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Zn(BH,)./Al,03: A new synthetic method for the efficient
and convenient reduction of organic carbonyl compounds
totheir corresponding alcohols

DAVOOD SETAMDIDEH*, BEHROOZ KHEZRI and MEHDI RAHMATOLLAHZADEH

Department of Chemistry, Faculty of Sciences, Mahabad Branch,
Islamic Azad University, Mahabad, 59135-443, Iran

(Received 11 January 2012)

Abstract: Zn(BH,), (0.5-2 mmol) in the presence of Al,O3 (1 mmol) reduces a
variety of organic carbonyl compounds such as a dehydes, ketones, acyloins, a-
diketones and «,f-unsaturated carbonyl compounds to their corresponding
alcohols. The reduction reactions were realized in THF at room temperature af-
fording high to excellent yields of the products. The chemoselective reduction
of aldehydes over ketones was successfully accomplished with this reducing
system. In addition, regioselectivity and exclusive 1,2-reduction of conjugated
carbonyl compounds to their corresponding allylic alcoholsin high to excellent
yields was successfully accomplished.

Keywords: Zn(BH,),; Al,O3; reduction; carbonyl compounds; chemoselective;
regioselectivity.

INTRODUCTION

It is well known that sodium borohydride reduces organic carbonyl com-
pounds to their corresponding alcohols using enormously different reducing sys-
tems. In order to control the reducing power of the reagent, hundreds of substi-
tuted borohydrides have been introduced in the chemical literature and many are
now commercially available, e.g., Li(BHy4),22< K(BH4),2d Ca(BHy),,32
Cu(BHy)2,30-d Ti(BH4)3,4 Zr(BH4)4,52b LiBH4, Ca(BH4)2 and Zn(BHy), are the
modified borohydride agents that have better solubility in aprotic solvents, so
their uses and applications are of interest in organic synthesis. Among these
reagents, zinc borohydride is unique because: 8 Zn?* is a soft Lewis acid in
comparison to Ca2*, Li* and Na*, which are hard acids and b) better coordination
ability of Zn2*, which imparts selectivity in hydride transfer reactions. In
addition, reduction of aldehydes and ketones with NaBH4 impregnated on neutral

* Corresponding author. E-mail: davood.setamdideh@gmail.com
doi: 10.2298/J5C120111044S
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2 SETAMDIDEH, KHEZRI and RAHMATOLLAHZADEH

Al>O3 under microwave irradiation has been reported. Although the reported
method is fast for the reduction of aldehydes, in the case of ketones, the need for
large amounts of NaBH4 (eightfold) and the moderate yields of the products are
major limitations.5¢-d On the other hand, zinc tetrahydroborate, Zn(BH,),, as a
non-conventional hydride transfer agent, has been reported to effect very
efficient chemo-, regio- and stereoselective reductions. This potential reducing
agent is neutral and can be used in arange of aprotic solvents, such as ether, THF
and DMF. In spite of this, zinc tetrahydroborate has been used less than regular
reducing agents in laboratories for the reduction of organic compounds, probably
because of its non-availability as a commercial reagent, being freshly prepared in
solution, and the problem of controlling its reducing power. To overcome these
limitations, stable modifications of Zn(BH4)> in the form of tertiary amino or
phosphinoligand complexes, such as [Zn(BH4)2(dabco)] (dabco: 1,4-diazabicyclo
[2.2.2.] octane,2:6 [Zn(BH4)2(py2)]n (Pyz: pirazin),” [Zn(BH4)2(PhsP)1_5],8
[Zn(BHa)2(bpy)] (bpy: bipyrdine),® [Zn(BH4)2(py)] (py: pyridine),10
[ZN(BH4)2—XP4] (XPs: crossinked 4-polyvinylpiriding),11 [Zn(BHg4)2(nmi)]12a
(nmi: N-methylimidazole) and [ZNn(BH4)2(nic)] (nic: nicoting)12P have been
made and used for the reduction of organic compounds. The chalenge in che-
mistry to develop efficient processes, reaction media and conditions are some of
the most important issues in the scientific community in this matter. In this con-
text and in continuation of previous studies with modified reducing systems,12
herein, Zn(BH4)2/Al203 is introduced as a new combination reducing system for
the efficient and convenient reduction of carbonyl compounds to their corres-
ponding alcohols.

RESULTS AND DISCUSSION

Ranu et al. reported Zn(BH4)> to be a reducing agent capable of reducing
some organic carbonyl compounds.133= To investigate the influence of alumina
on the rate of reduction and the lack of systematic information on the reduction
of carbonyl compounds with zinc borohydride in the presence of aluminawithout
using any other agent directed the focus of the present study to an investigation
of the influence of alumina as a moderator catalyst on this transformation. The
preliminary experiments showed that the reduction of benzaldehyde (1 mmol) as
a model compound with Zn(BHy)2 (1 mmol) in THF or CH3CN was not com-
pleted after 1 h at room temperature. However, when this reaction was performed
in the presence of neutral aumina (1 mmol), the rate of reduction was dramatically
accel erated and the reaction was completed within 1 min (Scheme 1).

These results prompted an investigation of the optimum reaction conditions
to examine the influence of alumina as a catalyst. For the selection of the appro-
priate solvent(s) and amount of catalyst in such reductions, a set of experiments
was performed on the reduction of benzaldehyde and acetophenone as model
compounds, the results of which are givenin Tables| and |1, respectively.
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REDUCTION OF ORGANIC CARBONYL COMPOUNDS 3

CHO Zn(BH,), (1 mmol) CH,OH
CH4CN (3 mL) or THF (3 mL), rt, 2 h, 70-75%

Zn(BH,),/Al,05(1/1 mmol)
THF (3 mL) or CHCN (3 mL), rt, 1 min, 94%

Scheme 1. Comparison of the reduction of benzaldehyde by Zn(BHy,), in the presence and
absence of neutral alumina.

TABLE |. Optimization reaction conditions for reduction of benzaldehyde with the Zn(BH,),,
neutral Al,O5 system at room temperature

Entry Molar ratio? Solvent (3 mL) Time, h Conversion®, %
1 (1/0.5/0) THF 1 <100°¢

2 (1/1/0) THF 2 <100°¢

3 (1/1/0) CHLCN 2 <100°¢

4 (1o5/1)d THF 0.08 100

5 (1/0.5/2) THF 15 100

6 (1o5/1)d CH3CN 0.08 100

7 (V1Y) THF 0.016 100

8Molar ratio benzaldehyde/Zn(BH4)o/Al,03; l"compl etion of the reaction was monitored by TLC (eluent, CClyg,
Et,0: 5/2); Cthe yields of isolated pure products were 50 % for entry 1, 75 % for entry 2 and 70 % for entry 3;
dthe reduction reactions were performed in the presence of acidic, basic or neutral dumina and the same results
were obtained

TABLE Il. Optimization reaction conditions for the reduction of acetophenone with the
Zn(BH,),, neutra Al,O5 system at room temperature

Entry Molar ratio® Solvent (3 mL) Time, h Conversion®, %
1 (Y1/0) THF 1 <100°¢

2 (v THF 1 100

3 (V1/2) THF 1 <100¢

4 (v2/1)d THF 0.8 100

5 (V2/2) THF 12 100

aMolar ratio acetophenone/Zn(BH4)o/Al,03; L"compl etion of the reaction was monitored by TLC (eluent, CCly,
Et,O: 5/2), Cthe yield of isolated pure products were 60 % for entry 1 and 80 % for entry 3; dthe reduction
reactions were performed in the presence of acidic, basic or neutral alumina and the same results were obtained

The results showed that the reduction of benzaldehyde at room temperature
with 0.5 molar amount of Zn(BH4)» in the presence of 1 molar amount of neutral
Al>O3 was very efficient (Table |, entries 4 and 6). In addition, it is noteworthy
that the reduction reactions were performed in the presence of acidic and basic
Lalumina and the same results were obtained. Then these optima conditions
were applied for the reduction of structurally different aliphatic and aromatic
aldehydes with neutral alumina. All the reactions were performed with 0.5 mol
Zn(BH4)2 per mol aldehyde at room temperature and the corresponding primary
acohols were obtained in high to excellent yields (83-97 %), as could be seenin
Tablelll.
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TABLE Il1. Reduction of adehydes (1 mmol) with the Zn(BH,), (0.5 mmol)/Al,O3 (1 mmol)
system in THF (3 mL) at room temperature; the reduction reactions were realized in the
presence of neutral alumina

Time Yied@ M.p.orB.p,°C
Entry Substrate Product h % Found Reporied®
1 Benzaldehyde Benzyl a cohol 0.08 94 203-204 205
2 4-Chlorobenzaldehyde 4-Chlorobenzyl alcohol 0.08 92 71-73  70-72
3 3-Chlorobenzaldehyde 3-Chlorobenzyl alcohol 0.08 96 238 237
4 2/4-Dichlorobenzaldehyde 2,4-Dichlorobenzyl  0.08 90 5658 5558

alcohol
5 4-Methylbenzaldehyde 4-Methylbenzyl alcohol 0.1 93 60-62  59-61
6 4-Methoxybenzal dehyde 4-Methoxybenzyl 01 93 258 259
alcohol
7 4-Hydroxybenzaldehyde 4-Hydroxybenzyl acohol 0.1 97 119-122 118-122
8 2-Hydroxybenzaldehyde 2-Hydroxybenzyl alcohol 0.1 92 84-85  83-85
9 3-Nitrobenzaldehyde  3-Nitrobenzyl alcohol 0.08 94 31-33  30-32
10 4-Nitrobenzaldehyde  4-Nitrobenzyl alcohol 0.08 94 92-94  92-94
11 4-Hydroxy-3-methoxy 4-Hydroxy-3- 01 97 114-115 113115
benzaldehyde methoxybenzy! alcohol
12 Furfural Furfuryl alcohol 0.1 88 169-170 170
13 1-Naphthaldehyde 1-Naphthylmethanol 01 90 61-62  61-63
14 2,6-Dimethylhept-5-enal  2,6-Dimethylhept-5-en- 0.08 90 225-227 225-226
1-ol

15 Heptanal 1-Heptanol 0.08 83 177 176

ayields refer to isolated pure products

Next, attention was turned to the reduction of ketones using this reducing
system. The low reactivities of ketones relative to those of aldehydes led to the
reduction reactions being performed under different conditions, i.e., the reduc-
tions were performed with 1 molar amounts of Zn(BH,)» at room temperature in
the presence of 1 molar amounts of neutral AloO3in THF (Tablell, entry 2). The
utility of this reducing system was further explored with the reduction of
structurally different aliphatic and aromatic ketones using 1 mol Zn(BHjy)» in the
presence of 1 mol neutral Al,O3 per mol ketone in THF at room temperature.
Such reductions were aso efficient and the corresponding secondary alcohols
were obtained in high to excellent yields (8798 %) (Table V).

The synthetic applications of vicinal diols are well known and their prepa-
rations from the reduction of acyloins or o-diketones have attracted a great dea
of attention. Reduction of o-diketones usually gives a mixture of o-hydroxy
ketones and vicinal diols. Selective reduction of a~diketones to acyloins!® or
vicinal diols!6 can be undertaken with some chemical or biochemical reagents.
Reduction of o-diketones to vicinal diols with modified hydroborate agents is
also a subject of interest1217 and this goal was easily achieved by Zn(BHg), (2
mol) in the presence of 1 mol neutral AloO3 in THF at room temperature. The
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REDUCTION OF ORGANIC CARBONYL COMPOUNDS 5

reduction reactions were performed efficiently in short reaction times (2040
min) (92-95 %) (Table V). Under different conditions, attempts to reduce o~di-
ketones into acyloins were unsatisfactory and only vicina diols were identified
as the sole products. In addition, reduction of acyloins to vicinal diols is also a
subject of interest in organic synthesis. The applications of non-hydridic reduc-
tants!8 and modified hydroborate!217 have also been reported for such reduc-
tions. Using Zn(BHy)2 (1 mol) in the presence of neutral Al203 (1 mal) in THF
aso easily provided this transformation at room temperature. Acyloin com-
pounds were reduced to their corresponding vicinal diols in high to excellent
yields with this reducing system (90-94 %) (Table V, entries 2 and 4).

TABLE V. Reduction of ketones (1 mmol) with the Zn(BH,4), (1 mmol)/Al,O3 (1 mmol)
system in THF (3 mL) at room temperature; the reduction reactions were realized in the
presence of neutral alumina

Time Yieldd M.p.orB.p., °C

Entry Substrate Product h % Found _Reported®
1 Benzophenone Diphenylmethanol 3 96  65-67 65-67

2 Acetophenone 1-Phenylethanol 1 93 203 204

3 4-Bromoacetophenone 1-(4- 1 98 3738 36-37

Bromopheny!)ethanol
4 4-Methylacetophenone  1-(4-Methylphenyl)- 3 93 219221 218-220

ethanol
5 4-Methoxybenzo- (4-Methoxypheny!)- 4 90 68-69 67-69
phenone (phenyl)methanol
6 2,3-Dihyro-1H-inden- 2,3-Dihydro-1H-in- 15 95 52-55 50-54
-1-one den-1-ol

7 9H-Fluoren-9-one 9H-Fluoren-9-ol 16 93 153-154 153-154
8 4-Phenylcyclohexanone 4-Phenylcyclohexanol 1 87  58-60 58

9 4-Phenyl-2-butanone  4-Phenylbutan-2-ol 08 90 131-132 132
aY

ieldsrefer to isolated pure products

The chemoselective reduction of one functional group without affecting the
other one is a well-known strategy for the preparation of molecules with ever-
increasing complexity in organic synthesis.

This subject is of great interest and numerous madified hydroborate systems
have been reported for it.6:8-102-¢,12,130,17,19 Gince under the defined conditions,
the reduction of aldehydes and ketones with Zn(BHy)» in the presence of AloO3
is dependent on the molar ratio of Zn(BHy)2 to AloOs, it was thought that this
system could have a chemoselectivity towards the reduction of aldehydes over
ketones. This fact was demonstrated with the selective reduction of benzaldehyde
in the presence of acetophenone using 0.5 mol Zn(BH4)» in the presence of 1 mol
neutral Al>Og at room temperaturein THF (Table VI, entry 3) (Scheme 2).
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6 SETAMDIDEH, KHEZRI and RAHMATOLLAHZADEH

TABLE V. Reduction of acyloins and a-diketones with the Zn(BH,),/Al503 (1 mmol) in THF
(3 mL) at room temperature; the reduction reactions were realized in the presence of neutral
alumina

Zn(BH,),/ TimeYieldd M.p.orB.p., °C

Entry Substrate Product Substrate h % Found Reported
1 Benzyl® 1,2-Dipheny!- 2/1 033 95 - -
ethane-1,2-diol
2 BenzoinP 1,2-Diphenyl- 11 033 90 - -
ethane-1,2-diol
3 1,2-Bis(4-methoxyphe-  1,2-Bis(4-me- 2/1 058 92 - -
nyl)ethane-1,2-dione®  thoxyphenyl)-
ethane-1,2-diol
4 2-Hydroxy-1,2-bis(4-  1,2-Bis(4-me- 1/1 05 94 - -
-methoxyphenyl)- thoxyphenyl)-
ethanone? ethane-1,2-diol
5 1,3-Diphenylpro- 1,3-Dipheny!I- 211 067 95 63-64 63-64

pane-1,2-dione propane-1,2-diol
ayields refer to isolated pure products; ‘the pinacols were formed as dl-meso mixtures that were not separated

TABLE VI. Optimization of the reaction conditions for the competitive reduction of benz-
aldehyde (1 mmol) and acetophenone (1 mmol) with the Zn(BH,),, Al,O3 system in THF
(3 mL) at room temperature; the reduction reactions were performed in the presence of neutral
alumina

Entry Molarratio® Time, h  Yield of benzyl alcohol®?, %  Yield of 1-phenylethanol®, %

1 1/1/0.5/0 1 50 30
2 1/1/0.5/0.5 1 79 6
3* 1/1/0.5/1 0.08 97 0
4 vyl 1 94 30
5 1/1/2/1 1 96 51

aMolar ratio as benzaldehyde, acetophenone, Zn(BH,),, AloO3; byie|ds refer to isolated pure products by PLC
(eluent, CCly, Et,0: 5/2); °GC analysis was aso performed

o ALO; (1 mmol), rt, 5 min. @ CH,0H 97%

Zn(BH,)/aldehyde/ketone
cocH, ©0.5:1:1) @cmomcm 0%

Scheme 2. Competitive reduction of benzal dehyde and acetophenone with Zn(BH ) /neutral
Al,0O3 system in THF; theratio in parenthesesisin mmol.

Q0

The usefulness of this chemoselectivity of the reduction was further exa-
mined with the reduction of benzaldehyde in the presence of other ketones. As
shown in Table VI, benzaldehyde was reduced exclusively, or nearly so.

Reduction of unsaturated carbonyl compounds with sodium borohydride,
one of the most widely utilized reducing agents, is highly solvent dependent and
generally does not result in useful regioselectivity.292P To control the reducing
potential and selectivity of NaBH,4 into regioselective 1,2-reduction of conju-
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REDUCTION OF ORGANIC CARBONYL COMPOUNDS 7

gated enones, numerous hydroborate agents have been developed in the follow-
ing ways:. a) by the replacement of hydride(s) with sterically bulky substituents or
electron-withdrawing/releasing groups in order to discriminate between the struc-
tural and electronic environments of carbonyl groups;20¢f b) combination with
Lewis acids?09-%.32 and mixed solvent systems;2%2 ¢) use of transition metal hyd-
roborates and their new modifications;20 d) use of quaternary ammonium and
phosphonium tetrahydroborates;19¢.20m= e) and finally immobilization on an
anion exchange resin.200

TABLE VII. Competitive reduction of benzaldehyde (1 mmol) in the presence of ketones
(2 mmol) to their corresponding alcohols with Zn(BH,), (0.5 mmol), neutral Al,O3 (1 mmol)
in THF (3 mL) at room temperature

Entry Ketone Time, h Yield12 % Yied2°, %
1 Acetophenone 0.08 97 0
2 Benzophenone 0.08 93 2
3 9H-Fluoren-9-one 0.08 95 3
4 4-Phenylbutan-2-one 0.08 91 8

ayieldl of benzyl acohol refers to isolated pure products by PLC (eluent, CCly, Et,O: 5/2); byields of corres-
ponding alcohols for ketones refer to isolated pure products by PLC (eluent, CCly, Et;0: 5/2)

The usefulness of the studied reducing system was further investigated with
the regioselective 1,2-reduction of a,f-unsaturated carbonyl compounds. Thus,
the reduction of cinnamaldehyde was examined. The reduction reaction occurred
with 0.5 mmol Zn(BHj)2 in the presence of 1 mmol neutral Al,O3in 5 min at
room temperature in THF with a perfect regioseectivity and the product
cinnamyl| alcohol was obtained in high yield (Table VIII, entry 1). This procedure
was also applied for the reduction of citral at room temperature and geraniol was
obtained in 92 % yield (Table VIII, entry 2).

Furthermore, the reductions of conjugated enones with the studied reducing
system were investigated. The results showed that the procedure was also
regioselective and efficient, but the reduction reactions were performed using 1
molar amounts of Zn(BH4)» in the presence of 1 molar amounts of neutral Al>O3
a room temperature in THF. Regioselective 1,2-reductions of benzylidene-
acetone and chalcone were successfully achieved, with high to excellent yields of
the corresponding alylic alcohols (Table VIII, entries 3 and 4).

In order to show the efficiency of the reducing system Zn(BHj)2/Al203, the
results obtained in the present were compared with those of reported in the li-
terature for NaBH4/MoCls,212 NaBH4/Dowex1-x8,21b [Zn(BH4)2(bpy)],®
[Zn(BH4)2(py)], 0 [Zn(BH4)2(PhsP)2] 8 PhgPMe(BH4)2M and [PhCH(dab-
c0)|BH41%, asgivenin Table IX.
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8 SETAMDIDEH, KHEZRI and RAHMATOLLAHZADEH

TABLE VIII. Reduction of conjugated carbonyl compounds with Zn(BH),, Al,O3 (1 mmol)
in THF (3 mL) at room temperature; the reduction reactions were performed in the presence
of neutral alumina

Zn(BH,),/ Time Yied® M.p.orB.p., °C

Entry  Substrate Product Substrate  h % Found Reported™
1 Cinnamaldehyde 3-Phenyl-2-propen- 0.5/1 008 96 33-34 3335
-1-al
2 Cisandtrans Cisand trans-3,7-dime- 0.5/1 0.08 92 - -
citral thyl-2,6-octadien--1-ol®
Benzylidene- 4-Phenyl-3-butene- 1 1 95 5556 5557
acetone -2-ol
4 Chalcone 1,3-Diphenylprop-2- 1 3 91 33-34 33-34
-en-1-ol

ayields refer to isolated pure products; Beis and trans geraniol were not separated

TABLE IX. Comparison of the reductions of adehydes and ketones with Zn(BH,),/Al,03
system and with other reported reducing systems; | — Zn(BHy),/Al,O3, 11 —NaBH4/MoCls, 111
— NaBH,/Dowex1-x8, IV — [Zn(BH,),(bpy)], V — [Zn(BH4)(py)], VI — [Zn(BH.)2(PhsP)al,
VIl — PhgPMe(BH,), VII1 — [PhCH,(dabco)]BH,

Molar ratio (reagent/substrate), time, h, yield, %

Entry Substrate

| |12la [1121b Vo V10 VI8 V[120m /|19
1 Benzal- 0.5,0.08,0.5,0.03, 1,0.05, 0.25, 1,0591 - 1, Im3 1,0.25,
dehyde 94 96 96 0.02,95 90 90
2 4-Methoxy- 0.5,0.1, 1.5,3,99 15,3, 035 1,13,96 1,0.17, 1,1m,832,0.8, 85
benzal- 93 99 0.17, 99 89
dehyde
3 4-Chloro- 0.5,0.08, 1,0.15, 1,0.15, 0.25, 1,02, 1,Im, 1,Im,86 1,0.23,
benzal- 92 929 99 008,98 99 88 90
dehyde
4 Benzophe- 1,3,96 3,3.2, 3,3.2,98 1,0.75, 2,43,97 - - 2,215,
none 98 99 90
5 9H-Fluo- 1,16,93 2,18, 2,18 1,15 2,53, 2,033, 16,18, -
ren-9-one 94 94 94 98 85 80
6 Benzoin 1,033, 2,0.17, 2,0.17, 0.5,0.08, 0.5, 0.5, - - -
90 96 96 91 97
4 mmediately

EXPERIMENTAL

All substrates and reagents of the best available quality were purchased from commercial
sources and used without further purification. IR and H-NMR spectra were recorded on a
PerkinElmer FT-IR RX| and a 300 MHz Bruker spectrometers, respectively. Agilent 6890N
gas chromatograph equipped with a FID detector was used in this study. The products were
characterized by their TH-NMR or IR spectra and comparison with authentic samples (melting
points or boiling points). The organic layers were dried over anhydrous sodium sulfate. All
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REDUCTION OF ORGANIC CARBONYL COMPOUNDS 9

yields refer to isolated pure products. TLC on silica gel 60 F,5, auminum sheets was applied
for purity determination of the substrates and products and to monitor the reactions.

A typical procedure for reduction of aldehydes with the Zn(BH,4),/Al,O5 systemin THF

Zn(BH,), was prepared from ZnCl, and NaBH, according to an established procedure
from the literature.® In a round-bottomed flask (10 mL) equipped with a magnetic stirrer, a
solution of benzaldehyde (0.106 g, 1 mmol) in THF (3 mL) was prepared. To this solution,
Zn(BH,), (0.048 g, 0.5 mmol) and then neutral Al,O5 (0.101 g, 1 mmol) were added and the
mixture was stirred at room temperature for 5 minutes. Completion of the reaction was
monitored by TLC (eluent, CCl/Et,0O: 5/2). Then, distilled water (1 mL) was added to the
reaction mixture and stirring was continued stirred for 5 min.. The mixture was extracted with
CH,Cl, (3x6 mL) and dried over anhydrous N&,SO,. Evaporation of the solvent and a short
column chromatography of the resulting crude material over silica gel (0.015-0.040 mm, elu-
ent, CCl4/Et,0: 5/3) afforded the pure liquid benzyl acohol (0.102 g, 94 %, Tablelll, entry 1).

Atypical procedure for reduction of ketones to alcoholswith the Zn(BH,4),/Al ,O5 systemin THF

In a round-bottomed flask (10 mL) equipped with a magnetic stirrer, a solution of
acetophenone (0.121 g, 1 mmol) in THF (3 mL) was prepared. To this solution, Zn(BH,),
(0.095 g, 1 mmol) and then neutral Al,O3 (0.101 g, 1 mmol) were added. The resulting mix-
ture was stirred at room temperature for 60 min. The progress of the reaction was monitored
by TLC (eluent, CCl/Et,O: 5/2). After completion of the reaction, distilled water (1 mL) was
added to the reaction mixture and then stirring was continued for an additional 5 min. The
mixture was extracted with CH,Cl, (3x8 mL) and dried over anhydrous sodium sulfate. Eva-
poration of the solvent and short column chromatography of the resulting crude material over
above mentioned silica gel afforded pure crystals of 1-phenylethanol (0.11 g, 93 % vyield,
TablelV, entry 2).

A typical procedure for reduction of a-diketones and acyloins with the Zn(BH,4),/Al,O3 system
in THF

In a round-bottomed flask (10 mL) equipped with a magnetic stirrer, a solution of benzil
(0.21 g, 1 mmol) in THF (3 mL was prepared. To this solution, Zn(BH,4), (0.190 g, 2 mmol)
and then neutral Al,O5 (0.101 g, 1 mmol) were added. The resulting mixture was stirred at
room temperature for 20 min. The progress of the reaction was monitored by TLC (eluent,
CCl/Et,O: 5/2). After completion of the reaction, distilled water (1 mL) was added to the
reaction mixture and stirring was continued for an additional 5 min. The mixture was ex-
tracted with CH,Cl, (3x10 mL) and dried over anhydrous sodium sulfate. Evaporation of the
solvent and short column chromatography of the resulting crude material over above
mentioned silica gel afforded pure crystals of 1,2-diphenylethane-1,2-diol (0.20 g, 95 % yield,
TableV, entry 1).

A typical procedure for the competitive reduction of aldehydes and ketones with the
Zn(BH,),/Al,O5 systemin THF (method A)

In a round-bottomed flask (10 mL) equipped with a magnetic stirrer, a solution of benz-
adehyde (0.106 g, 1 mmol) and acetophenone (0.120 g, 1 mmol) in THF (3 mL) was pre-
pared. To this solution, Zn(BH,), (0.048 g, 0.5 mmol) and then neutral Al,O3 (0.101 g, 1
mmol) were added and the mixture was stirred at room temperature. The progress of the
reaction was monitored by TLC. After 5 min, the reaction mixture was quenched by addition
of ditilled water (1 mL) and this mixture was then stirred for an additional 5 min. The
mixture was extracted with CH,Cl, (3x8 mL) and dried over anhydrous sodium sulfate. After
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the evaporation of solvent, the resulting crude products (0.223 g) were separated by plate layer
chromatoghraphy (PLC) over silica gd (60 F,s4 (0.063-0.200 mm), eluent, CCl/Et,O: 5/2),
which afforded pure liquid benzyl alcohol as the sole product (0.106 g, 97 %) and aceto-
phenone (0.108 g, 89 %) as intact material (Table VI, entry 3).

A typical procedure for competitive reduction of aldehydes and ketones with Zn(BH,4),/Al,0O3
systemin THF (method B)

In a round-bottomed flask (10 mL) equipped with a magnetic stirrer, a solution of
benzaldehyde (0.106 g, 1 mmol) and acetophenone (0.121 g, 1 mmol) in THF (3 mL) was
prepared. A sample of reaction mixture in THF isinjected (0.1 puL) onto a HP5 30 mx25 um
capillary column. The initial column temperature (100 °C) was held for 2 min, then increased
at 15 °C min to 240 °C and held for 15 min. Benzaldehyde eluted first (7.28 min) followed
by acetophenone (10.29 min) with a relative response ratio of about 1:1 (Instrument para
meters: injector temperature, 250 °C; detector temperature, 300 °C; flow rate (He), 45 mL
min-1, with He as the make-up gas). Then, to this solution, Zn(BH,), (0.048 g, 0.5 mmol) and
then neutral Al,O3 (0.101 g, 1 mmol) were added and the mixture was stirred at room tempe-
rature. The progress of the reaction was monitored by TLC. After 5 min, the reaction mixture
was quenched by the addition of distilled water (0.5 mL) and the stirring was continued for an
additional 5 min. and dried over anhydrous sodium sulfate. Again, a sample of reaction mix-
ture in THF is injected (0.1 uL) onto the GC column under the same conditions. Benzyl al-
cohol eluted first (9.71 min) followed by acetophenone (10.29 min) with a relative response
ratio of about 1:1. The reduction procedure afforded pure liquid benzyl alcohol as the sole
product and acetophenone as unreacted materid.

Thetypical procedure for the regioselective 1,2-reduction of conjugated carbonyl compounds
with the Zn(BH,),/Al,O5 systemin THF

In a round-bottomed flask (10 mL) equipped with a magnetic stirrer, a solution of ben-
zylideneacetone (0.146 g, 1 mmol) in THF (3 mL) was prepared. To this solution, Zn(BH,)»
(0.0.95 g, 1 mmol) and then neutral Al,O5 (0.101 g, 1 mmol) were added. The resulting mix-
ture was stirred at room temperature. The progress of the reaction was monitored by TLC
(eluent, CCl4/Et,O: 5/2). After completion of the reaction within 60 min, distilled water (1
mL) was added to the reaction mixture and this mixture was then stirred for an additional 5
min. The mixture was extracted with CH,Cl, (3x10 mL) and dried over anhydrous sodium
sulfate. Evaporation of the solvent and short column chromatography of the resulting crude
material over silica gel (eluent, CCl/Et,O: 5/2) afforded pure liquid 4-phenyl-3-buten-2-ol
(0.240 g, 95 % yield, Table V111, entry 3).

CONCLUSIONS

In thisinvestigation, it was shown that the combination system of Zn(BHg)o/
/Al5,03 in THF reduces a variety of carbonyl compounds to their corresponding
acoholsin high to excellent yields. The reduction reactions were performed with
0.5-2 mmol Zn(BHgy)2 in the presence of 1 mmol Al>O3 in THF. Reduction of
acyloins and a-diketones by this reducing system also efficiently produced the
corresponding vicinal diols. In addition, the chemoselective reduction of ade-
hydes over ketones was successfully accomplished with this reducing system.
Regioselectivity of this system was also investigated with exclusive 1,2-reduction
of conjugated carbonyl compounds to their corresponding allylic alcoholsin high
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to excellent yields. All reductions were realized at room temperature. The high
efficiency of the reductions, short reaction times and easy work-up procedure
makes this combined reductant an attractive new protocol for the reduction of
carbonyl compounds and it could be a useful addition to the existing
methodol ogies.
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U3BOI

Zn(BH,),/Al,03: HOB CHHTETHYKHU ITOCTYITAK 3A EOUKACHY PEOYKIINJY
OPTAHCKHX KAPBOHW/IHKMX JEOJUILEA 1O OOTOBAPAJYRUX AJIKOXOJIA

DAVOOD SETAMDIDEH, BEHROOZ KHEZRI 1 MEHDI RAHMATOLLAHZADEH

Department of Chemistry, Faculty of Sciences, Mahabad Branch, Islamic Azad University,
Mahabad, 59135-443, Iran

Zn(BHy,), (0,5-2 mmol) y npucycrsy Al,03 (1 mmol) penyxyje pasnuuyura kapdoHUIHA
jenvmema, Kao WTO Cy aAEXUIH, KeTOHH, allWJIOWHH, a-TUKEeTOHH U o,f-HezacuheHa Kkapdo-
HUWIHA jeIumena, 10 oarosapajyhux ankoxona. Peakuuja ce ogsuja y TeTpaxugpodypaHy Kao
pacTBapady, Ha COOHOj TeMnepaTypH, a IPUHOC NPOU3BOAA jé BUCOK 1O OAIUYaH. XeMHOCe-
JIEKTHBHA penyKUWja anjexuia y IPUCYCTBY KeTOHa H3BplIeHa je ycremrHo. OCHM Tora,
MOCTUTHYTA je PErMoCeNeKTUBHOCT U CeieKTUBHA 1,2-penyKiuja KOHjyroBaHUX KapOOHUIHUX
jenvmemna o 0AroBapajyhux aqrIHUX alKkoXoJIa Y BUCOKOM [0 OVIMYHOM HPHHOCY.

(ITpumsseHo 11. janyapa 2012)
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Abstract: A series of norcantharidin and bridged perhydroisoindole derivatives
were evauated for their antioxidant and radical scavenging activities. Different
in vitro methodologies, such as total reducing power, 1,1-diphenyl-2-picryl-
hydrazil (DPPH®) free radical scavenging, superoxide anion radical scavenging
and metal chelating activities were used. Among the 11 tested compounds, 7
compounds showed potent reducing power activity and 7 compounds showed
potent superoxide anion radical scavenging activity. All the tested compounds
exhibited potent free radical scavenging ability. The results showed that the
synthesized compounds have effective antioxidant power.

Keywords: norcantharidin; bridged perhydroisoindole; reducing power; super-
oxide anion radical.

INTRODUCTION

The imide moiety is an integral structural part of various important bioactive
molecules, such as fumaramidmycin, granulatimide, isogranulatimide and rebec-
camycin. These molecules are reported to exhibit antitumour, anti-inflammatory
and antimicrobial activities.13 A literature search revealed that certain com-
pounds with antitumour activity, and in particular molecules able to interact with
DNA, are characterized by the presence of both an extended n-system and an
imide function. In addition, N-substituted imides, such as maleimides,4 isohema-
tinic acids® and especially bicyclic and tricyclic derivatives such as tandospirone
derivatives36 are known for their broad spectrum of pharmacological properties,
thus showing antibiotic, fungicidal, analgesic, anxiolytic and cytostatic effects.

On the other hand, derivatives of the tricyclic anhydride exo-5,6-dehydronor-
cantharidin (2, Fig. 1) are also pharmacologically active.” This compound shows

* Corresponding author. E-mail: peksel @yildiz.edu.tr
doi: 10.2298/JSC120123036P

15

Available online at shd.org.rs/JSCS/

2013 Copyright (CC) SCS




16 PEKSEL etal.

a comparable activity to that of cantharidin (1, Fig. 1), which is the mgjor effect-
ive ingredient in pharmaceuticals for the treatment of certain malignant tumours
in China. Norcantharidin is a synthetic demethylated analogue of cantharidin, a
traditional Chinese herb, now being worldwide used as an antitumour agent for
its safety without myelosuppression in patients and effectiveness against cells
with a multidrug resistance phenotype. It was reported that norcantharidin could
induce cell apoptosis and inhibit the proliferation of a variety of human tumour
cell linesin vitro, including colorectal cancer, oral cancer, cervical cancer, breast
cancer, hepatoma, leukaemia, melanoma and gall bladder carcinoma, and it was
proved to block tumour invasion, metastasis and angiogenesis.8 Norcantharidin
and exo-5,6-dehydro-norcantharidin (2) have been widely employed in clinical
practice, as they are less toxic and much easier to synthesize.910 Perhydroiso-
indoles are also selective sigma receptor antagonists and have alow potentia for
movement disorder side effects associated with typical antipsychotic agents.11.12

o) O 0 0
o) 7 o)
Meo H O

Fig. 1. The structures of cantharidin (1)
1 2 and exo-5,6-dehydronorcantharidin (2).

Therefore, the synthesis of bioactive norcantharidin anal ogues, that represent
aryl-modified bicyclic imide systems, was aso considered to be of interest. Thus,
N-(4-methoxyphenyl)-7-oxabicycl o] 2.2.1] hept-5-ene-2-exo- 3-exo-di carboximide
(3) and the p-chlorophenyl derivative 4 were prepared as the starting compounds
in good yields (70 and 72 %, respectively).913 Then, their hydroarylation re-
actionswith aryl- and heteroaryl iodides in the presence of triphenylarsine (Scheme
1) and subsequent reduction by NaBH4 were investigated to open new access to
perhydroisoindole derivatives.14 The synthesized compounds were evaluated for
antioxidant and free radical scavenging activities.

Reactive oxygen species (ROS) are chemical entities that include oxygen
free radicals. They can be generated in metabolic pathways within body tissues,
and can aso be introduced from external sources, such as drugs, food, UV radi-
ation and environmental pollution. In vivo, such species are securely coupled at
their site of generation or are detoxified by endogenous anti-oxidative defences
S0 as to preserve the optimal cellular function. In pathological conditions, how-
ever, the detoxifying mechanisms are often inadequate as excessive quantities of
ROS can be generated. This resulting pro-oxidant shift, a process known as oxi-
dative stress, can result in the degradation of cellular components such as DNA,
carbohydrates, polyunsaturated lipids and proteins, or precipitate enzyme inacti-
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vation, irreversible cellular dysfunction and ultimately cell death if the pro-oxi-
dant—antioxidant balance is not restored.15.16 Thus, antioxidants are important in-
hibitors against oxidative damage.17-19 Antioxidants interfere with the oxidation
process by reacting with free radicals, chelating catalytic metals and also by act-
ing as oxygen scavengers. Therefore, the preparation of more effective new anti-
oxidantsis avery important area of research.
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Scheme 1. Synthesis of bioactive norcantharidin analogues and the perhydroisoindole
derivatives used in this work. N-(4-Methoxypheny!)-7-oxabicyclo[2.2.1] hept-5-ene-2-exo-
-3-exo-dicarboximide (3) and the p-chlorophenyl derivative 4 were synthesized
as the starting compounds.

The aim of this study was to investigate the reducing power, free radical sca-
venging, superoxide anion radical scavenging and metal chelating activities of
some norcantharidin and bridged perhydroisoindole derivatives. The results were
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compared to commercial and standard antioxidants, such as Trolox, butylated
hydroxyanisole (BHA) and butylated hydroxytoluene (BHT).

EXPERIMENTAL
Chemicals

Reduced nicotinamide adenine dinucleotide (NADH), 6-hydroxy-2,5,7,8-tetramethyl-
chroman-2-carboxylic acid (Trolox), nitroblue tetrazolium (NBT), phenazine methosulphate
(PMS), the stable free radical 1,1-diphenyl-2-picrylhydrazil (DPPH") and trichloroacetic acid
(TCA) were obtained from Sigma-Aldrich (Germany). Butylated hydroxyanisole (BHA) and
butylated hydroxytoluene (BHT) were provided by Fluka (Buchs, Switzerland). All other
employed chemicals were of analytical grade and obtained from either Sigma-Aldrich, Fluka
or Merck.

Norcantharidin and the bridged perhydroisoindole derivatives were prepared according
to previously reported procedures and characterized by comparing their spectral data to those
reported earlier.14

Evaluation of antioxidant and radical scavenging activities

Reducing power assay. The reducing power capacity of norcantharidin and the bridged
perhydroisoindole derivatives was measured according to the method of Oyaizu.2° Various
amounts of the samples (10-50 png) were mixed with 2.5 mL of phosphate buffer (0.2 M, pH
6.6) and 2.5 mL potassium ferricyanide, K53[Fe(CN)g] (1 %, w/v), and the mixture was
incubated at 50 °C for 30 min. Then, after addition of 2.5 mL of trichloroacetic acid (10 %,
wiv), the mixture was centrifuged at 3000 rpm for 10 min. Finally, 2.5 mL of the upper-layer
solution was mixed with 2.5 mL distilled water and 0.5 mL FeCl3 (0.1 %, w/v) and the absor-
bance was measured at 700 nm. a-Tocopherol, BHA and BHT were used as standard anti-
oxidants. Higher absorbance of the reaction mixture indicated greater reducing power.

Free radical scavenging activity assay. The free radical scavenging activity of norcan-
tharidin and the bridged perhydroisoindole derivatives was measured with DPPH" using a
dightly modified method of Brand-Williams et al.?! Briefly, 20 mg/L DPPH* solution in
methanol was prepared and 1.5 mL of this solution was added to 0.75 mL of the sample,
butylated hydroxyanisole (BHA), butylated hydroxytoluene (BHT), Trolox or ascorbic acid
(520 ug mL-Y). The mixture was shaken vigorously and the decrease in absorbance at 517
nm was measured after 30 min. Water (0.75 mL) instead of the sample was used as the con-
trol. The percent inhibition activity was calculated using the following eguation:

Freeradica scavenging activity (%) = 100(Ag— A))/Ag Q)

where Aq is the absorbance of the control reaction and A, is the absorbance in the presence of
a sample solution. The radical scavenging activity was expressed as the |Cgq value, the con-
centration required for a 50 % reduction in the DPPH® concentration, which was determined
from a calibration curve for each compound.

Superoxide anion scavenging activity assay. Measurement of superoxide anion scaveng-
ing activity of norcantharidin and the bridged perhydroisoindol e derivatives were based on the
method described by Liu et al.22 Superoxide anions were generated in a non-enzymatic phe-
nazine methosul phate—nicotinamide adenine dinucleotide (PMS-NADH) system by oxidation
of NADH and assayed by reduction of NBT. In this experiment, the superoxide anion was
generated in 3 mL of tris-HCI buffer (16 mM, pH 8.0) containing 1 mL of NBT (50 uM) so-
lution, 1 mL of NADH (78 uM) solution and 100 ug mL-1 concentration of a sample solution.
The reaction was started by adding 1 mL of PMS solution (10 uM) to the mixture. The reac-
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tion mixture was incubated at 25 °C for 5 min and absorbance at 560 nm was recorded against
blank samples in a spectrophotometer. BHA, BHT, and Trolox were used as standard samples
(100 pg mL1). Theinhibition of superoxide anion radical generation (%) was cal culated using

Eq. (2).

Metal chelating activity assay. The chelating activity of norcantharidin and the bridged
perhydroisoindole derivatives on ferrous ions was measured according to the method of
Decker and Welch.23 Aliquots of 1 mL of different concentrations (25, 50, 75 and 100 pug mL-1)
of the samples were mixed with 3.7 mL of deionised water. The mixture was incubated with
FeCl, (2 mM, 0.1 mL) for 30 min. After incubation, the reaction was initiated by addition of
ferrozine (5 mM and 0.2 mL) and after 10 min at room temperature, the absorbance was
measured at 562 nm in a spectrophotometer. A lower absorbance indicates a higher chelating
power. The chelating activity of the extract on Fe?* was compared with that of EDTA at same
concentrations. Chelating activity was calculated using the following formula:

Metal chelating activity (%) = 100(1 — Ag/AepTa) 2
where Ag and Agpta are the absorbancesin the presence of asample and EDTA, respectively.

A control test was performed without addition of a sample.

RESULTS AND DISCUSSION

Three 5,6-dehydronorcantharidin, eight norcantharidin and bridged perhyd-
roisoindole compounds (Fig. 2, Table |) were investigated for their antioxidant
and radical scavenging activities. Reducing power is used as one of the indicators
of antioxidant capability. In the reducing power assay, the presence of reductants
(antioxidants) in the tested samples resulted in a reduction of the Fe3*/ferricya-
nide complex to the ferrous form (Fe2*). The amount of Fe2* complex can there-
fore be monitored by measuring the formation of the Perls' Prussian Blue at 700
nm. The reducing power of norcantharidin and the bridged perhydroisoindole
derivatives and standard antioxidants are given in Table |1. The results show that
the reducing power of the samples was not concentration dependent. Based on a
comparison of the absorbance at 700 nm, compounds 7, 11-13 showed the lowest
reducing power. Compounds 8 and 9 exhibited moderate reducing power. Com-
pounds 4-6 and 10 gave similar results. A higher activity was found for com-
pound 3. The tested compounds 3-6 and 10 exhibited higher activity than BHA,
BHT and o~tocopherol at a 10 ug mL—1 concentration. A correlation was found
between the reducing capabilities and the substituents. The reason for the higher
reducing power capacity of the compounds can be explained by considering the
structure of the compounds. The presence of a carbonyl group and an alkene or
akyne on the ring system seems to increase the reductive capacity of the com-

0
Ar 0

Ar'

N
0 \O\ Fig. 2. Structure of the bridged perhydroisoindole deri-
R vativesused in this study.
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pounds. These results revealed that these 5,6-dehydronorcantharidin, norcantha-
ridin and the bridged perhydroisoindole derivatives were good electron and hyd-
rogen donors and could terminate a radical chain reaction, converting the free ra-
dicals to more stable products.

TABLE I. The three 5,6-dehydronorcantharidins (3,4 and 12) and eight norcantharidins and
bridged perhydroisoindole derivatives investigated in this study

Compound R Ar Ar'

3 OMe - -

4 cl - -

5 OMe (2-thienyl) -

6 OMe (6-chloropyridin-3-yl) -

7 Cl (p-chlorophenyl) -

8 Cl (1-napthyl) -

9 Cl (p-methoxyphenyl) -

10 OMe (p-chlorophenyl) (phenylethynyl)
11 Cl (phenyl) (trimethylsilyl)ethynyl
12 OMe - -

13 OMe (2-napthyl) -

TABLE Il. Reducing power (absorbance at 700 nm) of different concentrations (10, 20, 30, 40
and 50 pg mL-1) of norcantharidin and the bridged perhydroisoindole derivatives. BHA, BHT
and a-tocopherol were used as reference antioxidants. The given values are means+ SD (n =
3). A higher absorbance indicates a greater reducing power

c/ugmL-t
10 20 30 40 50
3 0.14+0.01 0.14+0.01 0.15+0.01 0.15+0.00 0.15+0.01
4 0.10+0.01 0.10+0.01 0.11+0.01 0.11+0.01 0.11+0.01
5 0.10+0.01 0.10+0.00 0.10+0.01 0.11+0.01 0.11+0.01
6 0.10+0.01 0.10+0.01 0.10+0.00 0.10+0.00 0.11+0.01
7
8
9

Compound

0.01+0.00 0.01+0.00 0.01+0.00 0.01+0.00 0.01+0.00
0.03+0.00 0.0440.01 0.04+0.01 0.044+0.00 0.04+0.00
0.04+0.00 0.04+0.00 0.04+0.00 0.044+0.00 0.04+0.00

10 0.094+0.01 0.09+0.01 0.10+0.00 0.10+0.01 0.11+0.01
11 0.01+0.00 0.01+0.00 0.01+0.00 0.01+0.00 0.01+0.00
12 0.01+0.00 0.01+0.00 0.01+0.00 0.01+0.00 0.01+0.00
13 0.01+0.00 0.01+ 0.00 0.01+0.00 0.01+0.00 0.01+0.00
BHA 0.09+0.02 0.17+0.02 0.25+0.01 0.33+0.03 0.41+0.02
BHT 0.03+0.00 0.06+0.00 0.09+0.01 0.14+0.01 0.16+0.01

a-Tocopherol 0.04+0.00 0.07+0.01 0.12+0.01 0.12+0.01 0.18+0.01

Hydrogen-donating ability is an index of primary antioxidants. These anti-
oxidants donate a hydrogen to a free radical, leading to non-toxic species and
therefore to inhibition of the propagation phase of lipid oxidation. 1,1-Diphenyl-
-2-picrylhydrazil (DPPH®) is a stable free radical and accepts an electron or hyd-
rogen radical to become a stable diamagnetic molecule. DPPH- has been used as

Available online at shd.org.rs/JSCS/

2013 Copyright (CC) SCS




ANTIOXIDANT ACTIVITY OF NORCANTHARIDIN DERIVATIVES 21

afree radica to evaluate the anti-oxidative activity of some natural and synthetic
sources. The DPPH radical scavenging effects of norcantharidin and the bridged
perhydroisoindole derivatives are presented in Table I11. Their comparable sca-
venging activities were also expressed as |Csg values (Table 1V). All the tested
compounds showed lower free radical scavenging activities when compared to
BHA, BHT, Trolox and ascorbic acid. Compounds 5-8 exhibited similar activity
to BHT at 5 and 10 pug mL—1 concentrations. The DPPH free radical scavenging
activity was improved by the presence of N, S and Cl on the heterocyclic ring
and akene groups. From these results, it could be stated that the tested com-
pounds have a moderate ability to scavenge free radicals and could serve as free
radical inhibitors or scavengers according to the synthetic antioxidants. From the
inhibition concentration 1Csg values of the compounds, it was seen that com-
pounds 4, 5, 7, 8, 12 and 13 had the highest activities, as shown by the lowest
values of 1Cgq, followed by compound 6, 9 and 10, while compound 3 and 11
had the lowest activities. A higher DPPH radical scavenging activity is associated
with alower 1Cgq value. It was evident that the compounds did show hydrogen-
donating ahility to act as antioxidants.

TABLE Ill. Free radical scavenging activity (%) of different concentrations (5, 10, 15 and 20
ug mL1) of norcantharidin and the bridged perhydroisoindole derivatives. BHA, BHT, Trolox
and ascorbic acid were used as reference antioxidants. The given values are means+ SD (n = 3)

c/pugmLt

Compound 5 ) G 20

3 17.9+0.3 18.7+0.6 18.7+0.9 18.7+0.1
4 16.3+0.5 16.7+1.4 17.5+0.1 19.9+0.1
5 30.1+£2.2 31.7+14 31.7+0.8 32.1+1.2
6 30.9t1.2 30.9+0.6 31.7+0.9 32.1+1.0
7 30.5+0.4 30.9+0.1 31.7t14 32.1+1.2
8 30.1+0.1 31.7+0.5 31.7+0.5 32.1+0.5
9 31.3+0.8 31.7+1.0 32.1+1.2 32.5+0.8
10 17.9+0.9 17.9+0.9 18.3+0.8 20.7+0.4
11 18.3+0.8 18.7+0.7 19.1+0.7 19.1+0.7
12 16.7+0.6 16.7+0.6 18.3+0.8 20.7+0.4
13 15.9+0.1 18.3+0.7 18.3+0.8 19.5+0.6
BHA 68.3+2.7 78.9+2.5 88.2+2.1 92.7+1.5
BHT 31.7+2.0 36.6+1.5 42.3+0.6 455+2.7
Trolox 95.5+1.7 95.9+0.6 96.8+0.6 97.2+1.7
Ascorbic acid 95.9+1.7 96.3+1.0 96.3+0.6 96.3+0.6

The superoxide anion radical is known to be very harmful to cellular com-
ponents as a precursor of more reactive oxygen species, such as hydrogen pero-
xide, hydroxyl radical and singlet oxygen, which induce oxidative damage in li-
pids, proteins and DNA. In a biological system, its toxic role can be eliminated
by superoxide dismutase.14 In the PMS-NADH-NBT system, the superoxide an-
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ion derived from dissolved oxygen by the PMS-NADH coupling reaction re-
duces NBT. The decrease in the absorbance at 560 nm with antioxidants indi-
cates the consumption of the superoxide anion in the reaction mixture. The super-
oxide radical scavenging activities by 100 ug mL—1 of norcantharidin and the
bridged perhydroisoindole derivatives in comparison to the same amount of
BHA, BHT and Trolox are given in Table V. Compounds 5-7 and 10 showed
lower superoxide radical scavenging activity than BHA, BHT and Trolox, while
compounds 3, 4, 11-13 showed higher activity than BHT. It isimportant to men-
tion that compounds 8 and 9 exhibited more potent activity when compared to
those of al the tested standard antioxidants, i.e.,, BHA, BHT and Trolox at the
same concentration. These results clearly indicate that the Cl atom present in the
structure and the alkene group seems to induce the activity of the compounds and
they act as good superoxide radical scavengers.

TABLE IV. Freeradica scavenging activity (ICsg / ug mL-1) of norcantharidin and the bridged
perhydroisoindole derivatives. BHA, BHT and Trolox were used as reference antioxidants. A
higher DPPH radical scavenging activity is associated with alower |Csy value

Compound ICsp/ g mLL
3 130.6+8.2
4 29.9+5.1
5 33.1+3.9
6 441425
7 35.3+4.5
8 33.1+5.2
9 46.9+2.6
10 37.445.1
11 112.8+6.8
12 25.6+1.3
13 31.7+2.3
BHA 2.310.1
BHT 4.8+0.3
Trolox 45+0.3

TABLE V. Superoxide anion radical scavenging activity of norcantharidin and the bridged
perhydroisoindole derivatives at a concentration of 100 ug mL™1. BHA, BHT and Trolox acid
were used as the reference antioxidants. The given values are the means = SD (n = 3)

Compound Superoxide anion radical scavenging activity, %
75+0.8
72+0.5
36+2.9
25+0.5
26+1.3
95+1.3
91+0.8
57+1.2

P OoO~NOO O~ W

o
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TABLE V. Continued

Compound Superoxide anion radical scavenging activity, %
11 75£1.1
12 74+1.7
13 63+1.1
BHA 78+0.8
BHT 59+2.8
Trolox 81+1.7

Chelating agents are effective as secondary antioxidants because they reduce
the redox potential thereby stabilizing the oxidized form of the metal ion. Iron is
known as the most important lipid oxidation pro-oxidant due to its high reacti-
vity. Especialy Fe2* is the most powerful pro-oxidant among the various species
of metal ions. The ferrous ion chelating effects of norcantharidin and the bridged
perhydroisoindole derivatives are presented in Table VI. Compounds 3—7 ex-
hibited no chelating activity on ferrous ions at any of the tested concentrations.
Compound 8-13 showed moderate chelating activity on ferrous ions after an in-
cubation time of 30 min. The results were compared with EDTA at the same con-
centrations. At a concentration of 100 ug mL—1, EDTA had a 96 % chelating ef-
fect on ferrous ions after an incubation time of 30 min. The data obtained from
this study revealed that compounds 8-13 had a slightly effective capacity for iron
binding, suggesting that their action as antioxidants might be related to their iron
binding capacity. It is known that compounds with structures containing two or
more functional groups, such as OH, SH, COOH, N, S and O, can show meta
chelating activity.

TABLE VI. Metd chelating activity (%) of different concentrations (25, 50, 75 and 100 ug
mL-1) of norcantharidin and the bridged perhydroisoindole derivatives. EDTA was used as a
standard compound. The reported values are the mean £ SD (n = 3)

1
Compound c/ng mt
25 50 75 100

3 0 0 0.6+0.0 1.8+0.0
4 0 0 0 0

5 0 0 0 0

6 0 0 11+00 1.9+0.1
7 0 0 0 1.1+0.0
8 10.7£0.2 14.310.1 15.5+0.2 19.9+0.1
9 13.9+0.2 14.910.3 17.310.1 23.5+0.6
10 4.240.2 6.310.1 11.3#0.2 15.2+0.7
11 16.7£0.6 16.7£0.2 17.9+0.3 22.6+2.3
12 16.1+0.0 16.4+0.1 16.910.1 19.1+0.1
13 9.8+0.4 11.9+0.2 14.3£0.0 14.910.1
EDTA 85.0£1.2 95.0+2.7 96.0+2.1 96.0+1.2
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CONCLUSIONS

A series of norcantharidin and bridged perhydroisoindole derivatives (3—13)
were synthesized and their antioxidant properties were evaluated. The results
showed that most of the synthesized derivatives exhibited significant antioxidant
and radical scavenging activities in vitro. According to the obtained results, a
correlation exists between the radical scavenging and antioxidant activities of the
compounds and the substituents. Among the synthesized compounds, compounds
3-6 and 8-10 were found to be the most active reducing agents. Compound 3, 4,
8, 9 and 11-13 were determined to have the highest superoxide anion radical
scavenging ability in addition to being potent antioxidants and thus they repre-
sent anew class of antioxidant and antiradical agents.

HM3BO[I

AHTHOKCHIATHBHA AKTUBHOCT U CIIOCOBHOCT XBATAIA CJIOBOJHUX
PAIUKAJIA HEKUX HOPKAHTAPUJIWMHCKUX U ITEPXUIPOU30UHIO/IHUX
IOEPUBATA CA MOCTOM

AYSEGUL PEKSEL', CUMALI CELIKLZ, NUKET OCAL' u REFIYE YANARDAG®

1Department of Chemistry, Faculty of Arts and Science, Yildiz Technical University, Davutpasa, Istanbul-
34210, Turkey, 2 Community College, Yalova University, Yalova-77100, Turkey u 3Depart‘mern‘ of
Chemistry, Faculty of Engineering, Istanbul University, Avcilar, Istanbul-34320, Turkey

Y1BphHBaHa je aHTHOKCHIATUBHA aKTUBHOCT U CIIOCOOHOCT XBaTama CIODOJHMX Dafu-
Kajla Cepuje HOpKaHTaPUAWHCKUX U IEPXUIPOU30UHAIONHUX iepyUBaTa ca MocToM. OnpehuBan
jé YKyIHM pefyKyjyhu kanaiuTeT, ClIOCOOHOCTH XBaTawa pafukana merofom DPPH, crocob-
HOCT XBaTala CYNEepOKCHHOT aHjoHa M CIOCODHOCT Xenathpamwa MeTana. Op 11 aHanusupa-
HUX jeqvibera, 7 je UCIOJbUII0 BeIUKU pefykyjyhu noteHuujai, a 8 crmocodHOCT XBaTama Cy-
MepPOKCUAHOT aHjoHa. CBa TeCTHpaHa jefHmena Cy MOIJIa Be3uBaTH C1000JHE pajuKaie, Io-
TBphyjyhy BUXOBY aHTUOKCHIATUBHY aKTHBHOCT.

(ITpumsseno 23. janyapa, pesuaupaso 15. mapra 2012)

REFERENCES

1. M. F. Brana, A. Gradillas, A. Gomez, N. Acero, F. Llinares, D. Munoz-Mingarro, C.
Abradelo, F. Rey-Stolle, M. Yuste, J. Campos, M. A. Gallo, A. Espinosa, J. Med. Chem.
47 (2004) 2236

2. S. M. Sondhi, R. Rani, P. Roy, S. K. Agrawal, A. K. Saxena, Bioorg. Med. Chem. Lett. 19

(2009) 1534

. J. Kossakowski, M. Jarocka, Farmaco 56 (2001) 785

. F. Zentz, A. Vdlla R. Le Guillou, R. Labia, A. Mathot, D. Sirot, Farmaco 57 (2002) 421

5. R. M. Di Pardo, M. A. Patane, R. C. Newton, R. Price, T. P. Broten, R. S. L. Chang, R.
W. Ransom, J. Di Salvo, R. M. Freidinger, M. G. Bock, Bioorg. Med. Chem. Lett. 11
(2001) 1959

6. J. Kossakowski, A. Bielenica, B. Miroslaw, A. E. Koziol, I. Dybala, M. Struga, Molecules
13 (2008) 1570

7. M. E. Hart, A. R. Chamberlin, C. Walkom, J. A. Sakoff, A. McCluskey, Bioorg. Med.
Chem. Lett. 14 (2004) 1969

AW

Available online at shd.org.rs/JSCS/

2013 Copyright (CC) SCS




14.
15.
16.

17.
18.
19.
20.
21.
22.
23.

ANTIOXIDANT ACTIVITY OF NORCANTHARIDIN DERIVATIVES 25

. L.Ying, G. Yan, L. Fu You, P. You Ming, L. Sun, L. Jun, C. Qiong, S. Yan, Y. Kun,

Mol. Cell Biochem. 361 (2012) 79

. L.P.Deng, H. Yongzhou, J. Heterocycl. Chem. 44 (2007) 597
10.
11
12.
13.

L. P. Deng, F. M. Liu, H. Y Wang, J. Heterocycl. Chem. 42 (2005) 13

E. Ciganek (Du Pont Merck Pharmaceutical Company), US 5216018 (1993)

P. J. Gilligan (Du Pont Merck Pharmaceutical Company) US 5532243 (1996)

L. S. Oswal, S. N. Sarkar, K. V. Bhandari, B. H. Oza, B. C. Patel, Iran. Polym. J. 13
(2004) 297

C. Cdlik, I. Kulu, N. Ocdl, D. E. Kaufmann, Helv. Chim. Acta 92 (2009) 1092

G. Miliauskas, P. R. Venskutonis, T. A. van Beek, Food Chem. 85 (2004) 231

B. Hdliwell, J. M. C. Gutteridge, Free Radicals in Biology and Medicine, 2 ed., Claren-
don Press, Oxford, 1989, p. 617

Y. C. Chung, S. J. Chen, C. K. Hsu, C. T. Chang, S. T. Chou, Food Chem. 91 (2005) 419
T. Juntachote, E. Berghofer, Food Chem. 92 (2005) 193

C. S.Ku, S. P. Mun, Biores. Technol. 99 (2008) 4503

M. Oyaizu, Jpn. J. Nutr. 44 (1986) 307

W. Brand-Williams, M. E. Cuvelier, C. Berset, Lebensm. Wiss. Technol. 28 (1995) 25
F.Liu, V. F.C. Oai, S. T. Chang, Life Sci. 60 (1997) 763

E. A. Decker, B. Welch, J. Agr. Food Chem. 38 (1990) 674.

Available online at shd.org.rs/JSCS/

2013 Copyright (CC) SCS







Journal of
the Serbian
Chemical Society

JSCS-info@)shd.org.rs « www.shd.org.rs/JSCS
J. Serb. Chem. Soc. 78 (1) 27-37 (2013) UDC 633.94:665.52/.54:615.27/.28
JSCS4393 Original scientific paper

Composition, and antioxidant and antimicrobial activities of the
essential oils of afull-grown PinuscembralL. treefrom the
Calimani Mountains (Romania)

CRISTINA LUNGU APETREI?, ADRIAN SPAC? MIHAI BREBUS3, CRISTINA
TUCHILUS* and ANCA MIRON%*

1Department of Plant and Animal Biology, School of Pharmacy, University of Medicine and
Pharmacy “ Grigore T. Popa” — lasi, Romania, 2Department of Physical Chemistry, School of
Pharmacy, University of Medicine and Pharmacy “ Grigore T. Popa” — lasi, Romania,
3Physical Chemistry of Polymers Laboratory, Petru Poni Institute of Macromolecular
Chemistry, lasi, Romania, “Department of Microbiology, School of Medicine, University
of Medicine and Pharmacy “ Grigore T. Popa” — lasi, Romania and “Department of
Pharmacognosy, School of Pharmacy, University of Medicine and
Pharmacy “ Grigore T. Popa” — lasi, Romania

(Received 9 April, revised 21 June 2012)

Abstract: The chemical composition and the antioxidant and antimicrobial ef-
fects of the essential oils of Pinus cembra L. needles and twigs were investi-
gated in this study. The chemical composition was analyzed using both the GC
and GC-MS techniques. a-Pinene (69.14 %) was the major constituent of the
needle essentia oil while the twig essential oil was characterized by a high
content of limonene+f-phellandrene (40.97 %) and a-pinene (24.94 %). The
needle and twig essential oils showed weak DPPH radical scavenging effects.
In the antimicrobial assays, both essentia oils showed high activity against
Sarcina lutea and Staphylococcus aureus but no activity against Bacillus ce-
reus, Escherichia coli and Pseudomonas aeruginosa. The needle and twig es-
sential oils had similar antimicrobia effects against Sarcina lutea. The twig
essential oil was more active against S. aureus than the needle essentia oil and
also exhibited a moderate activity against Candida albicans.

Keywords: cembran pine; a-pinene; limonene; DPPH radical; Staphylococcus
aureus; Candida albicans.
INTRODUCTION

Pinus cembra L. (Pinaceae), commonly known as cembran pine, Swiss stone
pine or Arollapine, isaglacial relict growing in the European Alps (Switzerland,
Austria, northern Italy and south-eastern France) and the Carpathian Mountains

* Corresponding author. E-mail: ancamiron@yahoo.com
doi: 10.2298/JSC120409075A
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(Poland, Slovakia, Ukraine and Romania). It grows at high altitudes ranging from
900 to 2850 and 1985 m in the Alps and the Carpathian Mountains, respectively,
and is very resistant to the conditions of high abiotic stress in the apine tim-
berline (UV-B irradiation, frosts and strong winds).1-3

The chemistry and the biological effects of essential oils of different pine
species have been intensively studied.49 In contrast, there are only afew studies
on cembran pine essentia 0ils. 1011 Dormont et al. studied the volatiles emitted
by the cones and foliage (ramets with one-year-old needles from the apical parts
of branches) and reported a- and S-pinene together with a mixture of limonene
and p-phellandrene as the mgjor volatile constituents; other monoterpene hydro-
carbons (myrcene, camphene, sabinene, terpinolene and bornyl acetate) were
identified in traces. In addition, traces of tricyclene were found in the cone vola-
tiles.10 Ochocka et al. separated, identified and quantified the enantiomers of
four monoterpene hydrocarbons (a- and S-pinene, camphene and limonene) in
the needle essential oil. The authors reported the occurrence of both enantiomers
of camphene, a- and S-pinene and the (-)isomer of limonene. (-)Limonene and
a-pinene as sum of the (-) and (+)isomers dominated in the needle essential oil.11
A literature survey revealed no studies on the biological effects of cembran pine
volatiles. In this context, the main objectives of the present study were to inves-
tigate the chemical composition of the needle and twig essential oils of P. cembra
and to evaluate their antioxidant and antimicrobial effects in order to find some
possible therapeutic uses.

EXPERIMENTAL
Plant material

The needles with twigs were sampled from a full-grown cembran pine in a natural stand
located at approximately 1650 m altitude on the Calimani Mountains (Romania) in June 2011.
The plant material was authenticated in the Department of Plant and Animal Biology, School
of Pharmacy, University of Medicine and Pharmacy “Grigore T. Popa’ — lasi, Romania.
Before extraction of the essentia oils, the needles and twigs were separated and dried in the
shade at 20+2 °C. Herbarium voucher samples have been deposited in the Department of
Pharmacognosy, School of Pharmacy, University of Medicine and Pharmacy “Grigore T.
Popa’ — lasi, Romania.

Chemicals

An alkane standard solution Cg—C,g, butylated hydroxyanisole (BHA) and 2,2-diphenyl-
-1-picrylhydrazyl (DPPH) radical were purchased from Sigma-Aldrich (Steinheim, Germany).
Mueller Hinton agar and broth were obtained from Merck (Darmstadt, Germany). Sabouraud
4 % glucose agar was obtained from Fluka Biochemika (Buchs, Switzerland). Sabouraud
dextrose broth was procured from Oxoid (Basingstoke, UK). The antibiotic discs were
purchased from Himedia (Mumbai, India). All other reagents and solvents were of analytical
grade.

Available online at shd.org.rs/JSCS/

2013 Copyright (CC) SCS




CEMBRAN PINE ESSENTIAL OILS 29

Microorganisms

Gram-positive bacteria (Staphylococcus aureus ATCC 25923, Sarcina lutea ATCC 9341
and Bacillus cereus ATCC 14579), Gram-negative bacteria (Escherichia coli ATCC 25922
and Pseudomonas aeruginosa ATCC 27853) and pathogenic yeasts (Candida albicans ATCC
10231) were obtained from the Culture Collection of the Department of Microbiology, School
of Medicine, University of Medicine and Pharmacy “Grigore T. Popa’ — lasi, Romania.

Isolation of the essential oils

100 g of each sample (needles or twigs) were ground with a grinder, mixed with 1000
mL of doubly distilled water and subjected to hydrodistillation for 4 h in a modified Cle-
venger-type apparatus.® The essential oils were collected, dried over anhydrous sodium sul-
phate and kept in a sealed glass tube at 4 °C until studied. Yields of the essential oils (v/w %)
were calculated on a dry weight basis and are expressed as average values of the results from
several extractions.

GC and GC-MS analyses

The GC-FID anaysis of the essential oils was performed on an Agilent 6890 gas chro-
matograph. Separation of the constituents of the essential oils was realised on a DB-5MS ca-
pillary column (30 mx0.25 mm i.d., film thickness 0.25 um). A volume of 0.3 uL was in-
jected in the split mode (split ratio 1:100). The carrier gas was helium at a flow rate of 1.0 mL
min'l, The oven temperature was programmed from 40 to 280 °C at arate of 3 °C min'l; the
final temperature was held for 8 min.” The injector and detector temperatures were maintained
at 250 °C. The GC-MS analysis was performed using an Agilent 7890A gas chromatograph
equipped with an Agilent 5975C inert mass selective detector with electron impact ionization.
The same column and temperature program as described for GC-FID analysis were used. The
carrier gas was helium (1.0 mL minY) and the split ratio was 1:100. The injector, M'S source
and M S quadrupol e temperatures were set at 250, 230 and 150 °C, respectively. Mass spectra
were acquired in the scan mode (mass range 15450 nvz). In order to determine the retention
indices, standard solutions of n-alkanes (Cg—C,g) Were analyzed under the same chromato-
graphic conditions. The volatile constituents were identified by comparison of their mass
spectral data with those in the Wiley 275 mass spectra library stored in the GC-MS database
and with those of pure standards. The identity of the constituents was confirmed by com-
parison of calculated retention indices with those reported in the literaturel?16 and with those
of pure standards. The relative percentages of the essential oils constituents were obtained
from the FID peak areas without the use of correction factors.

DPPH radical scavenging assay

DPPH radical scavenging activity was evaluated as described by Mighri et al.1” Briefly,
1 mL of each essential oil dilution in methanol (concentration range from 20 to 60 mg mL-1)
was mixed with 1 mL DPPH solution in methanol (0.004 %, w/v). The mixtures were vor-
texed and kept in the dark. After 30 min, the absorbance was measured at 517 nm. BHA was
used as a positive control. DPPH radical scavenging activity (%) was calculated using the fol-
lowing formula:

100(A0 - A)/Ag
where A, is the absorbance of the blank and A; is the absorbance in the presence of an
essential oil or positive control. All the experiments were performed in triplicate; the results

are expressed as means + SD. The ECxg, (the concentration that gives half-maximal response)
values were caculated by linear interpolation between the values above and below 50 % activity.
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Agar diffusion assay

The antimicrobial activities were screened using the agar diffusion assay.181° Each
microbial suspension was adjusted to a turbidity equivalent to 0.5 McFarland turbidity
standard. Aliquots (0.1 mL) of each microbial suspension were spread in Mueller Hinton agar
(antibacteria tests) and Sabouraud agar (antifungal tests). Sterile stainless steel cylinders (5
mm internal diameter; 10 mm height) were placed on the agar surface and filled with 30 uL of
each essentia oil. Discs (6 mm diameter) containing ampicillin (25 pg discl), chloramphe-
nicol (30 ug discl) and nystatin (100 pg discl) were used as positive controls. The plates
were incubated at 37 °C for 24 h (antibacterial tests) and at 24 °C for 48 h (antifungal tests).
After incubation, the diameters of the inhibition zones were measured. All experiments were
performed in triplicate and the results are expressed as means + SD.
Broth microdilution assay

The minimum inhibitory concentrations (MICs) and the minimum bactericidal/fungicidal
concentrations (MBCS/MFCs) were determined using a broth microdilution assay.1”2° The
microbial suspensions were adjusted to a turbidity of 0.5 McFarland standard. The essentia
oils were dissolved in 50 % dimethy! sulphoxide at a concentration of 250 mg mL-1 and then
subjected to serid two-fold dilutions in Mueller Hinton broth (antibacterial tests) and
Sabouraud broth (antifungal tests) in 96-well plates (concentration range from 250 to 0.12 mg
mL-L; final volume in each well 100 uL). Other 95 L of broth and 5 pL of microbial inocu-
lum were further dispensed into each well. The plates were incubated at 37 °C (antibacterial
tests) and 24 °C (antifungal tests) for 24 h. The essential oils were screened twice against each
microorganism. The lowest concentration of the essential oil that inhibited the visible growth
of microorganisms was recorded as the MIC.2! The MBC/MFC values (the lowest concen-
tration of an essential oil killing completely the microorganisms being tested)?! were deter-
mined by transferring 10 uL of samples showing inhibition of visible growth on the surface of
an agar plate. The subcultures were incubated at 37 °C (antibacteria tests) and 24 °C (anti-
fungal tests) for 24 h. The MIC and MBC/MFC vaues of ampicillin/nystatin towards bac-
terialyeast strains were also evaluated.
Satistical analysis

Statistical analyses were performed using the Kruskal-Wallis and Mann-Whitney U
tests. Values of P less than 0.05 were considered statistically significant.

RESULTS AND DISCUSSION

Essential oils analysis

The essential oils from needles (EON) and twigs (EOT) of cembran pine
were obtained in yields of 1.96 and 2.45 %, respectively and analyzed by both
GC and GC-MS. A list of the constituents in order of elution on a DB-5MS
column, their retention indices and percentages are reported in Tablel. It is note-
worthy that in both essential oils, limonene co-eluted with S-phellandrene and the
two compounds were quantified as a single peak. 27 compounds accounting for
91.59 % of the total essential oil composition were identified in EON. a-Pinene
(69.14 %) was the most abundant compound. Other main constituents were limo-
nenetp-phellandrene (4.64 %), a-cadinene (3.71 %), y-cadinene (2.61 %), cam-
phene (2.59 %), bicyclogermacrene (2.44 %) and cadina-1,4-diene (1.36 %). The

Available online at shd.org.rs/JSCS/

2013 Copyright (CC) SCS




CEMBRAN PINE ESSENTIAL OILS 31

amount of S-pinene was found to be 0.89 %. Monoterpene hydrocarbons (78.93
%) were the mgjor class of compounds followed by sesquiterpene hydrocarbons
(12.09 %). GC analysis of EOT revealed 28 compounds representing 92.22 % of
the total essential oil composition. The main constituents of EOT were limo-
nene+f-phellandrene (40.97 %), a-pinene (24.94 %) and f-pinene (10.38 %), fol-
lowed by camphene (5.55 %), myrcene (1.7 %) and y-terpinene (1.52 %). Mono-
terpene hydrocarbons (87.24 %) were the most abundant while sesquiterpene
hydrocarbons (3.35 %) were present in lower amounts.

TABLE I. Chemica composition (%) of cembran pine essential oils

Compound RI2 RI° EON EOT
2-Hexend 850 850 0.17 -
Tricyclene 921 926 0.14 0.30
a-Thujene 925 924 - tre
a-Pinene 936 935 69.14 24.94
Camphene 950 953 2.59 5.55
Sabinene 970 975 tr -
B-Pinene 979 979 0.89 10.38
Myrcene 990 990 0.58 17
a-Phellandrene 1006 1004 - 0.23
0-3-Carene 1008 1009 0.69 1.03
p-Cymene 1023 1024 tr -
Limonene+p-phellandrene 1028 1029 4.64 40.97
y-Terpinene 1058 1058 - 152
a-Terpinolene 1084 1084 0.16 0.56
Linalool 1099 1101 tr -
Nonanal 1105 1102 - 0.49
trans-Pinocarveol 1139 1139 - 0.10
Terpineol-4 1179 1177 - 0.10
Estragole 1197 1200 0.23 0.21
trans-Carveol 1218 1219 - 0.14
Carvone 1242 1243 - 0.23
Bornyl acetate 1283 1283 0.16 0.20
a-Cubebene 1344 1349 tr -
a-Copaene 1372 1375 tr -
p-Caryophyllene 1415 1415 0.96 0.34
a-Humulene 1452 1451 0.17 0.81
y-Muurolene 1472 1475 tr tr
Germacrene D 1478 1480 tr -
B-Selinene 1485 1484 0.22 0.15
Bicyclogermacrene 1492 1488 244 -
a-Muurolene 1495 1499 0.24 0.21
y-Cadinene 1510 1514 261 0.23
J-Cadinene 1516 1523 0.31 0.38
Cadina-1,4-diene 1529 1531 1.36 041
a-Cadinene 1533 1537 371 0.73
Caryophyllene oxide 1578 1581 - 0.16
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TABLE I. Continued

Compound RI2 RI° EON EOT
Monoterpene hydrocarbons 78.93 87.24
Oxygenated monoterpenes 0.24 0.78
Sesquiterpene hydrocarbons 12.09 3.35
Oxygenated sesquiterpenes - 0.16
Others 0.33 0.69
Total identified 91.59 92.22

®Retention indices relative to Cg-Cpq n-akanes calculated on DB-5MS capillary column; Pretention indices
reported in the literature; 1216 Straces (<0.1 %)

A previous study made by Dormont et al. reported a-pinene, S-pinene and a
mixture limonene+f-phellandrene as the magjor constituents in the volatiles emit-
ted by cembran pine cones and foliage (ramets with one-year-old needles from
the apical parts of the branches). a-Pinene (67.1 %) dominated in the cone vo-
latiles while S-pinene (18.2 %) and limonenetf-phellandrene (11.1 %) were in
lower amounts. Regarding foliage volatiles, the authors reported differences
between samples collected from forest trees (a-pinene 38.9 %, S-pinene 20.7 %,
limonene+p-phellandrene 34.0 %) and planted trees (a-pinene 26.4 %, f-pinene
10.1 %, limonene+s-phellandrene 57.9 %).10 Ochocka et al. studied a com-
mercially manufactured essential oil from cembran pine needles. This study re-
vealed that a-pinene as the sum of enantiomers and limonene as the (-)isomer
were present in similar amounts (34.3 and 32.7 %, respectively); in case of S-pi-
nene, the sum of both enantiomers was only 12.5 %.11 On the contrary, in the
present study, a-pinene was identified in the highest percentage (69.14 %) in the
needle essentia oil while limonenetp-phellandrene and f-pinene were in signi-
ficantly lower amounts (4.64 and 0.89 %, respectively). These differencesin the
chemical composition of essentia oils from cembran pine needles can most pro-
bably be explained by different environmental conditions and time of collection.

Antioxidant activity

The antioxidant activities of cembran pine essential oils were evaluated by
the DPPH radical scavenging assay, which is a simple, rapid and highly repro-
ducible method widely used in antioxidant screening.22 The results of the assay
are given in Table Il. According to the ECsg values, both EON (19.93+0.75 mg
mL-1) and EOT (18.66+0.70 mg mL—1) were | ess active than the positive control,
BHA (3.3£0.1 ug mL-1). The weak antioxidant activity of cembran pine essential
oils might be related to the high content of non-phenolic compounds (monoter-
penes and sesguiterpenes). Among plant secondary metabolites, polyphenols are
known to have a high capacity to scavenge free radicals due to the hydrogen and
electron donating abilities of their hydroxyl groups.22

There are very few literature reports on DPPH scavenging effects of the es-
sentia oils from other Pinus species. Different experimental protocols in DPPH
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assay make it difficult to compare the present results with those of other studies.
However, it should be pointed out that a weak DPPH scavenging activity (less
than 20 %) was reported for the essential oil from P. radiata (10 pL) after 70 min
reaction time.23 On the contrary, high DPPH scavenging effects were reported
for the essential oils from P. densiflora and P. thunbergii needles (ECsg = 120
and 30 ug mL-1, respectively) in comparison to a-tocopherol (ECsg = 12.6 pug
mL-1) and butylated hydroxytoluene (ECsg = 14.3 ug mL—1); the scavenging ef-
fects were assessed after 30 min reaction time at 37 °C.24 These contradictory
results might be due to different experimental conditions in the DPPH assay, but
also to differences in the chemical composition and possible interactions between
the volatile constituents.2>

TABLE II. DPPH Radica scavenging activity of cembran pine essential oils; different letters
in the column indicate values significantly different (P < 0.05)

Essentia oil/positive control ECsg

EON 19.93+0.75 mg mL"12 (b)
EOT 18.66+0.70 mg mL"12 (b)
BHA 3.3t0.1 pgmL-12(a)

Antimicrobial activity

The antimicrobial activities were initially tested by the agar diffusion me-
thod in comparison to ampicillin, chloramphenicol and nystatin (Table I11). EON
and EOT showed high activity against S. aureus and S Iutea with inhibition
zones larger than 14 mm but no activity against B. cereus, E. coli and P. aeru-
ginosa. The EOT also had moderate activity against C. albicans (inhibition zone
of 9.66 mm).26 Unlike EOT, EON showed no antifungal activity.

TABLE I11. Antimicrobial activity (diameter of inhibition zone, mm) of cembran pine essen-
tial oils determined by the agar diffusion method; different letters in the column indicate
values significantly different (P < 0.05)

. . EON EOT Ampicillin  Chloramphenicol ~ Nystatin
Microorganism 5511y (30ul) (25pgdiscd)  (30pgdisc) (100 ug disc)
S aureus 223(@) 24.7+0.62(b) 27.7+0.62(c) 26112 (bc) Not
ATCC 25923 determined
S lutea 31+12(a) 30+12(a) 362 (b) 35.3+0.62 (b) Not
ATCC 9341 determined
B. cereus No zone No zone No zone 25.7+0.6 Not
ATCC 14579 determined
E. coli No zone No zone 19+1b (a) 26° (b) Not
ATCC 25922 determined
P. aeruginosa No zone No zone No zone 18 Not
ATCC 27853 determined
C. albicans Nozone 9.7+0.6° () Not Not 29.3+0.6° (b)
ATCC 10231 determined determined
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The MIC and MBC/MFC values of cembran pine essential oils against the
sensitive microbia strains were determined by a broth microdilution assay in
comparison to ampicillin and nystatin (Table IV). Both essential oils showed
similar antimicrobial effects against S. lutea with MIC and MBC values of 0.12
and 0.24 mg mL—1, respectively. S. aureus was |less susceptible to cembran pine
essential oils. According to the MIC and MBC values, EOT (1.95 and 3.9 mg
mL-1, respectively) was more active than EON (3.9 and 15.62 mg mL-1, res-
pectively). The broth microdilution assay confirmed the antifungal activity of
EOT (MIC = 7.81 mg mL~1 and MFC = 15.62 mg mL-1).

TABLE IV. Antimicrobial activity of cembran pine essential oils determined by the broth
microdilution method

EON EOT Ampicillin Nystatin

Microorganism MIC MBC/MFC MIC MBC/MFC MIC MBC/MFC MIC MBC/MFC
mg mL-1 ug mL-1

S aureus 39 15.62 1.95 3.9 0.25 0.5 nd? n.d.
ATCC 25923
S lutea 0.12 0.24 0.12 0.24 0.25 0.5 n.d. n.d.
ATCC 9341
C. albicans n.d. n.d. 781 15.62 n.d. n.d. 1 2
ATCC 10231
@Not determined

Among volatile constituents, phenolics (thymol, carvacrol and eugenol) and
oxygenated monoterpenes (a-terpineol, terpinen-4-ol and linalool) have been re-
ported to possess not only strong antimicrobial effects, but also a wide spectrum
of activity.2” The lack of activity against some microbial strains might be due to
the high content of monoterpene hydrocarbons in the cembran pine essential oils.
The low antimicrobial activity of hydrocarbons has been attributed to their low
hydrogen bonding capacity and water solubility.28 Both EON and EOT are do-
minated by monoterpene hydrocarbons; they contain low amounts of oxygenated
monoterpenes (< 1 %) and no phenolics. EOT proved to be more effective than
EON. The higher percentages of limonene+f-phellandrene and $-pinene are not
solely responsible for the antimicrobial potency of EOT; synergistic, additive or
antagonistic interactions between volatile constituents may aso affect the anti-
microbial activity.

There are many literature reports on the antimicrobia effects of other pine
needle essential oils, some of them giving contradictory results. The essentia oil
isolated from the needles of P. nigra ssp. dalmatica was reported to have a high
effect against S aureus (MIC = 0.03 %, v/v) and less pronounced effects against
P. aeruginosa (MIC = 0.25 %, v/v), E. coli (MIC = 2.50 %, v/v) and C. albicans
(MIC = 0.25 %, v/v).8 Hong et al. reported that the essential oil from P. ko-
raiensis needles showed no activity against S. aureus and E. coli but exhibited
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antifungal activity against C. albicans (28.9-31.5 % vs. control); the essential oil
from P. densiflora needles inhibited the growth of S. aureus (66.7—77.8 % vs.
control) while it had no activity against E. coli and C. albicans.2® On the con-
trary, Park and Lee reported that the essential oil from P. densiflora needles ex-
hibited antibacterial effects against E. coli, S aureus and P. aeruginosa with MIC
values of 0.8, 1.7 and 26.3 mg mL—1, respectively. Against the same bacterial
strains, the MIC values of the essential oil from P. thunbergii needles were 6.6,
13.2 and 26.3 mg mL—1, respectively.24 These differences in antimicrobial effects
of pine essential oils might be attributed to different antimicrobial screening
assays, variations in chemical composition and possible interactions between the
constituents.30

CONCLUSIONS

This is the first report on the antioxidant and antimicrobial effects of the
essential oils of cembran pine needles and twigs and aso the first report on the
chemical composition of the latter. The results of the present study indicate that
both essential oils are rich in monoterpene hydrocarbons. «-Pinene was the major
congtituent of the needle essential oil while the twig essential oil was dominated
by limonenetf-phellandrene and a-pinene. Cembran pine essential oils showed
weak free radical scavenging activity but displayed high antibacterial activity
against S lutea and S aureus. Twig essential oil was more active against S
aureus than needle essential oil and, in addition, it was active against C. albicans.
Further research is required to evaluate the spectrum of activity of cembran pine
essential oils and the possible interactions (synergistic, additive and antagonistic)
in the case of association with antibiotics and other essential oils.
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HcnuTHBaH je XeMHjCKH cacTaB, aHTHOKCUIATHBHA W aHTUMMKpPOOHA aKTHBHOCT eTap-
CKHUX yJ/ba W3 WUINMLA U IpaHa gpBeTa Pinus cembra L. XeMHujcku cactaB je yTBphHBaH MeTo-
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nama GC u GC-MS. o-TIuneH je 6uo r1aBHH cacTojak €TapCKOT ysba U3 UrmHLa (69,14 %), nox

je
HE

€TapCcKo yjbe IpaHa HajBHLIe UMaso TUMOHEHA U f-denanapera (ykynHo 40,97 %) u o-nu-
Ha (24,94 %). Etapcka y/pa UIIMIia Y IrpaHa Cy UcKasana many akTusHocT y DPPH recty.

00a yspa Cy UCMOJbMIIA BEJIUKY aKTHBHOCT IpeMa bakrepujama Sarcina lutea u Staphylococcus

au

reus, anu He nipemMa Bacillus cereus, Escherichia coli u Pseudomonas aeruginosa. ETapcka yma

WIJIAIIA U IpaHa Cy UMaJla CIMYHY aHTUMHUKPOOHY akTHBHOCT mpema S. lutea. ETapcko yime u3
rpaHa je dWa0 akTHBHHUje NMpemMa S. aureus HETrO Y/b€ U3 UIVIMLA, a UCIO0/baBalo je U3BECHY
aKTHBHOCT ¥ peMa r/puBULU Candida albicans.
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Abstract: A new series of Cu(Il), Ni(Il), Co(ll), Mn(l1), Zn(l1), Cd(ll), Hg(ll),
VO(IT), UOy(I), Fe(lll) and Ru(lll) complexes of N'-[2-hydroxy-5-(phenyl-
diazenyl)benzylidene]isonicotinohydrazide (H,L) was synthesized and charac-
terized by eemental analysis, 1H-NMR, IR, UV-Vis and ESR spectroscopy,
magnetic and thermogravimetric (TG) analyses, and conductivity measure-
ments. The spectral data showed that the ligand behaved as a neutral bidentate
(complexes 2, 46 and 14), monobasic bidentate (complexes 7 and 9), mono-
basic tridentate (complexes 3, 8, 10, 11 and 16) or dibasic tridentate (com-
plexes 12, 13 and 15) and was bonded to the metal ions via the carbonyl oxy-
gen atom in the ketonic or enolic form, the azomethine nitrogen atom and/or
the deprotonated phenolic hydroxyl oxygen. The ESR spectrum of the solid
vanadyl (1) complex 2 showed an axially anisotropic spectrum with eight lines
in the low field region and with g, > g and A >> A, relationships, which are
characteristics of a distorted octahedral structure with a d,, ground state.
However, the copper(ll) complexes 4-6, and the manganese(ll) complex 10
showed an isotropic type symmetry, while the copper(ll) complexes 3 and 7
showed an axial symmetry type with g; > g, > ge, indicating a covalent bond
character. The antibacterial and antifungal activities of the ligand and its metal
complexes showed low activity compared with the standard drugs (tetracycline
for the bacteria and amphotricene B for the fungi).

Keywords: metal complexes; syntheses; spectral; isonicotinohydrazide; biolo-
gical activities.
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INTRODUCTION

There has been growing interest in studying hydrazones and their metal com-
plexes due to their application as antifungal,1-3 antibacterial, 14 anticonvulsant,>
anti-inflammatory,3 antimalarial,® analgesic,” antiplatelets,8 antituberculosis,®
anticancer activities, 10 and their use in the treatment of leprosy and mental dis-
order diseases.11 Hydrazones act as herbicides, insecticides, nematocides, roden-
ticides and plant growth regulators, plasticizers and stabilizers for polymers, and
polymerization initiators and antioxidants. In analytical chemistry, hydrazones
are used in the detection, determination and isolation of compounds containing a
carbonyl group. More recently, they have been extensively used for the detection
and determination of several metals.12 Metal complexes of 2-acetylpyridine ben-
zoylhydrazone were synthesized and crystallographically characterized.13 The
Mn(l1), Fe(lll), Ni(ll), Co(ll) and Zn(l1) complexes of 2,6-diformyl-4-methyl-
phenal bis(benzoylhydrazone) were prepared and characterized by elemental and
spectroscopic measurements.14 The Co(l1), Mn(l1), Cu(ll) complexes of 2-acetyl-
pyridine salicyloylhydrazone and 2-benzoylpyridine salicyloylhydrazone were aso
synthesized and characterized.1® Moreover, zinc(l1) complexes of 2-benzoylpy-
ridinephenylhydrazone, 2-benzoylpyridinepara-chlorophenylhydrazone and 2-ben-
zoylpyridinepara-nitrophenylhydrazone were prepared and characterized by ele-
mental, spectral and single-crystal X-ray diffraction analyses.16 Much work on
metal complexes of hydrazones with different functional groups has been re-
ported.1” However, little research has been devoted to metal complexes of azo-
hydrazone ligands; hence, the synthesis, characterization and antimicrobial acti-
vities of copper(ll), nickel(I1), cobat(l1), manganese(Il), zinc(l1), cadmium(ll), mer-
cury (1), vanadyl(I1), uranyl(I1), iron(l11) and ruthenium(l11) complexes of N'-[2-
-hydroxy-5-(phenyldiazenyl)benzylidene]isonicotinohydrazide were undertaken
in the reported study.

EXPERIMENTAL
Materials and measurements

The starting chemicals were of analytical grade and provided by Merck. 2-Hydroxy-5-
(phenyldiazenyl)benzaldehyde was prepared by a published method.18 Elemental analyses
were determined by the Analytical Unit of the Cairo University of Egypt. Standard analytical
methods were used to determine the metal ion contents.’® All metal complexes were dried in
vacuum over anhydrous CaCl,. The IR spectra were measured as KBr discs using a JASCO
FT/IR 6100 spectrophotometer (400-4000 cml). The electronic spectra in dimethyl sul-
phoxide (DM SO) solutions (10-3 M) were recorded on a Perkin-Elmer 550 spectrophotometer.
The molar conductance of 103 M solutions of the complexes in DMSO was measured at 25
°C with a Bibby conductometer type MCI. The resistance measured in ohms and the molar
conductivities were calculated according to the equation: Ay = VKg/M,,Rq, where: Ay is the
molar conductivity (Q1 cm? mol-1), V is the volume of the complex solution (mL), K is the
cell constant (0.92 cm'1), M,, is the molecular weight of the complex, g is the weight of the
complex (g), Ry isthe resistance (2). The IH-NMR spectra were recorded in DM SO-dg-using

Available online at shd.org.rs/JSCS/

2013 Copyright (CC) SCS




METAL COMPLEXES OF ISONICOTINOHYDRAZIDE 41

aJEOL EX-270 MHz FT-NMR spectrometer. The mass spectrum was recorded using a JEOL
IMS-AX-500 mass spectrometer provided with a data system. The thermal analysis (TG) was
performed under nitrogen on a Shimadzu DT-30 thermal analyzer from 23-800 °C at a
heating rate of 10 °C min'L. The magnetic moments (lg) were measured at room temperature
by the Gouy method gt = 2.84(¥im.conr T)Y2 Using mercuric tetracyanatocobaltate(l1) as the
magnetic susceptibility standard. Diamagnetic corrections were estimated from the Pascal
constant.? ESR Measurements of the solid complexes at room temperature were reaized
using a Varian E-109 spectrophotometer, with di(phenyl)-(2,4,6-trinitrophenyl)imino-
azanium (DPPH) as the standard material. Thin layer chromatography (TLC) was used to
confirm the purity of the compounds.
Preparation of ligand [H,L]

The ligand, N'-[2-hydroxy-5-(phenyldiazenyl)benzylidene]isonicotinohydrazide (H,L)
was prepared (Scheme 1) by adding equimolar amounts of isonicotinic hydrazide (1.37 g, 1.0
mmol, in 20 mL of absolute ethanol) to 2-hydroxy-5-(phenyldiazenyl)benzadehyde (2.26 g,
1.0 mmol, in 20 mL of absolute ethanol). The mixture was refluxed under stirring for 1 h. The
solid product which formed was filtered off, washed with cold ethanol, followed by crystal-
lization from ethanol and finally dried under vacuum over anhydrous CaCl,.

HO

0O—=0

=z | \/\(H; N
N\

Scheme 1. Preparation of the ligand, N'-[2-hydroxy-5-(phenyldiazenyl)-
benzylidene]isonicotinohydrazide (H,L).

I=

Preparation of the metal complexes 2-16

The metal complexes were prepared by mixing a hot ethanolic solution of the required
metal acetate: Cu(CH3COO),-H,0, Ni(CH3C0O0),-4H,0, Co(CH;COO0),-4H,0,
Mn(CH;COO0),-4H,0, Zn(CH3COO),-2H,0, Cd(CH3CO0),-2H,0, Hg(CH;COO),-H,0,
and UO,(CH3COO0),-H,0, metal chloride: CuCl,-2H50, FeCl3-6H,0, RuCls3-3H,0 or metal
sulphate: CuSO,-5H,0, VOS0O,4-H,0 and Cu(NOg3),-2.5H,0 with a suitable amount of a hot
ethanolic solution of the ligand to form 1:1 or 1:2, M:L (meta:ligand) complexes in the
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presence of 2 mL of triethylamine (TEA). The reaction mixture was then refluxed for a time
depending on the metal salt used (2—4 h). The formed precipitates were filtered off, washed
with ethanol, then with diethyl ether and dried under vacuum over anhydrous CaCl,.
In vitro antibacterial and antifungal activities

The biological activities of the newly synthesized hydrazone ligand, its metal complexes
and metal salts were performed in the Botany Department, Laboratory of Microbiology,
Faculty of Science, EI-Menoufia University, Egypt. They were studied for their antibacterial
and antifungal activities by the disc diffusion method.?122 The antimicrobial activities were
realized using the bacteria Escherichia coli and Bacillus subtilis, and the fungus Aspergillus
niger at 10 mg mL"1 concentrations in DM SO. The bacteria were subcultured in nutrient agar
medium which contained 5 g L1 NaCl, 5 g L1 peptone, 3 g L1 beef extract and 20 g L1 agar
in distilled water. The fungus was subcultured in Dox medium which contained (in distilled
water): 1 g L1 yeast extract, 30 g L1 sucrose, 3 mg L2 NaNO3, 20 g L1 agar, 0.5 g L1 KCl,
1gL1KH,PO, 0.5gL1MgS0O, 7H,0 (0.5 g) and atrace of FeCls-6H,0 in distilled water.
These mediums were then sterilized by autoclaving at 120 °C for 15 min. After cooling to
45 °C, the medium was poured into 90 mm diameter Petri dishes and incubated at 37 or 28 °C,
for the bacteria and the fungus, respectively. After a few hours, the Petri dishes were stored at
4 °C. The micro-organisms were spread over each dish using a sterile bent loop rod. The test
was performed by placing filter paper disks (3 mm diameter) with a known concentration of
the compounds on the surface of the agar plates inoculated with a test organism. DMSO was
used as the negative control. The standard antibacterial drug tetracycline, antifungal drug
amphotericin B and solution of metal salts were also screened under similar conditions for
comparison. The Petri dishes were incubated for 48 h at 37 or 28 °C for the bacteria and the
fungus, respectively. The zone of inhibition was carefully measured in millimetres. All
determinations were made in duplicate for each of the compounds. The average of the two
independent readings for each compound was recorded.

RESULTS AND DISSCUSSION

The ligand, N’ -[2-hydroxy-5-(phenyldiazenyl)benzylidene]isonicotinohydra-
zide (HoL) and its metal complexes 2—16 are stable at room temperature. They
are non-hygroscopic and insoluble in common organic solvents, such as ethanal,
methanol, chloroform and acetone, but completely soluble in DMF and DM SO.
The elemental analyses showed that the complexes 3-6, 8, 10, 11, 14 and 16
were formed in a 2L:1M molar ratio, while the complexes 2, 7, 9, 12, 13 and 15
were formed in a1L:1M molar ratio. The IH-NMR, IR and UV—Vis spectral data
were compatible with the suggested structures (Figs. 1-3). The physical, analyti-
cal and spectral data for the ligand and its metal complexes are given in the Sup-
plementary material to this paper, together with selected spectra of the ligand and
its complexes, i.e., the IR spectra of 1, 6 and 8 (Figs. S-1-S-3), the 1H-NMR
spectraof 1 and 13 (Figs. S-4 and S-5), the mass spectrum of 1 (Fig. S-6) and the
ESR spectraof 2, 3and 6 (Figs. S-7-S-9).

Infrared spectra

The spectrum of the ligand (H,L) showed a strong band at 1658 cm1 due to
the carbony! group of the hydrazide moiety, whereas the medium band at 3174
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cm1 may be assigned to the N-H group.23-24 This observation indicates that the
ligand is present in the ketonic form in the solid state.2> The spectrum showed
two broad bands in the 3300-3550 cm—1 and 2550-3000 cm—2 ranges which may
be assigned to the stretching vibration of the phenolic hydroxyl groups associated
through intra- and intermolecular hydrogen bonding.23 The relatively strong and
medium bands located at 1605, 1468 and 1004 cmL corresponded to the azome-
thine group,26 the azo group?’ and v(N-N),23 respectively. The band which ap-
peared at 1289 cmr1 is due to the v(C-OH) of the phenolic moiety.2

/N | M
HO C=N_ o ‘o HN \ €
/ P4 \N/ \lf o x
H
ow Y I , N
LN ° “n -
o%ls\/ 2 \@
° OH
[VOH,L)(SO,)(H,0l [M(H,L),XY.nH,0
@ M= Cu(Il), X=Y=Cl, n= 2 @
M= Cu(I), X= Y=NO3, n~ 1 5
R= N=N M= Cu(ll), X= SO, Y=H,0,n=2 (6
M= Cd(Il), X= Y= OAc, n=7 (14)
R= N=N

Fig. 1. Structure of the vanadyl(11), copper(l1) and cadmium(ll)
complexes (2, 4-6 and 14, respectively).

By comparison of the spectra of the complexes with that of the free ligand,
the mode of bonding between the ligand and the metal ions could be established.
The spectra of complexes 7, 9, 12, 13, and 15 showed the disappearance of bands
that are characteristic to v(C=0) and v(N-H), indicating that the ligand bonded
to the metal ions in its enolate form through the enolic carbonyl oxygen atom.
This mode of bonding was supported by the appearance of new bands in the
1507-1546 cm1 and 1207-1258 cm1 ranges, corresponding to v(N=C-O) and
v(C-0), respectively.?8 In the case of complexes 2-6, 8, 10, 11, 14 and 16, the
band characteristic of v(N-H) was still present and the band of the carbonyl
group was shifted to lower frequencies by 43-52 cm1 indicating that, the ligand
in these complexes coordinated to the metal ionsin its ketonic form via the oxy-
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Fig. 2. Structure of the copper(l1), nickel(11), manganese(ll), iron(I11) and mercury
complexes (3, 8, 10, 11 and 16, respectively).
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Fig. 3. Structure of the copper(l1), cobalt(ll), ruthenium(l11), zinc(l1) and uranyl(11)
complexes (7, 9, 12, 13 and 15, respectively).
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gen atom of the carbonyl group. In al complexes, the band characteristic of the
azomethine group was shifted to lower frequencies, appearing in the 1538-1603
cm1 range. At the same time, the band due to v(N-N) was shifted to a higher
frequency. The increasing in the frequency of this band v(N—N) is a clear indica
tion that an increase in the double bond character is compensating for the loss of
electron density via electron donation to the metal ions, which if further confir-
mation of the coordination of the ligand via the azomethine group. In complexes
3, 8, 10-13, 15 and 16, the small shifts in the band characteristic of the phenolic
oxygen atom indicate that the bonding occurred via the deprotonated phenolic
oxygen atom. The appearance of new bands in the 573-610 cmr1, 510-575 cm1
and 467-509 cm2 ranges for complexes 2—16 may be assigned to the v(M—-0),
v(M«0) and v(M«N), respectively.29 The appearance of these bands was taken
as confirmation that the bonding of the ligand with the metal ions occurred via
the carbonyl oxygen atom in the enolic or ketonic form, azomethine nitrogen
atom and/or the deprotonated phenolic hydroxyl oxygen atom. The IR spectrum
of the nitrate complex (5) showed bands at vs (1415), v1 (1330) and vy (954),
indicating that the nitrate group coordinated to the metal ion. The difference
between the two high bands (vs—v4) was 85 cm2 indicating that the nitrate ion
bonded to the copper(l1) ion in an unidentate manner.30-32 |n the case of sulphate
complexes 2 and 6, new bands appeared at 1258, 1143, 1112 and 984 cm1, and
at 1192, 1058 and 962 cm1 for the two complexes, respectively. The bands of
the first complex 2 indicated that the sulphates were coordinated to the vana-
dyl(11) ion in a chelating bidentate fahion,309:33 while the bands of complex 6 in-
dicated that the sulphates were coordinated to the copper(ll) ion in a chelating
unidentate fahion.30.32 | n the acetate complexes, the acetates may be coordinated
to the metal ion in unidentate, bidentate or bridging bidentate manner. The
vas(CO2) and vg(COy) of the free acetate ion are at ca. 1560 and 1416 cm1
respectively. In the unidentate acetate complexes, v(C=0) was higher than
v¢(COz7) and v(C-O) was lower than va(CO27). As a result, the separation
between the two v(C-0O) was much larger in the unidentate than in the free ion
but in the bidentate, the separation was lower than in the free ion while in the
bridging bidentate, the two v(CO) were closer to the free ion.30 In the case of
complexes 7, 9 and 14 two new bands appeared in the 1546-1561 cm1 and
1358-1387 cm1 ranges, which were attributed to the symmetric and asymmetric
stretching vibration of the acetate group. The difference between these two bands
arein the 159-194 cm1 range, which indicates that the acetates coordinate to the
metal ion in a unidentate manner.3934 The infrared spectra of the vanadyl and
uranyl complexes 2 and 15 revealed a medium band at 997 and 910 cn1, which
may be attributed to v(V=0)35 and v(0O=U=0),29 respectively.
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IH-NMR spectra

The 1H-NMR spectrum of the ligand (H,L) shows the absence of the signal
of the amino group (NH>) characteristic of the starting material (hydrazide). The
spectrum shows three sets of peaks, the first one observed as singlet at 12.41 (s,
1H) and 11.65 (s, 1H) ppm which may be assigned to the hydroxyl (OH) and
(NH) protons, respectively.23:24,:36 These hydrogen resonances appear at high &
values because of their attachment to highly electronegative atoms, oxygen and
nitrogen, respectively; hence, they are in a low electron density environment.
This assignment was confirmed by the deuterated spectra in which the intensity
of these bands was considerably decreased. The position of these peaks in the
downfield region indicates the possibility of extensive hydrogen bonding involv-
ing these groups.3 The second set appeared as a singlet at 8.60 (1H, S) ppm and
corresponded to the azomethine proton (H-C=N).3¢ The third group appeared as
multiplets in the 7.14-8.31 (12H, m) ppm range, which were attributed to aro-
matic protons. It is clear from the H-NMR spectrum of the ligand that it existsin
the keto form only with no evidence for the presence of the enol form. This result
was confirmed by the appearance of the signal of the (NH) and phenolic (OH)
only and the absence of the (OH) signal of the enolic form. The same conclusion
was reported by many authors.24.36

Comparing the 1H-NMR spectra of the zinc(l1) and uranyl(11) complexes, 13
and 15, respectively, with that of the free ligand, it could be noticed that the sig-
nals of the NH and OH groups had disappeared, indicating that the ligand bonded
to the zinc(I1) and uranyl(l1) ions as a dibasic ligand via the enolic carbonyl oxy-
gen and the deprotonated hydroxyl oxygen atoms. This observation was con-
firmed by the absence of the signal of the acetate proton. A significant downfield
shift of the azomethine proton signal in the complexes relative to the corres-
ponding signa of the free ligand confirmed the coordination of the azomethine
nitrogen atom.

Mass spectra

The mass spectrum of the ligand (HoL) revealed a molecular ion peak at nvz
345, which is consistent with the formula weight (345.36) for this ligand. This
result confirmed the identity of the ligand structure.

Molar conductivity

The molar conductivity of 1x10—3 M solution of the metal complexes in
DMSO at room temperature are in the 3.5-22.5 Q-1 cm?2 mol—1 range, except for
complex 11, indicating the non-electrolytic nature of these complexes. These re-
sults confirmed that the anion is coordinated to the metal ion. The considerably
high values of some complexes may be dueto partial solvolysis by DMSO. How-
ever, complex 11 has a molar conductivity value of 80.5 Q=1 cm? mol-1, indi-
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cating the electrolytic nature of this complex.3” These data are in agreement with
the results of Greenwood et al.38 They suggested 50-70 Q-1 cm2 mol-1 as the
rangefor al:1 electrolytein DM SO.

Electronic absorption spectra

The structure of the ligand reveals that the two lone pairs of electrons of the
azo group are not the only interacting non-bonding electrons, since the hydrazone
part of the ligand also contains nitrogen and oxygen atoms, which may be extra
sources of lone pair of electrons. Thus, another n—n* transition is expected to
occur from these non-bonding orbitals to different m* molecular orbitals extend-
ing over such large molecules.32 The electronic absorption spectral bands of the
ligand and its metal complexesin DM SO in the 2001100 nm range are reported
in the Supplementary material to this article. The data reveals that the spectrum
of the ligand comprises three sets of bands in the UV and visible regions. The
first set of shortest wavelength appeared at 270 and 320 nm and may be assigned
to the r—n* transition in the benzenoid and pyridine moieties and the intra
ligand n—m* transition.24.40 The second set appears at 350 and 375 nm and may
be assigned to n—n* of the azomethine and carbonyl group.2440 The third set
located at 420 nm may correspond to n—m* transition involving the t-electrons
of the azo group.3941 The band located in the visible region at 455 nm can be as-
signed to m—n* trangition involving the whole electronic system of the com-
pounds with a considerable charge transfer character arising mainly from the
phenolic moiety.3941

The spectrum of vanadyl(l1) complex 2 in DM SO solution showed that there
are three bands at 700, 575 and 520 nm, which may be assigned to
2B (dxy) >E(Oxz0zy), 2B2(dyy)—2B1(0x,—y,) and 2Ba(dyy)—2A1(dz) transitions,
indicating that the vanadyl(I1) complex has a distorted octahedral structure (Fig.
1).42-44 The spectra of copper(I1) complexes 3-6 were nearly identical, showing
a broad band centered in the 630-675 nm range. The position and the broadness
of this band indicated that copper(ll) ion has a tetragonally distorted octahedral
geometry (Figs. 1 and 2). This broad band may consist of three superimposed
transitions 2B1g—2Eg, 2B1g— —2A1g and 2B1g—2B24.#24° This could be due to
the Jahn Teller effect that operates on the d° electronic ground state of six-
coordinated system, elongating one trans pair of coordinate bonds and shortening
the remaining four. However, the electronic spectrum of the copper complex 7
showed a broad band with shoulders at 650 and 730 nm. This spectrum is similar
to that reported for square planar copper(l1) complexes (Fig. 3).4246 The electro-
nic spectrum of the nickel(ll) complex 8 exhibited three bands located at 850
(v1), 660 (v2) and 580 (v3) nm, which may be assigned to 3Asyg—3Tog,
3A2g—3T1g and 3Ap3—3T14(p) spin-allowed transitions, respectively, which are
characteristic of the nickel(I1) ion in an octahedral structure (Fig. 2).4245-48 The
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ol vy ratio of 1.29 is lower than the usual range 1.50-1.75, indicating a distorted
nickel(11) complex.48 The electronic spectrum of the cobalt(ll) complex 9 showed
two bands appearing at 650 and 505 nm. These bands may be assigned to
4A2(F)—>4T1g(p) transitions, suggesting that a tetrahedral geometry around the
cobalt(l1) ion (Fig. 3).4249 This assignment is supported by the g value 4.42
UB, Which is consistent with a tetrahedral structure.49 A weak band at 590 nm
may be due to spin—spin coupling.4® The electronic absorption spectrum of
manganese(l1) complex 10 displayed weak absorption bands at 650, 600, 540 and
465 nm. These bands may corresponded to 6A15—4T 14(*G) (v1), A 1g—*Eg(*G)
(v2), BA1g—4E4(*D) (v3) and 6A14— a4Tlg(%p) (va) transitions, respectively.
These transitions are characteristic of a manganese(ll) ion in an octahedra
geometry (Fig. 2).50 The electronic absorption spectrum of iron(111) complex 11
showed bands at 640 and 580 nm, which may be assigned to 6A13—4T24(G) and
6A1(G)—4T1(G) transitions, respectively. These bands are characteristic of an
octahedral iron(l1l) complex (Fig. 2).51 However, the electronic absorption
spectrum of ruthenium(l11) complex 12 in DM SO solution displayed two bands,
at 560 and 650 nm. The first band is due to a ligand-to-metal charge-transfer
(LMCT) transition and the second is assigned to a 2Tpg—2Ayq transition. The
band positions are similar to those observed for other octahedral ruthenium(l11)
complexes (Fig. 3).52 The electronic spectrum of the uranyl complex 15 exhibits
one band at 530 nm which may be assigned to ligand-to-uranium charge-transfer
transitions (Fig 3).53 The diamagnetic zinc(I1), cadmium(I1) and mercury(l1) com-
plexes (13, 14 and 16) have a d10 system, so they do not show d—d transitions.

Magnetic moments

The magnetic moments of the complexes 2—16 at room temperature are pre-
sented in the Supplementary material to this article. The results showed that all
these complexes 212 are paramagnetic. The vanadyl complex 2 shows a mag-
netic value equal to 1.73 pg, which corresponds to one unpaired electron.28:32
The copper(I1) complexes 3—7 showed values in the 1.68-1.88 ug range, which
are consistent with a one-unpaired electron system in an octahedral or sguare
planar structure.24 The nickel(I1) complex 8 showed a value of 3.01 pg, which is
consistent with a two-unpaired electron system of an octahedra nickel(Il1) com-
plex.24 The cobalt(I1) complex 9 showed a value of 4.42 ug; this value indicates
a high-spin tetrahedral cobalt(l1) complex.4® The magnetic moment values of the
manganese(l1) complex 10 and iron(l11) complex 11 are 4.87 and 5.34 up, res-
pectively. These values are compatible with high-spin manganese(ll) and iron(l11)
complexes, respectively.40 The magnetic moment value of ruthenium(l11) com-
plex 12 is 1.65 pp, which is characteristic for a d® low-spin ruthenium(l11) com-
plex.40
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Electron spin resonance of the copper (I1), nickel(11), cobalt(l1), manganese(ll)
and vanadyl (1) complexes

The ESR spectrum of the solid vanadyl(11) complex 2 (d1, 51V, | = 7/2) isan
axially anisotropic eight-line spectrum with g, > g and A >> A, relationships,
which are characteristics of a distorted octahedral structure with a dyy ground
state.>* The spectrum shows two types of resonance components, one set is due
to parallel features (gj) and the other set due to perpendicular features (g,), which
indicate axially symmetric anisotropy, characteristic of interaction between the
electron spin and vanadium nuclear spin. Ligand nitrogen superhyperfine split-
ting was not observed on vanadium line, indicating interaction occuring between
the electron spin and the ligand.55-57 These values are typical for VO2* in a dis-
torted octahedral complex.58:59 The molecular orbital coefficients a2 and 52 were
also calculated for the complexes using the following equations.:

,_E@o23-g) W
8132
52— _1.17% + 2% 4 g~ 0360, ~064ge @

where P = 128x10~4 cm1, 1 = 135 cm™1 and E is the electronic transition energy
of 2Bo—2E. The lower values for o2 compared to f2 indicate that in-plane
bonding is more covalent than in-plane nt-bonding.60 The in-plane rt-bonding pa-
rameter 52 observed are consistent with those observed by McGarvey and Kivel-
son for vanadyl complexes of acetylacetone.6!

The ESR spectra of the solid copper(l1) complexes 46 at room temperature
exhibit high field signals, which are isotropic due to the tumbling motion of the
molecules. The gjg, values of the complexes are 2.080, 2.055 and 2.104, respecti-
vely.3262 The ESR spectra of the solid copper(ll) complexes 3 and 7 at room
temperature are characteristic for a d® configuration, having an axial symmetry
type of a dix=y2 ground state, which is the most common state for copper(ll)
complexes.®3.64 The g values of g = 2.235 and 2.198, g; = 2.045 and 2.056 with
Oiso = 2.108 and 2.104, respectively, suggest an elongated tetragonal octahedral
geometry for 3 and square planar for 7.8° The trend of the g-values, i.e.,, g > gL
> Qge(2.0023) confirmed the tetragonal distortion around the copper(ll) ionin 3 and
the square planar geometry in 7,56 which correspond to elongation of the four-
fold symmetry axis z In addition, exchange coupling interactions between the
copper(l1) ion are explained by the Hathaway Expression G = (g —2)(gL — 2). If
the value of G is < 4.0, a considerable exchange coupling is present in the solid
complex. If G is > 4.0, the exchange interactions are negligible, which is typical
asin the case of complexes 3 and 7 (G = 5.22 and 4.15, respectively). This con-
firmed the tetragonal octahedral and square planar structures in 3 and 7, respec-
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tively.67.68 Kivelson and Neiman showed that for an ionic environment, gj is >
2.3, but for a covalent environment gy < 2.3. The gj-values for complexes 3 and 7
are 2.235 and 2.225, respectively; consequentially, the environments are conside-
rably covalent.67.68

The ESR spectra of the solid nickel(l1) and cobalt(l1) complexes 8 and 9 at
room temperature do not show any ESR signals as rapid spin lattice relaxation of
nickel(11) and cobalt(l1) tends to broaden the lines at higher temperatures.40 The
ESR spectra of the solid manganese(l1) complex 10 and ruthenium(l11) complex
12 give isotropic signals centred at 1.997 and 2.150, respectively. The broaden-
ing of the spectra is due to spin relaxation.#0 The spectrum of ruthenium(l11)
complex shows an additional weak signal at 2.00, which may be due to the free
radical.

Thermal analysis of some of the complexes

The thermogravimetric (TG) analysis was realised in the temperature range
20-800 °C under nitrogen. The results (Table 1) show good agreement between
the calculated and experimental weight losses. The results showed that the com-
plexes 2, 57 and 12 generally decomposed in severa steps. The first step is the
elimination of water of hydration or solvent molecules, as in complexes 5-7 and
12, in the temperature range 30-117 °C. The second step is the loss of water of
coordination, asin complexes 2, 6, 7 and 12, in the 100-350 °C range. The obser-
ved loss of coordinated water at high temperatures may be due to hydrogen bond-
ing with the hydroxyl group. The third step is the loss of the anions (sulphate,
nitrate, chloride and acetate) in the temperature range 240-380 °C. The fourth
step is the complete decomposition of the complexes through degradation of the
ligand in temperature range 300-680 °C, leaving metal oxide as the residue.

TABLE I. The results of the thermogravimetric analysis of some of the complexes

No Temp. Lossin weight Assignment Composition of the
" range, °C  Found (Calcd.), % residue
2 140-175 36(34) Loss of one molecule of [VO (HoL)o(SO4)]
coordinated water
320-380 18.0 (18.2) Loss of sulphate group [VO (HL),]
400490 66.7 (65.6) Decomposition of the complex V5,05
forming V,05
5 50-90 2.3(2.0) Dehydration process (H,0) [Cu(H5L)5(NOs),]
300-350 13.9(13.8) Loss of two nitrate groups [Cu(HL),]
(2HNO3)
360-680 72.2 (75.3) Decomposition of the complex CuO
forming CuO
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TABLE I. Continued

Temp. Lossin weight Composition of the

No. range, °C  Found (Calcd.), % Assignment residue
6 50-117 3.8(4.0) Dehydration process (H,O)  [Cu(H,L)»(S0,)H,0]
130-260 2.0(2.0) Loss of one molecule of [Cu(H,L) (SO
coordinated water
270-350 10.8 (10.6) Loss of one sulphate group [Cu(HL),]
(H2S04)
370-650 57.0 (61.2) Decomposition of the complex CuO
forming CuO
7 50-110 3.5(3.6) Dehydration process (H,O)  [Cu(HL)(OACc)(H,0)]
205-250 3.5(3.6) L oss of one molecule of [Cu(HL)(OACQ)]
coordinated water
270-356 12.4 (11.3) Loss of one acetate group [Cu(L)]
(HOAC)
360-580 68.1 (58.6) Decomposition of the complex CuO
forming CuO
12 50-105 35(34) Dehydration process (H,0) [Ru(L)CI(H50),]
110-230 6.4 (6.7) Loss of two molecule of [Ru(L)Cl]
coordinated water
240-280 6.9 (6.6) Loss of one chlorine (HCI) [Ru(L—H)]
300430 56.7 (59.2) Decomposition of the complex Ru,O3

forming Ru,O5

Antibacterial and antifungal screening

The results of screening of antimicrobial activities of the ligand and its metal
complexes are listed in Table II. The results show that all the metal complexes
exhibited inhibitory effects towards the gram-positive bacterium B. subtilis and
the gram-negative bacterium E. coli. Moreover, the complexes 4 and 13-16 exhi-
bited inhibitory effects towards the fungus A. niger. In comparison, the parent
organic ligand and the solutions of the metal salts had low activity against the
bacteria and were inactive against fungus under the experimental conditions. The
order of the activity of the compounds against B. subtilis was tetracycline > 3 > 2
=4>14=16>8>12>6=7=10=13=15>1=5=9> 11, Tablell. The
order of the activity against E. coli was 2 > tetracycline>4>14>15>11>7>
6>1=8=13=16>12>3>5>9 =10, Table Il. However, the order of the
activity against the fungus A. niger was 16 > 4 > 14 > amphotericin B = 15 > 13,
Table Il. The results show that the activity of complexes against the tested micro-
organisms was significantly enhanced on coordination. This enhancement in the
activity may be rationalized on the basis that their structures mainly possess an
additional C=N bond. The most interesting point of the biological measurements
is that the azohydrazone had a mild biological effect while other types of
hydrazones, such as N-phenylglycine 2-(1-methyl-3-oxobutylidene)hydrazide,9
3-hydroxy-2-naphthal enecarboxylic acid, [1-(2-pyridinyl)ethylidene]hydrazide, 0
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p-aminoacetophenone isonicotinoylhydrazone? and Schiff bases*71-73 are bio-
logically strongly active. In addition, their metal complexes showed higher bio-
logical activity than the azohydrazone complexes. Hence, it may be stated that
the lower activity of azohydrazone and its complexes against both bacteria and
fungi could be attributed to the presence of the azo group.

TABLE Il. Biologica activities of the ligand and its metal complexes against bacteria and a
fungus; inhibition zone, mm

Compound A. niger E. coli B. subtitles
DMSO 0 0 0
Amphotericin B 17 - -
Tetracycline - 35 40
Ligand (1) 0 15 15
2 0 12 24
3 0 13 28
4 20 32 24
5 0 12 15
6 0 17 17
7 0 18 17
8 0 15 21
9 0 11 15
10 0 11 17
11 0 19 11
12 0 14 20
13 12 15 17
14 18 25 22
15 17 20 17
16 40 15 22
CONCLUSIONS

The Cu(ll), Ni(ll), Co(I1), Mn(I1), Zn(I1), Cd(11), Hg(ll), VO(II), UO(l1),
Fe(111) and Ru(l1l) complexes of N'-[2-hydroxy-5-(phenyldiazenyl)benzylidene]-
isonicotinohydrazide (H,L) were characterized by elemental analysis, 1H-NMR,
IR, UV-Vis and ESR spectroscopy, thermogravimetric analyses and magnetic
and conductivity measurements. The analyses revealed that the ligand bonded in
one of four modes, neutral bidentate, monobasic bidentate, monobasic tridentate
or dibasic tridentate with the different metal ions via the oxygen atom of the
carbonyl group in the ketonic or enolic form, the nitrogen atom of the azomethine
group or the deprotonated hydroxyl oxygen atom of the azo moiety. The anal-
ytical and spectral data showed the prepared complexes had either octahedral or
square planar geometry. Some of the metal complexes exhibited inhibitory effects
towards gram-positive (B. subtilis) and gram-negative (E. coli) bacteria and the
complexes 4, 13-16 exhibited inhibitory effects towards the fungus A. niger.
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SUPPLEMENTARY MATERIAL

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

H3BOI

KOMJIEKCH METAJIA CA N'-[2-XUJPOKCH-5-(PEHUIITUA3ZEHWII)-BEH3UIUIEH]-
-N30HUKOTHHOXHUIPASUIOM. CUHTE3A, CIIEKTPOCKOIICKA
KAPAKTEPHU3ALIMJA U AHTUMHKPOBHA AKTUBHOCT

ABDOU S. EL-TABL', MOHAMAD M. E. SHAKDOFA® i ADEL M. E. SHAKDOFA'

IDepartment of Chemistry, Faculty of Science, EI-Menoufia University, Shebin EI-Kom, Eqypt, *Inorganic
Chemistry Department, National Research Center, P.O. Box 12622, Dokki, Cairo, Egypt and 3Depart‘ment
of Chemistry, Faculty of Sciences and Arts, King Abdulaziz University, Khulais, Saudi Arabia

CuHTeTH30BaHa je HOBa cepwja Cu(Il), Ni(II), Co(II), Mn(II), Zn(II), Cd(II), Hg(II),
VO(II), UOy(I1), Fe(III) u Ru(I1l) xommuexca ca N'-[2-xunpokcu-5-(denunnuazenun)-oeH-
3WINAeH]|-U30HUKOTUHOXUApasunoM (H)L) xao nurannom. 3a kapakTepusaludjy KOMILIEKCa
yHoTped/beHH Cy eleMeHTalHa MukpoaHanusa, 'H-NMR, IR, UV-Vis, ESR, TepMorpasu-
metpujcka (TG) aHanu3a, MarieTHa U KOHAYKTOMETpHjcKa Mepema. CIIEKTPOCKOIICKa MEPemba
Cy nokasana Jia ce y ciy4ajy kommiekca 2, 4—6 u 14 H)L xoopauHyje kao HeyTpalHH OUIeH-
TaTHU JINTAH[ KO KOMILJIeKca 7 ¥ 9 ka0 MOHODA3HHU OMAEHTATHH JIMTaH, KoJ KOMIUIekca 3, 8,
10, 11 1 16 xao MOHODA3HU TPUIIEHTATHH JTUraH] U ko KoMiuiekca 12, 13 u 15 xao nBoSa3HU
TPUAEHTATHHU Juranyi. KoopauHanuja JIuraHja 3a joH MeTana Ce OfBHja NMPEKO KapOOHUIHOT
KHACEOHUKOBOT aTOMa y €HOJIHOj WK KeTO (hOpMH, a30METHHCKOT aTOMa a30Ta, WIH Lenpo-
TOHOBaAHOT (eHOoIHOTr aToMa kucoHuka. ESR mepemwa Banagun(Il) xoMmiuiekca y UBpCTOM CTa-
BY (2) noKasyjy akCHjaJHO-aHM30TPOIICKH ODJIUK CIEKTpa ca 0caM JIMHHja Y 001acTu HUXKe
eHepruje g; > gy u A >> A, WTO 0AroBapa JHCTOProBaHOj OKTAaeHapCKOj CTPYKTYPH KOM-
miekca ca dy, OCHOBHHM CTameM. MehyTum, oBa mepema kop kommekca dakpa(ll) (4-6), kao
1 Koz komriutekca maHraHa(1l) (10) nokasyjy usorponcku odnuk ESR crnextpa, 1ok y ciyuajy
xomiiexca dakpa(II) (3 u 7) oBM CIIEKTPH MOKa3yjy akCHjaTHy CHMETPH]y ca gy > ¢ > Je, IUTO
yKasyje Ha IPUCYCTBO KOBAJIEHTHOI KapaKkTepa Be3e. Pe3ynTaTy MCIUTHBama aHTUOAKTEPH)-
CKe ¥ aHTU(YHTralHe akTUBHOCTH 32 HyL uranz U uCnuTHBaHEe KOMITIEKCE OJIT0Bapajy aKTHB-
HOCTH Cpele jayrHe y nopehemwy ca cTaHIapIHUM areHCUMa.

(ITpumsbero 7. mapta 2011, peBuaupano 12. jyna 2012)

REFERENCES

V. P. Singh, A. Katiyar, S. Singh, Biometals 21 (2008) 491

V. P. Singh, A. Katiyar, S. Singh, J. Coord. Chem. 62 (2009) 1336

K. V. Sharma, V. Sharma, R. K. Dubey, U. N. Tripathi, J. Coord. Chem. 62 (2009) 493
K. M. lbrahim, I. M. Gabr, G. M. Abu El-Reash, R. R. Zaky, Monatsh. Chem. 140 (2009)
625

5. S. G. Kiigikgiizel, A. Mazi, F. Sahin, S. Oztiirk, J. Stables, Eur. J. Med. Chem. 38 (2003)
1005

P. Melnyk, V. Leroux, C. Sergheraert, P. Grellier, Bioorg. Med. Chem. Lett. 16 (2006) 31
7. P.C.Lima, L. M. Lima, K. C. M. daSilva, P. H. O. Léda, A. L. P. de Miranda, C. A. M.
Fraga, E. J. Barreiro, Eur. J. Med. Chem. 35 (2000) 187

AODNPE

o

Available online at shd.org.rs/JSCS/

2013 Copyright (CC) SCS




10.
11.

12.
13.
14.
15.

16.

17.
18.
19.

20.
21.
22.

23.
24.
25.
26.

27.
28.
29.

30.

31

32.
33.

35.
36.
37.
38.
39.

41.

EI-TABL, SHAKDOFA and SHAKDOFA

A. C. Cunha, J. M. Figueiredo, J. L. M. Tributino, A. L. P. Miranda, H. C. Castro, R. B.
Zingdi, C. A. M. Fraga, M. C. B. V. de Souza, V. F. Ferreirg, E. J. Barreiro, Bioorg. Med.
Chem. 11 (2003) 2051

K. K. Bedia, O. Elgin, U. Seda, K. Fatma, S. Nathaly, R. Sevim, A. Dimoglo, Eur. J.
Med. Chem. 41 (2006) 1253

N. Terzioglu, A. Gursoy, Eur. J. Med. Chem. 38 (2003) 781

C. Loncle, J. M. Brunel, N. Vidal, M. Dherbomez, Y. Letourneux, Eur. J. Med. Chem. 39
(2004) 1067

S. H. Guzar, J. Qin-Hang, Chem. Res. Chin. Univ. 24 (2008) 143

Y. J. Jang, U. Lege, B. K. Koo, Bull. Korean Chem. Soc. 26 (2005) 925

P. Cheng, D. Liao, S. Yan, Z. Jiang, G. Wang, Polyhedron 14 (1995) 2355

S. Shit, J. Chakraborty, B. Samanta, A. M. Z. Slawin, V. Gramlich, S. Mitra, Srruct.
Chem. 20 (2010) 633

A. A. Recio Despaigne, J. G. da Silva, A. C. M. do Carmo, O. E. Piro, E. E. Castellano,
H. Beraldo, Inorg. Chim. Acta 362 (2009) 2117

A. S. El-Tabl, R. M. El-Bahnasawy, A. E. Hamdy, J. Chem. Res. (2009) 659

J-N. Liu, B.-W. Wu, B. Zhang, Y. Liu, Turk. J. Chem. 30 (2006) 41

G. Svehla, Vogel’s textbook of macro and semi micro quantitative inorganic analysis, 5t
ed., Longman, New York, 1979

L. Lewis, R. G. Wilkins, Modern coordination chemistry, Interscience, New Y ork, 1960
E. O. Offiong, S. Martelli, Farmaco 49 (1994) 513

Practical Medical Microbiology, J. G. Collee, J. P. Duguid, A. G. Farser, B. D. Marmion,
Eds., Churchill Livingstone, New Y ork, 1989

M. R. Maurya, S. Khurana, C. Schulzke, D. Rehder, Eur. J. Inorg. Chem. (2001) 779

R. Gup, B. Kirkan, Spectrochim. Acta, A 62 (2005) 1188

G. C. Xu, L. Zhang, L. Liu, G. F. Liu, D. Z. Jia, Polyhedron 27 (2008) 12

B. Samanta, J. Chakraborty, S. Shit, S. R. Batten, P. Jensen, J. D. Masuda, S. Mitra,
Inorg. Chim. Acta 360 (2007) 2471

H. Tezcan, E. Uzluk, Dyes Pigm.77 (2008) 626

B. Singh, P. Srivastava, Transition Met. Chem. 12 (1987) 475

Z. H. Abd El-Wahab, M. M. Mashaly, A. A. Salman, B. A. El-Shetary, A. A. Faheim,
Spectrochim. Acta, A 60 (2004) 2861

K. Nakamto, Infrared and Raman spectra of inorganic and coordination compounds, 37
ed., Wiley, New York, 1977, p. 244

E. Katsoulakou, V. Bekiari, C. P. Raptopoulou, A. Terzis, P. Lianos, E. M. Zoupa, S. P.
Perlepes, Spectrochim. Acta, A 61 (2005) 1627

S. Chandra, L. K. Gupta, Spectrochim. Acta, A 61 (2005) 1181

B. Singh, A. K. Srivastav, P. Srivastava, Transition Met. Chem. 13 (1988) 463

L. K. Gupta, U. Bansal, S. Chandra, Spectrochim. Acta, A 66 (2007) 972

P. N. Remya, C. H. Suresh, M. L. P. Reddy, Polyhedron 26 (2007) 5016

B. N. B. Rgj, M. R. P. Kurup, E. Suresh, Spectrochim. Acta, A 71 (2008) 1253

W. J. Geaey, Coord. Chem. Rev.7 (1971) 81

N. N. Greenwood, B. P. Straughan, A. E. Wilson, J. Chem. Soc. A (1968) 2209

N. M. Rageh, A. M. Abdel Mawgoud, H. M. Mostafa, Chem. Papers 53 (1999) 107

M. F. R. Fouda, M. M. Abd-Elzaher, M. M. E. Shakdofa, F. A. El Saied, M. |. Ayad, A.
S. El Tabl, J. Coord. Chem. 61 (2008) 1983

R. Gup. E. Giziroglu, B. Kirkan, Dyes Pigm.73 (2007) 40

Available online at shd.org.rs/JSCS/

2013 Copyright (CC) SCS




42

43.

45.

46.
47.

49,

51.

L2ER

55.
56.
57.
58.
59.
60.

61.
62.

63.

65.
66.
67.
68.
69.
70.
71.
72.

73.

METAL COMPLEXES OF ISONICOTINOHYDRAZIDE 55

B. P. Lever, Inorganic electronic spectroscopy, Elsevier, Amsterdam, 1968

N. Jadeja, J. R. Shah, Polyhedron 26 (2007) 1677

A. M. B. Bastos, J. G. daSilva, P. |. Da S. Maia, V. M. Deflon, A. A. Batista, A. V. M.
Ferreira, L. M. Botion, E. Niquet, H. Beraldo, Polyhedron 27 (2008) 1787

B. Graham, L. Spiccia, B. W. Skelton, A. H. White, D. C. R. Hockless, Inorg. Chim. Acta
358 (2005) 3974

R. C. Khulbe, R. P. Singh Y. K. Bhoon, Transition Met. Chem. 8 (1983) 59

S.-X. Hui, Y .-X. Zeng, L. Cun, X.-R. Gen, Transition Met. Chem. 20 (1995) 191

K. R. Krishnapriya, M. Kandaswamy, Polyhedron 24 (2005) 113

K. Gudasi, R. V. Shenoy, R. S. Vadavi, S. A. Patil, M. Nethgji, J. Mol. Struct. 788 (2006)
22

R. Sharma, S. K. Agarwal, S. Rawat, M. Nagar, Transition Met. Chem. 31 (2006) 201

M. Tiliakos, P. Cordopatis, A. Terzis, C. P. Raptopoulou, S. P. Perlepes, E. M. Zoupa,
Polyhedron 20 (2001) 2203

A.N. Al-Hakimi, A. S. EI-Tabl, M. M. E. Shakdofa, J. Chem. Res. (2009) 770

J. B. Gandhi, N. D. Kulkarni, Transition Met. Chem. 26 (2001) 96

G. R. Hauson, T. A. Kabanos, A. D. Keramidas, D. Mentzafos, A. Terzis, Inorg. Chem.
31 (1992) 2587

D. Kevelson, S.-K. Lee, J. Chem. Phys. 41 (1964) 1896

F. A. Walker, R. L. Carlin, P. H. Rieger, J. Chem. Phys. 45 (1966) 4181

D. Kivelson, J. Chem. Phys. 33 (1960) 1094

Y. Dong, R. K. Narla, E. Sudbeck, F. M. Uckun, J. Inorg. Biochem. 78 (2000) 321

S. S. Dodward, R. S. Dhamnaskar, P. S. Prabhu, Polyhedron 8 (1989) 1748

N. Raman, Y. P. Rga, A. Kulandaisamy, Proc. Indian Acad. Sci. (Chem. <ci.) 113 (2001)
183

P. B. Sregja, M. R. P. Kurup, Spectrochim. Acta, A 61 (2005) 331

K. B. Gudasi, R. S. Vadavi, R. V. Shenoy, S. A. Pdtil, M. Nethgji, Transition Met. Chem.
31 (2006) 374

A. S. El-Tabl, Bull. Korean Chem. Soc. 25 (2004) 1757

. J. Hathaway, D. E. Billing, Coord. Chem. Rev. 5 (1970) 143

. S. El-Tabl, Transition Met. Chem. 27 (2002) 166

. S. El-Tabl, Transition Met. Chem. 23 (1998) 63

. K. Ray, G. B. Kauffman, Inorg. Chim. Acta 174 (1990) 237

. K. Ray, G. B. Kauffman, Inorg. Chim. Acta 174 (1990) 257

.S.El-Tabl, F. A. El-Saied, A. N Al-Hakimi, J. Coord. Chem. 61 (2008) 2380

.M. lbrahim, I. M. Gabr, R. R. Zaky, J. Coord. Chem. 62 (2009) 1100

.B. Bagihalli, S. A. Patil, J. Coord. Chem. 62 (2009) 1690

. Kulkarni, P. G. Avgji, G. B. Baghidli, S. A. Patil, P. S. Badami, J. Coord. Chem. 62
(2009) 481

K. V. Sharma, V. Sharma, R. K. Dubey, U. N. Tripathi, J. Coord. Chem. 62 (2009) 506.

. AL
R.

POX>ODIO>>W

Available online at shd.org.rs/JSCS/

2013 Copyright (CC) SCS




Journal of
the Serbian

L[] L]
Chemical Society
5 s
o oo0rremv ™ JSCS@tmf.bg.ac.rs * www.shd.org.rs/JSCS
J. Serb. Chem. Soc. 78 (1) S1-S8 (2013) Supplementary material

SUPPLEMENTARY MATERIAL TO
Metal complexes of N'-[2-hydr oxy-5-(phenyldiazenyl)-
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PHYSICAL, ANALYTICAL AND SPECTRAL DATA FOR THE LIGAND AND ITS
COMPLEXES

N'-[ 2-Hydr oxy-5-(phenyl diazenyl)benzylidene] isonicotinohydrazide  (HsL)
(D). Yellow color; yield: 95 %; Anal. Calcd. for C1gH15Ns502 (FW: 345.35): C,
66.08; H, 4.38; N, 20.28 %. Found: C, 65.85; H, 4.37; N, 20.22 %. IR (KBr, cnm—
1): 3300-3550, 2540-3000 (br) (HoO/O-H), 3174 (N-H), 1658 (C=0), 1605
(C=N), 1468 (N=N), 1289 (C-Opp), 1004 (N-N); 1H-NMR (270 MHz, DM SO-d,
8/ ppm): 12.41 (1H, s, OH), 11.65 (1H, s, NH), 8.76 (1H, s, H-C=N), 7.14-8.31
(12H, m, aromatic); MS (m/2): 345 (M*); UV-Vis (DMSO, 103 M) (A / nm):
270, 320, 350, 375, 420, 455.

[VO(H2L)(SO4)(H20)] (2). Light brown color; yield: 75 %; Anal. Calcd. for
C19H17Ns08SV (FW: 526.37): C, 43.35; H, 3.26; N, 13.30; V, 12.72 %. Found:
C, 43.29; H, 3.67; N, 13.51; V, 12.89 %. 3426 (br) (H,O/O-H), 3239 (N-H),
1607 (C=0), 1553 (C=N), 1470 (N=N), 1290 (C-Opp), 1041 (N-N), 575 (V-0),
509 (V-N); UV-Vis (DMSO, 103 M) (4 / nm): 290, 345, 360, 395, 425, 450,
520, 575, 700; Magnetic moment (uesf / 1g): 1.73; Molar conductivity (Q~1 cm?
mol-1): 22,5,

[Cu(HL)2] -5H20 (3). Yellowish green color; yield: 55 %; Anal. Calcd. for
CagH3gCuN190g (FW: 842.33): C, 54.18; H, 4.55; N, 16.63; Cu, 7.54 %. Found:
C, 54.00; H, 4.87; N, 16.32; Cu, 7.42 %; IR (KBr, cmr1): 3391(br) (HoO/O-H),
1601 (C=N), 1507 (N=C-0O), 1464 (N=N), 1285 (C-Opp), 1208 (C—Ozmide),

* Corresponding author. E-mail: asaeltabl @yahoo.com
doi: 10.2298/JSC110307062E
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1026 (N-N), 593 (Cu-0), 538 (Cu«0), 466 (Cu«N); UV-Vis (DMSO, 10-3
M) (2 / nm): 265, 330, 350, 380, 420, 450, 630; magnetic moment (s / UB):
1.79; molar conductivity (-1 cm2 mol-1): 6.9.

[Cu(H2L)2Clo] -2H2O (4). Olive color; yield: 70 %; Ana. Calcd. for
C3gH34CloCuN100g (FW: 861.19): C, 53.00; H, 3.98; N, 16.26; Cl, 8.23, Cu,
7.38 %. Found: C, 52.56; H, 4.01; N, 16.88; Cl, 7.98; Cu, 7.04 %; 3426 (br)
(H20/0-H), 3198 (N-H), 1611 (C=0), 1570 (C=N), 1476 (N=N), 1278 (C—Op),
1047 (N-N), 551 (Cu-0), 464 (Cu-N); UV—-Vis (DM SO, 103 M) (4 / nm): 280,
345, 365, 390, 435, 470, 675; Magnetic moment (uef / ug): 1.68; Molar
conductivity (-1 cm? mol-1): 15.4.

[Cu(H2L)2(NO3)2] -H2O (5). Olive color; yield: 65 %; Anal. Calcd. for
CagH32CuN12017 (FW: 896.28): C, 50.92; H, 3.60; N, 18.75; Cu, 7.09 %.
Found: C, 50.81; H, 3.78; N, 18.46; Cu, 7.10 %; IR (KBr, cm1): 3428 (br)
(H20/0-H), 3187 (N-H), 1606 (C=0), 1577 (C=N), 1465 (N=N), 1290 (C—Op),
1031 (N-N), 534 (Cu-0), 462 (Cu-N); UV-Vis (DMSO, 10-3 M) (A / nm): 265,
330, 350, 390, 405, 440, 650; magnetic moment (ues / wp): 1.75; molar
conductivity (-1 cm?2 mol-1): 13.1.

[Cu(H2L)2(S04)(H20)] -2H20 (6). Olive color; yield: 63 %; Anal. Calcd. for
CagH3sCuN10011S (FW: 904.36): C, 50.47; H, 4.01; N, 15.49; Cu, 7.03 %.
Found: C, 50.43; H, 4.04; N, 15.11; Cu, 6.89 %; IR (KBr, cm1): 3425 (br)
(HoO/O-H), 3174 (N-H), 1606 (C=0), 1546 (C=N), 1468 (N=N), 1292 (C—Opy),
1031 (N-N), 533 (Cu-0), 457 (Cu—N); UV—-Vis (DM SO, 103 M) (4 / nm): 275,
325, 340, 355, 375, 420, 470, 660; magnetic moment (uess / ug): 1.77; molar
conductivity (-1 cm2 mol-1): 19.9.

[Cu(HL)(OAC)(H20)] -1/2H20 (7). Green color; yield: 60 %; Anal. Cacd.
for Co1H2oCuNsOs 5 (FW: 493.96): C, 51.06; H, 4.08; N, 14.18; Cu, 12.86 %.
Found: C, 51.08; H, 4.31; N, 14.01; Cu, 12.65 %. IR (KBr, cm1): 3367 (br)
(H20/0-H), 1602 (C=N), 1507 (N=C-0), 1463 (N=N), 1281 (C-Opp), 1218 (C-
Oamide); 1026 (N-N), 592 (Cu-O), 538 (Cu«0), 467 (Cu«N); UV-Vis
(DM SO, 103 M) (4 / nm): 240, 266, 326, 344, 3598, 475, 650 and 740; magnetic
moment (st / g): 1.88; molar conductivity (1 cm2 mol—1): 12.4.

[Ni(HL)]-5H2O (8). Beige color; yield: 61 9%; Anal. Calcd. for
C3gH3gN1gNiOg (FW: 837.49): C, 54.50; H, 4.57; N, 16.73; Ni, 7.01 %. Found:
C, 54.42; H, 5.01; N, 16.58; Ni, 6.91 %; IR (KBr, cnm1): 3362(br) (Ho0/0O-H),
1600 (C=N), 1525 (N=C-0), 1465 (N=N), 1299 (C-Oppn), 1207 (C—Ogzmide), 1059
(N-N), 573 (Ni-0), 506 (Ni<—0), 476 (Ni<—N); UV-Vis (DMSO, 103 M) (. / nm):
265, 350, 390, 405, 430, 465, 580, 660, 850; magnetic moment (st / ug): 3.01;
molar conductivity (Q-1 cm2 mol-1): 5.3.

[Co(HL)(OAC)(H20)] -1/2H50 (9). Reddish brown color; yield: 58 %, Anal.
Calcd. for CoiH2gCoNsOs5 (FW: 489.35): C, 51.54; H, 4.12; N, 14.31; Co,
12.04 %. Found: C, 51.71; H, 4.03; N, 14.18; Co, 12.59 %; IR (KBr, cm1): 3383
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(br) (H20/0-H), 1603 (C=N), 1512 (N=C-O), 1464 (N=N), 1293 (C-Opp), 1215
(C—Oamide), 1026 (N-N), 595 (Co-O), 563 (Co«0), 480 (Co—N); UV—Vis
(DMSO, 103 M) (4 / nm): 270, 330, 360, 395, 435, 450, 505, 590, 650; magnetic
moment (st / g): 4.42; molar conductivity (-1 cm2 mol—1): 13.3.

[Mn(HL)2] -H2O (10). Dark yellow color; yield: 55 %, Anal. Calcd. for
CagH3oMnN1gO0s (FW: 761.66): C, 59.92; H, 3.97; N, 18.39; Mn, 7.21 %.
Found: C, 60.08; H, 4.04; N, 18.27; Mn, 7.16 %; IR (KBr, cm™1): 3446 (br)
(H20/0-H), 1603 (C=N), 1546 (N=C-O), 1467 (N=N), 1312 (C-Opp), 1258 (C~
Oamide), 1019 (N-N), 594 (Mn-O), 561 (Mn«<O), 473 (Mn«N); UV-Vis
(DMSO, 103 M) (/4 / nm): 280, 325, 350, 380, 405, 450, 465, 540, 600, 650;
magnetic moment (e / 1g): 4.87; molar conductivity (Q-1 cm? mol-1): 6.8.

[Fe(HL)2CI] -4H20 (11). Dark brown color; yield: 66 %; Anal. Cacd. for
CagH36CIFeN19Og (FW: 852.05): C, 53.57; H, 4.26; N, 16.44; Cl, 4.16, Fe, 6.55
%. Found: C, 53.44; H, 4.20; N, 16.45; Cl, 3.99; Fe, 6.30 %; IR (KBr, cm1):
3385 (br) (HoO/O-H), 3211 (N-H), 1607 (C=0), 1538 (C=N), 1458 (N=N),
1244 (C-Opp), 1020 (N-N), 610 (Fe-O), 566 (Fe«0), 502 (Fe«—N); UV-Vis
(DMSO, 103 M) (4 / nm): 280, 330, 350, 385, 415, 460, 580, 640; magnetic
moment 5.34; molar conductivity: 80.5 Q=1 cm? mol-L.

[Ru(L)CI(H20)2] -H20 (12). Dark brown color; yield: 72 %; Ana. Calcd. for
C19H19CIN5OsRu (FW: 533.91): C, 42.74; H, 3.59; N, 13.12; Cl, 6.64, Ru, 18.93
%. Found: C, 42.84; H, 3.96; N, 13.28; Cl, 6.54; Ru, 18.72 %; IR (KBr, cm1):
3433 (br) (H20/O-H), 1602 (C=N), 1489 (N=N), 1272 (C-Opp), 1019 (N-N),
593 (Ru-0), 525 (Ru«0), 482 (Ru«N); UV-Vis (DMSO, 10-3 M) (4 / nm):
260, 320, 345, 375, 430, 460, 560, 650; magnetic moment (uefs / 1g): 65; molar
conductivity: 21.5 Q-1 cm2 mol-1.

[Zn(L)(H20)] (13). Dark yellow color; yield: 63 %; Ana. Cacd. for
C19H15N505Zn (FW: 426.73): C, 53.48; H, 3.54; N, 16.41; M, 15.32 %. Found:
C, 53.90; H, 3.70; N, 16.42; M, 15.20 %; IR (KBr, cm1): 3447 (br) (H20/0—H),
1606 (C=N), 1515 (N=C-O), 1479 (N=N), 1228 (C-Ogh), 1207 (C-Oamide), 1035
(N-N), 586 (Zn-0), 510 (Zn«0), 469 (Zn<N); IH-NMR (270 MHz, DMSO-
ds, 6 / ppm): 8.76 (1H, s, H-C=N), 6.70-7.96 (12H, m, aromatic); UV-Vis
(DMSO, 10-3 M) (4 / nm): 280, 320, 360, 400, 430, 475; magnetic moment (Less /
/ ug): diamagnetic; molar conductivity (-1 cm?2 mol-1): 6.4.

[Cd(H2L)2(OAC)2] -7H20 (14). Deep yellow color; yield: 51 %; Anal. Calcd.
for C4oH50CdN 10015 (FW: 1047.32): C, 48.17; H, 4.81; N, 13.37; Cd, 10.73 %.
Found: C, 48.29; H, 4.65; N, 13.55; Cd, 11.21 %; IR (KBr, cm1): 3369 (br)
(H0/0-H), 3176 (N-H), 1607 (C=0), 1546 (C=N), 1464 (N=N), 1292 (C-Opp),
1020 (N-N), 592 (Cd-0), 533 (Cd«—0), 492 (Cd«—N); UV-Vis (DMSO, 103
M) (A / nm): 280, 330, 365, 405, 425, 465; magnetic moment (s / UB):
diamagnetic; molar conductivity (Q-1 cm?2 mol-1): 8.5.

Available online at shd.org.rs/JSCS/

2013 Copyright (CC) SCS




S4 EI-TABL, SHAKDOFA and SHAKDOFA

[(UO2)(L)(H20)2] -H20 (15). Orange color; yield: 77 %; Anal. Cacd. for
C19H19N507U (FW: 667.41): C, 34.19; H, 2,87; N10.49; UO,, 40.48 %. Found:
C, 34.77;: H, 3.39; N, 854; U, 37.05 %: IR (KBr, cm1): 3401(br) (H,0/0-H),
1603 (C=N), 1522 (C=N-0), 1472 (N=N), 1257 (C-Opp), 1017 (N-N), 590 (U~
0), 549 (U«0), 505 (U«N); IH-NMR (270 MHz, DMSO-dg, &/ ppm): 7.17—
8.25 (12H, m, aromatic), 9.01 (1H, s, H-C=N); UV—Vis (DMSO, 103 M) (4 /
nm): 270, 325, 360, 395, 440, 480, 530; magnetic moments (Ueff / UB):
diamagnetic; molar conductivity (1 cm? mol—1): 9.5.

[Hg(HL)2] -4H20 (16). Reddish brown color; yield: 72 %; Anal. Calcd. for
CasHagHgN100g (FW: 962.27): C, 47.48; H, 3.77; N, 14.57, Hg, 20.87 %.
Found: C, 47.47; H, 3.69; N, 14.68; Hg, 20.25 %; IR (KBr, cm1): 3432 (br)
(H20/0-H), 3207 (N-H), 1615 (C=0), 1549 (C=N), 1455 (N=N), 1227 (C-Opp),
1039 (N-N), 601 (Hg-0O), 536 (Hg«0), 496 (Hg«N); UV-Vis (DMSO, 10-3
M) (A / nm): 270, 330, 355, 380, 420, 460; magnetic moment (s / UB):
diamagnetic; molar conductivity (Q-1 cm?2 mol-1): 10.5.

SOME SPECTRA OF THE LIGAND AND SELECTED COMPLEXES
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Fig. S-1. The IR spectrum of the ligand [H,L] (1).
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Fig. S-3.The IR spectrum of the complex [Ni(HL),]-5H,0 (8).
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L

Fig. S-4. The H-NMR spectrum of the ligand (HL) (1).

SH/ppm

Fig. S-5. The H-NMR spectrum of the complex [Zn(L)(H,0)] (13).
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structur e of the O,0'-dipropy! ester of N,N’-1,2-ethanediylbis-
-L-leucine, dihydrochloride
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Abstract: The bidentate N,N'-ligand precursor, the O,0'-dipropy! ester of N,N'-
-1,2-ethanediylbis-L-leucine, dihydrochloride, [(S,S)-H4eddI]Cl,, was prepared
and its crystal structure is given herein. It crystallizes in a P4, space group of a
tetragonal crystal system with a = 16.5620 (2) A, b = 16.5620 (2) A, ¢ = 5.2240
(HAandz=2.

Keywords: crystal structure; tetragonal crystal system; O,0’-dipropyl ester of
N,N’-1,2-ethanediylbis-L-leucine, dihydrochloride.

INTRODUCTION

Roedda-type esters (edda = the ion of ethylenediamine-N,N'-diacetic acid)
are of interest as ligands for a variety of opportunities for coordination of metal
ions. Recently, the synthesis and characterization of platinum(ll) and plati-
num(lV) complexes with N,N'-bidentate Roeddp (Roeddp = O,O'-diakyl ethyl-
enediamine-N,N'-dipropionate) and halide ligands were reported.1 The work
was extended by synthesizing chiral branched-chain esters, (S9-R»eddp, and the
corresponding platinum(l1/1V) complexes.” Furthermore, most of the prepared
ligands were used for the synthesis of the corresponding palladium(ll) com-
plexes.8-10 Some of complexes, especialy platinum(ll) and platinum(lV) with
N,N-bidentates, have demonstrated significant antitumoral activity.2~/

* Corresponding author. E-mail: srecko@kg.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/JSC120208041V
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Although a large number of Roedda-type esters have been synthesized up to
now, it was only possible to obtain single crystals suitable for X-ray analysisin
the case of O,0'-diisopropy! ester of N,N'-1,2-ethanediylbis-L-alanine.”

The preparation and spectral characterization of the O,0'-dipropy! ester of
N,N'-1,2-ethanediylbis-L-leucine, dihydrochloride was published earlier.8 This
paper reports the single crystal X-ray structure determination of O,O'-dipropyl
ester of N,N'-1,2-ethanediylbis-L-leucine, dihydrochloride, [(S9)-H2Proeddl]Clo.

EXPERIMENTAL

Chemistry

All reagents were of purity grade. N,N'-1,2-Ethanediylbis-L-leucine, dihydrochloride,
[(SS)-H4eddl]Cl,, was prepared as previously reported.1!
Synthesis of O,0'-dipropyl ester of N,N"-1,2-ethanediylbis-L-leucine, dihydrochloride,
[(S,9)-H,Preddl] Cl,,

The ester was prepared using a previously described esterification reaction.? The ester
was recrystallized from the warm 1-propanol and after cooling to room temperature and stand-
ing for several days, single crystals suitable for X-ray measurements were obtained.

X-Ray crystal structure determination

The diffraction data from a selected single crystal of [(S,S)-H,Pr.eddl]Cl, were collected
at room temperature on an Oxford Diffraction Xcalibur Gemini S diffractometer equipped
with CuKa radiation (4 = 1.54184 A). The data were processed with CrysAlis software!2 and
corrected for absorption by an analytical numeric method.13 The crystal structure was solved
by direct methods using Sir200214 and refined using SHEL XL.15 The refinement of the crystal
structure revealed high isotropic displacement parameters for the carbon atoms of the propy!l
ester group, indicating severe disorder of this fragment. All attempts to model the disorder
were unsuccessful and the temperature factors of the propyl ester C atoms were refined as
isotropic. All H atoms were placed at the geometrically calculated positions with the D—H
distances fixed at 0.98, 0.97 and 0.96 A from C(sp® of methine, methylene and methyl,
respectively, and at 0.90 A from the N atom. The corresponding isotropic displacement
parameters of the hydrogen atoms were equal to 1.2Ug and 1.5U¢, of the parent C and N
atoms. Geometrical calculations were performed with PARST9716 and molecular graphics
with ORTEPY and Mercury.18 Details of the X-ray structural analysis are given in Table .

TABLE . Crystal data and structure refinement for [(SS)-H,Preddl]Cl,

Empirical formula CooCloH 404N,
Formulaweight 445.47
Wavelength, A 1.54184
Crystal system Tetragonal
Space group P4,
Unit cell dimensions
a=b/A 16.562(2)
c/A 5.224(1)
z 2
w ! mml 2.215
V/A3 1432.9(3)
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TABLE I. Continued

F(000) 484
Deac/ g cm3 1.032
Temperature, K 293
Crystal size, mm3 0.07x0.02x0.01
Reflections collected 8570
Independent reflections 2869
Absolute structure parameter 0.05(6)
Goodness-of -fit on F2 0.814

Rint 0.0663

Ry, WRs [I > 26(1)] 0.0769, 0.1911

RESULTS AND DISCUSSION

The title compound (Fig. 1) crystallizes in the chiral space group P4, with
one-half of the molecule representing the asymmetric unit. The molecular halves
are related by a twofold axis that passes through the mid-point of the central
C10-C10' bond (i = —x + 1, -y, 7). The charge of the protonated ester molecule is
balanced by chloride anions. Selected geometrical parameters are given in Tablelll.
According to the vaues of the torsion angles C7—C6-C5-N1, C6-C5-N1-C10,
C5-N1-C10-C10' and N1-C10-C10—N1i, which range from —167.2(9) to
—178.8(8)°, the conformation of the aliphatic chain can be described as fully ex-
tended. The atoms of the C5/C6/C7/N1/C10 fragment are co-planar within
0.037(6) A. A similar extended conformation of the chain and the co-planarity of
the constituent atoms were observed in previously reported Roedda-type es
ters.”910 |n the present compound, the dihedral angle between the C5/C6/C7/
/N1/C10 best planes from the two molecular halves is equal to 32.6(5)°, indi-
cating a dlight mutual twist through the molecular center. Although severe dis-

Fig. 1. Molecular structure of [(S,S)-H,Pr,eddl]Cl, with the atom labeling scheme. The
displacement ellipsoids are plotted at the 40 % probability level. The twofold axis passes
through the middle of C10-C10’ bond.
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order prevents the clear localization of the C atoms of the propyl ester group, one
can observe that the planar ester fragment C5/C4/01/0O2 (rms deviation of fitted
atoms is 0.01) takes a significant turn with respect to the C5/C6/C7/N1/C10
plane. The dihedral angle formed between the corresponding best planes is equal
to 74.1(3)°.

TABLE Il. Selected bond lengths and angles

Bond lengths, A Bond angles, °
C4-01 1.479(18) C5-C6-C7 113.5(6)
C4-02 1.324(10) C4-C5-N1 107.0(6)
C5-N1 1.491(8) C5-N1-C10 115.8(5)
C5-C6 1.541(9) 01-C4-02 125.7(9)
c6-C7 1.531(9) C5-C4-01 127.4(8)

The molecular conformation is stabilized by two rather weak and bent intra-
molecular hydrogen bonds formed between the diamine and isopropyl C—H groups
as donors and the oxygens of the ester group as acceptors (Table I11). The crystal
packing is, as expected, dominated by the hydrogen bonds formed between the
charged components, the protonated amino nitrogen and the Cl anion. Both avail-
able N—H fragments of the amino group are utilized in the hydrogen bonding.
These two rather strong N—H---Cl interactions (Table I11) connect the molecules
into a ribbon. In addition to the N—H---Cl hydrogen bonds, the molecules are in-
terconnected by C5-H--O1 interactions (Fig. 2a). Although regarded as a se-
condary interaction, the C5-H---O1 displays afavorable directionality (TablelIl).
Owing to the twofold symmetry, the molecules generate an identical set of inter-
actions running in the opposite direction and reinforcing the connection between
them. In general, two molecules inside the ribbon are connected with: four
N—H---Cl interactions forming a motif described by Etter’s graphset notation1® as
R4,(14) and two C—H---O interactions forming a larger ring-like motif described
as R25(18) (Fig. 2a). The interactions link the parallel molecules in the c di-
rection; however taking into account the molecule length and its extended con-
formation, one can observe that the formed molecular ribbon expands through the
entire ac plane. The described N—H---Cl hydrogen bonds, which engage the most
polar parts of the molecules, are the main non-covalent interactionsin this crystal
structure. Similar contacts, leading to a similar molecular arrangement, were also
observed in the crystal packing of two previously reported Roedda-2HCI es-
ters.”9 In the present crystal structure, the ribbons related by a fourfold axis di-
rect their propyl ester fragments each to another, maximizing the nonbonding
C—H contacts. As aresult, the formation of a three-dimensional porous structure,
with the parallel non-polar channels extended in the c direction, can be observed
(Fig. 2b).
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TABLE I11. Hydrogen bonding geometry (A and °). Symmetry codes: i) X, , z ii) X, y, z+1

Bond D-H D-A H-A D-H-A
C7-H7-02 0.98 3.111(11) 2,57 114
C10-H10a--O1 0.97 3.119(10) 2.58 115
N1-Hla--Cl1 0.90 3.133(8) 2.25 166
N1-H1b-CI1 0.90 3.106(8) 2.25 158
C5-H5--O1' 0.98 3.303(10) 2.35 164

(b)
Fig. 2. @) Intermolecular N—H---Cl and C—H---O hydrogen bonding relates the moleculesinto
ribbons; b) segment of the three-dimensional porous crystal structure.
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CONCLUSIONS

O,0'-Dipropyl ester of N,N'’-1,2-ethanediylbis-L-leucine was crystallized in
the form of the dihydrochloride in a P4> space group of atetragonal crystal sys
tem. The crystal form and the crystal packing are determined by strong intermo-
lecular N1-H1la--Cl1, N1-H1b---Cl1 and C5-H5---O1 hydrogen bonds.

Supplementary data. CCDC 863095 contains the supplementary crystallographic data to
this paper. These data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/
[retrieving.html (or from the Cambridge Crystallographic Data Centre, 12, Union Road,
Cambridge CB21EZ, UK; fax: +44 1223 336033).
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U3BOL
CTEPEOCIIELM®HUYHH JIMTAHOU U (b UXOBHU KOMIUIEKCH. JEO XIV. KPUCTATHA

CTPYKTYPA O,0'-IUITPOITNJI ECTPA N,N'-1,2-ETAHIWHUJIBUC-L-JIEYIJUH-
-IUXUOPOXJIOPHUIA

JEJTEHA M. BYJHR', SANTIAGO GARCIA-GRANDA’, LAURA MENENDEZ-TABOADA?,
CJIABAHA B. HOBAKOBHE® ¥ CPERKO P. TPHOYHOBUR"
1Aipouomcxu paxynineu, Ynueepsuitiewi y Kpaiyjesuy, Llapa Oywana 34, 32000 Yauax, 2 University of
Oviedo, Faculty of Chemistry, Oviedo, Spain, 3I/Incu7uu7.yu7 3a Hyxeapre nayxe ,Bunua“, labopaitiopuja 3a
Pusuxy xongensosane maiepuje, Ynusep3suiei y beoipagy, . tip. 522, 11001 Beoipag u 4Hucu7uu7ym 3a
xemujy, ITpupogrno—matiiematiuuxu paxyniieid, Ynusepsuiteini y Kpaiyjesuy,
Pagoja Jomanosuha 12, 34000 Kpaiyjesay,

CunTtetucaH je dupentatHu N,N' nuranp npexypcop, O,0'-gunponun ecrap N,N'-1,2-
eTaHJUMIOUC-1-eyluH-TUXUAPOXJIOPHIA, U UCIUTHBAHA je HWeroBa KPUCTAJIHA CTPYKTypa.
HaBepmeHu nuranf KpUCTaIUILe Y MPOCTOPHO] rpynu P4, TeTparoHaaHOT KPUCTATHOT CUCTEMA
ca muMeHsujama jenunuune henuje a = 16.5620 (2) A, b = 16.5620 (2) A, ¢ =5.2240 (1) A u
Z=2.

(ITpummeHo 8. dedpyapa, peBunupano 24. anpuna 2012)
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Effect of temperatureon rate of a spin-forbidden transition
in uracil and thymine
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Abstract: The intersystem crossing rates of uracil and thymine molecules in
interaction with a heat bath were studied by means of ab initio methods. The
rates were calculated employing the time-dependent approach based on the
correlation function. The norma modes of the singlet and triplet electronic
states were related by the Duschinsky transformation. The correlation function
was calculated using the Condon approximation for the spin—orbit matrix
element and harmonic approximation for the nuclear motion. The excess vib-
rational energy in theinitia singlet excited electronic state decreased the rate of
triplet formation in uracil and thymine. This decrease was more pronounced for
uracil. In addition, it was found that the change of the adiabatic energy gap
could significantly modify the rate of triplet formation.

Keywords: excited states; intersystem crossing; correlation function.

INTRODUCTION

The ozone layer above the Earth ground protects living beings by absorbing
harmful UV radiation below 290 nm. The UV radiation from 290 to 320 nm is
partially absorbed while the UV radiation from 320 to 380 nm is not absorbed.
The main cellular targets of UV radiation are nucleic acids.! Sequences contain-
ing two or severa pyrimidine bases are hotspots prone to the formation of pho-
tolesions. These photolesions can change the genotype of cells and remove the
normal capacity to inhibit cell growth. The most frequent photochemical reaction
of nucleic acids is intrastrand pyrimidine dimerization. Although time-resolved
infrared experiments? showed that the main dimerization product is formed in
less than 1 ps in a sequence of thymine bases, indicating an ultrafast photoche-
mical reaction on the singlet excited electronic potential surface, the triplet state
mechanism is not necessarily excluded.3 Essentialy, in order to decrease the
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yield of the dimerization, it is necessary that the excited state populations relax
ultrafast to the ground electronic state. Nevertheless, it was shown that in the
pyrimidine bases uracil, thymine and related compounds, a long-lived dark elec-
tronic state is formed to a minor extent.48 The electronic structure of this long-
lived state has been the subject of long and controversial debates. Recent theo-
retical work® and supersonic jet experiments8 showed that this dark state is the
lowest triplet state.

In previous studies, %14 the formation of the triplet state in the pyrimidine
bases uracil, thymine and their derivatives were investigated. It was found that
the lowest triplet state (3nm*) in uracil and thymine is formed via the lowest
singlet excited state (Inm*). Two mechanisms were proposed for triplet formation
upon initial excitation to the second excited singlet state (nn*):® &) an internal
conversion (IC) to the first excited singlet state (*nr*) followed by intersystem
crossing (1SC) to the lowest triplet state (3tn*) and b) an 1SC transition from the
initially populated singlet (1nn*) state to the second triplet state (3nn*) followed
by IC to the lower triplet (3nr*) state. Due to the fast depletion of theinitial lrnr*
state to the ground and Inn* state, it was suggested that lowest triplet state is
populated by the ISC process from the Inn* state. In all studies®14 that were
performed, the 1SC process was initiated from the lowest vibrational level of the
singlet electronic state. These cases corresponded to vibrationally cooled mole-
cules. In this study, the way in which excess vibrational energy, due to inter-
action of uracil and thymine with a heat bath, modifies triplet formation is inves-
tigated. The heat bath was a solvent. In order to calculate the I SC rates, the time-
correlation function method is employed.

The paper is organized as follows: in the next section, we present the com-
putational details and a brief explanation of how 1SC rates can be calculated
when a molecule has excess of vibrational energy due to interaction with a heat
bath are given. The complete explanation will be given elsewhere.1> In the sub-
sequent section, this method is applied to uracil and thymine and the results
discussed. Finally, conclusions are given.

THEORETICAL METHODS AND COMPUTATIONAL DETAILS

Pure spin Born—Oppenheimer states |Sa,{vaj}> and |Tb“,{vbk}> were employed for the
calculation of the ISC rate. Here, S, is asinglet electronic state and T is an « fine-structure
component of atriplet electronic state. {v4} and {v} are vibrationa states related to the S,
and T states. In this work, the potential surfaces were approximated by a harmonic poten-
tial. The normal modes of the triplet {Qr} and singlet {Qg} electronic states are related by
the Duschinsky Transformation:16

Qr =>.3;Qs +D (1)
i

where Jis the Duschinsky rotation matrix and D is the displacement vector.
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If initially a molecule is in a thermal equilibrium with the heat bath, then the ISC rate
constant is given as an ensemble average:

k=" p(E4)k(j — k) )
i

where P(Ey) = exp(Ey4/ksT)/Z is a canonical ensemble probability of the occupation of the
initial vibronic level with an energy E,, Z is the canonical partition function, T is the tem-
perature of the thermal bath, kg is the Boltzmann Constant and k(j—K) is the ISC rate from the
vibronic level with energy E;; to the vibronic level with energy Ey.

Assuming the Condon Approximation for the spin—orbit matrix elements, the ISC rate is
given by:

((va}ve)| O(Eq — Enc) 3

k=2 |FisolTyr) e ST i
K. j

Transforming this expression to the Heisenberg Picture, one obtains an expression that
contains the correlation function. Then, the I1SC rate is calculated as the integral of the cor-
relation function:

1 - 27
k:E|<Sa|HSO|Tb0‘>| [ FOat @)
where the correlation function is:
F(t) — det(sr_lss_IQSQT) %
det(JTQrBrJ + QgBs) det(JTQr Br~1J + QgBs 1) (5)

xexp{ DT [QrBrJ(ITQrBrJ + QsBs) 1 JQr By —Qr Br]D}e'AE

AE is the singlet—triplet adiabatic energy gap and the matrices Sg, Bs, Sy and By are diagonal
matrices with the elements. sinh((L/kgT-t)ay), tanh(wg/(2(L/kgT—t)), sinh(itey) and
tanh( wy;it/2), respectively, w; is the norma mode frequency, indexes Sand T label the normal
modes of the singlet and triplet electronic states, t is time and the superscript T indicates the
transposition of the matrix.

The geometries of the S;(nn*) and T,(nn*) states of uracil and thymine obtained with
the CC2/cc-pVDZ level of theory® were used. The normal mode displacements of the T, state
relative to the S; states of uracil and thymine in dimensionless harmonic oscillator coordinates
are presented in Fig. 1. There are severa low-frequency modes that are highly displaced in
both uracil and thymine. In addition, the C,—C5 bond stretching has a very large displacement
(2.84 in uracil and 2.85 in thymine). The Duschinsky matrices for the transition between the
S, and T, states of uracil and thymine are presented in Fig. 2. Almost al modes are mixed.
The mixing is particularly large for the low-frequency modes and the two highest frequency
modes that represent N—H oscillation. In addition, some high-frequency modes are mixed with
the low-frequency modes. The adiabatic energy gap between S; and T, electronic states of
uracil and thymine, obtained at CC2/cc-pVDZ level, are 5150 and 6652 cml, respectively.®
The adiabatic energy gap and displacement of the normal modes are decisive parameters that
contribute to the calculation of the ISC rates. The sum of the squares of al spin—orbit matrix
elements between the S; state and all fine structure components of the T, state is 2391 cm2
for uracil and 2319 cm2 for thymine.® All 1SC rates that will be presented in this work are the
sum of the three ISC rates from the S; state to the three fine-structure components of the T,
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state. All normal modes were included in the calculations. The correlation function was
calculated for the first 10 fs using 1000 points.
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Fig. 1. Displacements of the T; normal modes relative to the S; normal modesin
dimensionless harmonic oscillator coordinates for uracil (upper) and thymine (lower).
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Fig. 2. Duschinsky matrix related to the transition between the S; and T, states of uracil (left)
and thymine (right). In order to visualize the normal mode mixing, absolute values of the
matrix elements are shown.

RESULTS AND DISCUSSION

If an electronic transition in a molecule is dower than the vibrational relax-
ation, then the normal modes of the electronic state will equilibrate with a heat
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bath. This means that the heat bath will determine the average vibrational energy
of the electronic state. Since the Boltzmann constant is kg=0.7 cm™1 K—1, only
the normal modes with the frequencies less than =250 cm™1 are more than singly
occupied at 300 K. At higher temperatures, 400 and 600 K, this frequency is
shifted to =300 and 500 cm™1, respectively. This means that the heat bath can
excite only low-frequency modes that include a pyrimidization of the ring atoms,
an in-plane bending of the C=0 bonds and a rotation and bending of the methyl
group in thymine. Hence, these modes will have an excess of vibrational energy
compared to the high-frequency modes. On the other hand, these modes signifi-
cantly contribute to the 1SC rate because they make a vibronic quasi-continuum
inthe triplet state.

The correlation functions for uracil and thymine calculated for different tem-
peratures are presented in Fig. 3. In both molecules, the correlation functions de-
cay to zero in approximately 5 fs. These fast decays are related to the large dis-
placements of the normal modes. Since this is a multimode case with Duschinsky
rotation, the normal modes with small displacements can aso contribute to the
correlation function. The correlation functions of thymine decay faster than the
correlation function of uracil. This means that in thymine, the vibrational wave-
packet on the triplet potential surface leaves the Franck—Condon zone faster than

12 T T y T n I
] ] —— 100K T
s 1 200K T
-| ] 300K 1
| 1 -400K ]
1 [ 11 500K 1
0.6 I|| 11 4
~o0adll 11 -
3 41l |
(0] il \
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w IRl ]
0.0 ,||I R — | xs Y
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.0.24 Il ,/ ] -
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0 2 4 0 2 4

t/ fs t/fs

Fig. 3. Time dependence of the correlation function F for uracil (left) and thymine (right)
for various temperatures. The adiabatic energy gap was 5150 cm? for uracil and
6652 cmL for thymine.
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in uracil. In addition, the amplitude of the first oscillation is larger for thymine
than for uracil. This amplitude for both correlation functions increases with in-
creasing temperature. The sametrend is valid for the decay of the first oscillation
of the correlation function.

The correlation function at t = 0 should be exactly one but it is dightly higher
for uracil and thymine. This is because the determinant of the Duschinsky mat-
rices for uracil and thymine are 0.98 and 0.96, and not 1.00. Therefore, the nor-
mal modes of the triplet electronic state are not completely represented by the
norma modes of the singlet electronic state without including rotations. This
phenomenon is called the axis-switching effect.17.18 Sando et al.19 showed that
the contribution of the nonlinear effect is in principal small for non-radiative
transitions.

The ISC rate from the lowest vibrational level of the singlet electronic state
(the T = 0 case) for uracil and thymine are 1.5x10%0 and 2.5x109.13.14 The ISC
rates for uracil and thymine as a function of temperature are presented in Fig. 4.
In accordance with the correlation function behavior, the rates decrease with in-
creasing temperature. This means that the excess of vibrational energy in the S;
state decreases the 1SC rate for the formation of the triplet state. The explanation
for this could be that the excited vibrational levels in the S; state have smaller

16 E T E T . T L T g T

] —e— Uracil
144 '\ Thymine 7

12- " .

104 - -

k 110°s"
il

0 200 400 600 800 1000
TIK

Fig. 4. Temperature dependence of the intersystem crossing rates for uracil and thymine.
The adiabatic energy gap was 5150 cm' for uracil and 6652 cm2 for thymine.
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Franck—Condon integrals with the triplet vibrational level than the lowest vibra-
tiona state of the singlet state. The temperature dependence of the rate is more
pronounced for uracil than for thymine. In the interval from 100 to 400 K, the
rate decrease 30 % for uracil and 10 % for thymine. According to the energy gap
law,20 it is generally assumed that the rate of a non-radiative transition between
two electronic states becomes larger if the energy difference between the states
decreases. Thymine has a smaller singlet—triplet energy gap than uracil but the
ISC rate is smaller. This is due to the large Duschinsky mixing. In this case, the
energy gap law ceasesto be valid.

A solvent can modify the adiabatic energy gap and it is of interest to see how
the ISC rate depends on the adiabatic energy gap. The ISC rates of uracil and
thymine as a function of the adiabatic energy gap calculated at 300 K are pre-
sented in Fig. 5. Up to 5000 cm1, the rates increase exponentially. For uracil, it
changes two orders of magnitude while for thymine one order of magnitude.
Hydration blue shifts the S;(1nm*) state by =4000 cm™1 and the 3nn* state by
~800 cm1.10 Hence, singlet—triplet energy gap is then increased by =3200 cm 1.
Thiswould increase the | SC rate by an order of magnitude for uracil.
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Fig. 5. The dependence of the intersystem crossing rates on the adiabatic energy gap for uracil
and thymine. The temperature was 300 K.

CONCLUSIONS

The rate of formation of the lowest triplet state in uracil and thymine when
the molecule has an excess vibrational energy due to interaction with a heat bath
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was studied. In a previous paper on the spin-forbidden transitions in uracil, thy-
mine and their methylated compounds,® two mechanisms for triplet formation
were suggested, i.e., @) anon-radiative transition from the intermediate Int* state
to the lowest triplet state and b) a transition from the initially populated lrr*
state to the second triplet state 3nn* followed by internal conversion to the lower
triplet 3rr* state. In thiswork, the first mechanism was considered.

The intersystem crossing rates were calculated using the correlation function
and canonical ensemble formalism. The normal modes of the triplet and singlet
states were related by the Duschinsky transformation. The excess of the vibra-
tional energy was controlled by the temperature of a heat bath. The correlation
functions for both molecules decay in 5 fs. The correlation functions of thymine
decay faster than the correlation functions of uracil. It was found that excess vib-
rational energy decreased the rate of triplet formation in uracil and thymine. This
dependence was more pronounced for uracil. In addition, the rate of the triplet
formation was more susceptible to changes in the adiabatic energy in uracil than
in thymine.

Acknowledgement. The author acknowledges the Ministry of Ministry of Education,

Science and Technological Development of the Republic of Serbia for financial support
(Contract No. 172040).

H3BO[

YTHULIAJ TEMITEPATYPE HA KOHCTAHTY BP3UHE CITMHCKHU 3ABPAILEHOT
[TPEIA3A Y YPALIWIIY U TUMHUHY

MHXAJJIO ETUHCKH

Daxynwi 3a usuuxy xemujy, Ynueepuiteii y Beoipagy, Cuygenwicku wpi 12—16,
u. tip. 47, 11158 Beoipag

Y pamy cy nomohy ab initio meTofa mpoyyaBaHe KOHCTaHTe Op3WHE MHTEPCUCTEMCKHUX
Ipenasa y ypauuily U TAMUHY KOjU HHTeparyjy ca TOIUIOTHUM KynaTunoM. KoHcTaHTe dp3uHe
Cy U3pauyHaTe kopucTehy BpeMeHCKH 3aBHUCHA ITPH/Ia3 3aCHOBAH Ha KOPEeNaluoHOj QYHKIIHjH.
HopmanHu MOIOBU CHHITIETHOT W TPUIUIETHOT €JIEKTPOHCKOT CTawa Cy MOBe3aHU TpaHCGOop-
manujom JdymuHckor. KopenanuoHa ¢yHkuMja je uspauyHara kopucrehu KoHmoHOBY amnpo-
KCUMaLWjy 3a CIIHH—OPOUTHU MATPUUYHU €JIEMEHT U XapMOHHjCKy allpOKCUMALHjy 3a HyKIe-
apHO KpeTawe. Buuiak BudpanuoHe eHepruje y mo4eTHOM CHHIJIETHOM €JIEKTPOHCKOM CTamy
CMamwyje KOHCTaHTy Op3WHe HacTajawa TPUIUIETHOT CTama y ypauwly U TUMHHY. To cMamerme
je uspaxenuje 3a ypauuin. Takohe, HaheHO je ma mpomeHa pasiuke aAujabaTCKUX eHeprja
€JIEKTPOHCKH CTamba MOJKE 3HauajHo /1a yTHue Ha Op3HHY HacTajama TPUIJIETHOT CTama.

(ITpummseno 18. jyna 2012)
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The effect of electric field on theinteraction of glycine with (6,0)
single-walled boron nitride nanotubes
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Abstract: The interaction between the glycine molecule with the (6,0) zigzag
model of single-walled boron nitride nanotubes (BNNTs) with H-terminated at
the open end, has been investigated in the presence and absence of an externd
electric field (EF), using the DFT- B3LY P/6-31G* level of theory. The results
demonstrated that glycine is chemisorbed on the (6,0) BNNT and this chemical
adsorption can be significantly modified by the intensity of an external EF. It
was found that increasing the EF strengthens the interaction between glycine
and BNNT; thus, adsorption of glycine on BNNT could be controlled by the
intensity of the EF. This result might be useful in the design of novel nano-
devices, such as nano-sensors.

Keywords: glycine; density functional theory; boron nitride nanotube (BNNT);
eectricfield.

INTRODUCTION

Boron nitride nanotubes (BNNTS) were first theoretically predicted by cal-
culations and then their synthesis was reported in 1995.1 Due to their large ion-
icity,2 the properties of BNs are different from their carbon analogues.3 BNNTSs
possess many unique properties, such as high thermal conductivity, chemical
stability,4 high oxidation resistivity,> and excellent mechanical properties,6
which drastically differ from those of carbon nanotubes (CNTSs). Therefore,
BNNTs have been proposed as more suitable materials than CNTs for application
in the nano-devices and molecular electronic circuits, and they can be used for
the development of nanotube-based electronic devices, in material science and
biotechnology.’

Recently much effort has been devoted to theoretical calculations with the
aim of understanding the interaction between various molecules and BNNTSs. Itis
well known, that theoretical studies can be very helpful in the understanding of
the nature of interaction of BNNTs with other molecules. Modification of the

* Corresponding author. E-mail: d.farmanzad@umz.ac.ir
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electronic properties of nanotubes by interaction is an important issue for de-
signing nano-devices based on nanotubes. Based on density functional theory (DFT)
calculations, the adsorption of various aromatic molecules8 NH3 and amino
functional groups,® organic molecules,10 nucleic acid bases,11 hydrogen atoms,12
0o, N2 and H»0,13 various metalloporphyrinl4 and transition metal atoms!® on
BNNTs were investigated. These studies indicated that the adsorption of atoms
and molecules could effectively modify the electronic structures, and the physical
and chemical properties of BNNTS.

Glycine, as the simplest of the a-amino acids,16 is an important model com-
pound in chemical physics, biophysics and biochemistry.1” The -N-O-C(O)-
structure, which occur in glycine, is a fundamental building block in a-amino
acids and proteins.18 In addition, the adsorption mechanism of amino acids and
biological molecules onto nanotubes has attracted a lot of attention during the
past years, since it is of great importance from both fundamental and applied
points of view. Understanding the interaction between BNNTs and amino acidsis
important for the investigation the interaction mechanism between BNNTs and
biomolecules. 19-21

Modification of the structural and electrical properties by application of an
external electric field is an important subject for the design of nano-devices. In
previous studies,22.23 it was found that the geometric and electronic structure of
BNNTSs can be modified by application of an external electric field; therefore it
was considered of interest to investigate the BNNT—glycine system under the in-
fluence of an externa electric field. In this study, the effect of external EF on the
interaction of glycine molecule with SWBNNT (6,0) was investigated.

COMPUTATIONAL DETAILS

The quantum chemical calculations in this work were performed using the Gaussian 03
program package.?* The structures of isolated BNNT, glycine and the BNNT—glycine com-
plex were fully optimized by the DFT/B3LY P method with the 6-31G* basis set. The B and N
dangling bonds at the two ends of (6,0) BNNT and the BNNT—glycine complex were sa-
turated by hydrogen to avoid boundary effects. Geometric optimizations were performed until
the maximum force and rms errors on al atoms were less than 0.00045 and 0.00030 Hart-
ree/Bohr, respectively, which are the “normal” convergence criteria settings in Gaussian 03.
The stationary point geometries were fully optimized and characterized as minima (no
imaginary frequency) by vibration frequency calculations. The standard direction of the ex-
ternal electric field was along the positive X-axis (Fig. 1d). The numerical values of the ap-
plied static EF strengths were 50x104 and 100x104 a.u. (1 au. = 5.14224x101 V m1).

Analysis of the electronic properties of the BNNT—glycine complex in the presence and
absence of an EF were based on the adsorption energy, HOMO-LUMO gap, dipole moment
and charge transfer (natural bond orbital (NBO) charge).

RESULTS AND DISCUSSION
Glycine adsorption on BNNT

The optimized structures for the pristine (6,0) BNNT and glycine are shown
in Figs. laand 1b, respectively. To model the interaction between BNNT and the
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glycine molecule, the glycine molecule was placed perpendicular to the BNNT at
aheight of 3.676 A (Fig. 1c) and allowed to relax freely. The optimized structure
of the BNNT—glycine complex is shown in Fig. 1d. After optimization, it was
found that the glycine molecule preferred to orient paralel with respect to the
surface of the BNNT, which is located at the end of the tube with the nearest dis-
tance being 1.726 A.

(© (d)
Fig. 1. The full optimized structure of @) BNNT, b) glycine, c) interaction of glycine with
(6,0) BNNT and d) optimized structure of the BNNT—glycine complex at zero EF.
The frame of axes used in this study is also shown.

First, the adsorption of glycine on (6,0) BNNT was investigated. The calcul-
ated values of the eectronic energy of the glycine molecule, (6,0) BNNT and
BNNT—glycine complex are reported in Table I, from which it can be seen that
the energy of BNNT—glycine complex (-59989.291 €V) was lower in compa
rison to (6,0) BNNT (-52248.346 €V) and the glycine molecule (—7738.706 €V).
These values indicate that the BNNT—glycine complex is energeticaly stable
relative to the separated BNNT and glycine molecule.
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TABLE I. E, band gap and dipole moment of BNNT, glycine and the BNNT—glycine complex
at zero EF

Compound E/eVv Band gap, eV Dipole moment, D
BNNT -52248.346 4.769 8572
Glycine —7738.706 5.376 1.297
BNNT-glycine —59989.291 5.027 8.179

The adsorption energy of the glycine molecule on the (6,0) BNNT is defined
by the following equation:

Ead = EBNNT-glycine — (EBNNT * Eglycine) 1)
where ENNT—glycine: EBNNT @nd Eglycine are the total energy of the BNNT—gly-
cine complex, the total energies of the isolated glycine and isolated BNNT, res-
pectively. Egg < 0 denotes an exothermic adsorption, a negative Egg corresponds
to a stable adsorption structure and a larger negative adsorption energy means the
configuration is more favorable from an energy viewpoint. The adsorption energy
was larger than 0.5 €V, which supports the hypothesis that the adsorption mecha-
nism was chemisorptions.2>-27 The adsorption energy of the BNNT—glycine
complex at zero EF isreported in Table I1. This result shows that the glycine mo-
lecule can be chemically adsorbed on the BNNT sidewall with exothermic ad-
sorption energy of —2.237 eV.

TABLE Il. Calculated Eyy and band gap of the BNNT—glycine complex, B-N bond length,
transferred charge Q and dipole moment, in the presence and absence of an external EF

External EF E,/eV Bandgap, eV Rgnnes/A  Qle Dipole moment, D

0 -2.237 5.027 1.726 0.331 8.179
50 -3.021 4.539 1.672 0.340 14.542
100 —4.126 4.041 1.663 0.343 22.657

Charge transfer is one of the key factors that facilities the adsorption of an
adsorbate onto an adsorbent. The chemical adsorption of glycine onto a BNNT
leads to a certain amount of charge transfer. To better understand the chemical
adsorption of the glycine molecule onto BNNT, the transferred charge (Q) from
glycine to (6,0) BNNT was calculated. A positive value corresponds to charge
transfer from glycine to (6,0) BNNT. The Q of glycine molecule to BNNT using
the NBO charge,28-30 which is less sensitive to the selected basis sets than Mul-
liken31 charge analysis, was obtained. The calculated values of Q at zero EF are
reported in Table I, from which, it can be seen that the transferred charge in the
absence of EF was significant (0.331 €).

It is essentia to calculate the electronic properties of (6,0) BNNT before and
after glycine molecule adsorption, to understand better the interaction of the gly-
cine with BNNT. When glycine is adsorbed on the BNNT, the electronic pro-
perties of the tube and glycine are changed. The energy levels of the molecular
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orbitals, especialy the HOMO and LUMO, are excellent indicators of many mo-
lecular properties. Thus, the difference between the HOMO and LUMO, known
asthe band gap (EL umo—EHomo) Was studied.

The calculated values of the band gap and dipole moment of the glycine mo-
lecule, (6,0) BNNT and the BNNT—glycine complex before application of an EF
are given in Table I, according to which, the band gap of the pure (6,0) BNNT is
4.769 €V. The band gap increases to 5.027 €V upon glycine molecule adsorption
onto the tube. In addition, the band gap of the BNNT—glycine complex is greater
than that of the glycine molecule. The electric dipole moment of the free BNNT
(8.572 D), glycine (1.297 D) and the BNNT—glycine complex (8.179 D) are pre-
sented in Table I. These results show that the polarization and electro-conduc-
tivity of the (6,0) BNNT in the presence of glycine molecule were changed.

The effect of an applied electric field on glycine adsorption

In this work, the adsorption of the glycine on the (6,0) BNNT was explored
under the effect of an external EF. The calculated values of the adsorption energy
(Eag), B-N bond length (Rg11-Ng5) and charge transfer (Q) in zero, 50x104 and
100x104 au. EF intensity are reported in Table Il. As can be seen, with in-
creasing EF strength, the adsorption energy decreased from —2.237 in the zero
external EF intensity to —3.021 and —4.126 eV at 50x10~4 and 100x104 a.u., res-
pectively. These results show that the stability of the BNNT—glycine complex in-
creased with the increasing EF intensity. In addition, an EF can easily modulate
the adsorption energy of glycine adsorbed on BNNT.

Under the external electric EF, a single covaent BgnnT—Nalycine bond is
formed (Re11-n65). The Re11-Nes decreased from 1.726 A in zero EF intensity
t0 1.672 and 1.663 for 50x10~4 and 100x10~4 a.u. EF strengths, respectively.

The optimized structure of BNNT—glycine complex under the applied ex-
ternal EF with 100x10~4 a.u. strength is shown in Fig. 2, according to which, the
orientation of glycine on (6,0) BNNT changed under the external EF.

Ascan beseenin Tablell, the transferred charge in zero EF intensity, 0.331 €,
increased to 0.343 e at 100x104 a.u EF strength. These values show that the
transferred charge increased with increasing external EF strength. Generally,
these results show that interaction of glycine molecule with BNNT was enhanced
with increasing external EF strength from zero to 100x10~4 a.u intensity.

One of the important applications of external EF on BNNTs is to modify the
electronic structures and thus widen their potential applications. The calculated
values of band gap of the BNNT—glycine complex for applied external EF from F
= 0 to 100x10~4 a.u. are given in Table II, from which, it could be understood
that with increasing field strength, the band gap decreased from 5.027 at zero
external EF to 4.539 and 4.041 at 50x10~4 and 100x104 a.u., respectively. Thus,
the electro-conductivity of the BNNT—glycine complex increased under an ex-
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ternal EF. The change in the electro-conductivity of the BNNT—glycine system is
an important process in the sensor industry.

Fig. 2. The BNNT—glycine complex
which response to the externa EF
with 100x104 au. strength is stu-
died in this work at DFT-B3LY P/6-
-31G* level of theory.

On the other hand, an analysis of the spatial distribution of the frontier
orbitals is one way to understand the molecular properties. To explain further the
electrical properties of the BNNT—glycine complex under an externa EF, the
spatial distribution of the molecular orbitals (MOs), especialy the frontier MOs
including the HOMO and LUMO, were studied. The spatial distribution of the
frontier orbitals was performed to obtain a better understanding on the interaction
of glycine with (6,0) BNNT. The spatial distribution of the HOMO and LUMO
of (6,0) BNNT and the BNNT—glycine complex under various external EF are
illustrated in Fig. 3.

As shown in Fig. 3a, large amounts of the charge density of (6,0) BNNT are
concentrated at the left and right ends of the tube, implying that the active sites of
(6,0) BNNT probably lie in the ends of tube. In addition, this figure shows that
the HOMOs and LUMOs of the BNNT—glycine complex are localized around the
BNNT at all employed EF intensities. Fig. 3b shows that a zero EF, the major
part of LUMO is distributed on the (6,0) BNNT near the glycine molecule and
that the HOMO is localized over the whole of the (6,0) BNNT. According to Fig.
3, as the field strength increases to 100x10~4 a.u., the HOMO and LUMO are
mainly localized at the end of the complex. Some small amount of the LUMO is
localized around the B-N bond but there are no HOMO orbitals around the B-N
bond.32-36

When an external electric field is applied on the BNNT—glycine system,
rearrangements of its atomic charges lead to the separation of the positive and ne-
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(d)

Fig. 3. Orbital spatial distribution of HOMO (right) and LUMO (l&ft): a) optimized structure
of (6,0) BNNT, b) the BNNT—glycine complex at zero EF, c) the BNNT—glycine complex
at 50x10* a.u. and d) the BNNT—glycine complex at 100x10* a.u.
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gative charges, which induces an electric dipole moment in the system. Thus, the
study of the electric dipole moment under external EFs is important. The cal-
culated values of the electric dipole moment (F in D) for applied externa EFs
from 0 to 100x10~4 au. are given in Table Il. According to Table II, on ap-
plication of an EF on the BNNT—glycine complex, the dipole moment increases
from 8.179 D at zero EF to 22.657 D at 100x10~4 a.u. The significant changes in
the electric dipole moment clearly predict that interaction of glycine molecule
with (6,0) BNNT increases with increasing external EF intensity.

CONCLUSIONS

In summary, in this work, DFT calculations were performed on the BNNT—
—glycine complex on application of static electric fields. The glycine molecule is
exothermally strongly adsorbed on the sidewall BNNT with high adsorption
energy. Therefore, the BNNT—amino acid complex may be useful in the appli-
cation of this class of biofunctional nanotubes to the design of amino acid deli-
very vessels. From these calculations, it was concluded that the electronic pro-
perties of the BNNT—glycine complex are modified with increasing EF intensity.
This result may be useful in the application the BNNT—glycine system under the
influence of an EF to the design of biosensor devices. In brief, study of this sys-
tem under influence of EF intensity is important for the design and proposal of
BNNT-based materials.
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research facilities and financial grants is acknowledged.

U3BOMO

YTUIAJ EJIEKTPUYHOTI [10JbA HA UHTEPAKIIMUJY INTUIOUHA CA JEJHOCJIOJHOM
BOP-HUTPUIJHOM HAHOILEBU THUIIA (6,0)

DAVOOD FARMANZADEH U SAMEREH GHAZANFARY
Faculty of Chemistry, University of Mazandaran, P. O. Box 453, Babolsar, I. R. Iran

HcnutuBaHa je vHTepakudja usmehy Mosekysna IMIMIMHA jeJHOC/IO0jHe DOp-HUTpUIHE
HaHolesy, THna (6,0), y OACYCTBY U y IPUCYCTBY CIOJbAILILET EIEKTPUUHOT Nokba. [IpuMemeH
je DFT-B3LYP/6-31G* muBo Teopuje. PesynTaté mokasyjy fa ce ITMIHH XeMHCOPOMpa Ha
HaHOLIEB U Jla Ha XEMUCOPIIIKjy 3HAaUajHO YTHYE jauuHa enekTpU4HOr noska. HaheHo je ma ce
nojayameM eJIeKTPUYHOT MoJba NojayaBa MHTepakiMja u3Mehy rnuirHa ¥ HaHoLeBH. To 3Ha-
YH Jla Ce aficOpNLHKja [NIMLKHA MOKe KOHTPOIMCATH jaunHOM eJleKTpUYHOr nossa. OBaj pesyi-
TaT 1 Morao OMTH OfI KOPHCTH 3a IH3ajHUpame HOBHX HaHO-ypehaja, kao LITO Cy HaHO-CEH-
30pH.

(ITpumsbeno 12. anpuna 2012)
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A study of the stretching vibrational spectra of C;500
and C1,00, by U(2) Lie algebra
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Abstract: The vibrational energy levels of the endohedral fullerene dimers
C1500 and Cy500, were calculated considering the local Hamiltonian of the
Morse potential using algebra. Here, each bond of the molecules was replaced
by a corresponding Lie algebra and finally the Hamiltonian was constructed
considering the interacting Casimir and Majorana operators. The fundamental
stretching modes of vibration of both dimers C;500 and C;500, were then
calculated using this Hamiltonian to compare with the results of functional-
based tight-binding (DF-TB) calculations.

Keywords: Lie algebra; vibrational spectra; C1500; C12005.

INTRODUCTION

In the last few years, theoretical studies of highly excited vibrational states
of polyatomic molecules have been one of the most interesting topics for theo-
reticians and experimentalists because of the development of new laser spectro-
scopic techniques. Wulfman played a great role in the introduction of the alge-
braic approach to molecules. He was the pioneer who publish the first paper on
the algebraic approach to molecules! (the algebraic approach to the Morse
oscillator) in 1979. Later, in 1981, lachello? used Lie algebraic method to study
the spectra of molecules using U(4) agebra. The U(4) model takes rotation and
vibration simultaneously into account but becomes intricate when the number of
atoms in the molecules becomes more than four. After 1981, there was rapid pro-
gressin thisfield. lachello et al.34 proposed U(4) algebrato calculate the stretch-
ing and bending vibrational excitations of linear triatomic and tetratomic mole-
cules. The situation up to 1995 in this perspective was reviewed in a paper by
lachello and Levine.® In next year, Stefano Oss presented a contemporary and
comprehensive up-to-date review of the mathematical concepts, physical aspects,
practical applications and numerical implementation of algebraic models® in
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molecular spectroscopy. Later, lachello and Oss jointly”? presented a brief review
of the work realized in this field and also provided a concrete outlook of the
algebraic method in the first decade of the 21% century. Recently, using the Lie
algebraic method, Sarkar et al. reported better results:9 for the vibrational energy
levels of different polyatomic molecules than those reported earlier. The U(2)
algebraic model was particularly successful in explaining stretching vibrations of
polyatomic molecules, such as tetrahedral, octahedral, endohedral and benzene-
like molecules.10 In the Lie algebraic method, there is provision for molecular
vibrational energy to be studied by a normal and a local Hamiltonian. Using the
powerful technique of the theoretical Lie algebraic group theory and by consi-
dering dynamical symmetry, the algebraic Hamiltonian was constructed. The
application of the one-dimensional theoretical U(2) algebraic model enabled the
analysis and interpretation of experimental and theoretical rovibrational spectra
of different polyatomic molecules, which might facilitate the exploration of a
new dimension in the field of molecular chemistry and nano-technology.

Till date, no extensive experimenta study of the vibrational spectra of endo-
hedral fullerene dimers C1200 and C12002 have been reported, but only func-
tional-based tight-binding (DF-TB) theoretical calculations in which a study of
the vibrational spectra of fullerene dimers C1290 and C12002 with their different
energy bands were analyzed.1! By using the one-dimensional U(2) algebraic mo-
del, which is an excellent alternative mathematical treatment for the determi-
nation of energy bands of fullerene dimers C1290 and C1200>, the stretching vib-
rational energies of these dimers were determined and compared from a spectro-
scopic point of view.

THEORY: AN ALGEBRAIC APPROACH

Apart from Lie algebraic methods, two other well-defined methods aready exist for the
analysis of molecular vibrational spectra. These are:

1. The Dunham Expansion

2.The Potential Approach

Dunham Expansion approach was put forwarded by J. L. Dunham in 1932. Here, the
molecular rotation-vibration spectrum is provided by the Dunham expansion. This is an
expansion of energy levelsin terms of vibration-rotation quantum numbers. For diatomic mo-
lecules, the expansion is:

E(V,J)=Zyi,j(V+%)i[J(J +1)}j @

The Dunham Expansion approach has a few drawbacks. Here no Hamiltonian operator is
available. Moreover, for large polyatomic molecules, one needs a large number of parameters
are required to obtain by fitting a large experimental data base; these parameters are not
always available. Furthermore, this expansion contains no information about the wave func-
tion of individua states. Thus, the matrix elements of the operators cannot be calculated di-
rectly. Lastly, the Dunham Expansion approach is unsuccessful for polyatomic molecules.
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The second approach, called the Potential Approach provides more sophisticated anal-
ysis. Here, energy levels are obtained by solving the Schrédinger Equation with an interato-
mic potential. The potential is expanded in terms of interatomic variables. For diatomic mo-
lecules, apossible expansion is:

V(r)=2an(r_br°j 2

Here, the coefficients are obtained by a fit to the experimental energy levels. The so-
Iution of the Schrddinger Equation also provides a wave function from which matrix elements
of various operators can be calculated. In the Potential approach, al the calculations are either
differentiations or integrations Moreover; this approach is very tiresome when the numbers of
atoms are larger.

The third approach is the algebraic model in which each bond is represented by either
one dimensional U(2) or three dimensional U(4) Lie algebra,3> which are popularly known as
the one dimensional and three dimensional vibron model, respectively. Among these, the U(4)
model effectively explains simultaneously the stretching and bending vibrational energies of
medium- and large-sized molecules. However, the one dimensional U(2) algebraic model is
very successful in explaining independently the stretching and bending vibrational energies of
medium- and large-sized molecules. This method is based on the idea of dynamical symmetry,
which, in turn, is expressed through the language of Lie algebras.

In connection with molecular spectroscopy, the dynamical symmetries explored in this
work congtitute a big step forward over the conventional use of symmetry arguments, espe-
cialy those concerning the description and classification of energy spectra denoting specific
degeneracy patterns. The dynamical symmetries contain within themselves both the dege-
neracy aspects of a physical system and the complete mechanism for describing transitions
among different states. All these tasks can be realized within the extremely compact and con-
venient framework of Lie groups and Lie algebras. The use of dynamical symmetry, a very
powerful technique related to the dynamical group, leads to a conveniently simple form of the
second-quantized Hamiltonian operator. The most important steps leading to the formulation
of a dynamical symmetry are presented. This formulation should be thought of as a very
effective, specialized version of the usual second quantized realization of a quantum problem.
In such a realization: 1) the wave equation is replaced by an algebraic equation, 2) the wave
functions are replaced with a Fock space and 3) the most general algebraic expansion, in terms
of (boson) creation-annihilation operators, is restricted to invariant or Casimir operators of
sub-algebras of the dynamical algebra. Such an “ultimate” algebraic structure turns out to be,
for n-dimensional problems, the Lie algebra U(n + 1). These three steps constitute the basic
components for the definition of the dynamical symmetry realization of the Hamiltonian ope-
rator.

In this study, the U(2) algebraic model which was introduced as an aternative approach
to the traditional Dunham expansion and Schrédinger equation for polyatomic molecules, was
used. The motivation for the construction of this algebraic model is the isomorphism of the
one dimensional Lie algebra, U(2), with that of the one dimensional Morse oscillator, which is
agood description of a stretching vibration of a molecule. The Hamiltonian of the one dimen-
sional Schrodinger Equation with Morse Potential is:”

2
h(p,x) = 5—# +D[1-exp(-aX) T ?)
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which can be put into one-to-one correspondence with the representation of the algebra
U(2) o 0(2) characterized by the quantum numbers |N1,m> with the provision that one
takes only the positive branch of m, i.e, m= Ny, N—1, N.—2,..., 1 or O for N; odd or even (N,
is an integer). However, to obtain a complete description of molecular vibrations, both stretch-
ing and bending modes are required. This is achieved by considering the isomorphism of the
U(2) Lie algebra with the solution of the Schrédinger Equation with another potential called
the Poschl-Teller potential. This potentia is very applicable for the calculation of bending
vibrations, where the Morse potentid is inappropriate. The eigenstates of the Schrédinger
Equation with Hamiltonian Operator are:

2 D
h(p,x) =2 -

A 4
2u  cosh? ax @

This can also be put into one-to-one correspondence with the representation of
U(2) o2 0O(2) characterized by the quantum numbers |N2,m> with the provision that one
takes only the positive branch of m. In the above equation, the coordinate x is the product of
the radius of the bender r multiplied the bending angle 9, i.e., x = ré. For the fullerene dimers,
n U(2) Lie agebra are introduced to describe n stretching bonds (C-C and C-0). The two
possible chains®10 of molecular dynamical groups in these molecules are:

U2 ®...® U"(2)50Y2) ®...® O"(2)>0(2) (5)
Ul(2) ®...9 U"(2)oU(2)50(2) (6)

which correspond to local and normal coupling, respectively. The coupling to the final O(2)
group in the first chain is realized though different intermediate couplings Oli(2) and the
second chain arises from all the possible couplings of Ui(2)groups to obtain a total U(2)
group, which in turn contains the final O(2) group.12 For these two situations, the Hamiltonian
operator can be diagonalized analytically. Thus, the algebraic model Hamiltonian consider
herein has the following form:8°

n n n
H=Eo+) AC + Y ACj+ ) 4iM; ™
i=1 i<j i<j

If Zij = O, the vibrations have a local behaviour. As the value of 4;; increases, one goes
more and more into normal vibrations. In Eq. (7), C; is an invariant operator with eigenvalues
4(v2 - N;jv;) and the operator Cij, known as the Casimir operator, contains diagonal matrix
elements while the operators M;;, known as the Majorana operators, have both diagona and
off-diagonal matrix elements.

Both the operators associated with coupling schemes involving algebras naturally arise
from a systematic study of the algebraic formulation of the one-dimensional model for n
interacting oscillators. Due to the restriction placed on the local uncoupled oscillators, the
vibrational basis are represented as:

[vYy=|vvavs...vn) (8)

in which the aforementioned operators have the following matrix elements:
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(v|Gi|[v)=-4v (N, =)
<V|Cij|V>=—4(Vi+Vj)(Ni+Nj—Vi—Vj) (9)
<V/|Mij |V> = (Vi Ni +Vj N] —2ViVj)§V"V‘ 61,;‘,]

(V[Mj vy =i +D(N; =vi v (N} =V +1)]%6V(—vi Sty
(VIMjj[v) == +D(N; =vjVi(N; V4 +1)]%5v(+vi5v]7vj

Here, in particular, the expressions above depend on the numbers N, popularly known as
Vibron numbers (vibration rotation quantum number). Such numbers have to be seen as pre-
determined parameters of well-defined physical meaning, as they relate to the intrinsic anhar-
monicity of asingle, uncoupled oscillator through a simple relation.

In purely local limit of N oscillators, these oscillators are somehow correlated with each
other through the C;; operators, which account for the (diagonal) cross-anharmonicities, repre-
sented by the following equation:

Cij:Ci_Nij[&-’_&JiWhereNij:Ni+Nj (10)
Ni N;

In the special case of apair of equivalent oscillatorsi and j (N; = N;), the above equation

can be replaced by the following matrix elements;13-15

(v [Cylwvy)=-40s —vy)? (11)

i.e., the matrix elements do not depend on N;(N;). As aresult, C; would account for different
contributions throughout different polyads and within the same polyad; the most important
aspect of C;; isthe dependence of its matrix €lements on the product v;v;.

Now, the quantum numbers v; correspond to the number of quanta in each oscillator,
while V isthetotal vibrational quantum number given by

V= Zn: Vi (12)
i=1

For particular polyatomic molecules, the total vibrational quantum number is always
conserved. The inclusion of C;; and M;; in the local Hamiltonian operator cannot affect the
above conservation rule.

RESULTS AND DISCUSSION

In this study, we use the different algebraic parameters, i.e,, A, A, 4, ' and
N, were used to study the vibrational spectra of the endohedral fullerene dimers
C1200 and C1200, molecules, where N is the vibron number.

The values of Vibron number (N) can be determined by the relation:

N=% _2 (212 xg=—t

= (13)
WeXg N+2

where we and weXe are the spectroscopic constants!®.17 of polyatomic molecules
of the stretching interaction of the molecule considered. This numerical value
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must be seen as an initial guess, i.e., depending on the specific molecular struc-
ture, changes in such an estimate can be expected, which, however, should not be
larger than +20 % of the original value of Eq. (13). It may be noted that during
the calculation of the vibrationa frequencies of the fullerene dimers C1200 and
C12002, the value of N is kept fixed and not used as a free parameter.

To obtain a starting guess for the parameter A, the expression for the single-
oscillator fundamental mode is used, which is given as:

E(v=1)=-4A(N-2 (14)
Using Eq.(14), A can be obtained as:
4N -1
To obtain an initial guess for the parameter /, the role of which isto split the
initially degenerate local modes, is obtained by considering the relation:
2=EBB (16)
2N

and for the hyperfine splitting of the spectrum, the corresponding algebraic para-
meter is:

(15

=
6N

To obtain better results, a numerical fitting procedure (in a least-square
sense) is required to obtain the parameters A, A, /. and A’ starting from the values
asgiven by Egs. (15)—(17). Theinitial guessfor A" may be taken as zero.

The fitting algebraic parameters used in the study of vibrational spectra of
the fullerene dimers C1200 and C1290> are given in Table |, whereasin Tables |1
and |11 are listed the calculated energies and their deviations from the results of a
theoretical functional-based tight-binding (DF-TB) calculation.

A 7)

TABLE I. Fitting algebraic parameters of the fullerene dimmers C;,00 and C;,00, (al the
parameters are given in cmrl, accept N, which is dimensionless)

Stretching algebraic parameters

Fullerene dimer Vibron number, N

A A 2
C10 140 -0.9473 0.0175 0.0034
C12002 140 -0.9367 0.0230 0.0050

TABLE II. Calculated energies (cmY) of the fullerene dimer C1500

Normal level 1 1 (this study) NG 100(1-1D/1
21 526.60 526.70 -0.10 0.00019
12 529.50 529.55 -0.05 0.00009
V3 531.50 531.60 -0.10 0.00018
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TABLE Il. Continued

Normal level e I (this study) = 200(1—1)/1
va 563.50 564.27 —0.77 0.00136
Ve 568.30 567.90 0.40 0.00070
Ve 573.40 572.90 0.50 0.00087
vy 576.30 576.93 -0.63 0.00109

TABLE III. Calculated energies (cm'™l) of the fullerene dimer C1500-

Normal level 11 1 (this study) A(ID 100(1-11)/1
21 520.80 520.85 -0.05 0.00009
Vo 525.10 525.05 0.05 0.00009
V3 527.30 527.29 0.01 0.00001
vy 529.60 529.81 -0.21 0.00039
Vs 563.70 564.25 -0.55 0.00097
Ve 569.30 568.73 0.57 0.00100
V7 576.70 576.85 -0.15 0.00026
CONCLUSIONS

The algebraic model presented herein is a model of coupled one dimensional
Morse oscillators describing the C-C, C-O stretching vibrations of the fullerene
dimers C1200 and C12002. By making use of this algebraic model, the com-
plicated integrations in the solution of coupled differential Schrédinger equations
can be avoided. For the C—-C and C-O stretching inter-bond interactions, this mo-
del can be useful in a simple and straightforward way and very reliable in the
calculation with a small number of algebraic parameters. In this study, we pre-
sented only asmall number of the fundamental modes of vibrations of C1200 and
C12002 are presented, which are in good agreement with the results of functio-
nal-based tight-binding (DF-TB) calculations.11 Hence, the method suggests that
with the further advancement of this U(2) algebraic model, other modes of vibra-
tions of the molecules could also be explained and predicted for the interest of
further experimental studies. This method has already successfully explained the
vibrational spectra of many simple and polyatomic molecules. Thus, it can be con-
cluded that the U(2) algebraic method is a successful alternative theoretical ap-
proach to explore the hitherto unknown vibrational states of polyatomic molecules.

U3BO[J
UCIIUTUBAILE BUBPALIMOHE CITEKTPOCKOITMJE UCTE3AIbA
C1200 1 Cy200; Y3 TOMOR U(2) TUEBE AJITEBPE
RUPAM SEN1, ASHIM KALYAN1 u RAMENDU BI—U-\'I"T/-\CI—{ARJEE2

IDepartment of Physics, Srikishan Sarda College, Hailakandi-788151, India u
ZDepartment of Physics, Assam University, Silchar-788011, India

HuBoun BubpanunoHux enepruja numepa enpoxenpanHux gynepeHa Cq200 u Cq00;, cy
n3pauyyHaBaHu kopuurhewem U(2) anrebpe, ysumajyhu y od3up noxanHe XaMWUITOHMjaHe
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Mop3seosux noreHuyjana. Ceaka MoeKyJicka Be3a je 3aMemeHa oarosapajyhom Jluesom anre-
Opom, a 3aTuMm je, y3umajyhu y ob63up unrepakuuje Kasumup u MajopaHa onepaTopa, KOHC-
TpyucaH XaMunToHdjaH. OCHOBHU MapamMeTpy BUOpallMOHOT MOJa UCTe3ama 00a Jumepa cy
3aTHM H3padyHaTH IPUMEHOM OBOT XaMWJITOHHjaHa M ynopheHHu ca pesynTaTiMa H3padyHa-
Bamka MeTofoM (yHKIMOHA/IHE TYCTHHE U jake Be3e (functional-based tight-binding - DFTB).

(ITpummeHo 31. jaHyapa, pesunupano 8. jyna 2012)
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Extraction of Sm(l11) and Nd(I11) with
N,N,N’,N’-tetr abutyl-3-oxy-diglycolamide
from hydrochloric acid

JNHONG YANG, YU CUI*, GUOXIN SUN, YONG NIE, GUANGMING XIA
and GENGXIU ZHENG

School of Chemistry and Chemical Engineering, University of Jinan, Jinan, 250022, China
(Received 22 September 2011, revised 13 July 2012)

Abstract: The behavior of Sm(l11) and Nd(Ill) during extraction with
N,N,N’,N'-tetrabutyl-3-oxa-diglycolamide (TBDGA) in 70% kerosene-30 %
n-octanol from hydrochloride acid was studied. The effects of temperature and
the concentrations of hydrochloric acid and extractant on the distribution of the
rare earth elements were investigated. The extraction mechanism was esta-
blished and the stoichiometry of the main extracted species was confirm to be
SmCl;-2TBDGA and NdCl;-2TBDGA for Sm(I11) and Nd(I11), respectively.
The extraction distribution ratio decreased with increasing temperature, which
demonstrates that the extraction reaction is exothermic. The IR spectra of the
loaded organic phase and free extractant were recorded and are discussed.

Keywords: 3-oxa-diglycolamide; hydrochloric acid; stoichiometry; lanthanides,
distribution ratio.

INTRODUCTION

The rare earth elements have an important position in the exploration and
preparation of new functional materials due to their electronic configuration and
changeable radius of their atom and ion. Therefore, pure and simple rare earth
elements are necessary.! Solvent extraction has been the main means in partition
and purification of rare earth elements due to its rapid reaction rates and good
separation effects.23

Although tetrabutyl phosphate (TBP) has been used, 3-oxy-diglycolamides
were selected as prospective extractants in this research project because they are
widely used in nuclear fuel reprocessing. The products of radiolytic and hydro-
lytic degradation of amides are less detrimental to the extraction and separation
processes than those of organic phosphorus extractants.4® The amide ligands are
completely incinerable, which implies that secondary wastes generated during

* Corresponding author. E-mail: chm_cuiy@ujn.edu.cn
doi: 10.2298/JSC110922077Y
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nuclear waste treatment could be significantly reduced.67 Moreover, they exhi-
bited higher extractability than amides due to the soft ether oxygen atom.8 The
extraction behavior of actinides and lanthanides with 3-oxy-diglycolamides from
nitric acid medium has been reported.%-12 However, rare earth elements are
usually recovered from hydrochloric acid medium. Therefore, it is important to
study the extraction and separation of lanthanides with new extractants from hyd-
rochloric acid medium. The extraction of lanthanides from hydrochloric acid me-
dia is very important for the hydrometallurgy and recycling process of lantha-
nides. To the best of our knowledge, there has only been one report3 of the ex-
traction performances of lanthanides from HCI with amides.

The effect of diluents on the extraction behavior of the neutral extractant was
reported in a previous paper.14 It was found that the extraction capacity was re-
lated to the polarity of the diluents. The extraction distribution ratios were lower
in akane and/or aromatic diluents than that in mixed diluents composed of a
polar alcohol and an alkane. The extraction behavior of lanthanides with
N,N,N’,N'-tetrabutyl-3-oxa-diglycolamide (TBDGA) employing a 70 % kero-
sene-30 % n-octanol mixture as diluent from a hydrochloric acid system was
investigated in this work. Kerosene and n-octanol were selected they are cheaper
than other solvents.

EXPERIMENTAL
Reagents
N,N,N’,N'-Tetrabutyl-3-oxy-diglycolamide (TBDGA) was laboratory synthesized in a
three-step process.” The final product was characterized by elemental analysis and IR and 'H-

NMR spectroscopy and the purity was higher than 98 %. The other employed chemical
reagents were all of A.R. grade.

Preparation of the Sm(111) and Nd(l11) solutions

Sm,0; (1.7436 @) was dissolved in 20 mL of 12.66 mol-dm™ HCI solution and the so-
lution was then evaporated carefully to dryness. The residue was dissolved in 2 mL 12.66
mol-dm™® HCl and diluted to 100 mL with distilled water. The obtained solution contained
0.100 mol-dm™ Sm® and 0.25 mol-dm™® HCI. A series of 4.00x10® mol-dm™® Sm® solutions
were then prepared by quantitative dilution. The Nd(l11) solutions were prepared in a similar
method.

Extraction of Sm(l11) and Nd(l11) with TBDGA

In the studies of the extraction distribution of Sm(l11) and Nd(I11), solutions of the de-
sired concentration of TBDGA in 70 % kerosene-30 % n-octanol were employed after pre-
equilibration with the respective acidities. Equal volumes of organic and agueous phases were
agitated for 30 min (enough for equilibrium) at 25 °C under the desired experimental con-
ditions. The two phases were then centrifuged and assayed by taking known aiquots (0.05—
—0.10 mL) from the agueous phase. The concentrations of Sm(I11) or Nd(lI1) remaining in the
sample were determined by the Arsenazo-111 visible spectrophotometric method!® and those in
organic phase were obtained by subtracting the agueous concentrations from the total initial
aqueous concentration of Sm(I11) or Nd(lI1). The extraction distribution ratio (D) was cal-
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culated as the ratio of the concentration of Sm(I11) or Nd(I11) in the organic phase to that in the
agueous phase.
Characterization of the extracted species

After the extracted species had been prepared, the TBDGA solution was shaken with a
concentrated solution of SmCl; or NdCls, centrifuged and the organic phase separated. The
organic solvent was removed and the IR spectra of the residue were recorded using an FTS-
165 IR spectrometer in the range 400-4000 cm™. The scan times and the resolution were 60
and 2 cm™, respectively.

RESULTSAND DISCUSSION
Effect of HCI concentration

The effect of the concentration of HCI on the extraction behaviors of Sm(lll)
and Nd(I11) with TBDGA are shown in Fig. 1. The distribution ratios of Nd(I11)
increased with increase in HCI concentration in the range of 1.00-5.00 mol dm3.
However, the distribution ratios of Sm(l11) increased to a maximum value at
about 3.5 mol dm—3 HCI and then slowly decreased with further increase in the
HCI concentration. This phenomenon is different from that reported in nitric acid
medium.12 That the distribution of both Sm(l11) and Nd(Il1) increases signifi-
cantly under low acidity conditions may be due to the co-ion effect which plays a
crucial role. The coordinated anions formed by lanthanide ions and chloride an-
ions under high acidity could not be extracted, which resulted in the slow distri-
bution decrease for Sm(lIl). It is inferred that the extraction distribution of
Nd(I11) may reach a maximum value above 5 mol dm=3 HCI, which will be in-
vestigated further in future work.

70

- /.\I
60 —u—Sm

50 == .
Q a0l A/f‘
20|
20| /
10_- .%‘//

2 3
cHCl/mol -dm

_3:1 . 5

Fig. 1. Effect of the HCI concentration on the extraction distribution of Sm(l11) and Nd(I11).
ey = 4.00x10°3 mol-dm'3; crgpga = 0.10 mol -dm'3,
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Effect of TBDGA concentration

The chemical reaction involved during the extraction of metal ions from
hydrochloric acid medium by TBDGA in 70 % kerosene-30 % n-octanol can be
described as follows:

M3* + 3CI- + nTBDGA = MCl3:nTBDGA 1)

where n was determined by slope analysis method. The logarithm of the distri-
bution ratio is plotted as a function of the logarithm of the initial concentration of
TBDGA in Fig. 2. The distribution ratio increases with an increasing concen-
tration of TBDGA.
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Fig. 2. Effect of the TBDGA concentration on the extraction distribution of Sm(l11) and
Nd(I11). ¢y = 4.00x103 mol-dm3; ¢y = 2.50 mol -dm3,

The plots of log D vs. log TBDGA for both Sm(l11) and Nd(l11) gave slopes
of about 2, which suggests that the stoichiometries of the extracted species were
SmCIl3-2TBDGA and NdCl3-:2TBDGA. Thus, the chemica reactions can be
expressed as follows:

Sm3* + 3CI- + 2TBDGA = SmCl3-2TBDGA 2
Nd3* + 3CI-+ 2TBDGA = NdCl3-2TBDGA ©)]
The apparent equilibrium constants for Sm(I11) and Nd(I11), Kex1 and Kego,
respectively, are:
CsmCl3-2TBDGA )
2 c3 3
Csm3+CTBDGA C|—7/|V|3+ cl-

Kex1=
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CNdCl3-2TBDGA
2 3
Cnge CFanca Sy Tvs o
where ysm3+, yng3+ and yo- are the activity coefficients of Sm3*, Nd3* and Cl-,
respectively.
The total concentration of Sm(I11) and Nd(II1) in agueous phase can be
written:

®)

Kex2 =

cm =Cya+ (1+ Aicg) (6)
where f1 is the coordination constant of metal ions with CI—. It is much more
difficult for CI- to coordinate with Sm3* and Nd3* than with a water molecule.
Therefore, Eq. (6) can be simplified as:

Cv = Cy3+ (7
The distribution ratio (D) is given by:

Ch3+ C .
D= M3+ (o) _ MCl3-nTBDGA (8)
Cvi3+ Cvi3+

Hence, Kex can be written as:
D

3 @n
Coi-CTBDGA (o) Y M3+ -

The values of yy3+ and ygy-, calculated according to the Debye-Huickel For-
mula,16 were 0.9011 and 0.9659, respectively. The values of log Key calculated
from Eq. (9) are 2.30+0.12 for Sm3* and 1.82+0.05 for Nd3*.

Effect of temperature on the extraction distribution ratio of Sm(I11) and Nd(l11)

The effect of temperature on the extraction equilibrium is given in Fig. 3.
The distribution ratio decreased with increasing temperature, which demonstrated
that the extraction reaction is an exothermic process. The change in enthalpy, AH,
in each case was evaluated using the Van't Hoff Equation:

dlogD | -ArH§
o(L/T) |, 2.303R

Kex=

©)

(10)

The values of enthalpy change obtained for the extraction of Sm(Ill) and
Nd(I11) were —68.54 and —35.70 kJ mol~L, respectively. These values indicate that
the extraction reaction is enthalpy favored.1’

Spectroscopic studies of the extracted species

The IR spectrum of TBDGA and the extracted species are shown in Fig. 4.
Compared with the free extractant, the C=0 stretching vibration of the extracted
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species were shifted to lower frequencies, to 1619 cm—L for Sm(l11) and to 1623
cm1 for Nd(111). These results are consistent with the observation by Sasaki of
the complex of Eu(lll) with N,N,N’,N'-tetra(n-octyl)-3-oxy-diglycolamide
(TODGA),18 In addition, the C-O stretching band at 1134 cm1 in spectrum of
TBDGA was shifted dlightly after extraction.1> The above results indicate that
the three oxygen atoms of the two carbonyl groups and akoxy! group are all co-
ordinated with Sm(l11) and Nd(I1l) in the extracted species; in other words,
TBDGA is atridentate ligand.
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Fig.4. IR Spectra of the extractant and extracted speciesin 70 % kerosene-30 % n-octanol.
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CONCLUSIONS

Sm(l11) and Nd(II1) can be extracted effectively from hydrochloric acid
solution using TBDGA in 70 % kerosene-30 % n-octanol. The extractability of
TBDGA for Sm(l11) was higher than that for Nd(I11). The distribution ratio in-
creased with increasing concentration of HCl at low concentrations. The values
of D increased with increasing TBDGA concentration. The stoichiometries of the
extracted species can be described as SmCl3-2TBDGA and NdCl3-2TBDGA.
The extraction reactions are exothermic, and increasing temperature has a nega-
tive impact on the extraction process. From IR spectroscopy, it could be con-
cluded that TBDGA forms tridentate complexes with Sm(111) or Nd(l11) through
its three oxygen atoms of carbonyl group and alkoxy! group.
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Science Foundation of China (21077044 and 21171069) and Natural Science Foundation of
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U3BOI

EKCTPAKLIMJA Sm(III) ¥ Nd(I1I) B3 XJIOPOBOJOHUYHE KUCEJIMHE TTIOMORY
N,N,N'.\N'-TEPABYTWJI-3-OKCHU-IUTTIUKOJIAMU A

JINHONG YANG, YU CUI, GUOXIN SUN, YONG NIE, GUANGMING XIA u GENGXIU ZHENG
School of Chemistry and Chemical Engineering, University of Jinan, Jinan, 250022, China

Hcnurana je excrpaxkuuja Sm(IIT) u Nd(III) M3 XIOpOBOAOHMYHE KHUCENHWH momohy
N,N,N',N'-tepadytun-3-okcu-gurnukonamuna (TBDGA) y pactopy 70 % kepo3una—30 %
n-oKTaHona. McTpaeH je yTUlLaj KOHLeHTpalHUje XJT0POBOJOHUYHE KUCEIHHE, KOHLEHTpalLuje
eKCTpaHTa U TeMIeapaType Ha AUCTPUOYLIHjy OBUX PETKUX 3€Maba. YCTAHOBJbEH j€ EKCTpaK-
IMOHM MeXaHH3aM M NOTBpheHa je CTeXHOMeTpHja OCHOBHHUX €KCTPaXOBaHUX BPCTa:
SmCl3-2TBDGA 3a Sm(III) 1 NdCl3-2TBDGA 3a Nd(III). TucTpubyiMOHH 0OHOC eKCcTpakiyje
ce cMamwyje ca nosehamemM TeMreparype, ykasyjyhu zia je peakuuja ekcTpakiyje ersoTepmHa.
CHUMJBbEHH Cy U JUCKyTOBaHU MH(paupBeHu (IR) cnektpu opraHcke ¢ase U CI0DOOHOT eKc-
TpaHTa.

(ITpummeno 22. centembpa 2011, pesuaupano 13. jyna 2012)
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Abstract: In this study, the effect of deposition time and concentration of
NaNO, in the phosphate bath on the surface morphology of iron-phosphate
coatings on low carbon steel was investigated using scanning electron micros-
copy (SEM) and atomic force microscopy (AFM). The composition of iron-
phosphate coatings was determined using energy dispersive X-ray spectros-
copy (EDS) and X-ray diffraction (XRD), while surface coverage was eva-
luated by the voltammetric anodic dissolution (VAD) technique in the borate
solution. The addition of NaNO, to the phosphate bath significantly increased
the surface coverage since better packed crystals of smaller size, which favour
the phosphate nucleation, were obtained. It was aso shown that prolonged
deposition time increased the surface coverage, coating roughness and crystal
size in the lateral direction, atering also the crystal shape from large platelets
non-uniformly distributed on the steel surface during the initial time to better-
packed laminated and needle-like structures during prolonged exposure.

Keywords: low carbon steel; iron-phosphate coatings; surface coverage; VAD;
AFM.

INTRODUCTION

Corrosion resistance of a metal/organic coating system largely depends on
the pre-treatment of the metal surface prior to organic coating deposition. The
pre-treatment of the metal surface usually includes degreasing of the metal and
formation of a conversion coating on the surface with the aim of increasing the
corrosion resistance and adhesion strength between metal and organic coating. In
practice, zinc-phosphate coatings, manganese-phosphate coatings, zinc-manga-
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# Serbian Chemical Society member.
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102 POPIC et al.

nese-phosphate coatings and zinc-cal cium-phosphate coatings have usually been
used as conversion coatings on steel, aluminium, magnesium and zinc.1-° Iron-
phosphate coatings showed less corrosion stahility in respect to zinc-phosphate
coatings,>10-12 put together with top organic coatings, good corrosion protection
of steel could be achieved.11.13-19 |t was shown that steel pre-treatment with an
iron-phosphate coating increased the adhesion strength of the organic coating, as
well as the corrosion stability of the protective system, as compared to organic
coating on a bare steel substrate.313.14 The advantages of iron-phosphate pre-
treatment are the simple and cheap equipment and waste water treatment.

The quality of the iron-phosphate layers greatly depends on the fraction of
the total surface area covered by the phosphate coating. Various factors affect the
surface coverage, in particular the composition of the deposition bath, bath tem-
perature, deposition time, the morphology of the deposit and additives (accele-
rators) used in the electrolyte.

Various types of chemical accelerators for phosphating can be used, such as
sodium nitrite, nitrates and chlorates.1.3-510-12 previous research?0.21 indicated
that iron-phosphate coatings on steel surface do not have great surface coverage.
It was shown that the addition of formic acid, sodium chlorate, or sodium nitro-
benzenesulphonate in the phosphating solution increased the surface coverage of
phosphate coatings.17:18,20,22

The surface coverage of phosphate coatings is usually measured using elec-
trochemical methods: polarization resistance measurements,23-25 electrochemical
impedance spectroscopy,24-26 corrosion potential and corrosion current measu-
rements.2427 The voltammetric anodic dissolution (VAD) technique,28-30 as an
electrochemical method for the determination of surface coverage, has been used
lately. This technique is based on the dissolution and passivation of a coated or
uncoated meta surface.

In this work, the surface morphology of iron-phosphate coatings deposited
on low carbon steel was investigated as a function of the deposition time and
concentration of NaNO in the phosphating bath. The surface coverage of these
coatings was quantitatively determined using the VAD method, with the aim of
obtaining iron-phosphate coatings with the highest surface coverage and, conse-
quently, with better corrosion stability.

EXPERIMENTAL

Sample preparation

Low carbon stedl panels (50 mmx25 mmx0.8 mm) were used as the substrate for iron-
-phosphate coating deposition. The chemical composition of the low carbon steel was (wt. %):
C, 0.119; Si, 0.019; Mn, 0.250; P, 0.019; S, 0.014; Cr, 0.012 and Ni, 0.019.

Prior to the deposition of the iron-phosphate coatings, the steel panels were polished with
SiC papers #220, #400 and #600, degreased in 0.2 g dm3 nonylphenol ethoxylate at room
temperature for 5 min and rinsed with ditilled water. The iron-phosphate coatings were
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IRON-PHOSPHATE COATINGS MORPHOLOGY 103

formed chemically by immersion in the phosphating bath containing 0.92 g dm= H3PO,, 0.34
g dm3 NaOH and 0.125 g dm3 nonylphenol ethoxylate at 50 °C for different times (from 30 s
to 15 min). The iron-phosphate coatings were deposited on steel in the phosphating bath
without or with the addition of NaNO, as an accelerator, at different concentrations. 0.1, 0.5
and 1.0 g dm3. All solutions were prepared with analytical grade chemical compounds and
deionised water.

Surface cover age measurements

The surface coverage of the iron-phosphate coatings on low carbon steel was determined
using the electrochemical voltametric anodic dissolution (VAD) technique, in which the
passivation charge of the substrate is measured. The VAD was recorded in 0.3 mol dm3
H3BOj; + borax (Na,B,07-10H,0), pH 7.6, with a potential sweep rate of 2 mV s starting
from the open circuit potential (OCP), using a GAMRY Reference 600 potentiostat—galva-
nostat/ZRA.

Borate solution was chosen because when immersed in this solution during anodic po-
larization, low carbon steel actively dissolves at potentials near to the corrosive ones,31-33
while further polarization leads to steel passivation. In addition, it was stated in the literature?®
that iron-phosphate coatings do not dissolve in neutral solutions.

Surface morphology

The surface morphology of the bare steel and iron-phosphate coatings on steel was
investigated by atomic force microscopy (AFM), operated in the contact mode under ambient
conditions, at a scan rate 0.7 Hz, scan angle 0, scan points 256 and scan lines 256 using an
Asylum model MFP-3D microscope.

The microstructure of the iron-phosphate coatings was examined by scanning electron
microscopy (SEM) using a JSM-6390 LV (JEOL) instrument. The compositional analysis was
realized using an energy dispersive spectroscopy (EDS) attachment on the scanning electron
microscope.

XRD measurements

X-Ray diffraction (XRD) measurements were performed on a Philips PW 1050 powder
diffractometer with Ni filtered CuK , radiation (4 = 1.5418 A) and a scintillation detector
within the 15-80° 26 range in 0.05° steps with a scanning time of 45 s per step. The quailta:
tive analysis of the samples was performed by XRD analysis based on the identification of the
peaks using commercialy available EVA software (DIFFRACplus EVA). The phases were
identified using the Powder Diffraction File (PDF) database (JCPDS, International Centre for
Diffraction Data).

RESULTS AND DISCUSSION

Surface morphology

The surface morphology of iron-phosphate coatings was investigated using
the SEM and AFM techniques, commonly used in analyzing the surface mor-
phology of coatings.3435 Low carbon steel was phosphated for different times: 5,
10 and 15 min, with the aim of investigating the influence of deposition time on
the morphology and composition of the iron-phosphate coatings. Fig. 1 shows
The SEM microphotographs of the bare steel (@) and of the iron-phosphate
coatings deposited at different times (b, ¢ and d). The sporadic small spots on the
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bare stedl (Fig. 1a) are probably the result of mechanical damage during polish-
ing. The different surface coverage of steel with iron-phosphate coatings depo-
sited for different phosphating times can be seen in Figs. 1b-1d. Small crystal
nuclei of the iron-phosphate coating sporadically emerged during a deposition
time of 5 min, while bigger crystals grew during longer deposition times.

(©) (d)
Fig. 1. Microphotographs of the steel surface prior to (a) and after phosphating for
b) 5, ¢) 10 and d) 15 min.

The iron-phosphate crystals in the shape of platelets, non-uniformly distri-
buted on the steel surface were obtained during a deposition time of 5 min (not
shown). Their grain size, estimated by AFM, was 3-9 um, while longer depo-
sition times favoured lateral crystal growth of up to 15 um during 15 min (Fig. 2
and Table ). Based on severa AFM measurements on different surface spots, it
could be observed that during prolonged deposition, the crystals grew in the nor-
mal direction only up to 1.2 um in height, regardless of the deposition time. The
values of surface roughness (RMS), derived from AFM images, are presented in
Table |I. The RMS value for the polished bare steel was 55 nm, while the RMS
values of the iron-phosphate coatings deposited up to 10 min significantly in-
creased to 280 nm. The observed increase in roughness is the result of the nuc-
leation and growth of iron-phosphate crystals on the steel surface with prolonged
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deposition time. It could also be noticed that the values of the RMS did not sig-
nificantly change deposition times longer than 10 min were employed.

(=3
o~

nm

1) L) L] L L)
0 0 5 10 15 20
um um

Fig. 2. AFM Image and height profile of the iron-phosphate coating on steel
deposited during 15 min.

TABLE I. The values of RMS, grain size, passivation current, i,, passivation charge density,
Qpass» SUrface coverage, ©, and composition of the iron-phosphate coatings deposited with and
without NaNO, in the plating bath

Deposition c(NaNO,) RMS Grainsize |, Qpass ®  Concentration

Substrate  time, min  gdm?3 nm  range pA cm?ZmCcm? % a. %
pm O P Fe
Bare steel - - 55 - 294 12.3 0 - - =
Iron- 5 0 215 39 208 914 26.1 2.051.0396.92
phosphate 0.1 - - 122 548 553 - - -
coating 0.5 147 4-6 110 496 59.5 7.884.6780.14
10 - - 95 430 649 - - -
10 0 280 4-10 161 758 382 3.412.6693.93
15 0 270 5-15 149 7.26 40.8 5.87 3.6690.46

The EDS measurements provided information about the concentrations of
particular elements on the surface of the phosphate coatings. The EDS spectra
showed that the iron-phosphate coatings contained iron, oxygen and phosphorus.
The semi-quantitative elemental compositions, obtained from the EDS analysis,
are given in Table |. It could be noticed that the concentrations of oxygen and
phosphorus increased with increasing deposition time, while that of iron de-
creased, indicating the growth of phosphate coatings with longer deposition time.

The phase composition of iron-phosphate coatings was determined by XRD
analysis (Fig. 3). The phases present in the phosphate layers were mainly FePO4
(according to PDF No. 01-072-2124 (ICSD 040863)), FeoO3 (according to PDF
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No. 00-052-1449) and Fe3O4 (according to PDF No. 01-079-0416 (ICSD
065338)).

0 Fe * FeH,P,0
1200 A8
]
Fe03 Fe,0,
Fe(PO
900 e
3
©
>
= 600
[y
Q
£
|}

20 30 40 70 80

0

2 8/ deg
Fig. 3. XRD Pattern of an iron-phosphate coating on steel (deposition time: 5 min).

The formation of iron phosphate coating on steel occurs through reactions

(1) and (2).8 NaH2POy is formed from the H3PO4 and NaOH present in the plat-
ing bath:

Fe + 8NaH2PO4 + 4H20 + 20, — 4Fe(H2PO4)2 +8NaOH Q)

2Fe(H2PO4)2 + 2NaOH + 1/20, — 2FeP0O4 + 2NaHoPO4 + 3H O (2)

In parallel, in the presence of oxygen (from the water-based phosphating
bath), metallic iron is oxidized and Fe(OH), and Fe(OH)3 are formed on the iron
surface. Iron hydroxides change gradually to iron oxide, Fe;O3 and Fe3Ogy, re-
sulting in the formation of a passive film on the steel .36

Based on the AFM results, it could be concluded that two types of phosphate
crystals were formed on the steel surface immersed in the phosphating sol ution:
platelets, during initial deposition time, and laminated and needle-like crystals,
during prolonged deposition times. The growth of iron-phosphate crystals starts
with heterogeneous nucleation on the steel surface. Initialy, the phosphate crys-
tals grow in both the normal and latera directions. During prolonged deposition,
the crystals grow in the normal direction only up to 1.2 um, regardless of the de-
position time. Longer deposition times favour lateral crystal growth, up to 15 um
for a deposition time of 15 min (Table ). Extension of the phosphating time also
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leads to the nucleation and growth of new crystals on the steel surface. In this
way, longer deposition times result in greater surface coverage (Figs. 1 and 2)
and greater amounts of phosphate deposit were obtained with greater amounts of
oxygen and phosphorus, determined by EDS analysis (Table 1). However, the
iron-phosphate coating formed on the low carbon steel was not compact and the
coating was significantly porous even after 15 min of phosphating.

Surface coverage

The surface coverage of iron-phosphate coatings on steel was determined by
the VAD method in borate solution. Severa solutions were tested but the borate
solution was the most suitable. Namely, during anodic polarization in borate so-
lution, steel is dissolved at potentials around the corrosion potentials, and during
further polarization steel passivated.

Since the iron-phosphate coatings on steel contain iron phosphate and iron
oxide,>8 their dissolubility in neutral borate solutions becomes questionable.
However, bearing in mind that the rate of dissolution of FexOg3 in dlightly acidic
and neutral solutions is very low,20.31,33,37 thjs solution was adequate. Ptacek et
al.20 also showed that the rate of iron phosphate dissolution in slightly acidic
solutionsis very low. Thus, it was concluded that VAD method in borate solution
could be used to determine the surface coverage of iron-phosphate coatings on
steel.

Anodic polarization curves for bare steel and steel with iron-phosphate coat-
ings in borate solution are shown in Fig. 4. During the anodic polarization of bare
stedl, the current passivation peak occurred at a potential of around -0.55 V.

] —UO— bare steel
0.30 4 —O— phosphated steel, 5 min
. 00 A .
o o phosphated steel, 10 min
1 5 \D\ —v— phosphated steel, 15 min
0.25 2 5
5 \
] S ‘\‘
‘\.‘E 0.20 + %
O ]
< 0.15
= ]
0.10
0.05
0.00 ; : . . . .
-0.8 . . . . . 0.2

E/Vyvs. SCE

Fig. 4. Voltammetric anodic dissolution (VAD) curves in borate solution (pH 7.6) for bare
steel and iron-phosphate coatings on steel, deposited during different deposition times.
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The iron-phosphate coatings decreased the anodic dissolution of steel, as
well as the anodic current passivation peaks (ip). Increasing the coating depo-
sition time resulted in decreased anodic dissolution of the steel. The values of
anodic current passivation peaks, determined from VAD measurements for each
phosphating condition, are given in Table I. The amount of passivation charge
density (Qpass) Was calculated based on the measured experimental data, i.e.,
from the value of the current of the anodic dissolution from the corrosion po-
tential to the passivation peak and the duration of anodic dissolution until the
passivation peak. Passivation charge density for bare steel surface was 12.26 mC
cm2. This charge is defined as Qpass (the standard passivation charge density).
The formation of the iron-phosphate coating on the steel surface led to a decrease
in Qpass.

Comparison of the passivation charge density of the bare substrate, Qfass,
and that of the coated substrate, Qpass, Supplies the surface coverage, which is
expressed by:

o=1- = )
Qpass
where @ is surface coverage, or the fraction of substrate area covered by the coa-
ting.

The values of the passivation charge density and surface coverage by the
iron-phosphate coatings obtained during different phosphating times are given in
Tablel.

Based on the results presented in Fig. 4 and Table I, it could be concluded
that the surface coverage by an iron-phosphate coating on the steel surface was
greater when the deposition time was longer. The surface coverage by the iron-
phosphate coating formed on the steel surface during 5 min was very low (26.1 %).
A longer deposition time (10 min) resulted in increased surface coverage of iron-
phosphate coating and the highest surface coverage (40.8 %) was obtained with
the longest deposition time (15 min). It should be noted that even the highest
surface coverage of 40.8 % is not actually significant, especially bearing in mind
the long deposition time. The results of the electrochemically obtained surface
coverage measurements (Fig. 4) are in a good agreement with the morphology of
iron-phosphate coatings, shown in Figs. 1 and 2. This means that the application
of the fast électrochemical method can very precisely determine the surface cove-
rage of the iron-phosphate coating on the steel surface.

The effect of NaNO»

Different amounts of NaNO»> were added to the phosphating bath with the
am of accelerating the formation process of iron-phosphate coatings and ob-
taining better surface coverage by the deposited coatings. The anodic polarization
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curves in borate solution are shown in Fig. 5. The obtained values of anodic
current passivation peaks, passivation charge density and the surface coverage of
the iron-phosphate coatings are givenin Table 1.

—0— bare steel
—ou— phosphated steel
0.30 —&—phosphated steel, 0.1 g dm’® NaNO,
. n
DDED D\ —v— phosphated steel, 0.5 g dm® NaNO,
C []\707 phosphated steel, 1.0 g dm” NaNO,
0.254 o il
[m} \\
i a
e 0.20 - &, b
o) ]
o E i
< | O
I 0.15 “:‘
-~ n
3 C
n
0.104 0
e
0.05
0.00
-0.8 -0.2

E/V vs. SCE

Fig. 5. Voltammetric anodic dissolution (VAD) curvesin borate solution (pH 7.6) for bare
steel and iron-phosphate coatings on steel deposited during 5 min without and
with different concentrations of NaN O, in the plating bath.

Based on these results, it could be concluded that the addition of NaNO» to
the phosphate solution significantly increased the surface coverage. Even a small
amount of NaNO5 (0.1 g dm=3 NaNOy) in the plating bath increased the surface
coverage from 26.1 to 55.3 % (Table 1). On increasing the NaNO» concentration
in the bath resulted in even higher surface coverage. The highest surface cove-
rage (64.9 %) was obtained with 1.0 g dm=3 NaNO in the bath. A concentration
of 0.5 g dm=3 was chosen for further examination for both economical and envi-
ronmental reasons, since the surface coverage did not significantly increase when
the concentration of NaNO, was increased from 0.5 to 1.0 g dm=3.

In order to monitor the nucleation and initial growth of iron-phosphate coat-
ings deposited having NaNO» in the bath, the morphology of the coatings depo-
sited from a bath with 0.5 g dm=3 of NaNO, during different times was analyzed
(Fig. 6). It is evident that even after 0.5 min, centres of phosphate crystal nuc-
leation had been formed (Fig. 6b). Extending the phosphating time to 1.0 min
caused further growth of the single phosphate crystals (Fig. 6¢). After 5.0 min of
phosphating, the whole surface was covered with phosphate crystals. The iron-
phosphate coatings deposited on the steel surface were mixtures of laminated and
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needle-like structure, the needle-like structure of phosphate crystals being domi-
nant (Fig. 6d).

T 20gpm

(d)
Fig. 6. Microphotographs of the steel surface prior to (a) and after phosphating with 0.5 g dns3
NaNO, in the plating bath for b) 0.5, ¢) 1 and d) 5 min.

The EDS spectrum showed that iron-phosphate coating formed in the phos-
phate bath with NaNO, during 5 min contained iron, oxygen and phosphorus.
The concentrations of the individual elements are presented in Table | (blank
cells in Table | are for the samples where EDS analysis was not performed).
Comparing these results with the results obtained for the iron-phosphate coatings
deposited during the same time without the accelerator in the bath (Table I), it
could be concluded that a significant increase in the concentration of phosphorus
on the steel surface (nearly five times greater) was accomplished with the accele-
rator in the phosphating bath.

The values of the RMS and grain size of the iron-phosphate deposits ob-
tained in the phosphating bath with 0.5 g dm—3 NaNO, for different phosphating
time are presented in Table I1. The AFM of the iron-phosphate coating confirmed
that the centres of phosphate nucleation had been formed on the steel surface
aready after 30 s of phosphating. The size of formed phosphate nuclei were 0.3—
—0.7 um (Table I1). The surface roughness remained unchanged as compared to
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that of the bare steel surface (52 nm, Table I1). Extension of the phosphating time
to 60 s led to an increase in the size of the phosphate crystals, which were as
large as 3 um. These crystals did not have a defined form and they were dis-
persed over the steel surface covering 20-30 % of the surface area. The surface
roughness was increased and had a value of 127 nm. Further extension of the
phosphating time to 5 min significantly increased the amount of phosphate crys-
tals. The structure of these crystals could be defined as mostly laminated and
needle-like structures with a size of the crystal ranging from 4 to 6 um. Surface
roughness has been dlightly increased and amounts 147 nm.

TABLE Il. The values of RMS and grain size of bare steel and iron-phosphate coatings on
stedl deposited with 0.5 g dm3 NaNO, in the plating bath for different deposition times

Substrate Deposition time, min RMS/ nm Grain size range, pm
Bare steel - 55 -
Iron-phosphate coating 0.5 52 0.3-0.7

1.0 127 2-3

5.0 147 4-6

Based on these results, it could be concluded that the presence of the accele-
rator NaNO» in the iron-phosphating bath resulted in a faster nucleation of phos-
phate crystals. The size of these crystals was smaller in comparison to those ob-
tained in the phosphating solution without an accelerator. These results suggest
that the NaNO» causes a decrease in the crystal size. Namely, the smaller crystal
size obtained in the bath with NaNO, indicates that this additive has an effect on
surface activation, favouring phosphate nucleation and leading to the formation
of smaller crystals. In the presence of the accelerator, the concentration of phos-
phate crystals on the steel surface increased and crystals were more tightly
packed. In addition, the roughness of the iron-phosphate coating decreased (Tab-
les | and I1). The higher concentration of phosphate crystals on the steel surface
leads to an increase in the surface coverage of the iron-phosphate coating.

The higher surface coverage of iron-phosphate coatings on steel deposited
with 0.5 g dm—3 NaNO; in the plating bath during 5 min is also shown in Fig. 5
and Table I. It was not only higher than the surface coverage of iron-phosphate
coating deposited from the NaNOo-free plating bath during the same deposition
time, but also much higher even than the surface coverage of the iron-phosphate
coating deposited from the NaNO»-free plating bath during 15 min (Table I).
Thus, based on all the presented results, it could be concluded that the addition of
0.5 g dm—3 NaNO in the plating bath resulted in the completely different surface
morphology of iron-phosphate coating on steel (Figs. 1b and 6d) of better surface
coverage. Similar conclusions can be found in the literature for zinc-phosphate
coatings on steel when NaNO, was used as an accel erator.4:5,20,26,30,38-41
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CONCLUSIONS

It was shown that the growth of the phosphate crystals in both the normal
and lateral direction, monitored by AFM, SEM and EDS, started with hetero-
geneous nucleation on the steel surface. The phosphate crystals, in the shape of
platelets non-uniformly distributed on the steel surface, were formed during the
initial deposition time in a NaNOo-free bath. Extension of the phosphating time
resulted in the formation of phosphate crystals with laminated and needle-like
structures of increased roughness and increased phosphorous concentration, be-
cause of crystals growth. Consequently, the surface coverage determined from
current passivation increased with prolonged deposition time. The addition of
NaNO> to the phosphate solution significantly increased the surface coverage.
The so-obtained crystals were of smaller size and more densely packed, which
resulted in decreased coating roughness. They had laminated and needle-like
structure with the needle-like structure prevailing, as compared to the platelets
shape of the crystals obtained from a NaNOo-free bath. Smaller crystal size indi-
cates that this additive (NaNO») had an effect on surface activation, favouring
phosphate nucleation and leading to the formation of smaller and better packed
crystals.

Acknowledgement. This research was financed by the Ministry of Education, Science and
Technological Development of the Republic of Serbia, Grant I11 45019. The authors would
like to thank Yao Xiong, Ph.D. student, Institute for Corrosion and Multiphase Technology,
Ohio University, OH, USA, for helping in the AFM analyses, and Sanja Erakovi¢, PhD
student, Faculty of Technology and Metallurgy, University of Belgrade, for helping in the
XRD analyses.

M3BO[I

OIPEBHBAIBE IIOKPUBEHOCTH ITOBPIIMHE YEJTUKA T'BOXBE-®OCPATHHUM
[TPEBJIAKAMA AHOJHHWM PACTBAPAILEM ITPUMEHOM JIMHEAPHE BOJITAMETPUJE

JOBAH I1. TOTTHER", BOPE B. JEFHI/IEZ, JEJIEHA B. EAJATg, MHOJIPAT MHTPUER"
v BECHA B. MMIIKOBHR-CTAHKOBHER®

TyxT™ - Lentuap 3a enexinipoxemujy, Ynueep3utiewi y beoipagy, Fbeiowesa 12, beoipag, ZI/IHcmumym
T'OIIA, Munana Paxuha 35, 11000 Beoipag, 3Texnonowxo—memaﬂypwxu daxynivei,
Ynueep3utieti y beoipagy, Kapneiujesa 4, 11120 Beoipag u 4Hucmumyu7
3a HyKJeapHe Hayke Bunua, Ynueepsuinewi y beoipagy, u. up. 522, beoipag

Y oBoM pazy je, npuMeHOM cKeHHpajyhe enexTpoHcke MUKpockonuje (SEM) U MUKpo-
cxonuje mehyatomckux cuna (AFM), ncnuTuBaH yTULaj BpDEMEHA Tal0Kewha U KOHLEHTpaLyje
NaNO;, y pactBopy 3a docdarupawme Ha mopdonoryjy rsoxhe-gocdaTHux mpesraka Ha
HUCKO-YI/beHUYHOM uenuky. CacraB resoxhe—docdaTHux mpesnaka je opgpeheH mpruMeHOM
eHepreTcke fucrnepsvone aromcke aHanuse (EDS) u nudpakuujom X-3paka (XRD), nok je mo-
KPHUBEHOCT MOBPIIMHE ofpehHBaHa aHOOHUM pacTBapameM y HOpaTHOM pacTBOPY NPUMEHOM
nuHeapHe BonTamerpuje (VAD). ITokasaHo je na mopatak NaNO, y pactBopy 3a docdaru-
pame 3HayajHO noBehaBa NOKPUBEHOCT IOBPIIKHE YesuKa, jep ce hopMupajy dosbe nakoBaHU
KpHUCTaIH, Mame Belnu4yuHe. [ly)ke BpeMe Talokewma Takohe nosehaBa IOKPHUBEHOCT IOBp-
IIMHE, Ka0 U XpanaBoCT NMpEBJaKke U WHUPUHY KpucTana. OBMuK KpuUcTala ce TOKOM MIy’Ker
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eMEeHa Ta/loKeha Mewa 0] KpucTana y 0dauky sehux minouya HeyHubOpMHO pacrnopeheHux
NOBPLIMHY YeIHKa, Ka 00Jbe MaKOBaHUM JAMUHAPHUM H UTJIMYACTUM KPUCTAIUMa.

(ITpumbeHo 6. jyna, pesupupano 13. centembpa 2012)
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Abstract: A simple micelle-mediated phase separation method has been de-
veloped for the pre-concentration of trace levels of iron as a prior step to its
determination by flame atomic absorption spectrometry (FAAS). The method
is based on the cloud point extraction (CPE) of iron using the non-ionic
surfactant poly(ethyleneglycol-mono-p-nonylphenylether) (PONPE 7.5) with-
out the addition of any chelating agent. Several variables affecting the ex-
traction efficiency were studied and optimized utilizing a central composite
design (CCD) and a three-level full factorial design. Under the optimum con-
ditions, the limit of detection (LOD), limit of quantification (LOQ) and pre-
concentration factor were 1.5 pug L1, 5.0 pug L1 and 100, respectively. The
relative standard deviation (RSD) for six replicate determinations at 50 pg Lt
Fe(lll) level was 1.97 %. The calibration graph was linear in the range of
5-100 g L-1, with a correlation coefficient of 0.9921. The developed method
was validated by the analysis of two certified reference materials and applied
successfully to the determination of trace amounts of Fe(lIl) in water and rice
samples.

Keywords: iron; ligand-less cloud point extraction; central composite design;
full factorial design; flame atomic absorption spectrometry; rice samples.

INTRODUCTION

Iron is the fourth most abundant element in the earth’s crust. There is an
increasing interest in its determination due to its vital importance for living orga-
nisms and the consequent role in global carbon cycling. Iron deficiency in food
may cause diseases, such as anemia. Many researchers and the World Health Or-
ganization (WHO) are therefore recommending fortification of food, mainly of
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grain products, with iron as one of the best options to combat its deficiency.l
However, too much Fe is harmful and can be toxic when exposures exceed the
physiological requirements. In drinking waters, a sanitary security limit for iron
was restricted to 2 mg L~1 by the WHO.2 Therefore, it is essential to establish
simple, rapid, and efficient methods for the monitoring of iron at trace levelsin
environmental, biological and food samples.

Various methods have been developed for the trace determination of iron, in-
cluding flame atomic absorption spectrometry (FAAS),3-5 electrothermal atomic
absorption spectrometry (ET-AAS),8-9 inductively coupled plasma optical emis-
sion spectroscopy (ICP-OES),10 inductively coupled plasma mass spectrometry
(ICP-MS),1112 X-ray fluorescence,13 spectrophotometry,14.15 and electroanal-
ytical techniques.16-18 However, each of these methods have advantages/li-
mitations regarding cost, interferences and especialy limits of detection. In com-
parison with other instrumental analytical techniques, FAAS is less expensive,
faster and widely available. However, it has a limited sensitivity regarding metal
ions determination in complex matrices, such as biologica and food samples.
Therefore, a preliminary separation and pre-concentration step prior to its de-
termination is often required.

Severa techniques have been developed for the separation and pre-concen-
tration of trace amounts of iron, including co-precipitation, ion-exchange sepa-
ration, liquidiquid extraction (LLE), solid phase extraction (SPE), and cloud
point extraction (CPE). CPE is a separation and pre-concentration procedure that
has been applied for trace metal determination in several different matrices.19-22
Its mgjor advantages are simple experimental procedures, low cost, high pre-
concentration factors and environmental safety.23 These aspectsincludeit in aset
of analytical methods in agreement with “green chemistry” principles. When a
micellar solution of a nonionic or weakly polar surfactant is heated up, the pola-
rity of the surfactant is decreased. Above a certain temperature, called the cloud
point, the polarity is almost displaced and, hence, the surfactant molecules sepa-
rate out from the aqueous phase. As a result, the clear solution becomes turbid
and phase separation occurs. At the cloud point, the homogenous surfactant so-
lution separates into two phases, one of which, called the surfactant-rich phase,
contains most of the surfactant, while the other phase, called the aqueous phase,
contains mostly water and surfactant monomers at a concentration near the cri-
tical micelle concentration (CMC). The hydrophobic compounds initially present
in the solution and bound to the micelles will be extracted to the surfactant-rich
phase, which leaves only avery small portion in the agueous phase.23

Metal ions could be extracted into the surfactant-rich phase directly or after
complex formation with a suitable ligand. Method development for ligand-less
CPE requires the optimization of several experimental parameters, such as pH,
concentration of surfactant, ionic strength, etc. In traditional strategies, only one
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variable is changed whilst al the others remain constant. This approach does not
alow the study of changes in the response that may occur when two or more
factors are modified simultaneously. Furthermore, the optimization of the in-
fluencing parameters using “one variable-at-a-time” optimization method re-
quires many experiments. Experimental design is an aternative to this strategy
because it allows a large number of factors to be screened simultaneously and
provides less ambiguous data. Furthermore, experimental designs combined with
a response surface methodology help to visualize relationships between the res-
ponses and factor levels, which alow researchers to locate the region of the
highest response values.24

In the present work, a ligand-less CPE method was developed for the sepa-
ration and pre-concentration of Fe(l11) in drinking water and rice samples prior to
its determination by FAAS. In this CPE system, poly(ethyleneglycol-mono-p-
nonylphenylether) (PONPE 7.5) was used as both the chelating agent and extrac-
tant. In addition, since the cloud point temperature for the employed ethanolic
solution of the micellar system is around 25 °C, the requirement of a heating
system to reach the phase separation was unnecessary. All these mentioned
features are very important contributions because the majority of the methodo-
logies reported in the literature require a heating step and a chelating reagent to
realize the cloud point extraction process.2> As a considerable number of vari-
ables can affect the extraction efficiency in aligand-less CPE procedure, optimi-
zation and assessing of the proposed method were performed with the aid of
experimental design and a response surface methodology (RSM). A central com-
posite design (CCD) and a three-level full factorial design were employed for the
determination of optimized experimental conditions for the ligand-less CPE of
Fe(l11) ions from real samples.

EXPERIMENTAL
Apparatus

A Varian model SpectrAA 220 (Mulgrave, Victoria, Australia) flame atomic absorption
spectrometer, equipped with a deuterium lamp background correction and an iron hollow
cathode lamp (operated at 15 mA) as the radiation source at the wavelength of 248.3 nm with
1 nm spectral band pass, was used. All of the absorbance measurements were performed using
an air/acetylene flame at flow rates of 3.5 and 1.5 L minl, respectively. A centrifuge
(Beckman GS-6, USA) was used to accelerate the phase separation process. The pH values
were measured with a Metronm pH meter (model 827, Switzerland), equipped with a
combined glass electrode. A thermostated water bath (Julabo) model GMBH D-77960 was
obtained from Germany. An electronic analytical balance (Mettler Toledo, PB303, Switz-
erland) was used for weighing the solid materials.

Sandard solutions and reagents

All employed chemicals were of analytical-reagent grade and all solutions were prepared
with deionized water (Shahid Ghazi Co., Tabriz, Iran). Stock solutions of iron and those used
for the interference study (1000 pug mL-1) were prepared by dissolving appropriate amounts of
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their corresponding salts in deionized water. The working standard solutions were prepared
daily by stepwise dilution of the stock standard solution with deionized water. Suprapur®
HNO; (65 %), H,SO, (95-98 %) and H,0, (30 %), used for sample digestion, ethanol and
sodium bicarbonate were purchased from Merck (Darmstadt, Germany).

As it is not possible to obtain a real agueous solution of the surfactant PONPE 7.5
(Tokyo Kasei Industries, Chuo-Ku, Tokyo, Japan) since the cloud point of its micellar
solution is markedly below room temperature, it was experimentally convenient to prepare a3
% (v/v) working solution by mixing 1.5 mL surfactant PONPE 7.5 with 20.0 mL ethanol
(Merck) in a50.0 mL volumetric flask and diluting to 50.0 mL with deionized water.

A stock buffer solution (0.2 mol L-1) was prepared by dissolving appropriate amounts of
sodium bicarbonate in deionized water and adjusting to pH 6 by adding a dilute HNO3 so-
lution. A 2 mol L1 NaNOj3 solution was used for the ionic strength study. Two standard
reference materials, SRM 1549 (Non-Fat Milk Powder) and SRM 1566b (Oyster Tissue)
(from the National Institute of Standards and Technology (NIST), Giathersburg, MD, USA)
were used for validation of the presented method. The pipettes and vessels used for trace
analysis were kept in 15 % (v/v) nitric acid at least overnight and subsequently washed three
times with deionized water.

Sample preparation

Tap water was obtained from the drinking water system of Azarshahr, Iran. After
sampling, a 50.0-mL aliquot of this sample was analyzed within 24 h of collection without
previous treatment or filtration.

After milling in a glass mortar, an accurately measured amount (25 mg) of a powdered
rice sample or a standard reference material (NIST SRM 1566b, Oyster Tissue) was heated to
dryness on a hot plate at a fairly low temperature in the glass beaker containing a mixture of
concentrated nitric acid 65 % (10 mL) and hydrogen peroxide 30 % (5 mL).2% After cooling to
room temperature, the residue was dissolved in a 1.0 mL of HNO3 0.1 mol L-1. After dilution
with deionized water, the pH was adjusted to nearly 6 by the addition of a dilute NaOH
solution. Then, the solution was transferred into a 50.0 mL volumetric flask and after dilution
to the mark with the deionized water, the concentration of Fe(l11) was determined as described
in the section “General procedure”. The same procedure was applied in the case of 1.0 g
certified material (NIST SRM 1549) using concentrated sulfuric acid (10 mL) and nitric acid
(4 mL) in the digestion step.

General procedure

For the cloud point extraction experiments, a 50.0 mL aliquot of a solution containing
Fe(lll) in the range of 5-100 pg L%, buffer solution (2x103 mol L1, pH 6), 0.5 mol L
NaNO3 and 0.2 % (v/v) PONPE 7.5 were placed in a screw-cap conical-bottom polypropylene
centrifuge tube. The mixture was diluted to 50 mL with deionized water. The resulting solu-
tion immediately became turbid at room temperature without heating. Phase separation was
accelerated by centrifuging the tubes at 4000 rpm for 10 min. Subsequently, the agqueous
phase was separated completely using a 10 mL syringe centered in the tube without cooling in
an ice bath. Then, the surfactant rich phase was heated in a water bath and the residue was
made up to 500 L by adding 0.1 mol L1 HNOj in ethanol to decrease the viscosity. Finaly,
the resultant solution was introduced into the flame of an AAS by conventiona aspiration.

Data analysis

MINITAB (Minitab Inc.), release 14.0, statistical package was used for the experimental
design, ANOVA and regression anaysis of the experimental data. The fit quality of the

Available online at shd.org.rs/JSCS/

2013 Copyright (CC) SCS




OPTIMIZATION OF CLOUD POINT EXTRACTION PROCEDURE 119

polynomial model equation was expressed by the regression coefficient R2, and its statistical
significance was checked by the Fisher F-test. The level of significance given as values of the
probability (p) was less than 0.05.

RESULTS AND DISCUSSION

In this study, ligand-less CPE combined with FAAS was developed for the
extraction and determination of Fe(ll1) ions in water and rice samples. The non-
ionic surfactant PONPE 7.5 was used as both the extracting solvent and chelating
agent. Based on previous studies, under appropriate conditions, PONPE 7.5 may
form a complex with Fe(l11) through its polyoxyethylene groups and thereby can
be extracted into the surfactant-rich phase.2’” Complex formation between the
ether linkages of PONPE 7.5 and some cations, such as Pb(l1), Al(111) and Co(ll),
has also been reported by other researchers.2528:29

Optimization of ligand-less CPE procedure

The aim of this study was to optimize the experimental conditions for high
extraction efficiency of Fe(l11) ions by employing the ligand-less CPE methodo-
logy. Different variables can affect the extraction efficiency in aligand-less CPE
procedure, i.e. surfactant concentration, pH, ionic strength, type of buffer and its
concentration, equilibrium temperature, incubation time, and centrifugation time
and speed, and in most cases they are optimized. Therefore, a multivariate ap-
proach is recommended for their optimization. However, some variables might
not have a significant effect and thus can be neglected. Based on previous ex-
perience,30 the equilibrium temperature and incubation time have no significant
effect upon the extraction efficiency, and a centrifugation time of 10 min at 4000
rpm is sufficient for complete phase separation. Therefore, the influence of five
factors on the extraction efficiency, namely surfactant concentration, pH, ionic
strength, buffer type and its concentration were studied and optimized utilizing
two optimization methods, i.e., a central composite design (CCD) and a three-
level full factorial experimental design. First, three factors (surfactant concentra-
tion, pH and ionic strength) were optimized using CCD, and in the second step,
after obtaining the optimum pH value from CCD optimization technique, the buf-
fer type and its concentration were studied and optimized utilizing a three-level
full factorial design.

Central composite design (CCD)

An optimization procedure was applied in order to determine the exact va-
lues of the most important factors to obtain high extraction efficiency. Systematic
optimization procedures are performed by selecting an objective function, finding
the most important factors and investigating the relationship between the res-
ponses and factors by the so-called response surface methodology (RSM). In this
study, CCD or Box-Wilson,3! one of the most commonly used response surface
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designs, was employed in order to determine the optimal conditions of the ex-
traction process using a ligand-less CPE. Three independent variables, namely
pH (X1), the surfactant concentration (Xo), and ionic strength (X3) were studied at
five levels with four replicates at the central point. In the circumscribed CCD
method, absolute upper and lower limits on certain factors are given, and these
are specified as the star points. The coded levels of the variables and their real
experimental values are given in Table |. The number of experimentsina CCD is
defined by the expression: (2f + 2f + C), where f is the number of variablesand C
is the number of central points.32 In this study, f and C were set at 3 and 4, res-
pectively. Therefore, 18 experiments had to be performed for the CCD. In order
to obtain a good estimate of experimental error (pure error), the 18 experiments
were performed in duplicate. The thirty-six experiments were randomized in
order to minimize the effect of uncontrolled variables, and divided into six blocks
to remove the expected variation caused by some change during the course of the
experiment. This design permitted the response to be modeled by fitting a se-
cond-order polynomial, which can be expressed as the following equation:

Yy = BotB1X1tBoXotf3Xz+B12X1 Xo+f13X1 X3+
+B23XoXz+p11X12+BooXo%+ f33X32 (€N

TABLE I. The variables and their coded values used in the central composite design (CCD)
Coded variables levels

Variable name Abbreviation ) ) 0 ) "
pH X1 2 4 6 8 10
PONPE 7.5 concentration, % v/v Xo 006 012 018 024 0.3
lonic strength, mol L1 X3 005 025 045 065 0.85

where y is the response function (recovery percentage), X1, Xo and X3 are the
three chemical variables, referring to the pH, concentration of PONPE 7.5 and
ionic strength, respectively), fo is the intercept, f1—53 are the linear parameters,
L1223 represent the interaction parameters and f11—-633 are the quadratic
parameters. After fitting the above equation by |east-squares regression, ANOVA
and regression analysis were employed to assess the significance of the variables.
Estimates of the 10 parameters contained in Eq. (1) obtained by the least squares
matrix are given in Table Il. The determination coefficient obtained for this
model was satisfactory (R2 = 0.9518) and the lack of fit was not significant.
These results show that the obtained model! is reliable. The random distribution
of the residual plot (residual vs. observed results) also confirmed this reliability
(data not shown). The levels of significance of the results, given as values of the
probability (p), are aso listed in Table Il. Vaues of p less than 0.05 were
considered as significant. Accordingly, among linear parameters, o and f3 were
not significant. However, their related quadratic and interaction parameters, i.e.,
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S22, B33 and B13, were significant. Based on the obtained results, all of three
variables were proved to have a significant effect on the extraction.

TABLE I1. Regression results and analysis of variance of the central composite design (CCD)

Parameter Parameter estimate p-value
Bo 46.56 0.01
B1 16.23 0.00
Bo 149.60 0.21
B3 -45.914 0.25
B11 -2.06 0.00
Boo -947.78 0.00
B -52.33 0.03
B2 17.47 0.08
P13 7.52 0.01
Bz 189.93 0.06

CCD was used to determine the variables that have a higher impact on ex-
traction recovery and adjust them to yield the maximum probable recovery. The
results may be used to give an insight on the robustness of the method close to
the optimum conditions and show possible variable interactions. In this respect,
the selection of the optimum conditions was enabled using the response surface
plots vs. the affecting parameters. The obtained regression models were used to
calculate the response surface for each variable separately. The response surface
plots for the extraction efficiency as a function of each pair of independent va-
riables are shown in Fig. 1. The response plots were generated with one variable
kept at its central level, and varying the others within the experimental range.
The response surfaces obtained for the pH and surfactant concentration, while
keeping the NaN O3 concentration constant at 0.45 mol L~1, are shown in Fig. 1a
As can be seen, these factors nonlinearly affect the response. The response reaches
the maximum value when pH and concentration of PONPE 7.5 are 6 and 0.2 %
(v/v), respectively. From the contour plot and the obtained results listed in Table
I1, there is no significant interaction between the two previously mentioned vari-
ables. Fig. 1b shows the response surface function devel oped by the model consi-
dering pH and ionic strength, while keeping the PONPE 7.5 concentration cons-
tant at 0.18 % (v/v). The response reaches the maximum value when 6.0 for pH
and 0.5 mol L—1 of NaNOj3 for ionic strength were taken, and from the contour
plot and the obtained results listed in Table I, there is a significant interaction
between these two variables. The response surface function developed by the mo-
del considering the concentration of PONPE 7.5 and ionic strength, while keep-
ing the pH value constant at 6.0 is shown in Fig. 1c, from which it can be seen
that these factors nonlinearly affect the response. The response reaches the maxi-
mum value when 0.2 % (v/v) for the concentration of PONPE 7.5 and 0.5 mol L-1
NaNQOs3 for the ionic strength were taken and from the contour plot and the ob-
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tained results listed in Table |1, there is no significant interaction between the two
previously mentioned variables. The levels corresponding to the maximum res-
ponse were selected as the optimum levels. Thus, the optimum conditions for li-
gand-less cloud point extraction were defined as. sample pH of 6.0, PONPE 7.5
concentration of 0.2 % (v/v) and ionic strength adjusted by 0.5 mol L1 NaNOs.
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Full factorial design

Based on the obtained results from previous studies,27:30:33 the type of buf-
fer and its concentration are important variables that affect the extraction effi-
ciency of ligand-less cloud point extraction of metal ions using the non-ionic
surfactant PONPE 7.5. Hence, after obtaining the optimum value of the pH, it
was necessary to find a suitable buffer and optimize its concentration. For this
purpose, another kind of response surface methodology, three-level full factorial
design (3f), was used. Thus, two variables that could potentially affect the extrac-
tion efficiency were identified as the type of buffer and its concentration. Each
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variable was studied at three levels (i.e., acetate, phosphate and bicarbonate buf-
fer solutions, as three levels of the first variable and 0.002, 0.006 and 0.01 mol
L~1 buffer concentrations, as three levels of the second variable). Therefore, nine
(32) experiments had to be performed and in order to obtain a good estimation of
the experimental error, the nine experiments were performed in duplicate. The
coded levels of the variables, together with their real experimental values, are
given in Table I1l. This design permitted the response to be modeled by fitting a
second-order polynomial and the optimum values of variables determined. From
the obtained model and response surfaces (not shown here), 2x1073 mol L1 bi-
carbonate buffer solution was selected for the subsequent experiments.

TABLE 1. Variables and values used for the three-level full factorial design
Coded factor levels

Variable name Abbreviation

-1 0 +1
Type of buffer X1 Acetate Phosphate  Bicarbonate
Buffer concentration, mol L1 X5 0.002 0.006 0.01

Sample volume and pre-concentration factor

The Fe(l11) concentration in real samples, such as natural waters, is usually
low. Thus, the sample volume is one of the most important parameters in de-
velopment of a pre-concentration method, since it determines the sensitivity en-
hancement of the technique. Thus, the effect of sample volume was examined in
arange of 10-65 mL for 50 pg L~1 Fe(l11) under optimum conditions. It was ob-
served that extraction efficiency of Fe(lll) was quantitative between 10-50 mL
and for the higher sample volumes, extraction efficiency decreased. Subse-
quently, a sample volume of 50 mL was selected for the further experiments.
Thus, by analyzing 0.5 mL of the final solution after the pre-concentration of 50
mL of sample solution, the pre-concentration factor was found to be 100.

Analytical figures of merit

Under the optimum conditions, a series of experiments were designed to de-
termine the linear range, precision, detection limit and enrichment factor. The
calibration graph was linear in the range of 5-100 pg L1, with a correlation
coefficient of 0.9921. The regression equation was A = 0.007cre + 0.043, where
A is the absorbance and cre is the Fe(l11) concentration in pg L=1. The limit of
detection (LOD) and limit of quantification (LOQ) (n = 6), caculated as three
times and ten times, respectively, the standard deviation of the blank signal di-
vided by the slope of the calibration curve, were 1.5 and 5.0 ug L1, respectively.
The relative standard deviation (RSD) resulting from the analysis of 6 replicates
of 50 mL solution containing 50 pg L1 Fe(l11) was 1.97 %. As the amount of
Fe(111) in the sample solution was measured with a final volume of 0.5 mL, the
solution was concentrated by a factor of 100. Therefore, the enrichment factor,
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defined as the ratio of between the volume of the initial sample solution and the
final volume of the surfactant-rich phase, was 100.

Interferences

The effects of foreign species on the determination of Fe(ll1) ion were inves-
tigated by measuring the absorbance of the solutions containing 50 pg L1 of this
ion in the presence of various amounts of other ions. The tolerance limit was
taken as the amount of added ion causing less than £5 % relative error (p < 0.05
at the 95 % confidence level) in the determination of Fe(ll1) ion. The maximum
tolerances to the investigated cations and anions are summarized in Table IV. It
can be seen that most of examined cations and anions did not interfere with the
extraction and determination. Therefore, the proposed method is selective for the
determination of Fe(lll). As shown later, these results allowed the interference-
free determination of Fe(l11) in water and rice samples.

TABLE IV. Tolerance limits of interfering ions in the determination of 50 pg L1 of iron by
means of FAAS

Coexisting ions Interferent to analyteratio
Nat, K*, Cs",Ca?*, Mg?*, Sn?*, CI-, Br, I, NOg, CO5% 1000:1

Ni2*, Cr3*, Bi3*, Zn?*, Ba?*, Co?*, Sr2* 500:1

VOy, Agt, Cu?* 100:1

Cd?t, PO,3, Ph?* 50:1

Application of the method

To test the reliability of the method, it was applied for the determination of
Fe(111) ions in water and rice samples. In order to verify the accuracy of the esta-
blished procedure, recovery experiments were also performed by spiking the
samples with different amounts of Fe(l11) before any pretreatment. The obtained
results are given in Table V. As can be seen, recoveries between 96.7 and 104.2 %
were obtained, which confirm the accuracy of the proposed method. Addition-
aly, the accuracy of the proposed procedure was verified by applying the method
to the determination of Fe(lll) in two standard reference materials, NIST SRM
1566b (Oyster Tissue), and NIST SRM 1549 (Non-Fat Milk Powder) with cer-
tified Fe(l11) contents of 205.8+6.8 and 1.78+0.1 pg g1, respectively. The ob-
tained value of Fe(l11) found in the former standard using the proposed procedure
was 207.2+5.3 ug g1 (mean + standard deviation, n = 3), which isin good agree-
ment with the certified concentration. However, in the case of the SRM 1549
standard, the found Fe(Il1) concentration was lower than detection limit of the
presented method. It can be concluded that the proposed method is accurate and
could be employed for the determination of Fe(l11) in complex matrices, such as
water and biological and food samples.
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TABLE V. Determination of iron in water and rice samples (results of recoveries of spiked
samples and certified reference materials)

Samples Found Fe® ugg! Added Fe, pgg? Found Fe?, pg gl Recoveryb, %
Tap water® 24.6+2.24 10.0d 34.5+2.19 99.0
Mineral water® 6.1+0.4d 10.0d 16.2+0.6 d 101.0
Ricer' 104.0+4.8 40.0 143.245.3 98.0
Rice,)9 118.0+6.5 40.0 159.7+7.1 104.2
Ricer" 146.045.9 40.0 184.747.6 96.7
SRM 1549 1.78+0.1 Not detected -

SRM 1566b 205.8+6.8 207.245.3 0.68K

a\ean + standard deviation, n = 3; Precovery (%) = 100(found—base)/added; Sfrom drinking water system of
Azarshahr, Iran; 9ug L™L; &rom Zamzam Co. Tabriz, Iran; i 9 @9 Ngrown in Thailand, Iran (Bafekr Co.) and
India (Sella Co.), respectively, and obtained from a local market (Azarshahr, Iran); 'certified value; Jassayed
value; Krelative error

Comparison of the presented method with other CPE/FAAS procedures

A comparison of the presented method with other CPE/FAAS procedures is
given in Table VI. Apparently, the presented method has a low LOD, high pre-
concentration factor and these characteristics are comparable or even better than
most of the other methodsin Table VI. Besides the advantages of the multivariate
optimization strategy, this methodology is a reproducible, smple and low cost
method. Thus, the presented method could be used for Fe(ll1) determination in
routine analytical laboratories.

TABLE VI. Comparison of the presented method with other proposed CPE methods coupled
with FAAS

Complexing

Sample Linear range Detection

agent Sample matrix volume, mL PFa ugLl  limit, ug Lt RSD / % Ref.
APDCP Water 10 50 <100 35 18 34
APDC Wine 10 NA ¢ <350 20 24 35
APDC Water 250 NA 10-100 NA NA 36
Ferrond Environmental, 15 30 10-400 0.4 2.4 19
biological
Ferron Water, Milk 20 75 10-250 1.7 2.1 20
IYPMIe Environmental, 15 30 10-300 2.8 2.0 21
biological
Neutral Redf Spice 25 98 2.5-200 0.7 21 22
Ligand-less Water, Rice 50 100 5-100 15 1.97 This
work
CONCLUSIONS

In this research, an effective method was developed for the extraction and
determination of trace amounts of Fe(l11) using a relatively straightforward pro-
cedure. A multivariate optimization strategy was used to obtain the optimum con-
ditions for the extraction of Fe(ll1) by ligand-less CPE. Optimization of the CPE
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variables was carried out using the central composite design (CCD) and three le-
vels full factorial experimental design. The presented procedure does not require
any chelating agent, long incubation time or cooling after centrifugation, and
could be applied, as an inexpensive and wide spread technique for trace iron mo-
nitoring in routine analytical laboratories. Environmental pollution islimited to a
very small amount of surfactant rich-phase. This fact is particularly attractive
because the “green chemistry” concept can be employed here. Phase separation
can be achieved at room temperature and the extraction efficiency is high, re-
sulting in alow detection limit and high pre-concentration factor. The optimized
ligand-less CPE coupled to FAAS enabled quantification of trace levels of Fe(ll1)
in the different real samples with complicated matrices.
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U3BOM

ONTUMH3AIINIA ITPOUENYPE EKCTPAKIIMJE CA TAYUKOM 3AMYREHA
METOJOJIOTHJOM OOTIOBOPA IMOBPIIMHA 3A KBAHTHOHUKALIMJY T'BOXBA
MPUMEHOM ITJTAMEHE ATOMCE AIICOITONOHE CITEKTPOMETPHUIJE

HOSSEIN ABDOLMOHAMMAD-ZADEH', ABDOLHOSSEIN NASERI* # GOLAMHOSSEIN SADEGHT'
IDepartment of Chemistry, Faculty of Sciences, Azarbaijan University of Tarbiat Moallem,35 Km

Tabriz-Marageh Road, P. O. Box 53714-161, Tabriz, Iran u ZDepartment of
Analytical Chemistry, Faculty of Chemistry, University of Tabriz, Tabriz, Iran

Pa3BujeHa je jemHOCTaBHA CernapauyoHa METOJa 3a MPEKOHLEHTpalUjy Tparosa raoxia,
npeko muuenapHe gase, koja nperxonu onpehusamy nomohy IiameHe aTOMCKE amncopIi-
LHOHE cIekTpomeTpuje. MeTona je DasupaHa Ha eKCTpaKLMju ca TaukoM 3amyhema, y3 KO-
punrheme HejOHCKOT cypdaKkTaHTa MONHUETUNEHIIMKOIMOHO-pArd-HOHWI(EHHU eTpa 6e3 no-
naBama xenupajyher arenca. UcuTUBaHO je HEKOIMKO MPOMEHJBUBHX KOje YTHUUY Ha edHrac-
HOCT eKCTapKL{je ¥ ONTUMH30BAaHO KOPUIIhEemeM LIEeHTPaTHOT KOMIIO3UTHOL fU3ajHa U IOT-
nyHor (aKTOPCKOT AW3ajHa Ha TPH HHBOA. [ToJ ONMTHMaTHKUM yCJIIOBUMA IDaHHMIIA JeTeKluje,
rpaHuIa KBaHTH(HUKALM]e U MPEKOHLIeHTpaluoHu daktop usHoce: 1,5 pg L1, 50 pg L' u
100, penom. PenatvBHa craHmapiHa AeBHjalMja 3a IIeCT MOHOBbEHUX onpehuBamwa 3a KOH-
uentpauujy Fe(I11) on 50 pug L1 usnocu 1,97 %. Kanubpanuona kpHsa je TvuHeapHa y orcery
5-100 pg L1 ca xoedunmjentom xoperanmje om 0,9921. Passujena mMeTona je BaaMIHpaHa
aHa/Iu3oM fiBa cepTUdUKOBaHa pedepeHTHa MaTepHjaia M YCIEIIHO NMPUMEHBEHE 3a ofpe-
husame Tparosa reoxba Fe(111) y Bogu 1 nupuHyy.

(TTpummbeHo 13. jaHyapa, pesunupano 21. Maja 2012)
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Abstract: The oxidative desulphurization of gas oil and model compounds that
exist in gas oil with hydrogen peroxide/acetic acid using nanoparticle
(BugN)7H3[PW1gCd4(Br) 2068l —TiO2 ((BusN)7H3[P,W15Cd,]-TiO,) as anano
scavenger has been studied. This sandwich-type nanoparticle was shown to be
able to scavenge hydrogen sulphide and mercaptans in high yields. The addi-
tion of acetic acid enhanced the conversion. This system provides an efficient,
convenient and practicall method for scavenging sulphur compounds. The
(BugN)7H3[P,W1gCd,]-TiO, nanoparticle was a very active catalyst system for
the oxidation of model compounds, while other polyoxometalate systems were
much less active.

Keywords: polyoxometalates, desulphurization; anatase; scavenger; mercap-
tans.

INTRODUCTION

Deep desulphurization of transportation fuels has become an important re-
search subject due to the increasingly stringent regulations and fuel specifications
in many countries for environmental protection purpose.l2 Desulphurization
techniques have been investigated widely, among which oxidetive desul phuriza-
tion (ODS) is considered to be one of the promising new methods for super deep
desulphurization of fuel 0il.3-5 In the ODS process, the refractory dibenzothio-
phene (DBT) and 4,6-dimethydibenzothiophene (4,6-DMDBT) are oxidized to
their corresponding sulphones under mild conditions, which are subsequently re-
moved by extraction, adsorption, distillation, or decomposition. Various oxidants
have been used in ODS, such as NO,,1 03,2 Ho0O,3 and solid oxidizing agents.#
Among these oxidants, HoO» is mostly chosen as the oxidant as only water is
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produced as a by-product. Peracids produced in situ from organic acids, catalysts
and Hy0, are reported to be very effective for the rapid oxidation of sulphur
compoundsin fuel oils under mild conditions. At present, several members of the
sandwich-type heteropolyanion families, such [PoWigM4 (H20)206g]10- and
[PsW3gM4(H20)20112]16~ (M = Co(ll), Cu(ll) or Zn(ll)) have been synthe-
sized.®-8 Their chemistry was discussed and recently, they have attracted much
attention in the oxidative desul phurization (ODS) of gas oil.® The first cadmium-
containing heteropolyanions, related to the mono lacunary anions of Keggin and
Dawson structures (PW11 and P,W;7) were synthesized by R. Contant.10 In
1995, Kirby and Bakerll reported the first sandwich-type heteropolyanions in-
cluding Cd2* based on the [PoW150s6] 12~ defect structure, and later Bi et al.12
prepared a series of dimeric polytungstates by reacting [AspW150s¢] 12~ with dif-
ferent metal ions, i.e., Cu(ll), Mn(ll), Co(ll), Ni(ll), Zn(Il) and Cd(ll). Herein,
the synthesis of a new cadmium-containing heteropolyanion, in which two lacu-
nary PWgO34%- units sandwich four cadmiums, is described.

Homogeneous catalysts cannot be separated from the reaction media and
consequently, cannot be reused. Fixation of homogeneous catalysts onto a solid
support may be a strategy to overcome this problem. Recently, supported hetero-
polyacids were synthesized and applied as effective catalysts in organic reac-
tions.13-16 Supporting heteropolyacids on solids with high surface areas improve
their cataytic performance in various liquid-solid and solid surface heteroge-
neous reactions. Titanium dioxide is a wide-band-gap semiconducting material
that has received intense scrutiny for a broad range of applications, thanks to its
intriguing physicochemical properties and cheap, abundant, and reasonably non-
toxic nature. TiO», also awidely used catalyst support as well as a catalyst itself,
is known to enhance catalytic activity in many cases because of the strong inter-
action between the active phase and the support.19 In continuation of research on
the synthesis and application of polyoxometalates (POM) and anatase,15-18 ana-
tase TiO» crushed nano leaf coupled by a sandwich-type polyoxometaate was
designed and synthesized at 100 °C via a sol-gel method under oil-bath condi-
tions. The chemical characterization of this compound was accomplished by
means of elemental analysis, infrared spectroscopy (IR), X-ray diffraction (XRD)
analysis, transmission electron microscopy (TEM) and 113Cd nuclear magnetic
resonance (113Cd-NMR) spectroscopy. The catalytic performances of these
homogenous and heterogeneous catalysts were tested on the oxidative desul phu-
rization of model sulphur compounds, such as benzothiophene (BT), dibenzo-
thiophene (DBT), 4-methyldibenzothiophene (4-MDBT) and 4,6-dimethyldiben-
zothiophene (4,6-DMDBT) and gas oil using hydrogen peroxide/acetic acid as
the oxidizing reagent. The POM—TiO, nanocomposites presented much higher
catalytic activity than those of the corresponding unsupported polyoxometal ates.
The catalyst could be easily separated and reused at the end of reaction without a
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significant loss of their catalytic activity, which suggests that the catalysts are
stable under different conditions.

EXPERIMENTAL

All reagents and solvents used in this work are available commercially and were used as
received, unless otherwise indicated. The model compounds and chemicals, including
benzothiophene (BT), dibenzothiophene (DBT), 4-methyldibenzothiophene (4-MDBT), and
4,6-dimethyldibenzothiophene (4,6-DMDBT), solvent (n-heptane) for the experiments and
analysis and hydrogen peroxide (30 vol. %) were obtained from Aldrich. The compound A-g-
NagHPWgO34:-24H,0 (abbreviated as A-PWg) and other catalysts (NHgz)1o[P,W1gCdy],
K10o[P2W1gCdaZn], Ko[PaW1gCdoZNy], Kol P2W1gCdZNg], Kol PAW1sZNy], Ke[P2W21O74],
K10[PoW2gO70] and Kq4[P,W19Ogg], used for comparison, were prepared as previousy
described.81! Their chemical characterization was accomplished by means of elemental
analysis, IR, 3P- and 13Cd-NMR spectroscopy, which confirmed their structures. Tita-
nium(1V) tetraisopropoxide and glacia acetic acid were obtained from Merck. Gas oil (den-
sity 0.8361 g mL-1 a 15 °C, total sulphur content 0.98 wt. %) was supplied from the terminal
of the South Iranian Oil Company. Further properties of the gas oil arelisted in Tablel.

TABLE I. Properties of the south Iran (Kharg Island) gas oil; APl GR. -API gravity (APl —
American Petroleum Institute); APl = (141.5/Specific gravity) — 131.5; viscosity KIN — kine-
matic viscosity

Entry Properties of gas ail Method Result
Specific gravity at 60/60 °F ASTM D1298 0.8365
2 Density at 15 °C ASTM D1298 0.8361
3 API GR. at 60/60 °F Calculated 37.66
4 Flash point, °F ASTM D93 142
5 Water content, vol. % ASTM D4006 0.025
6 Total sulphur content, wt. % ASTM D4294 0.98
7 Cloud point, °C ASTM D2500 -4
8 Colour test ASTM D156 15
9 Viscosity KIN at 50 °C. CST. ASTM D445 2.8
10 Pour point, °C ASTM D97 -9
11 Mercaptans, ppm ASTM D3227 286
12 Distillation, °C ASTM D86
13 Initial Boiling Paint, °C ASTM D86 157.8
14 10 % Distillation, °C ASTM D86 194.6
15 20 % Distillation, °C ASTM D86 213.4
16 50 % Distillation, °C ASTM D86 268.6
17 90 % Distillation, °C ASTM D86 353.9
18 Final boiling point, °C ASTM D86 384.9
19 Residue, vol. % ASTM D86 15
20 Loss, vol. % ASTM D86 1
21 Recovery, vol. % ASTM D86 97.5

Preparation of the mercaptan scavenger

(BugN)7H3[P,W1gCd4(Br),Ogg] Was prepared as follows. To a stirred solution of (0.216 g,
0.7 mmol) Cd(NOg3),-H,0O in 8 mL H,O (pH adjusted to 6 with acetic acid), 1.0 g (0.35 mmol)
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of A-PWg was added. The solution was carefully transferred into a microwave reactor vessel
and irradiated at 1000 W for 5 min. This step was repeated 6 times. After cooling to room
temperature, potassium chloride (1.2 g) was added to the solution and the mixture was stirred
for 15 min and filtered. This solid was recrystallized from 20 mL of hot water and dried under
vacuum. Then, to a stirred solution of 2.0 g (0.37 mmol) of the potassum salt of
[P,W1gCd4(H20)50gg]) 1% in 55 mL of warm distilled water, a solution of 1.0 g (3.7 mmol) of
tetrabutyl ammonium bromide in 5.0 ml of H,O was added. The mixture was stirred at 60 °C
for 3 h and then the white precipitate was separated by filtration, recrystallized from
acetonitrile and ether, and air dried (yield 0.65 g, 25 %). The results of the elemental analysis
are presented in Table 1.

Preparation of the nanomer captan scavenger

The (BugN);H3[P,W1gCd4(Br),Ogg]-TiO, nanocomposite was prepared as follows.
Titanium tetrai sopropoxide was added to glacial acetic acid under stirring and a solution of
(BugN)7H3[PoW1gCd4(Br),0gg] in water was added dropwise. The mixture was stirred to
dissolve any solid. Then, the sol was heated to 100 °C under oil bath conditions until a
homogenous (BusN);H3[P,W1gCd4(Br),0eg]-TiO, hydrogel was formed. Finally, the gel was
filtered, washed with deionised water—acetone and dried in an oven at 50 °C overnight.

TABLE Il. Elemental analysis of (BU4N)7H3[P2W18Cd4(Br)2068] -27H,0

Element P W Cd
Calcd., % 0.93 49.54 6.73
Found, % 0.88 49.33 6.79

Oxidative desul phurization (ODS) of model sulphur compounds

Some typica benzothiophenes and dibenzothiophenes, which represent easy, hard and
very hard sulphur species to remove from gas oil, were selected to evaluate the catalysts and
the reactivity of benzothiophenes and dibenzothiophenes in an oxidation reaction. A water
bath was first heated up and stabilized at the desired reaction temperature (25-60 °C). The
model sulphur compound (BT, DBT, 4-MDBT or 4,6-DMDBT was dissolved in n-heptane to
make a stock solution with a sulphur content of 500 ppm. Then, 5 mL of the model sulphur
compound and 0.06 mmol of the nano scavenger ((BugN)7H3[P,W1gCd4(Br),0gg]-TiO,), as a
catalyst, were mixed with 2 mL H,O»/acetic acid (peroxyacetic acid) (hydrogen peroxide/ace-
tic acid molar ratio of 1.0) in aflask. The flask wasimmersed in the heating bath and stirred at
500 rpm for 2 h. After completion of the oxidation, the mixture was cooled to room tem-
perature and 10 ml acetonitrile (MeCN) was added to extract the oxidized sulphur compounds.
The two phases of MeCN and n-heptane were separated. The sulphur content in model
sulphur compounds before and after the reaction was determined using X-ray fluorescence
spectroscopy using a Tanaka X-ray fluorescence spectrometer RX-360 SH (ASTM D-4294
method). The ASTM D-4294 method covers the measurement of sulphur in fuels, such as
diesel, naphtha, kerosene, residuals, lubricating base oils, hydraulic oils, jet fuels, crude ails,
gasoline (all unleaded), and other distillates. Compared to other test methods for sulphur
determination, the D-4294 test method has high throughput, minimal sample preparation,
good precision, and is capable of determining sulphur over a wide range of concentrations.
The equipment specified isin most cases less costly than that required for alternative methods.
In the case of petroleum materials that contain suspended water, it is recommended that the
water be removed before testing or that the sample be thoroughly homogenized and im-
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mediately tested. The interference is greatest if the water creates a layer over the transparent
film as it will attenuate the X-ray intensity for sulphur. One such method to accomplish the
removal of water isto centrifuge the sample first under ambient sealed conditions, taking care
that the sample integrity is not compromised.
Oxidative desulphurization (ODS) of gas oil

Oxidative desulphurization of the gas oil was accomplished in the same manner as used
for the oxidation of the model sulphur compounds, i.e., gas oil (sulphur 2300 ppm S, 10 ml)
with 0.06 mmol catalyst and H,O,/acetic acid (hydrogen peroxide/acetic acid molar ratio of
1.0) at atemperature of 60 °C. After completion of the oxidation, the oxidized sulphur in the
gas oil was extracted with acetonitrile at room temperature. The acetonitrile/oil ratio used was
1/2 by volume. The biphasic mixture was separated by decantation. The oil phase was sepa-
rated and weighed to calculate % recovery of oil. The sulphur content in the oil before and
after reaction was determined using an X-ray fluorescence spectrometer (ASTM D4294
method).

RESULT AND DISCUSSION
Effect of the catalyst structure

The effect of the nature of the catalyst on the oxidative desulphurization of
DBT using hydrogen peroxide/acetic acid as the oxidant is shown in Table Ill.
The sandwich type polyoxometaate-anatase nanoparticle catalyst (BugN)7H3
[PoW1gCd4(Br)20gg]—TiO2 and the unsupported (BugN)7H3[PoW1gCd4] catalyst
were very active systems for the oxidation of the model compound, while other
studied polyoxometalates systems were much less active. It was shown that the
order of the oxidation reactivity of the catalyst in the presence of hydrogen pero-
xidelacetic acid was: (BugN)7H3[PoW1gCd4]-TiO2 > (BugN)7H3[PoW1gCds] >
(NHg)10[P2W18Cdg] > Kio[P2W1gCdzZn] > Kio[P2W1gCdoZng] > Kig
[P2W1sCdZng] > Ki0[P2W1gZng] > Kg[P2W21071] > Kag[P2W20070] > Kig
[P2W190gg]-

TABLE Ill. Effect of different catalysts in the oxidative desulphurization of DBT; conditions

for desulphurization: 5 ml of DBT model oil (500 ppm S), 0.06 mmol catalyst, 2 ml H,O,/
[acetic acid, 5 ml extraction solvent, time 2 h and temperature 60 °C

DBT/ca Oxi- Residual Sulphur
Entry Catalyst talyst dant/DBT sulphur, ppm  removal, %
1 (BU4N)7H3[ P2W18Cd4] —Ti 02 100 10 8.4 98.32
2 (BugN)7H3[P,W1gCdy] 30 10 38.8 92.24
3 (NH_4)10[P,W1gCd4] 20 15 72.8 85.44
4 K 10[P,W1gCdyZn,]2 20 15 84.8 83.04
5 K 10[P,W15CdZng)2 20 10 105.8 78.84
6 K 1o[PoW1gZNn4]2 20 10 148.2 70.36
7 Kg[PoW,107]P 25 15 163.8 67.24
8 K 10[PaWg070]® 25 15 171.35 65.73
9 K 14[PaW1006q]” 25 15 172.9 65.42

3synthesis of the catalyst is given in the literature; 219 bsynthesis of the catalyst isgiven in the literature3-14
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Reactivity of various sulphur compounds

The effect of the different soluble catalysts and (BugN)7H3
[PoW18Cds(Br)20gg]-TiO> in oxidative desulphurization of different sulphurs
compounds are given in Table |V. The oxidation reactivity decreased in the order
of DBT > 4,6-DMDBT > 4-MDBT > BT. BT exhibited the lowest reactivity,
which was related to the different electron density on the sulphur atom. The dif-
ference in electron density on the sulphur atom of DBT and 4,6-DMDBT is very
small. The oxidation reactivity was governed by the steric hindrance of the me-
thyl groups, which become on obstacle for the approach of the sulphur atom to
the catalytically active sites. The electron density for 4,6-DMDBT is the highest,
but its oxidation reactivity was lower than DBT, this is due to the steric effect
from the alkyl groups at the 4 and 6 positions.

TABLE IV. Effect of different catalysts in the oxidative desulphurization of various sulphur
compounds; condition for desulphurization: 2 ml H,O,/acetic acid as the oxidant, 0.1 mmol
catalyst, 5 ml acetonitrile as the extraction solvent, time 2 h and temperature 60 °C

Sulphur removal, %
DBT 4-MDBT  4,6-DMDBT BT

Entry Catayst

1 (BUzN)7H3[P,W15Cd]-TiO, 985 955 % 89
2 (BusN);H3[P,W15Cd,] 92 ) 91 84
3 (NH2)10[P,W15Cdl] 86 87 87 79
4 K 10[P;W15CdpZny] P 85 86 85 77
5 K 10[PaW15CdZng] b 83 85 84 75
6 K1o[P;W1sZny] B 80 81 80 73
7 Ke[PW51074] © 75 73 73 72
8 K 10[PW20O70] © 74 71 72 70
9 K 14[P2W19Og0] © 70 69 71 68

aSynthesis of the catalyst is given in the literature; 219 Psynthesis of the catalyst is given in the literature®14

Oxidative desulphurization (ODS) of gas oil

The results of the oxidative desulphurization of oil gas are givenin Table V.
According to the obtained data, the total sulphur content (Entry 1) and the con-
tent of mercaptans (Entry 2) were much lower after the oxidation process, while
numerous other properties of the gas oil remained unaffected. From the results
obtained in this work, it was demonstrated that the nano mercaptan scavenger
((BugN)7H3[PoW1gCd4(Br)20gg]-TiO2) can catalyze the oxidative desulphuri-
zation reaction in 2 h and can reduce the total sulphur content of gas oil from
0.98 to 0.087 wt. % and & so reduce the content of mercaptans from 286 to 10 ppm.

Recycling of the catalyst

At the end of the oxidative desulphurization of the model sulphur com-
pounds and gas ail, the catalyst was filtered off and washed with dichlorome-
thane. In order to determine whether the catalyst would succumb to poisoning
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and lose its catalytic activity during the reaction, the reusability of the catalyst
was investigated. For this purpose, desulphurization reaction of gas oil and the
model compounds were performed in the presence of fresh and recovered cata-
lyst. Even after three runs of the reaction, the catalytic activity of (BugN)7H3
[P2W1gCd4(Br)20gg]-TiO2 was almost the same as that of fresh catalyst. The re-
sults are summarized in Tables V and VI for the oxidative desulphurization DBT
and gas ail, respectively.

TABLE V. Oxidative desul phurization of gas oil using (BusN);H3[P,W1gCd,]-TiO,

Entry Properties of gas ail BeforeODS  After ODS? After ODSP
1 Total sulphur content, wt. % 0.98 0.087 0.092
2 Density at 15 °C 0.8361 0.8362 0.83690
3 Mercaptans, ppm 286 10 9

4 Flash point, °F 142 142 142

5 Water content, vol. % 0.025 0.025 0.025
6 Cloud point, °C -4 -4 -4

7 Colour test 15 15 15

8 Viscosity KIN at 50 °C. cSt. 2.8 2.7 26

9 Pour point, °C -9 -9 -9
10 Initial boiling point, °C 157.8 156.9 157.2
11 Final boiling point, °C 384.9 383.8 385.2

8Condition for desulphurization: 5 ml of gas oil (2300 ppm S), 0.06 mmol catalyst, 2 ml oxidant, 5 ml of
extraction solvent, time 2 h and temperature 60 °C; Breuse of the catalyst in the desul phurization of gas oil

TABLE VI. Reuse of (BusN);H3[P,W1gCd,]—TiO, for the oxidative desulphurization of DBT

Run Sulphur removal, %

1 96

2 94

3 95
CONCLUSIONS

The (BugN)7H3[PoW18Cd4(Br)20gg]-TiO2> nanocomposite was synthesized
a a low temperature via a sol-gel method under oil-bath conditions. Fixing of
(BugN)7H3[PoW1gCds(Br)20gg] with TiOo decreased the particle size of the
crushed nano leaf of the anatase phase. The (BugN)7H3[P2W1gCds]-TiO2 nano-
composite was a very active catalyst system for the oxidation of model sulphur
compounds and gas oil, while unmodified (BugN)7H3[PoW1gCd4(Br)2>Ogg] showed
much lower activities. For this polyoxometalates/HoOo/acetic acid system, the
oxidation reactivity decreased in the following order: DBT > 4,6-DMDBT > BT.
The percent conversion increased when the amount of oxidant and catalyst were
increased. The addition of acetic acid enhanced the oxidation.
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H3BOI

JOYBOKA JECYJI®YPU3AIIHUJA IJIMHCKOT YJbA U MOJEJT JEDTUILbELA AHATASHUM
HAHOKOMIIO3UTHUM IIOJIMOKCOMETAJIATOM CEHIBHY TUIIA KAO HOBUM,
OBHOB/bMBHMM U HEIIKOJ/bUBUM ITPUMAOILIEM MEPKAIITAHA

ABDOLLAH FALLAH SHOJAEI, MOHAMAD ALI REZVANI U FAROKHZAD MOHAMADI ZONOZ
Department of Chemistry, Faculty of Science, University of Guilan, Rasht 419961-3769, Iran

ITpoyuaBaHa je oxcupmaTHBHA AecyndypH3alyja IIIMHCKOT y/ba U UHAUBULYAITHUX MOZEN
jenvmerna Koja ce Hajlase y IIMHCKOM YJibY, BOZOHHK MEPOKCHIOM/CUPheTHOM KHUCEIHHOM Y3
IIpUMEHY HaHOYECTHLIa (Bu4N)7H3[P2W18Cd4(Br)2063]—TiOZ ((Bu4N)7H3[P2W18Cd4]—TiOZ))
Kao mpuMaona MepkanTaHa. [lokasaHo je na Cy OBeé HAHOYECTHUIle CEHABUY-TUIIA CIIOCODHE fia
BE)XXY BOJOHHUK-CYyJI(UA U MepKalTaHe y3 BUCOKe NMpUHOCce. [logaBawe cCUpheTHe KHUCEHHE je
nodospiano KoHBep3ujy. OBaj cuctem omoryhasa edukacaH, IOrojaH ¥ NpakTH4YaH METO[ 3a
BE3WBakE CYMIIOPHUX jenumera. Hanouectuue (BuyN);H3[P,W15Cdy]-TiO; cy ce mokasane
Kao BPJIO aKTHUBaH KaTa/JlM3aTOPCKU CHCTEM 3a OKCUIALUjy MOLEN jeNUbena, 0K Cy Ce APYTH
MOIMOKCOMETa/IaTHU CUCTEMH [I0Ka3aIl MHOTO Mame aKTUBHUM.

(ITpummbeno 12. janyapa, pepuaupasno 28. mapta 2012)
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Abstract: A study of the interaction of chromium with O-donor humic-like
ligands war performed using e ectrospray-ionization mass spectrometry (ESI-
-MS) and ultraviolet/visible (UV/Vis) spectrophotometry. The heterogeneity of
the functional groups justifies the use of model compounds of humic sub-
stances. For studying the interaction of chromium with humic substances,
benzoic, salicylic, phthalic and citric acid, which include O-donor atoms also
present in heterogeneous and polydispersed ligands, such as humic and fulvic
acids, were used as model substances. The intensity of the interaction is cor-
related with the acid-base and electron-donor properties, geometric and steric
characteristics, and the number and the positions of the O-donor atoms in the
investigated ligands. UV/Vis data describing chromium interaction with humic-
like ligands was placed in correlation with ESI-M S data of the complexes, both
in gquantitative and in qualitative terms. UV/Vis spectroscopy and ESI-MS
quantification showed a large difference in the information they yield in des-
cribing the interaction of chromium(lI1) with the ligand, the ESI-MS technique
being more informative. ESI-MS Technique can be used for quantitative anal-
ysis of the system Cr(l11)-igand. ESI-MS ion current chromatograms of 20 pL
loop injections of systems Cr(l11)-ligand, indicate a stabile peak and signal in-
tegrity.

Keywords: chromium; interaction; humic; ligand; electrospray-ionization mass
spectrometry.
INTRODUCTION

The presence of heavy metals in nature has a negative impact on human
health and the environment. Their state, form, mobility, sorption and bioavail-

* Corresponding author. E-mail: darko.andjel @gmail.com
# Serbian Chemical Society member.
doi: 10.2298/JSC120320071A
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ability depend on the physical and chemical environmental conditions in which
they are located, and on the nature of all chemical species, present in that envi-
ronment, with which they can interact. Thus, the migration of heavy metals from
soil into groundwater is strongly dependent on the terrestrial conditions, such as
physical and chemical characteristics of soil, clay minera content and the pre-
sence of natural organic matter - humic substances. 1.2

Humic substances are complex organic molecules formed by the decompo-
sition of plant, animal and/or microbial material. They are ubiquitous and per-
sistent in the biosphere, playing an important role in the mobilization of metal
ions in soil and agquatic environments, and influencing the bioavailability and
toxicity of these ions. By creating a water-soluble complex between HS and me-
tal ions, an increase in the concentration of ions in the groundwater and other na-
tural waters, far above their solubility, could be expected. In addition, the pos-
sibility that complexation of humic substances in solid phase could mobilize me-
tals present in landfills, which leads to their penetration into the biosphere,3-5
should be taken into consideration.

Chromium is an essentia, yet toxic trace element depending on its valence
state and the nature of the ligand to which it is bound. Chromium in the environ-
ment can be found in two oxidation states +3 and +6, which have different che-
mical, physicochemical and biochemical reactivity. Cr(VI) chemical species are
more soluble, mobile and bioactive than Cr(111) chemical species.”8

In natural environments, such as soil, chromium primarily interacts with soil
organic matter — humic substances.9-11 The heterogeneity of functional groups
and their versatility justifies the use of model compounds of humic substances.
“Hard” binding sites are the most common in the humic structure, with mainly
oxygen in carboxylic and phenolic binding sites as the donor atom.12-14 As mo-
del substances for studying the interaction of chromium with humic substances,
benzoic, salicylic, phthalic and citric acid, which include all O-donor atoms of
heterogeneous and polydispersed ligands, such humic and fulvic acids, were used.
Therefore, an investigation of the interactions of chromium with each individua
O-donor atom ligand, with a further investigation of the complex mixture of O-
-donor atoms in humic acid, present a good methodology for defining the inter-
actions of metals with polyfunctional, polydispersed and polyelectrolytic ligands,
such as humate macromol ecules15-17

Electrospray-ionization mass spectrometry, ESI-MS is used for the detection
and characterization of one or more ionic species in solution, and has been
confirmed as very useful in studies of various complex systems.18 In the case of
metal-ligand coordination interactions, it is often used for verification of the
stoichiometry of a newly synthesized complex,19 that do not participate in the
liquid phase equilibrium, and after decomposition do not produce other mole-
cular species (if it is still the case, the created equilibrium is usually ignored).
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Studies of solution equilibrium, simultaneous detection, identification and
quantification of numerous species, the distribution of which depends on pH, the
stoichiometric concentration, etc. are less routine, although very interesting appli-
cations of ESI-MS.

Another convenient feature of ESI-MS is its low detection limit; thus, con-
centrations down to 10-6 mol L~ can be detected.20-22

This paper deals with a study of the interaction of chromium(lll) with O-
donor humic-like ligands by ESI-MS and UV/Vis spectrophotometry. Appli-
cation of ESI mass spectrometry is a novelty in the study of the interactions of
chromium and model humic ligands.

UV/Vis spectrophotometric characterization of the chromium complexes with
O-donor humic-like ligands was correlated with the ESI-MS characterization of
the complexes, in both quantitative and qualitative terms.

The aim of this study was to closer define processes that chromium ions in
interaction with humic substances in the system soil/water can undergo. This re-
search contributes to complex processes of chromium trandocation in the ground-
water systems, i.e., leaching from the soil, after which the chromium could be
further transported and dispersed in the biotic and abiotic systems of the natural
environment.

EXPERIMENTAL
Chemical reagents, solutions, instrumentations

All reagents used were p.a. or HPLC grade purity. Salicylic, benzoic, phthalic and citric
acid were purchased from Aldrich (USA). Methanol, purchased from Baker (Anayzed
Reagent Bio), was of HPLC grade purity. As a source of chromium(l1l), crystalline chro-
mium(I11) chloride hexahydrate (Merck, Germany) was used. The employed glass and plastic
laboratory ware were rinsed with 4.0 mol L-1 hydrochloric acid (Baker Analyzed), then with
0.6 mol L1 nitric acid (Environmental Grade Anachemia) and finally with purified water
(< 0.1 uScmY) to remove trace metals and other contaminants.

Standard stock solutions of the ligands were prepared by weighing the respective acid
with an accuracy of £0.0001g and dissolving in methanol. The solutions were kept in a
refrigerator at 4 °C. Working solutions were made by dilution of the standard solutions in a
methanol/water mixture (50/50, v/v). Working solutions of the ligand—chromium mixtures
were prepared in polyethylene vials of 5, 2 and 1.5 cm3 (Eppendorf, Germany) previously
washed with 0.1 mol L1 HCI, deionized water and methanol to remove any adsorbed surface
impurities and reduce the plastic additivesin the working solutions.

Spectrophotometric characterization in the UV/Vis region was performed on a double
beam UV/Vis spectrophotometer (Shimadzu UV-1650 PC). The ESI-MS investigation was
performed on a LCQ Deca lon Trap Mass Spectrometer (Thermo Finnigan, USA) with auxi-
liary equipment.

Experimental procedure for the UV/Vis characterisation of the Cr—ligand interactions

A mixture of methanol and deionized water (< 0.1 pS cmd) in ratio 50/50 (v/v) was used
as the blank. Samples with the appropriate ligand and Cr(l11) in the same solvent mixture,
were recorded 30 min after mixing the components, to ensure the formation of the complex in
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solution, considering the relatively low concentration range of the components. In the pre-
paration of the samples of ligand, and ligand—chromium(111) mixtures, any pH adjustment was
avoided so as not to disrupt the equilibrium in the reaction mixture. Otherwise, the occurrence
of secondary chemical reactions and the formation of various coordination compounds with
buffer components could not be excluded.

For the obtained spectral curves (Fig. 1), the areas of the surface integrals for all spectral
curves were calculated and compared. The calculation was performed in order to obtain the
relative area difference (APo,) between the area of the binary ligand—Cr(l11) system (P,) and
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Fig. 1. UV/Vis Spectra of the ligands: benzoic (a), salicylic (b), phthalic (c) and citric acid (d).
1-ligand solution, 2 —ligand + Cr(l11) solution, 3— Cr(l11) solution and 4 — mathematical
sum of ligand spectrum and chromium spectrum. | = 1 cm, solvent: CH30OH/H,0 = 50/50.

the area of the arithmetical summation of the two spectra of the monocomponent systems, i.e.,
the solution of ligand and the solution of Cr(I11) (P,), according to Eq. (1):

PP

ARy =
% P2

100 )
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The correlation coefficient (r) was calculated for range of wavelengths in which the
absorption occurred, from A, = 190 NM t0 Apax = 245 — 330 nm, depending on the ligand.
The sum of absolute values of absorbance differences for every binary ligand—chromium
system was calculated for the wavelength (7;), according to Eq. (2):
Amin
Sw= D abs(x -y) 03]
Amin
where the wavelength range was 190 to 245-330 nm, in which the absorption was observed.
The parameter Sy, could be calculated in this way as al the data were equidistant following
the abscise (wavelength), because all spectra were recorded with an identical sampling
interval of AA=0.5nm.
The sum of squares of the absorbance differences ( SZ, ) for the specific wavelength (;),
between two series of spectral curves data, was calculated according Eq. (3):

Amax 2
Sha= 2 (x-%) (3)
Amin
Experimental procedure for the ESI-MS characterisation of the Cr-ligand interactions

Monocomponent solutions of ligands were made in pre-washed polyethylene Eppendorf
tubes 1.5-5 cmd, with the solvent methanol/water (50/50, v/v). Binary systems of chro-
mium(I11)-chloride and the corresponding ligands were obtained in the same way, in the same
solvent, by dilution of the concentrated stock solutions. All the obtained solutions were stored
in the cold (4 °C) and dark. The presence of 50 % deionized water in the solvent was intended
to facilitate the desolvation electrospray process and provide better ion yields.

Solutions of pure ligands were analyzed by ESI-MS immediately after preparation, while
the two-component systems of chromium(l11) and ligands were analyzed after maturation for
at least 30 min after mixing of the components, in order to alow sufficient time for chemical
interaction. Bearing in mind that, compared to UV/Vis spectrophotometric analysis, ESI-MS
is much more time-consuming, it was ensured that the prepared working solutions were not
older than a few hours, in order to avoid side-reaction products. Considering the chemical
nature of all the investigated ligands and their relative chemical stability at a given pH, it was
assumed that the formation of side products due to photolysis or catalytic degradation did not
occur to an extent that could jeopardize the relevance of the resullts.

By using the ICIS® module of Xcalibur™ 1.3 software, the areas of each ESI-MS ion
current chromatogram of 20 pL loop injection for the defined mass range of ligand (P;) and
ligand—chromium solution (P,) were calculated (Fig. 2).

In order to quantitatively describe the interaction between ligand and chromium(l11), the
comparison of the obtained areas P; and P, in Fig. 2., i.e., the difference of areas AP(1_p)q, Was
performed following Eq. (4):

AF%l—Z)% = Fi P2 x100 % (4)
The areas are presented in absolute non-dimensional (arbitrary) units of the Xcalibur™
software (count—second units) that have no physical meaning.
Bearing in mind that the chromium concentration was constant in all the binary systems
but ligand concentrations were different, normalization of al the AP 59, values was
performed, providing, the corrected relative area differences APgg o, €Xpressed asin Eq. (5):

Available online at shd.org.rs/JSCS/

2013 Copyright (CC) SCS




Fig.

CHROMIUM-MODEL HUMIC INTERACTION BY ESI-MS 143

0.36 NL:
100— /\\ 3.04F5

T~

- o [/ LI 119 1.32

e A e e e e A
0.0 0.2 0.4 0.6 0.8 1.0 12 1.4 (a)
Time, min

Relative abundance
3
[
~—

LOOP Benzoic acid #24 RT: 0.36 AV:1 NL: 3.99E4

T: - p Full ms | 50.00-600.00)
100 121.1

80—

60—
40— 113.1

3571

1 212.9
177.1
: L { o B8 a6 B 403.1 4429 4709 5468 5911
[ S R ol [A T IJ“H‘ rhlenntl bbbl
TPl

(kL ikl i A A L R G
100 150 200 250 300 350 400 450 500 550 600
m/z

Relative abundance

- Qo
—_

™

=
-
<&
=
<
w

0.38 NL:
100—
- N 1.90F5

Relative abundance
3
[NRN

e T L3 124 132 1.43

0 L I
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 (b)
Time, min

LOOP Benzoic acid + Cr#31 RT:0.38 AV:1 NL: 5.26E4
T: - p Full ms [ 50.00-600.00]

100—

3291

80—
- 357.1
60— 121.1

2122

421.1 5850
m “92 491 g5

400 450 500 550 600

Relative abundance

-1 177.1
: J 1433 235.0 2553 3255
0=t L. M LLJ. L Aot bbbl
[t i s S

100 150 200 250 300

2. @) ESI-MS lon current chromatogram for mass range m/z 120-122 of the loop injection
of ligand without chromium: benzoic acid, ¢ = 7.00 umol L1, b) ESI-MSion current
chromatogram for mass range m/z 120-122 of the loop injection of ligand with
chromium: benzoic acid, ¢ = 1.00 pmol L1 and chromium, ¢ = 9.0 umol L-1.
Solvent: CH30H/H,0 = 50/50, negative ionization mode, flow rate = 100 uL min1,

Available online at shd.org.rs/JSCS/

2013 Copyright (CC) SCS




144 ANDELKOVIC etal.

ligand n
ARegios = ARy o C”n“”( gnd),, %, lz[cmax(|igano|)i]=11.696pmo| L1 (5)

] n)Z[cmax (Iigand)& niz

where cpg(ligand),,, is maximum ligand concentration (umol L) in the ligand—chromium
system, while the denominator presents the average maximal concentration of the investigated
ligands, i.e., 11.696 umol L1,

The obtained APggq, values were used for comparison of the interactions between
chromium(l11) and the ligands. A higher APgg o, value confirms stronger interaction in the
investigated binary system.

RESULTS AND DISCUSSION

UV/Vis analysis of the Cr(I11)-ligand system

The results of UV/Vis spectrophotometric studies of chromium(l11) inter-
action with benzoic, salicylic, phthalic and citric acids are shown in Fig. 1. The
obtained UV/Vis spectra of the investigated ligands correspond well with lite-
rature data.23

Spectra of benzoic acid and binary system chromium(l11)-benzoic acid (Fig.
1a) have very similar absorption profiles, with a small positive (A > 225 nm) or
negative difference (1, 204-225 and 193-202 nm) between spectrum of the bi-
nary system and mathematical sum of the spectra of the separate components.
Neither shifts of the absorption maximum and minimum nor do significant absor-
bance (A) changes exist, which indicates small coordination or interaction between
the ligand and metal ion, or a similarity in the electronic configuration of the free
and bound ligand, in terms of orbital energy and the probability of electronic
trangitions.

In contrast to benzoic acid, salicylic acid showed difference in spectra of free
sdlicylic acid and binary system of chromium(lll)—salicylic acid, expressed in
bands, 220-250 nm and 275-325 nm, in terms of increasing the absorption (A)
(Fig. 1b). A bathochromic shift of AA = 2 nm could be seen in the spectrum of
complexed salicylic acid at A = 298 nm, while the other bands did not change
their positions.

The binary system Cr(lI1)—phthalic acid showed suppression of the absor-
bance, except at 266-317 nm, where the absorbance increased with the appea-
rance of a poorly defined peak at Amax = 293 nm (Fig. 1c). The most prominent
peak below 200 nm is, in comparison to the other investigated ligands, batho-
chromically shifted by approximately A1 = 6 nm, and also the molar absorption
coefficient (&) shows the highest value compared to the other ligands.

The spectra of citric acid and citric acid complexed with chromium(lIl)
showed a similarity of the spectral curves, as well as the lack of a bathochromic
effect; only a pronounced peak was located at Amax = 193 nm (Fig. 1d). The dightly
lower absorption intensity of the complex in solution compared to the mathema-
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tical sum of the spectra of the individual components (hypochromic effect) can
be noted, indicating a lower probability of excitation of electrons in the resulting
complex, while the absorption at 2 > 240 nm decreased due to the absence of
n-conjugated electrons and low energy excitation chromophores.

The differences in the spectra can indicate the existence of interaction and/or
coordination in the binary systems of ligand—Cr(l11) because there is no basis for
assuming that some other causes could lead to the measurable hypochromic, hyp-
sochromic, bathochromic or hyperchromic shifts under the given conditions of
the measurements. The hypothesis that the presence of Cr(l11) could lead to the
catalytic degradation of ligand or redox reaction with the ligand is unlikely be-
cause to the short preparation and maturation time of the system (about 30 min),
relatively low redox potential (positive or negative) of the ligands and chro-
mium(l11), low concentrations and mild pH of the solutions. In addition, in the
case of structural degradation of the ligand molecules in the presence of chro-
mium(l11) chloride, it would be expected that the spectra of the resulting products
would be of significantly different in shape and intensity and would not show, for
example, the hyperchromic effect while maintaining approximately the same
shape of the spectrum.

The calculated parameters, the relative difference between the areas (APoy),
the linear correlation coefficient (r), the sum of the absolute values of the absor-
bance difference (Spa) and the sum of the squares of the absorbance difference
(Sg ), acording Egs. (1)—(4), are presented in Table |. These parameters can be
considered only as qualitative or, at most, as semi-quantitative indicators of the
chromium(l11)-igand interaction, bearing in mind the differences in the spectra,
i.e., the intensities and shifts of the positions of Amax and A depend on the nature
of the ligands, the characteristics of the molecular orbitals, changes in bond ener-
gies and electronic configuration of the complex in relation to the individual
types of ligands and metal ions, the stability constants of complexes in the cir-
cumstances, etc.

TABLE I. Comparative overview of the differences in the numerical quantifiers of UV/Vis
spectra between the monocomponent system (ligand solution) and the binary system (ligand—
—Cr(l11) solution)

Ligand AP | % r Swa SN Range A/ nm
Benzoic acid 3.629 0.99756 1.5490 0.06964 190-255
Sdlicylic acid 8.542 0.99808 2.9655 0.05298 190-330
Phthalic acid -3.056 0.98782 9.0534 1.01692 190-320
Citric acid —6.011 0.99790 1.3350 0.05400 190-245

Generdly, a larger APq, lower r, higher Sxa and larger SKA reveal signi-
ficant interaction between the ligand and chromium(l1), to the extent to which
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the physicochemical nature of the process observed in the binary system can be
reflected in the UV/Vis absorption characteristics.

Overadl, the UV/Vis spectral characterization in terms of the observation of
the interaction in the different systems can have only qualitative or semi-quan-
titative character because, despite the statistical analysis of systems, it could not
provide the correct conclusions about the strength of the interaction of chro-
mium(l11) and the observed series of ligands.

Even if the difference in the spectrum of the ligand and the analog spectrum
of Cr(ll)-igand is small or negligible, a coordination interaction can not be ex-
cluded with certainty because the formed UV/Vis absorption systems with their
own new electronic configuration may be similar to the absorption of the un-
bound ligand and therefore differences in the UV/Vis spectrometric analysis are
difficult to distinguish.

Based on the previous discussion, it could be stated that UV/Vis spectro-
scopy could be employed for a fast, easy to perform and preliminary study of
interactions due to the simplicity of the preparation of the solutions, a low-cost
instrument and the easiness of the interpretation of the experimental results.

ES-MS Analysis of the Cr(l11)-ligand system

A preliminary ESI-MS investigation of ligand solutions by flow injection
analysis showed that the selected polarity ESI source coincides with the ioniza-
tion characteristics of the molecules, which are expected based on their structure.
Thus, ligands with O-donor atoms with a tendency to deprotonize because of the
presence of OH and COOH groups were examined in the ESI negative polarity
mode.

Quantification was performed by calculating the area of ESI-MS ion current
chromatograms of loop injections for an appropriate mass range (m/z molecular
ion £1.0) obtained by analyzing series of mono-component (ligand without chro-
mium) and two-component systems (ligand with chromium). The recorded MS
spectra of the mono- and two-component systems in the case of benzoic acid—
—Cr(I11) are shown in the Fig. 2. The areas of the ESI-MS selected mass range
ion current chromatograms of the loop injection that are considered in the cal-
culation are shown in Fig. 2. The same procedure was repeated for the other three
ligands: salicylic, phthaic and citric acid, the spectra of which are not presented
in the paper.

The values of ion current chromatogram peak areas are plotted vs. the ligand
concentrations and a two-variable correlation was described by linear fitting (Fig. 3).

The quantification was based on the fact that all areas of the chromatograms
are in direct function of the peak intensities obtained by observing the signal of
ions in the required mass range m/z. In binary systems in which there is inter-
action of the ligand with chromium(111), the intensity of the observed characteris-
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Fig. 3. ) Plot of the peak areas of the ESI-MS ion current chromatograms of the loop
injection of benzoic acid (without chromium) for the mass range m/z 120-122 vs. ligand
concentration; b) plot of the peak areas of the ESI-M S ion current chromatograms of the loop
injection of the benzoic acid—chromium system (with chromium) for the mass range m/z 120—
—122 vs. the ligand. concentration. Solvent: CH3OH/H,O = 50/50, negative ionization mode.

ticionis reduced, because the coordination bonding or other interactions of chro-
mium(l11) and ligand change the molecular and ionic composition of the sample.
The creation of new ionic species with chromium, also results in a decrease of
concentration of the monitored ligand ions because of mass balance preservation.
This leads to a reduction in the number of ions generated in a unit of time, in the
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case of the analysis of binary systems with sufficient interactions. Simultane-
ously, by a similar but not by quite identical dependence, there is a reduction in
the concentrations of other ionic species that have a ligand molecule incorporated
as a component (adducts and/or dimers), since al the species present are in
dynamic equilibrium in the injected solution and are desolvated in the ES|
source. This proportion is eventually reflected in lower signal intensities of the
selected ions registered by the MS detector, because the ESI source is sensitive to
concentration and not to the total amount of injected analyte. In this way, in bi-
nary systems of the ligands with chromium(ll1), for identical ligand concentra-
tions, proportionally smaller area of the chromatographic peak are obtained, and
the relative decrease in area can be related to the strength of the interaction of
chromium and the observed ligand because of a decrease in the monitoring ion
concentration in the inlet capillary of the ESI source.

It should be noted that, for a variety of fundamental and methodological
reasons, changes in area of chromatogram peaks of loop injections can be treated
as valid only in a relative comparison, in the analysis of the system of ligand—
—Cr(I11), with an identical ESI source, ion optics, MS analyzer parameters and
the same conditions of pH, ionic strength, solvent, etc. Comparison of the ab-
solute values of the area of chromatogram peaks between the different com-
pounds (ligands) is not valid without a specia study and knowledge of the com-
plete stoichiometry of the investigated solutions, the equilibrium relationship
between species, evaluation of their reactivity and stability in the desolvation and
ionization processes, determination of specific response factors, etc.

The values AP(1-2)y and APgs)y, calculated according to Egs. (4) and (5),
for the series of ligands are presented in Table 1. In the group of studied O-donor
ligands, the strength of ligand—Cr(l11) interaction follows the decreasing order:
citric acid > phthalic acid > salicylic acid > benzoic acid.

TABLE I1. Values of AP(3_p)0, and A Pggo, Obtained by ESI-MS

ngand A P(1—2) [ % A PESI | %
Benzoic acid 4.8 41
Sdlicylic acid 545 54.8
Phthalic acid 60.8 63.7
Citric acid 63.0 66.5

The minimum value of APgge, of 4.1 % among the studied O-donor li-
gands, can be explained by the fact that ionized benzoic acid with one carboxyl
group in the molecule has no ability to build a high stability complex with chro-
mium(lI1). The first reason is that, compared to al the examined O-donor li-
gands, it is the weakest acid (pKa = 4.21),24 which means that in the metha-
nol/water matrix it has the greatest tendency to bind H3O* to the conjugate anion
(benzoate), which possess ligand properties. As ligands act as bases, acids and
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meta ions in water-containing solutions, this may lead to competition between the
protons and chromium(l1l) ions for the ligand. If the interaction between ligand
and protons is strong, protonation of ligand occurs, leading to a decrease in the
coordination interaction with chromium(111).

The other investigated O-donor ligands have, in comparison to benzoic acid,
an order of magnitude larger acidity constants (citric acid, pKy = 3.09; phthalic
acid, pKg = 2.98 and salicylic acid, pKy1 = 2.97)23 alowing them stronger
interactions with the chromium cations in the studied binary systems. These aci-
dity constants are valid for agqueous solutions of these compounds, while in a
mixture of methanol/water 50/50 (v/v), the corresponding constants are about
6-10 times smaller because of the lower basicity of methanol compared to water,
although this does not interfere substantialy in the above-described relative re-
lations. Groups in the ortho-positions, such as—OH (salicylic acid), by its +R ef-
fect, lower the acidity of the neighboring -COOH groups, but aso by its strong
—| effect, lower the electronic density of the carboxyl groups, which favor depro-
tonation. In the case of citric, salicylic and phthalic acid anions, stabilization is
enhanced by the presence of intramolecular hydrogen bonds.

In addition to the above-discussed acid-base characteristics, ligand dentateis
another important factor in the formation of chromium complexes. Benzoic acid,
or benzoate, can be considered as a bidentate ligand because of the presence of
carboxylate anions. However, due to the dlightly higher effective ionic radius of
Cr(l11) ions (61.5 pm), four-atom cyclic structures are not stabile and benzoic
acid can be considered as a monodentate ligand. On the contrary, salicylate and
phthalate (HPht—, Pht2-) are typical bidentate ligands with the possibility of creat-
ing five- or six-membered ring structures with Cr(l11), which is more suitable for
ligand field stabilization of the octahedral coordination sphere of chromium ions.

Sdlicylic acid with an OH group in the ortho-position possesses two binding
sites with three O-donor atoms (ambidentate ligand), which significantly en-
hances its interaction with chromium compared to that of benzoate. It should be
noted that further deprotonation of the OH groups in the salicylate is present to a
very small extent (pKg = 13.80); hence, this structure can be excluded from
further consideration. The deprotonized carboxyl group and the ortho-OH group
of salicylate may, with low steric hindrance, form a stable bidentate complex
with chromium, which is confirmed by the higher value of APggo, = 54.78 %.

Phthalic acid with two COOH groups in the 1,2-position is subject to two-
step deprotonation and can appear as a monodentate or bidentate ligand at the pH
values of the investigated solutions, providing for complexes of different stoi-
chiometric composition and type. The forms of the neutral ligand, phthalate and
hydrogenphthalate (HoPht, Pht2— and HPht™) are more convenient for coordina-
tion of Cr(l11) than sdlicylate, as evidenced by the higher value APggjo, = 63.72 %.
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As a consequence of intermolecular hydrogen bonds, there is a tendency of
dimerization of hydroxycarboxylic and dicarboxylic acids, especialy in non-po-
lar solvents, which therefore have the possibility of forming open or cyclic di-
meric forms, (Halp) in neutral or ionized form (HsLy~, Hol,2, etc.). This
variety of forms with electron-donor ability favors the formation of different in-
teractions with the chromium in the observed binary systems, which has the con-
sequence of significantly reducing the concentration of the monitored anayte
ionsin solution and the relatively high values of APgg)o, for the O-donor ligands,
except for benzoic acid.

Citric acid as a natural three-carbon acid with four acidic hydrogen atoms
(H4Cit) plays an important role in the transport processes of chromium(ll) in
soil systems and may represent a good model system for studying the properties
of natural organic matter. Despite its aiphatic character, it possesses substantial
acidity due to the strong - effect, because of which the adjacent -COOH groups
act on one another. The effect is strong enough to disable the partial dissociation
of the carboxylic H-atom from the —CH> group. In addition to the polar effect,
statistically there is greater probability that one of the three equivalent carboxyl
groups will dissociate and give protons. However, the citrate forms, in contrast to
other O-donors, and most of the other studied ligands, form typical chelate com-
plexes, which further favor coordination with chromium. In addition, there is the
possibility of forming a homoleptic complex series of the type [CrCito] -, be-
cause the steric hindrances are relatively small and the flexible conformation of
the o-bonds alows favorable orientation for the formation of chromium coordi-
nation octahedron with oxygen. For these reasons, citric acid shows the highest
value APggo, = 66.46% among the studied O-donors, indicating it has the strongest
interaction with Cr(l11) in the series of studied ligands.

Comparing a series of studied systems of chromium(l11) with ligands, the va-
lues of APggjo, are in good correlation with the acid-base and electron-donor
properties, geometric and steric characteristics and molecular structures of the
investigated compounds.

The general evaluation of the application of ESI-MS technique for the quail-
tative and quantitative analysis of metal—ligand systems, based on the presented
results, isthat it can be considered that the idealized descriptions and theoretical
considerations and advantages of ESI-M S techniques often do not match with the
real conditions, which may affect the evaluation of the results obtained by ESI-
MS technique for defining metal-ligand interactions. During the ESI soft ioni-
zation process, the composition of the solution can be changed in relation to the
initial equilibrium conditions. a) the volume changes due to spray evaporation,
which increases the concentration of species and the modification of ionic
strength of solution, b) there is a variation of the temperature in the droplet spray,
due to the high temperature that exists in the ESI source and the constant evapo-
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ration from the droplet surface, ¢) changing the pH, as influenced by changes in
temperature and concentration in the spray and as a result of redox reactions in
the solution in the capillary ion source, especidly in systems with redox-active
ligands and metal ions, while redox reactions may also occur in the other parts of
the ES chamber, not only in the capillaries. The ions produced in the ESI source
may be subject to a variety of reactions in the gas phase, before they reach the
mass analyzer/detector. Among the factors that can complicate the ESI-M S anal-
ysis are the facts, which were also confirmed in this study, that solvent molecules
can be added to (or taken away from) the central metal ion, the ligand or during
the process of ionization. lon adducts that do not normally occur in the solution
can be formed in the process of ionization, as observed in the present study of the
investigated studied systems. The formation of pseudo molecular or adduct ions
(e.g., with Na*) is very common in ESI-MS analyses. They do not compromise
the analysis but make the recognition the origin of some peaks difficult. Despite
the soft ionization characteristic of ESI-MS, fragmentation or polymerization
phenomena can still play role (e.g., with salicylic acid and other systems). In
addition, the number of acidic protonsin the metal-igand complex cannot be de-
termined. ESI-M S Spectra are sensitive to instrumental parameters for source and
ion optics (recording conditions), such as spray voltage, capillary temperature,
capillary voltage, ion optics potentias (tube lens offset) and the cone voltage.
Change in these parameters can have an impact on the results for a given system.
Different ions can show different response factors. The composition of solutions
that can be subjected to the analysis is conditioned by significant limitations: no
application of high ionic strengths, even relatively low concentrations of non-
volatile components can be disturbing (e.g., Na*, Ca2* and Mg?*); the method
requires the addition of an organic solvent to the aqueous solution before anal-
ysis, which can be somewhat disruptive to the equilibrium state in solution.

Despite these interfering factors, the ESI-M S technique was used in studies
of metal-ligand systems, as evidenced by literature references. ESI-M S was ap-
plied not only to the speciation of particular elements,2425 which can be defined
by phenomenon of coordination interactions, but also in the domain of studying
the non-covalent interactions between biomacromol ecul es.26.27

In phase of determining the research methodology, it is necessary to define
whether ESI-MS can provide qualitative determinations, giving reliable data on
the number and stoichiometry of metal-igand species in solution. It is necessary
to know whether the ESl process introduces interference in equilibria, and whether
gas-phase reactions occur and what are their products. Equilibrium misbalance
can occur only if the metalHigand system is kinetically unstable in the time range
of ESl process, i.e., about 0.01 sec. As for gas-phase reactions, they can occur
under avariety of specific conditions and hence a simple conclusion on thisissue
cannot be given.

Available online at shd.org.rs/JSCS/

2013 Copyright (CC) SCS




152 ANDELKOVIC etal.

In addition, for quantification purposes, it is important to determine whether
the ESI-MS technique can be successfully applied for the quantification, i.e., if it
provides a proper determination of the concentrations of the species in solution.
For this application, besides the above-mentioned requirements (kinetic inertia
and absence of gas phase reactions), it is essentia to know the response factors of
the individual ions. However, the different approaches proposed for their calcul-
ations are still not reliable enough, and in most papers, equivalence of the res-
ponse factors is assumed, which is a relatively debatable assumption, except in
cases of similar types of identical charge (for example, host—guest systems). Fi-
nally, an acceptable method for assessing the usefulness of ESI-MS results is
comparison of the ESI-MS results with those from available conventiona tech-
niques, such as potentiometry and other methods.

In terms of qualitative results, this comparison often gives good matches.
Thus, it would seem that in most cases equilibrium misbalance and gas-phase re-
actions do not occur to a significant extent, or if they occur at al, then they do
not modify the stoichiometry of the species present in the initial solution, but
change only their quantitative relations. Therefore, the ESI-M S technique may be
considered as a relevant and reliable technique for qualitative analysis of metal—
—ligand system.

With regard to the quantitative application ESI-MS, rigorous comparison
with other techniques can be realized only with the correction of activity coeffi-
cients, due to the different composition of the solution ionic strength, while cur-
rently there is no generally applicable method for overcoming the problem of res-
ponse factors. In summary, the ESI-M S technique, for now, cannot be considered
as a completely reliable application for the quantitative determination of metal—
ligand system (this of course is not true for quantitative analytical applicationsin
other fields, e.g. with HPLC and other separation techniques), but due to some
unique features, in combination with other techniques, ESI-MS is still a valuable
source of data for a better understanding of the equilibrium of metalHigand sys
tems. In this paper, quantification by the employed techniques, UV/Vis spectros-
copy and ESI-MS showed a large difference in the informativness of the experi-
mental results, in favor of the ESI-MS technique, which is related to the funda-
mental limitations of the UV/Vis method. A comparative view of UV/VIS and
ESI-M S method for the study of interactions in metalHigand systemsis given in
Tablelll.

TABLE IlI. Comparison of the suitability of the UV/Vis and ESI-MS techniques for inves-
tigations of metal—ligand systems

Technigue Speciesnumber  Stoichiometry Equilibrium constant  Detection limit
determination determination determination mol L1

UV/Vis Not ideal Acceptable Good 10°

ESI-MS Good Excellent Problematic 106
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CONCLUSIONS

Chromium(l11) interacted with the investigated O-donor humic-like ligands.
The intensity of the interaction of chromium(lI1) with the O-donor humic-like
ligands was correlated with the acid—base and electron-donor properties, geomet-
ric and steric characteristics, and the number and position of the O-donor atoms
in the investigated ligands. The intensity of the interaction of chromium with the
O-donor ligands followed the order: citric acid > phthalic acid > salicylic acid >
benzoic acid, which correlates with the number of O-donor atoms in the struc-
ture. The study of the possibility of chromium interaction with humic model sub-
stances, benzoic, salicylic, phthalic and citric acid is a good method for defining
the interaction with polyfunctional, polydispersed, polyelectrolyte ligand, such as
humic macromolecules. UV/Vis spectroscopy and ESI-M S quantification showed
a large difference in their ability to define the interaction of chromium(l11)-i-
gand; the ESI-M S technique being superior. The ESI-M S technique with loop in-
jection can be used for quantitative analysis of the system Cr(l11)-ligand under
certain circumstances. The ESI-MS ion current chromatograms of loop injection
indicated a stabile peak and signal integrity for both the total ion current and the
range of m/z values.
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M3BO[I

HWHTEPAKIIMJA XPOMA CA O-JOHOP XYMATHUM MOJEJT JTUTAHOUMA
EJIEKTPOCITPEJ] MACEHOM CITEKTPOMETPHJOM

JAPKO X. AHT)EJ'IKOBI/IT11, PY)XXHIA C. HI/IKOJ’II/I’Bl, JEJAH 3. MAPKOBI/IBZ, TATJAHA II. AHT)ETIKOBI/IBi,
TOPIAHA M. I(OL[I/I'BS, 30PAH b. TOZ[OPOBI/IBZ u AJIEKCAHJIAP Jb. BOJUER'
1Hpupogno—mawmawuuxu paxyneiw,Ynueep3uiiew y Huuty, Buweipagcexka 33, 18000 Huw,
2Texnonouku paxynwew,Ynueepsuinew y Huwy, Bynesap ocrnobohewa 124, 16000 Jleckosay, u
3Meguu,uuc;{u paxyninew, Ynueepsuitiein y Huwty, Bynesap gp 3opana Bunhuha 81, 18000 Huw

ITpoyuaBame UHTEpakuuje xpoma ca O-HOHOP XyMaTHUM MOZeEJ JIMTaHOMMa BPILEHO je
KopuuwheweM eneKkTpocnpej-joHu3aluone maceHe cnekrpomerpuje (ESI-MS) u yntpamydu-
yacre/sugpuBe (UV/Vis) cnextpodoromMeTpyuje. XeTeporeHocT (GYHKUHOHANHUX TIpyla
onpaBfiaBa MPUMEHY MOJIEJ jeNHibeha XYMUHCKUX CyNCTaHUu. Kao Mopen cyncTaHLe 3a npo-
yJaBame HMHTepaKklHje XpoMa ca XyMHUHCKUM CyTiCTaHLlama KopuinheHe cy deH3oeBa, casv-
UuiaHa, (TanHa ¥ JUMyHCKa KUCEIHHA, Koje cangpxe O-IOHOp aToMe, a KOjH Ce Halase Uy
XEeTEePOreHOM Y IONUAUCIIEP3HOM JIUTaHAdy, KaKBa je XyMHHCKa WIH QyIBO kucenuHa. MHTeH-
3UTeT MHTepakuyje je y kopenauuju ca auufo—dasHUM U eeKTPOH-JJOHOPCKUM O0COOHMHAaMa,
reOMEeTPHUjCKUM U CTEPHUM kapaKTepUcTHKama, kao U OpojeM u nonoxajem O-TOHOD aToma y
UCNUTHBAaHUM nuraipuma. UV/Vis kapakTepusalyja UHTepaKlMje XpoMa ca XyMaTHUM MO-
JeNl TMraHfuMa je foseleHa y kopenauujy ca ESI-MS kapaxkrepusauujoM KOMIUIEKCA, Y KBa-
JINTaTHBHOM U KBaHTHUTATUBHOM cmucity. UV/Vis cnexkrpockonuja u ESI-MS kBanTHDMKaLHja
Cy nokasasne WHQOpPMaTUBHY Pa3/lUKy Yy nomieny nedbUHUCama WHTepaKLdja XpPOM—JIUTaHz, U
TO y kopucT ESI-MS Texnuke. ESI-MS TexHuka ce MOXe KOPUCTUTH 38 KBAHTHTATHBHY aHa-
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nu3y cucrteMa Cr(I111)—nurana. ESI-MS xpomaTorpamu joHCKe CTpyje NOOHjeHH UBEKTHpabeM
20 pL cucrema Cr(I11)—nurang, nokasyjy cTadunHe NUKOBe U UHTEH3UTETE CUTHANA.

(ITpummeno 20. mapTa, peBuaupano 3. jyna 2012)
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