CAL2](NOs)EtO 3254, 3235 1603 1505,1470 1387, 1324, 1287, 828,

H 736 v(NO3)

[PbL2](NO,), 3283, 3215 1600 1504,1460 1372,1342, 1035, 740,
710 v(NOg)

Affinity of L1 and L2 toward Cu(ll), Ni(I1), Zn(I1), Cd(11) and Pb(Il)

The interactions of L1 and L2 and the metal ions were studied by AAS
(Table 1V). The results suggested that these complexing agents have high affinity
for the analyzed metals.

The order of affinity of L1 toward the metals follows the Irving Williams
series.24 The affinity series took the following order: Cu(ll) > Ni(Il) > zZn(ll) >
> Cd(I1) > Pb(Il). With respect to the cyclic ligand L2, its selectivity and the
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stability of its complexes could be related to the ionic radius of the metal2® and
the size of the ligand cavity. The highest stability of complexes was previously
described as being when the ionic radius best fitted into the ligand cavity.26 The
affinity series took the following order for L2: Cd(I1) > Cu(ll) > Zn(Il) > Ni(ll) >
> Pb(Il).

TABLE IV. Percentage of metallic ion bounded to L 1 and L 2 receptors

Metallicion lonic radii?4, A lontoL1, % lontoL2, %
cu(ll) 0.73 99.2 98.6
Ni(l1) 0.69 98.7 94.8
Zn(I1) 0.78 97.9 97.1
cd(l) 0.95 9.3 9.1
Po(l1) 1.55 92.7 85.4

Equilibrium constants

The equilibrium constants of the colored complexes were determined at 25
°C and pH 6.5 by UV—-Vis spectrometry applying the Job method, and by poten-
tiometric titration for the uncolored complexes under the same conditions. The
constants reported in Table V (coefficient of variation (CV) < 5 %) indicated high
stability for all complexes. so the receptors show potential usefulness as extract-
ing agents for Cu(ll), Ni(ll), Zn(I1), Cd(I1) and Pb(ll). Metal-ligand ratio was
confirmed to be 1:1 in al cases, asshownin Fig. 2 for CuL1 and CdL 1.

TABLE V. Equilibrium constants of complexes with L1 and L2; average value of the three
determinations

Complex Ko x10™ cVv
[CuL1] 166 4.0
[NiL1] 158 443
[ZnL1] 115 3.63
[CdL1] 176 4.44
[PbL1] 0.291 4.47
[CuL2] 226 4.2
[NiL2] 15.4 4.26
[ZnL2] 737 4.07
[CdL2] 97.0 4.03
[PbL2] 1.66 4.00

L1 and L2 as extracting agents

The study of macroligands L 1 and L 2 as extracting agents was performed on
synthetic and real water samples based on triplicate analyses. Synthetic water
samples with a mixture of two, three or four heavy metals were prepared accord-
ing to the concentration reported in a previous analysis performed on real waters
(data not shown). The initial metal concentrations were 29.0, 23.4, 36.5, 22.2 and
39.0 mg L1 for Cu(ll), Ni(Il), Cd(11), Zn(11) and Pb(1), respectively; the pH of
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the solutions was in the range of 4.9-6.5. The complexing agents were added in
excess. On increasing the metal ions concentration, the ligands functioned effi-
ciently over a wide range of concentrations up to 100 mg L-1 for Cu(Il), Ni(ll),
Cd(I1), Zn(11) and Pb(Il) ions (data not shown). The free metal ion concentrations
in solution after treatment with the macroligands L1 and L 2 were determined by
AAS (CV < 5%). The receptor tendencies to bind each metal ion are shown in
Figs. 3a-3d. In al cases, the ligands were able to minimize the metal concen-
tration to below the limit allowed by the Official Mexican Regulation for treated
water discharge (daily averages, in mg L1 are: Cu, 1.5; Ni, 6; Zn, 9; Cd, 0.75
and Pb, 1.5).17
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L1 and L2 were essentidly similar in the efficiency of metals affinity to
bond complexes in both single and multiple metal solutions. Ligand L 1 was asso-
ciated with a higher effectiveness for the removal of the evaluated metal ions
compared with ligand L2, especialy for Ni(ll) and Pb(ll) (Fig. 3). Thus, even

without direct evidence, it could be suggested that one ion is too large and the
other is too small for the cavity of ligand L2, reducing sightly the stability of

such complexes.

2
S

Residuaj metal, mg | -1
Residug] metal, mg !

Residug] metal, mg 1 !

cd

A0
€
@/’.OQ (o)
(© (d)
Fig. 3. Residual metal concentration in the synthetic water samples containing mixture of
metals treated with receptors L 1 and L 2: @) two metals, b—) three metals and d) four metals.

The ligands L1 and L2 were evaluated for their ability as extracting agents
to remove Cu(ll), Ni(Il), Zn(Il) and Pb(ll) from rea water samples. Cadmium

was not considered in this study since the initial concentration of Cd(l1) in the
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real water samples was below the detection limit. There were no significant diffe-
rences in the results obtained for the real water samples (Table V1) compared to
synthetic water samples (Table V).

TABLE VI. Residua concentration of metals in crude water samples after adding L1 and L 2;
the receptor was added in excess; confidence interval (P = 0.05; n = 3); ND: not detected

ncentration, mg L™
Sample Concentration, mg

Cu(ll) Ni (11) Zn(1l) Ph(1l)
L1-Topo Chico 0.38+0.04 0.46+0.04 0.50+0.05 ND
L1-San Juan River 0.38+0.03 0.42+0.04 0.44+0.04 ND
L1-Industrial water 1 0.33+0.03 0.43+0.04 0.59+0.05 0.91+0.09
L1-Industrial water 2 ND 0.42+0.04 0.42+0.04 ND
L2-Topo Chico 0.39+0.03 0.41+0.04 0.47+0.04 ND
L2—San Juan River 0.39+0.04 0.45+0.04 0.43+0.04 ND
L2-Industrial water 1 0.40+0.04 0.60+0.05 0.54+0.05 1.54+0.12
L2-Industrial water 2 ND 0.42+0.04 0.44+0.04 ND

These findings indicated that L 1 is a better extracting agent than L 2. In addi-
tion, ligand L 1 was efficiently synthesized in arelatively simple procedure com-
pared to L2 since L 1 was the precursor of L 2.

CONCLUSIONS

Elemental analyses, and spectroscopic data of the metal complexes con-
firmed that the metal:ligand ratio of the complexeswith L1 and L2 were 1:1. The
IR data of both the Schiff bases and their metal complexes showed that the L1
and L 2 were coordinated to the metal ion through the nitrogen atom of the nitrate
group. The complexing agents L1 and L2 were demonstrated to be efficient
extraction agents for lowering metal ion concentrations of Cu(ll), Ni(I1), Cd(ll),
Zn(I1) and Pb(I1) in real water samples. The results demonstrated that the recep-
tors minimized the concentrations of the metals to below the allowed limits of the
Official Mexican Regulationsl? for treated water discharge. L1 seemed to be
better agent because it minimized the concentration of all metals to lower values
than L2 did. The results showed that a high removal efficiency of heavy metals
from wastewaters could be achieved by receptors L1 and L2. These extraction
experiments will serve as an initial evaluation of the capabilities of polyaza re-
ceptors for the removal of heavy metals from environmental water samples.
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U3BOJ

[MOJTMA3HU MAKPOJIMTAHIHY KAO ITOTEHUHUJATHU ATEHCH 3A YKIIAILAILE
TEIIKKWX METAJIA U3 OTTIAJHHUX BOOA

PERLA ELIZONDO MARTINEZ' BLANCA NAJERA MARTINEZ' NANCY PEREZ RODRIGUEZ',
LAURA HINOJOSA REYES' n MA. ISABEL GOMEZ DEL Ri0?

! Universidad Autonoma de Nuevo Leon, UANL, Chemistry School of Sciences, Avenida Universidad
S/N, Cd. Universitaria, 66450 San Nicolas de los Garza, NL, Mexico, wu?Universidad Nacional de
Educacion a Distancia, Madrid, Espainia Paseo Senda del Rey # 9, 28040 Madrid, Spain

IIBa monuasHa MaxponuraHga /N, N-6uc(2-amunodensun)-1,2-erannguamun (L1) u
3,6,9,12-Tetpaasa-4(1,2),11(1,2)-gudenso-1(1,3)-nupuguHanuiorpunekadano (L2) kapak-
TEPUCAaHU Cy W HCIUTHBAHU Ha CIIOCODHOCTH eKCTpaKihje MeTamHOr joHa. I[Ipupona cBUX
KOMIIJIEKCA YCTaHOBJ/bEHA jé CNEeKTPOCKONCKUM TexHHKama. KoHcTaHTe paBHOTeXe Cy onpe-
bhene cnexkTpodOTOMETPHjCKM U NMOTEHIMOMETPHU]CKH, a KOHLEHTpalMja ocTaTka MeTana y
PacTBOpy aTOMCKOM amcOpHUHMOHOM crektpomerpujoM (AAC). Kamauuter nuraHaga na
YKJIOHE Tellke MeTane kao mro cy Cu(II), Ni(II), Cd(II), Zn(II) u Pb(II) xao HepacTBOpHe
KOMIUIEKCE WCIIUTaH je y OTIafgHOoj BOOW UHAYCTPHjckux edmyeHata. OBH areHCcH Cy Mokasanu
BUCOK aHUHUTET NMpemMa UCIUTHBAaHUM MeTaluMa. BpenHOCTH KOHCTaHTH paBHOTEXE H30JI0-
BaHMX kommiuekca (of 1x10% go 2x107) mokasamu cy ynotpeS/bUBOCT OBUX XeIaTHUX areHaca
Kao jefIHy Ofi aJITEPHATHUBA 3a yK/Iambambe TEUKUX MeTala U3 UHAYCTPUjCKUX edlyeHara.

(ITpumibeHo 28. pedpyapa, peBuaupano 9. anpuia 2012)
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1. A PERSONAL VIEW ON QUALITY ASSURANCE
Jens E.T. Andersen

1.1. Scientific results

The European Commission's EURAMET and IMEP programmes,1-2
together with IRMM,3 have elucidated the challenges related to reaching com-
pliance between results for the same sample obtained in different laboratories (in-
dustrial and/or academic). Inter-laboratory comparisons showed that costumers
had a high risk of receiving significantly different results from independent pro-
fessional |aboratories, which should not happen given the advanced technologies
available in contemporary analytical chemistry laboratories. It was further
demonstrated that results differed significantly not only when samples were anal-
ysed by different instruments and procedures but aso when analysed by identical
methodologies. It seemed that this was a genuine scientific issue that needed
attention from scientists able to evaluate accepted statistical procedures. As afirst
approach the celebrated EURACHEM/CITAC guide? to quantify uncertainty in
analytical measurements and the VIM guide® allowed scientists to check the
traceability of measurements by establishing uncertainty budgets for their me-
thods. The introduction of the concept ‘uncertainty’ is now a key factor in expe-
rimental work. Secondly, the concept of certified reference materials was intro-
duced and is now an integral aspect of analytical chemistry and a growing in-

* Corresponding author. E-mail: wolfgang.buchberger@jku.at
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604 ANDERSEN, BUCHBERGER and WORSFOLD

dustry where certificated values for many analytes in various mixtures (matrices)
are available. The latter approach has provided much greater confidence in many
analytical methods. The philosophy of measurement is that the true amount of an
analyte in a sample is not known but everyone makes a reliable estimate of the
amount and the uncertainty of measurement is also estimated correctly. The
result obtained as the mean value from results submitted by several laboratories
is then announced as the consensus value. Right or wrong, the result represents
the combined effort of all laboratories and all results have the same eligibility
since they belong to the same distribution. With this philosophy of ‘consensus
science’ in mind it becomes possible to arrive at compliance or agreement
between analytical results; an idea which also has significance beyond the anal-
ytical community itself. Consensus science should be discussed as a future
framework for scientific methodology.

1.2. Operational calibrations

Construction of calibration lines or regression lines is a key operation in
analytical chemistry; it is widely believed that the operational calibration takes
care of day-to-day variations of the apparatus sensitivity, which alows one to
eliminate the influence of the apparatus on the result. Although some variations
of the apparatus are eliminated by the operationa calibration, it is still not pos-
sible to explain large uncertainties observed for results obtained on different days
as compared with the uncertainty predicted by the parent uncertainty budget.
There are several explanations as to these discrepancies, one of which is related
to systematic errors. It is a well-known fact that no apparatus displays a linear
response. The response is always non-linear, and analytical chemists frequently
identify the linear range of calibrations by means of an intuitive feeling. Since the
full extension of the regression line must be evaluated on the basis of uncertainty,
the extension of the calibration line could be estimated by considering the diffe-
rence, in terms of uncertainty of fitting parameters, between using a straight line
and, for example, a second order polynomial. However, differences and decisions
can only be made when the data set has a certain magnitude. It is recommended
that the central limit theorem is strictly followed during method validations,
which means that at least one hundred repetitions are required in order to provide
areliable estimate of standard deviation. In fact two hundred repetitions are re-
quired to obtain a standard deviation that is correct with 95 % probability.
Another reason for systematic deviations is related to ordinary-linear regression
(ODL) as opposed to orthogonal-linear regression (OLR).6 The former is nearly
aways used in anaytica chemistry because it is an option available in most
software packages and spread sheets. It is anticipated that systematic differences
introduced by using ODL instead of OLR is not a serious problem in comparison
with other systematic errors that follow routine work in the laboratory. The ODL

Available online at www.shd.org.rs/JSCS/

Copyright (C)2013 SCS

@080

EW MG RMD



EUROPEAN ANALYTICAL COLUMN No. 41 605

proposed by Currie and Danzer® predicts a centroid value at which concentration
the confidence band has a minimum that has not been verified experimentally; a
peculiarity of the model. Weighted-linear regression (WLR) relies on the as-
sumption that variance is uniform and independent of concentration, which has
never been verified experimentally. Therefore WLR cannot be recommended; not
only for this reason but also because the outcome of WLR is weighted uncer-
tainty that is impossible to report to costumers unless the data are re-calculated
using an un-weighting scheme. This makes WLR laborious, inconvenient and an
unsuitable alternative as it does not provide results different from those of OLR.”
These examples indicate that some of the systematic errors associated with the
straight line are of relatively minor importance to accuracy in analytical che-
mistry, and they cannot explain the large variations in results found by inter-labo-
ratory exercises.

1.3. Uncertainty and outliers

Uncertainty of measurement has replaced the concept of error of measure-
ment because errors are not supposed to influence the result; rather they should
be discarded. In addition, the term “random errors’ creates an incorrect impres-
sion and the term “uncertainty” is therefore recommended. Despite the impor-
tance of the concept of uncertainty it is considered an inconvenience to many
scientists because there are many ways to approach it and it can greatly increase
the amount of work involved in evaluating the results.

For the sake of simplification only two schools of estimating uncertainty are
considered: The IUPAC method and the method introduced by EURACHEM/
/CITAC. The majority of professional laboratories follow the directives of the
IUPAC methodology® that is represented in SO standards, 1SO 5725, 1SO 17025
and others. These guidelines and standards have many positive aspects and
include several examples but some of the concepts and procedures are outdated,
such as error of measurement and true value, and the issue of sampling is not
considered. Further, SO recommends outlier rejection and the guidelines intro-
duce procedures for outlier testing which may be a cause for concern. Rejection
of outliers requires that two laboratories comparing independent measurements
on the same sample must reject any observed outliers in such a manner that
neither the mean value nor the standard deviations are influenced by the rejec-
tion. Otherwise they will inevitably arrive at significantly different results. This
situation is very likely, particularly when a low number of repetitive measure-
ments are made. The main reason to retain outliers rather than rejecting them is
that outliers inherently possess important information about the actual perfor-
mance of the method with respect to accuracy. In brief, it can be stated that re-
jection of outliers promotes disagreement and it is recommended never to reject
outliers. Errors should be reported and discarded from a data set but outliers must
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be left unaltered. Rejection of outliers depends on uncertainty of measurement; a
concept that is treated by both the ISO guides and by the EURACHEM/CITAC
guide.4 An uncertainty budget and expanded uncertainty are the main concepts
introduced by the EURACHEM/CITAC guide* with the intention of ensuring
traceability and reliability and creating an overview of all uncertainty contribu-
tions. The combined uncertainty obtained by the uncertainty budget is multiplied
by a factor of two, referring to student’s t-value at a very high number of repe-
titions, to yield the expanded uncertainty. The expanded uncertainty corresponds
to the 95 % confidence range and it covers 95 % of al measurements, which is
an advantage when reporting results to customers. In an extension of the efforts
by EURACHEM and CITAC, it is suggested that statistical control is obtained
when the uncertainty of calibrations corresponds to the uncertainty of repetitions,
and hence is aworthwhile addition to the protocol.

1.4. Satisticsrevisited

A potential problem with the application of statistical methods in Analytical
Science is related to the concept of short-term precision versus long-term preci-
sion. Many scientists assume that one type of precision prevails but this is
nowhere near the truth. Contemporary digital-data acquisition can be performed
at very high rates; under normal laboratory conditions sampling rates of millions
of samples per second are possible. Sampling data at very high rates allows the
collection of large amounts of data within a short period of time, which in terms
of the central-limit theorem of statistics, fulfills al the requirements to produce a
valid and reliable value of precision; a precision that may be expressed in terms
of a measurement uncertainty. This type of precision we denote as the short-term
precision whereas the long-term precision is of a completely different nature,
with a much higher uncertainty than that of short-term precision. The long-term
precision is determined on the basis of multiple independent series of measure-
ments where a shut-down and turn-on sequence is performed between each se-
ries. Such an operation challenges the apparatus in a manner much different from
that of short-term precision. Although operational calibrations are performed on a
daily basis there is no guarantee that the apparatus produces the same concen-
tration of the unknown every day. The concentration of the unknown is, to some
extent, un-correlated with the characteristic parameters of the calibration curve,
e.g., with the slope of a calibration line. That is within certain limits of long-term
precision. Statistics works equally well for both short-term precision and long-
term precision but statistics cannot account for accuracy; the true concentration is
an unknown quantity that can only be estimated by multiple independent measu-
rements. The true value is a matter of consensus and not statistics. Manipulation
of data in science is not alowed but removal of outliers from a data set is an
option that is sustained by 1SO. This can be a serious problem in Analytical Che-
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mistry. Certificates of certified reference materials show those outliers of “poor
laboratories’ that were removed in order to arrive at the final consensus value.
The question is; How can the manufacturer of the reference material make sure
that the laboratory using the product removes the same number of outliers when
it tries to reproduce the results? Some manufacturers of CRMs supply infor-
mation about the data set both before and after the removal of outliers and they
aso clearly state the number of results used for calculation of the certified value,
making it easy to compare laboratory result to the certified value. Reporting data
sets before and after the selection of outliers should be general practice in science
or, dternatively, a comment should be made in the text if no outliers have been
removed from the data set. Both outlier rejection and confusion between short-
term precision and long-term precision may help to explain the large deviations
observed in inter-laboratory tests.

1.5. Conclusions

The search for compliance, both with respect to consensus values and with
respect to uncertainty of measurement, is not yet complete. There are several
peculiarities in Analytical Science that can lead scientists in the wrong direction
when they search for accuracy of measurements. Eventually, customers and col-
leagues are interested in accuracy in preference to precision. Generally, a cus-
tomer cares less about the performance of the apparatus but focuses on the
validity of the result. It has been proven by inter-laboratory tests that independent
laboratories produce different results and different uncertainties. It is a challenge
to Analytical Chemistry, as well as to related fields of science, to promote scien-
tific methodology in order to reach compliance. Two sets of apparatus of the
same type measuring the same measurand can produce significantly different
results and the discrepancy increases when more repetitions are performed
simply because the confidence band narrows as a function of the inverse-square
root of the number of repetitions. Thisis a scientific paradox that originates from
small differences between sets of apparatus that lead to a difference in accuracy.
This paradox needs be resolved before we can explain all of the deviations of
inter-laboratory tests. Such actions benefit Analytical Chemistry and it is much
more rewarding to scientists to discuss genuine topics related to mechanisms of
nature rather than focusing on differences that may readily be explained by
uncertainty of measurement. Consensus science might be the way ahead.8-9

2. INFORMATION FROM THE EUCHEM S DIVISION OF ANALYTICAL CHEMISTRY
(DAC)

Wolfgang Buchberger

The DAC Annua Meeting 2012 was held in Prague on 26 August, 2012. It
coincided with the 4™ EuCheM'S Chemistry Congressin Prague. Many thanks are
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due to Jiri Barek, who hosted the Annual Meeting and was aso a member of the
local organizing committee of the EUCheM S conference.

Within this Meeting, the ,DAC Tribute" was awarded to Prof. Yuri Zolotov
(Moscow State University) for his long, committed involvement in DAC and his
professional contributions to various DAC working groups and Euroanalysis
conferences.

DAC activities, together with strategic planning, are coordinated by the
DAC Steering Committee. In 2012 it consisted of Paul Worsfold (Chair of DAC,
UK), Jens Andersen (Secretary of DAC, Denmark), Wolfgang Buchberger (Aus-
tria), Slavica Razic (Serbia), Jiri Barek (Czech Republic) and Mgjigl Jarocz (Po-
land). The Annual Meeting delegates endorsed the proposal that Wolfgang Buch-
berger takes over as Secretary in 2013. DAC is indebted to Jens for his efficient
work as Secretary during the last five years. The vacant position on the Steering
Committee will be taken by Christian Rolando (France) who will be co-organiser
of the Euroanalysis 2015 conference in Bordeaux. Further details of DAC
activities can be found at http://www.euchems.eu/divisions/analytical-chemis-
try.html.

In 2012 the Steering Committee had meetings in Warsaw, 27 April (together
with a meeting of the Euroanalysis Presidium), and in Prague (25 August).
Another meeting of the Chair and the Secretaries took place in Copenhagen (5
July). Among other things, the DAC strategy for the years 2012—2014 has been
drafted which has been accepted by the delegates at the Annual Mesting.

For 2013, DAC has the following Study Groups: Education in Analytical
Chemistry (R.Salzer), Quality Assurance and Accreditation (J. Andersen, H.
Emons as liaison person to CITAC), History (D.T.Burns), Bioanalytics (G. Hor-
vai), Chemometrics (R.Tauler). It was decided to close the Study Group Euro-
pean Anaytical Chemistry on the Web, which had been headed by B. Karlberg.
Efforts have been made to establish a new task force on Archaeometry and
Cultural Heritage in Analytical Chemistry.

Severa events have been organized in cooperation with DAC-EuCheMS
during the year 2012; Isranalytica, 24-25 Januray (Tel-Aviv, Isragl), 12" Eurasia
Conference on Chemical Sciences, 16-20 April (Corfu, Greece), Analysdagarna,
11-13 June (Uppsala, Sweden), 1% International Congress on Analytical Chemis-
try, 18-21 September (Targoviste, Romania), and the European Chemistry and
Chemical Engineering Education Network EC2E2N.

One of the main activities of DAC in 2013 will be the promotion and support
of the Euroanalysis conference 2013, 25-29 August, Warsaw. The Chairpersons
Macigj Jarosz and Ewa Bulska are working hard to provide a perfect environment
for a high-quality analytical conference. Further details can be found at
www.euroanalysis2013.pl. We invite all analytical chemists to participate in this
event, to present their scientific work, and to strengthen the network in Analytical
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Sciences. Euroanalysis 2013 will aso be the event at which the Annual Meeting
2013 of DAC will be held.
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