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REVIEW
Polyunsaturated fatty acidsin health and disease
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and MARIJA GLIBETIC
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Abstract: Polyunsaturated fatty acids (PUFAS) are necessary for overall health.
Two PUFASs families, n-6 and n-3 fatty acids, are physiologically and metabo-
licaly distinct. The proportion of PUFAs in serum and erythrocyte phospho-
lipids, which depends on endogenous metabolism controlled by genetic poly-
morphisms and dietary intake, is an important determinant of both health and
disease. Both n-3 and n-6 PUFAS are processed to powerful promoters of eico-
sanoids synthesis at the cyclooxygenase and lipoxygenase level. Evidence from
observational and intervention studies suggest that n-3 PUFAs are cardio-
protective, perhaps through their anti-inflammatory, anti-arrhythmic, lipid-low-
ering and antihypertensive effects. In contrast, dietary n-6 PUFAs have pro-
inflammatory effects. Low n-3 and elevated n-6 PUFASs levels were found in
patients with cancer on different sites. The present review focuses on current
knowledge related to PUFASs intake and status in health and disease, with refe-
rence to the Serbian population.

Keywords: n-3; n-6; PUFA; inflammation; cardiovascular disease; chronic
diseases.
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3.2. PUFAs and obesity and diabetes
3.3. PUFAs and inflammation response
3.4. PUFAs and oxidative stress
3.5. PUFAs and blood pressure and mortality
3.6. PUFAs and haematological parameters
3.7. PUFAs and cancer

4. CONCLUSIONS

1. INTRODUCTION

Polyunsaturated fatty acids (PUFAS) play important roles in maintaining
normal physiological conditions and, consequently, in human health. Two
PUFAs families, n-6 and n-3 fatty acids (FA), are physiologically and metaboli-
caly distinct. Their precursors, linoleic acid (18:2n-6; LA) and a-linolenic acid
(18:3n-3; ALA) are essential fatty acids (EFA), meaning that they cannot be syn-
thesized in the human body and must be obtained from the diet. Thus, LA can be
converted via y-linolenic acid (18:3n-6) and dihomo-y-linolenic acid (20:3n-6;
DGLA) to arachidonic acid (20:4n-6; AA) (Fig. 1). Arachidonic acid plays
important biological roles. It is released from phospholipids by phospholipase A2
and is the precursor of pro-inflammatory eicosanoids, which include prostaglan-
dins of the two series (PGE2, PGD2), leukotrienes of the four series (LTAA4,
LTB4, LTC4, LTD4 and LTE4) and lipoxines.1 Their production is catalyzed by
cyclo-oxygenase, lipoxygenase and epoxygenase enzymes, respectively. By an
analogous set of reactions catalyzed by the same enzymes, precursor of n-3
PUFAs, ALA, can be converted into eicosapentaenoic acid (20:5n-3; EPA), and
further to docosapentaenoic acid (22:5n-3; DPAN-3) and docosahexaenoic acid
(22:6n-3; DHA). Thisis achieved by insertion of additional double bonds into the
acyl chain (i.e., unsaturation) and by elongation of the acyl chain. EPA is a pre-
cursor of the other classes of elcosanoids, namely the three series of prostaglan-
dins and the five series of leukotrienes. Eicosanoids derived from AA have oppo-
sing properties from those originating from EPA. Therefore, an increase in the
dietary intake of LA changes the physiological state to a prothrombotic, procons-
trictive, and pro-inflammatory one. Many of the chronic conditions, cardiovas-
cular disease, diabetes, cancer, obesity, auto-immune diseases, rheumatoid arth-
ritis, asthma and depression are associated with an increased production of thro-
mboxane A2, leukotriene B4, IL-1, IL-6, tumour necrosis factor (TNF), and C-
reactive protein.23 All these factors are increased by increased n-6 PUFASs intake
and decreased by increased n-3 PUFAS intake, either ALA or EPA and DHA.
However, there is one exception. DGLA of the n-6 family can be further con-
verted by inflammatory cells to 15-(S)-hydroxy-8,11,13-eicosatriencic acid and
PGEL. This is interesting because these compounds possess anti-inflammatory
and anti-proliferative properties. PGE1 could aso induce growth inhibition and
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differentiation of cancer cells.4 The mechanism of DGLA action has not yet been

elucidated.
Soybean, corn, Diet Canola, flaxseed oil
sunflower oil
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Fig. 1. Dietary sources, metabolism of n-3 and n-6 PUFAs and clinical outcomes.

It iswell known that PUFASs favourably affect the blood lipid profile (Table
1). LA is associated with a lower risk of atherosclerosis, cardiovascular heart
disease (CHD) and type 2 diabetes.>8 Consumption of ALA has also been sug-
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1272 RISTIC-MEDIC et al.

TABLE I. Potential beneficial effects of PUFA on physiological parameters®7.9.11

Total PUFA Diseases Physiological parameters
ALA Cancer/coronary heart | Serum total cholesterol
disease
Cardiovascular disease | Serum total cholesterol
Myocardial infraction | Platelet aggregation, adhesion of monocytes to
Cardiac arrhythmias vessel walls, vascular dilatation, blood pressure,
Colon cancer inflammatory processes, and immune reaction
Deficiency symptoms TLeukocyte function

tNeural integrity n-3 deficiency in pre- and
postnatal nutrition of infants affects: neura
integrity, learning and visual abilities and depressed
development of retinal function and visual acuity

EPA and CHD | Production of PGE2 metabolites
DHA Fatal myocardia infraction | Thromboxane A2, a potent platelet aggregator and
Inflammatory diseases vasoconstrictor
Bipolar disorder, |Leukotriene B4 formation, an inducer of inflam-
cognitive decline, mation, and a powerful inducer of leukocyte
aggression, hostility, chemotaxis and adherence
Anti-social behaviour 1Thromboxane A3, aweak platelet aggregator and
Age-related maculopathy weak vasoconstrictor

tProstacyclin PGI3, leading to an overal 1 in total
prostacyclin by 1 PGI3 without a | PGI2, both PGI2
and PGI3 are active vasodilators and inhibitors of
platel et aggregation
TLeukotriene B5, aweak inducer of inflammation
and aweak chemotactic agent
1Serum triglycerides, VLDL-C
| Platelet aggregation, adhesion of monocytes to
vessel walls, vascular dilatation, blood pressure,
inflammatory processes, and immune reaction
1Rod photoreceptor, visual acuity, neural function

(infants)
LA CVD mortality |Serum total cholesterol, LDL-C, HDL-C
Deficiency disease 1Platelet aggregation, adhesion of monocytes to

vessel walls, vascular dilatation, blood pressure,
inflammatory processes, and immune reaction

gested to reduce the risk of CHD events.%-12 Nevertheless, clinical benefits have
not been confirmed in all studies, and further research on the association between
ALA consumption and the incidence of CHD are required. The long chain n-3
PUFAs, EPA and DHA, consumption have demonstrated physiological benefits
on blood pressure, heart rate, triglycerides, likely inflammation, endothelial func-
tion, and cardiac diastolic function.13-16 Furthermore, consistent evidence for a
decreased risk of fatal CHD and sudden cardiac death at consumption of > 250
mg day—1 of EPA plus DHA were also reported.1’ For primary prevention of car-
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PUFA IN HEALTH AND DISEASE 1273

diac arrest, minimum intakes of 250 mg day—! of marine EPA and DHA have
been suggested.14

DHA aso plays a mgor role in cognitive functions. Therefore, its intake is
very important during pregnancy, in young children but also in the elderly. DHA
isinvolved in norma development of the brain and retina during foetal develop-
ment and the first 2 years of 1ife.18-20 |n healthy children a positive associations
between DHA levels in blood and improvements on tests of cognitive and visual
function was found.2 A study in human adults using positron emission tomo-
graphy showed that a normal human brain consumes around 17.8 and 4.6 mg
day—1 of AA and DHA, respectively, and that brain AA consumption is increased
in Alzheimer disease patients.22 In addition, some clinical evidence suggests that
an AA/DHA ratio greater than 1/1 is associated with improved cognitive out-
comes.23 These findings suggest that recommendations for adequate intakes of
DHA and other PUFASs in pregnant women, young children and elderly are
urgently needed. The present review focuses on the current knowledge related to
PUFASs intake and status in health and disease, with reference to the Serbian
popul ation.

2. PUFASINTAKE AND STATUS

2.1. Dietary sources

LA is present in significant amounts in many vegetable oils, including corn,
sunflower, grape seed and soybean oils, and in products made from these ails,
such as margarines. ALA isfound in green plant tissues, in some common vege-
table oils, including soybean and rapeseed oils, in some nuts and in particular in
linseeds and linseed oil.24 Arachidonic acid is mostly present in meats and its
intake is estimated at 50 to 500 mg day—1. The richest sources of EPA, DPA and
DHA are oily fish (tuna, salmon, mackerel, herring, and sardine). One oily fish
meal can provide between 1.5 and 3.5 g EPA+DHA.2> Consumption of 1 g fish
oil capsule per day can provide about 300 mg of these fatty acids. In the absence
of aily fish or fish oil consumption, the intake of n-3 PUFAs is likely to be 100
mg day—1.26 According to habitual dietary information in Serbia, low fat con-
sumers have an intake of 5.4 % of daily energy intake (%E) and high fat con-
sumers around 5.9 % E from PUFAs.27

2.2. n-6 to n-3 PUFAsratio

The intake of LA in western countries has increased greatly in the last few
decades, due to the introduction and marketing of cooking oils and margarines.28
Typical intakes of both EFA exceed requirements. However, replacing lard with
sunflower ail in the diet has resulted in a marked increase in the ratio of n-6 to n-3
PUFAs. This ratio is typically between 5 and 20 in most Western populations.29
A lower n-6 to n-3 PUFAS ratio consumption has been recommended in order to
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1274 RISTIC-MEDIC et al.

reduce the formation of pro-inflammatory eicosanoids from n-6 PUFAs and to
increase the production of anti-inflammatory mediators from n-3 FA.230 Addi-
tionaly, it was suggested that lowering the n—6 FA intake would have the same
health effects as increasing n-3 FA intake. Wall et al.31 recently reviewed that
reductions in the n-6 to n-3 FA ratio in the diet may lower the incidence of many
chronic diseases that involve inflammatory processes; these include cardiovas-
cular diseases, inflammatory bowel disease, cancer, rheumatoid arthritis and psy-
chiatric and neurodegenerative illnesses. Thus, the specific n-6/n-3 ratio in the
diet is of particular interest for maintaining overall health.

2.3. Recommendations for intake of PUFAs

In the light of new evidence for associations between low intakes of some
PUFAs and increased risk of chronic disease that was mentioned above, optimal
criteria for dietary recommendation aim to achieve optimal health and to reduce
risk of developing chronic disease.32 A World Health Organization report from
199433 did not suggest nutrient intake values for total PUFAS, but focused on the
ratio of LA/ALA in the diet. Recent reports indicated that in healthy adults, the
minimum intake levels for EFA should be 2.5 % LA plus 0.5 % ALA of daily
energy intake to prevent deficiency symptoms.32 Recommendations on the intake
of PUFAs in healthy adults from Nutrition bodies and International Dietary
Recommendations32—40 are listed in Table I1. An effective intake for the preven-
tion of chronic diseases is higher, 6-11 % E, which is considered as the optimal
range for the total intake of PUFAs.23240 Currently, there is no upper n-6
PUFAs value in the Eurodiet core report.39 These different positions reflect the
current worldwide debate on the relevance of an upper limit in dietary n-6 PUFA
intake and highlight the need for further in vivo investigations. At the moment,
the nutrition body supports the recommendation for n-6 PUFA intake above 5 %,
and ideally about 10 % of total energy. However, balance in the n-6/n-3 ratio
issue was debated in detail by Stanley et al.4! and Harris,#2 who concluded that
thisratio is not relevant for setting up recommendations. Based on both evidence
and conceptual limitations, there is no compelling scientific rationale for the con-
tinued recommendation of a specific ratio of n-6 to n-3 PUFAsor LA to ALA.

2.4. PUFAs intakein relation to status biomarker

The proportion of PUFAsin serum and erythrocyte phospholipids, an impor-
tant determinant of both health and disease, depends on the dietary intake and
endogenous metabolism controlled by genetic polymorphisms. The FA compo-
sition of serum phospholipids is genetically controlled by the FADS1 and
FADS2 gene cluster. Based on this genetic variation, individuals may require dif-
ferent amounts of dietary PUFAs to achieve comparable biological effects.43
Nevertheless, the FA composition in serum lipids can be used not only as a bio-
marker of fat quality intake, but also as an indicator of disease risk.
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1276 RISTIC-MEDIC et al.

PUFAs are important constituents of the phospholipids of al cell mem-
branes. LA, ALA and their metabolic products, AA, EPA and DHA are crucial
structural and functional components of cellular and intracellular membranes in
the human body, but especialy in brain, heart, retina, and testes. Phospholipids
play an essential role in membrane structure and function. PUFAS of both the n-6
and n-3 series are incorporated into membrane phospholipids, and the AA/EPA
ratio ranges between 1:1 and 5-10:1. The higher ratio stimulates the incorpora
tion of EPA, because of the greater affinity of enzymes for EPA.44 The length
and degree of unsaturated FAs in membrane phospholipids are the main deter-
minants of fluidity, transport systems, activity of membrane-bound enzymes, and
susceptibility to lipid peroxidation.#>—47 In this context, an altered FA composi-
tion with reduced levels of PUFAs and increased contents of saturated FA (SFA),
that consequently decrease the PUFA/SFA ratio in erythrocyte membranes, may
be associated with lower membrane fluidity in patients with chronic diseases.48:49
Thisis often found in elite athl etes.50-52

It was previously established that erythrocytes reflect the general FA meta-
bolism in other organs and tissues.53:54 A poor n-3 PUFAS status is often related
to alow consumption of cold-water fish, as the primary source of EPA and DHA,
and then to income status, national and social eating habits. However, an inade-
guate EFA intake is not the only cause for a disturbance in the FA profile. EFA
deficiency is also present in chronic inflammatory conditions,® increased oxida-
tive stress related to PUFAs oxidation®® and in elevated intracellular calcium
concentration.®” A number of studies showed that different pathologies, such as
cancer, diabetes, coronary heart disease, pancredtitis, etc., could be associated to
altered FA profiles of plasma or serum phospholipids.58-61 Patients with renal
failure, liver cirrhosis or diabetes mellitus often have plasma FA profiles similar
to those with nutritional deficiency of EFA.62-65 Considering limited storage of
n-3 FA in adipose tissue in both patients and healthy people, a continued dietary
supply with the optimal n-6/n-3 ratio of PUFAS has been suggested. A diet sup-
plemented with n-3 PUFAS partially replace n-6 PUFAs in the majority of the
membranes of cells (e.g., erythrocytes, platelets, monocytes, lymphocytes and
granulocytes, and endothelial neuronal, colon, and hepatic cells), suggesting that
in spite of pathologies, diet could markedly change the FA profilesin patients.

In the Serbian population with type 2 diabetes®® who also had abnormal lipid
levels, the total n-3 PUFAS in plasma were lower, while the n-6/n-3 ratio was
higher when compared to healthy subjects (Table I11). EPA, DHA and total n-3
PUFAs in the erythrocyte phospholipids in these patients®® were also low (Table
IV). Patients with hyperlipidemia®® had a significantly lower proportion of EPA
and DHA than healthy subjects. Suboptimal levels of n-3 FA in erythrocytes
have been found in obese subjects,®” as well as alower proportion of EPA, DHA
and total n-3 FA, and a significantly higher n-6/n-3 ratio in insulin-resistant
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PUFA IN HEALTH AND DISEASE 1277

obese women when compared to obese women with normal glucose tolerance
(Table IV). A similar n-3 FA status in serum phospholipids and red blood cells
was reported in well-nourished patientsS2 undergoing haemodialysis. Proportions
of DHA and n-3 PUFAs in serum phospholipids of patients with non-Hodgkin
lymphoma,51 as well as in patients with obstructive jaundice®® were extremely
low, which led to very high n-6/n-3 ratios of around 15 in both groups of patients,
demonstrating a complete imbaance of FA in these patients. However, the n-6/n-3
ratio in healthy subjects in the Serbian population was aso very high (11-12),
suggesting the importance of changing dietary habitsin Serbia 50-52,61,62

TABLE I1l. Plasma phospholipids fatty acids composition (mol %) with reference to the
Serbian population; HLP, hyperlipidemic patients; DM, diabetes mellitus; HD, haemodialyses
patients; NHL, patients with non-Hodgkin lymphoma

Serum Healthy controls HLP DM 2, HLP Obstructivejaun-  HD NHL
(n=27)82  (n=41)8% (n=29)%° dice(n=13)% (n=29)62 (n=47)8!
LA 26.5+2.8 23.1+1.4 22.612.4 24.8+3.4 25.5+2.9 20.2+2.4
DGLA 2.4+0.7 3.0+0.4 3.0+0.8 2.6x£1.0 2.0+£05 3.9+1.0
AA 11.6+2.3 11.4+1.0 13.2+2.9 8.8+1.50 11.1+2.2 14.3+15
22:4 n-6 0.4+0.2 0.4+0.1 0.6+0.3 0.2+0.1 0.4+0.1 0.6x0.2
>n-6 40.8+2.9 38.0+1.7 39.5+3.4 35.6+£3.2 39.0+3.3 38.8+2.6
ALA 0.11+0.0152  0.10+0.02 - - - -
EPA 0.4+0.1 0.3+0.05 0.4+0.3 0.35+0.07 0.3+0.1 0.2+0.1
DPAN-3 0.6+0.1 0.5+0.1 0.6+0.2 0.35+0.10 0.5+0.1 0.4+0.2
DHA 3.6+1.1 3.1+0.3 2.5+0.7 2.2+0.7 3.0£09 2.1+0.7
>n-3 4.7+1.4 4.0+0.3 3.5+0.8 2.6+0.8 3.8t1.2 2.7+0.7
n-6/n-3 8.8+1.6 9.4+0.9 11.2+2.7 14.2+3.5 9.6+1.3 15.4+4.6

3. BIOLOGICAL EFFECTS AND METABOLIC FUNCTIONS OF n-6 AND n-3 PUFAs

An increasing body of evidence suggests that n—3 PUFAS supplementation may
improve defects in insulin signaling and prevent alterations in glucose
homeostasis and further development of diabetes type 2.63.68 These effects are pos-
sibly mediated through the peroxisome proliferator-activated receptors (PPARS),
which are up-regulated by long-chain PUFA and in turn are related to the gene
expression involved in lipid oxidation and synthesis.®® Other pleiotrophic effects
of =3 PUFAs may contribute to decreased condition of the metabolic syndrome,
such as modulation of inflammation, platelet activation, endothelial function and
blood pressure.”©

In addition, a high proportion of n-3 PUFAs in red blood cell membranesis
associated with a reduced risk of primary cardiac arrest. The American Heart
Association recommended that individuals at high cardiovascular risk should
consume 1 g daily of fish oil.”.71 It was shown that n-3 PUFAs oral supplement-
ation quickly and effectively raised the blood n-3 PUFAs levels.”2 However,
some hew data and meta analyses showed no effect of n-3 supplementation and
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health benefits. Considering these facts, further work is required to confirm the
association between plasma PUFAs levels and clinical outcomes.

3.1. PUFAs and dyslipidemia

One of the most investigated health effect of n-3 PUFA is their capability to
reduce serum triglyceride levels. Many different mechanisms seem to be
involved in the hypotriglyceridemic effect of n-3 PUFAs in humans. First, it is
assumed that the lipid-altering effects of n-3 PUFA could modify gene expres-
sion.”374 At the gene transcriptional level, they can act on liver X receptor,
hepatocyte nuclear factor-4a, farnesol X receptor and PPAR-alpha and PPAR-
-gamma. They simultaneously down-regulate genes encoding proteins that sti-
mulate lipid synthesis and up-regulate genes encoding proteins that stimulate
fatty acid oxidation, both processes resulting in lower serum triglyceride
levels.”>~77 EPA and/or DHA supplementation in animal studies reduced the
substrate for triglyceride synthesis and increased peroxisomal, mitochondrial FA
S-oxidation’8 and decreased concentrations of all blood lipids.” These FA acti-
vate expressions of genes involved in p-oxidation controlled by PPAR-a recep-
tors. It was also reported that fish oil supplementation decreased the fractional
catabolic rates of high density lipoprotein (HDL) and increased the ratio of HDL -
-2/HDL-3 cholesterol.80 This was related to a decrease in the levels of plasma
triglycerides, which stabilizes HDL particles as they become larger, retain more
cholesterol and are less susceptible to catabolism by hepatic and renal clearance
pathways.81 At the level of low density lipoprotein (LDL) cholesterol and very
low density lipoprotein (VLDL), peroxidation of PUFAs stimulates apoB deg-
radation, reduces VLDL secretion, stimulates lipoprotein lipase activity mecha-
nisms and increases postprandial clearance.82.:83

The dosage of n-3 PUFA that lowers triglycerides differs among studies.
Bays34 found that 4 g of n-3 PUFAS per day, in the form of fish oil capsules,
reduced serum triglyceride levels by 35 to 45 %. In a meta-analysis of 72 ran-
domized control trias, Harris’8 reported a serum triglyceride reduction of 25—
—-30 % at a dosage of 3-4 g day—1 of EPA + DHA. The effect of n-6 PUFAs
enriched diets was also studied. A meta-analysis of 60 controlled trials reported
that replacement of carbohydrates with PUFAs (largely n-6) had a beneficial
effect on the total cholesterol/HDL-cholesterol ratio, and on the LDL concen-
tration.8> Replacing SFA by n-6 PUFASs also led to a substantial reduction in the
total cholesterol and LDL-cholesterol, a reduction of the total cholesterol/HDL-
-cholesterol ratio and thus may reduce the risk of CHD.86-88 A recently pub-
lished paper8® showed that the plasma cholesterol value was negatively corre-
lated with serum levels of EPA.
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3.2. PUFAs and obesity and diabetes

Although a favourable effect of n-3 PUFAs on development of diabetes
mellitus was shown in severa studies, the overall pooled data findings do not
support any benefits of oily fish/seafood or EPA+DHA intake on diabetes and
suggest that ALA may be associated with a modestly lower risk.90 However,
some evidence indicates that higher proportion of n-3 PUFASs in the diet may
have anti-obesity effects and protection against metabolic syndrome through a
number of metabolic effects.

It was proposed that n-6 PUFAs may be involved in the differentiation of
preadipose cells to adipocytes.91.92 To date, no firm conclusion could be drawn
from available in vitro studies®3.94 on the role of AA in the differentiation of
preadipose cells. Moreover, anima studies investigating the effect of a diet
enriched in n-6 PUFAs on adipose tissue produced conflicting results.91,94-96
More research is required to ascertain whether a balance of n-3 and n-6 in the
diet contributes to excessive development of adipose tissue.

3.3. PUFAs and inflammation response

The possible mechanisms in PUFAs modulation of inflammatory response
were investigated in a number of studies but the data were often inconsistent.
Based on preclinical studies, the underlining mechanisms include transcriptional
down-regulation of the production of pro-inflammatory cytokines,97 cyclooxyge-
nase-2 activity,% and vascular surface expression of endothelial leukocyte adhe-
sion molecules.® These effects are a consequence of atered gene expression.
Animal studies showed that n-3 PUFAs supplementation inhibited the production
of pro-inflammatory cytokines IL-1 and TNF.100 Similar observations were
reported in studies in humans. In particular, studies of fish oil supplementation in
patients with active inflammation diseases, such as rheumatoid arthritis and
Crohn's disease, 100 supported a potentially beneficial anti-inflammatory effect of
n-3 PUFAs. Dietary supplementation with n-3 PUFAS in healthy subjects was
associated with reduced levels of IL-1, thromboxane 2 and prostaglandin
E2,101,102 pyt not of C-reactive protein.103

A potential protective effect of PUFASs supplementation on the progression
of renal disease based on its action on inflammation in the renal fibrosis process,
was suggested in studies on animal models.104 The actions of PUFAS interfere
directly with mesangial cell activation and proliferation and extra-cellular matrix
protein synthesis, and they are involved in the regulation of pro-inflammatory
cytokine production.105106 |t js possible that PUFAS suppress the activity of the
angiotensin-converting enzyme, reduce angiotensin |l formation, enhance endo-
thelium nitric oxide generation, and down-regulate the expression of the trans-
forming growth factor-g (TGF-5).107
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The anti-inflammatory effects of n-3 fatty acids from seafood may contribute
to their protective actions towards atherosclerosis, plague rupture and cardiovas-
cular mortality. In inflammatory bowel diseases, some trials reported improved
gut histology, duration of morning stiffness, global assessments of pain, decreased
disease activity, use of corticosteroids and relapse.108 However, the therapeutic
dose of n-3 PUFA has not yet been established.19° For instance, reduction of pro-
inflammatory eicosanoids and cytokines could be achieved with an intake of 2—4
g day~1 of 84 % EPA+DHA ethyl esters.110 |n the inCHIANTI study,!1! the
intake of 7 g day~1 PUFAs led to higher plasma levels of AA and n-3 PUFA
(mainly DHA) and these FA profiles were independently associated with lower
levels of serum pro-inflammatory markers. Thies et al.112 reported that a dietary
supplementation with moderate amounts of long-chain n-6 or n-3 PUFAS neither
significantly affected inflammatory cell numbers nor neutrophil and monocyte
responses.

3.4. PUFAs and oxidative stress

Both n-3 and n-6 PUFAs are highly susceptible to oxidation because of their
multiple double bonds. This lipid peroxidation, leading to pro-inflammatory
oxidised LDL and HDL, is highly suspected of contributing to the pathogenesis
of atherosclerosis. Severa studies showed that dietary supplementation of n-6
PUFAs increased the extent of LDL oxidation in vitro compared with a diet
enriched in mono-unsaturated FA.113 |n contrast, markers related to LDL oxi-
dation in vitro or malondialdehyde derived from LDL showed no correlation with
n-6 PUFA intake in a group of healthy volunteers.114 Furthermore, a double-
blind controlled intervention in a cohort of healthy men showed that fish oil con-
sumption combined with a high LA intake (21 g day—1) did not raise the plasma
level of oxidised LDL compared with the same fish oil consumption but com-
bined with alow level of LA.115 Parameters of oxidative stress were significantly
improved after fish oil supplementation in an animal study.”® EPA and DHA
have beneficial effects in glomerular disease, which are attributed to their effect
on the pro-oxidant and antioxidant status and EFA metabolism, as reviewed by
Das.107 However, recent evidence does not support the idea that n-3 PUFAS up-
regulate oxidative stress. Further investigations would enable more definitive
conclusions to be made.

3.5. PUFAs and blood pressure and mortality

As highlighted by a review of cross-sectiona studies, an increase in the
dietary intake of n-6 PUFAs is often associated with a decrease in blood pres-
sure.116 1t was also reported that plasma levels of LA were inversely associated
with systolic and diastolic blood pressures.11” Combining the results from diffe-
rent studies in a meta-analysis, Morris et al.118 found that at supraphysiological
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doses of 5.6 g n-3 PUFASs in hypertensive subjects, systolic pressure was reduced
by 3.4 and diastolic pressure by 2.0 mmHg. Possible mechanisms include modu-
lation of the biosynthesis of eicosanoids. hydroxyeicosatetraenoates or epoxy-
eicosatrienoates.119 A more recently published meta-analysis also supported the
antihypertensive effects of -3 PUFAs.120 Similar findings were obtained in animal
models and cell culture studies, which indicate that n-3 PUFASs supplementation
can lower blood pressure and proteinuria, potentially by the vasorelaxation action
of n-3 PUFAs with increased endothelium-derived releasing factorl07 and by
having effects on TGF-, renin, fibronectin and nitric oxide synthesis.104

Another meta-analysis of 25 case—control studies was performed by Harris et
al.121 in order to assess the association between the tissue contents of n-3 and n-6
PUFAs and CHD events. They found that content of LA in tissue was signifi-
cantly decreased in patients with CHD events. Similar results were found in a
study by Block et al.122 on the relation between acute coronary syndrome and the
fatty acid content of whole-blood cell membranes. The renal, cardiovascular and
reduced mortality benefits of n-3 fatty acids are still areas of active investigation.
Kutner et al.123 in a prospective cohort study showed that dialysis patients with a
high intake of fish live longer, with an approximately 50 % lower rate of mor-
tality over 3 years. Regarding the role of n-3 PUFAs and CVD, a randomized
clinical trial by Svensson et al.124 found that compared with placebo groups,
patients receiving n-3 PUFAs supplementation (1.7 g day1) had a protective
effect on the rate of myocardial infarctions but led to no improvement in the pri-
mary end point of total cardiovascular events and death, with a follow-up of 2
years. The same authors reported that there was no change in heart rate vari-
ability in haemodiayzed patients during 8 weeks of n-3 PUFA supplementation
at a dosage of 1.7 g day—1.125 A recently published controlled study by Kirke-
gaard et al.126 showed an inverse association between the presence of arterial
fibrillation and plasma DHA. This is very important because high risk of sudden
cardiac death is often caused by arrhythmias. Finaly, a new meta-analysis of 20
clinical studies'2’ looking at the effects of n-3 PUFAs in patients at high risk for
cardiovascular events showed that the supplements had no effect on hard clinical
outcomes, including all-cause mortality, cardiac death, sudden death, myocard
infarction or stroke. In the future, better-powered studies would need to be con-
ducted to resolve the relationship between n-3 PUFAS status and the mortality risk.

3.6. PUFAs and haematological parameters

The effect of fish oil supplementation and n-3 PUFAs on red blood cell
deformability and aggregation has also been investigated.128,129 Findings from
these studies suggest that n-3 PUFAS have antithrombotic, antiproliferative and
anti-aggregatory platelet effects.130 These FASs can influence gene regulation by
down-regulating gene expression of platelet-derived growth factors and suppress
the platelet activating factor, a potent platelet aggregator and leukocyte acti-
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vator.81.131 n-3 DPA can be metabolised by lipoxygenase in platelets, to form
11-hydroxy-7,9,13,16,19- and 14-hydroxy-7,10,12,16,19-DPA. It was a so reported
that n-3 DPA is effective (more than EPA and DHA) in the inhibition of aggre-
gation in platel ets obtained from rabbit blood.132 The results from human studies
are not conclusive, and further investigations are required to clarify the role of n-6
PUFAs in susceptibility to thrombosis.

3.7. PUFAs and cancer

Data from epidemiological studies suggest that diets rich in n-6 PUFAs may
be associated with cancer risk. Studies on patients with cancer at different sites
have shown a poor n-3 FA status due to suboptimal intakes and possible meta-
bolic disturbances. Low proportions of n-3 PUFAs in plasma and/or erythrocytes
phospholipids were found in pancreatic, lung and prostate cancer, and non-
Hodgkin lymphoma61.133134 Al n-3 PUFAs were shown to be particularly
depleted in advanced cancer patients, during chemotherapy and in cancer patients
close to death. Additionally, low plasma n-3 fatty acids were associated with loss
of skeletal muscle in these patients.135

Considering al these findings, supplementation with EPA and DHA in pati-
ents suffering from cancer was the objective in many trials. Long chain n-3
PUFA have inhibitory effects in tumour formation, probably through alteration of
prostaglandins synthesis and inhibition of cell proliferation in colon and breast
cancer.136 A beneficial effect of n-3 supplementation throughout antineoplastic
therapy was confirmed through weight, lean body mass and treatment outcomes.
In patients with pancreatic cancer, fish cil supplementation may prevent cache-
xial37 In contrast, n-6 PUFAs have been associated with a greater capacity to
induce tumour formation.136 As mentioned above, Western diet contains dispro-
portionally high n-6/n-3 PUFA ratios, which is thought to contribute to cancer. In
favour of this assumption is the proportion of n-6 PUFA in cancer patients, which
was found to be very high in patients with non-Hodgkin lymphoma.

The nature of the anti-tumour effects of EPA are not clearly understood, but
one of the mechanisms is competitive inhibition of the use of AA for the
production of eicosanoids. Eicosanoids derived from AA have been associated
with both tumour promotion and progression. EPA is also a potent angiogenesis
inhibitor, which suppresses the production of crucia angiogenic mediators,
namely: vascular endothelial growth factor, platelet-derived growth factor, cyclo-
-oxygenase 2, nuclear factor kappa beta and nitric oxide.138

4. CONCLUSIONS

In conclusion, PUFASs have important roles in a wide range of physiological
and pathologic processes. However, more conclusive relationships between
PUFAs and metabolic pathways of insulin resistance, obesity, pancreatic and
liver function, diabetic nephropathy, asthma clinical outcomes, mental health and
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PUFAs supplementation in cachexia should be established. Future supplemen-
tation studies in larger, randomized control trials are required to revea the full
potential of PUFASs in the prevention and therapy of chronic diseases.

LIST OF ABBREVIATIONS

AA  —arachidonic acid

ALA —a-linolenic acid

CHD —-cardiovascular heart disease
DGLA —dihomo-y-linolenic acid
DHA - docosahexaenoic acid

DPA - docosapentaenoic acid

EFA —essential fatty acids

EPA — eicosapentaenoic acid

FA  —fatty acid

HDL —high density lipoprotein

LA  —linoleicacid

LDL —low density lipoprotein
PPAR - proliferator-activated receptors
PUFA — polyunsaturated fatty acid
SFA  —saturated fatty acid

TGF —transforming growth factor
TNF  —tumour necrosis factor
VLDL —very low density lipoprotein
E%  — percentage of energy
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H3BOJ
IMMOTMHE3ACUREHE MACHE KM CEJIMHE Y 30PABJBY U BOJIECTH

IOAHWUJEJIA PUCTUR-MEIWR, BECHA BYUUR, MAPHUJA TAKWR, UBAHA KAPALIWH u MAPUJA ITIUBETHR

L]enTap H3y3€THHX BDEAHOCTH ¥ 00/1ACTH HCTPAaXKHBAAa HCXPAHE H MeTabo/IH3Ma, HHCTHTYT 3a
MEJHIJHHCKA HCTPa)KHBAKA, YHHBEP3HTET y beorpazy, beorpay

[Monunesacuhene macHe kucenvHe (IIMK) cy HeonxonHe 3a HOpManHO GQYHKIUOHHCAbE
opranusma. [Ise [IMK damunyje, n-6 U n-3 mMacHe kucenvHe ce GU3HOIOMWKA U MeTabo-
TUYKH pasnukyjy. Yoeo IIMK y docdhonununima cepyma v epUTPOLIUTA je BaskaH MOKa3aTesb
3OpaB/ba U DOJIECTH, W 3aBUCH Off €HJJOT€HOr MeTaboiIu3Ma, KOju je KOHTPOJIUCAH TeHETCKUM
nonumMopdusMoM, 1 yHoca xpase. U n-6 u n-3 IIMK cy mpexkypcopH 3a CUHTe3y eMKo3aHoua
Ha UUKIO0KCUT€HAa3HOM U JIMIIOOKCUTeHAa3HOM HUBOY. OINcepBallMOHE U UHTEPBEHTHE CTyIuje
ykasyjy na n-3 IIMK umajy kapIuOIpPOTEKTHBHU edekaT, menyjyhu aHTH-HH(IIaMaToOpHO,
aHTH-apUTMOTEHO, XUIOIUNHUIEMUYHO U aHTUXUNIEPTeH3UBHO. HacynmpoTt Tome, cMaTpa ce fa
n-6 [IMK umajy npo-undnaamatopHo aejctBo. Huszaxk HUBO n-3 u nosuiueH yneo n-6 IIMK je
NoKa3aH KO MalyjeHaTa ca pasIMuUTHM TUIIOBHMa MaJIUTHUTETa. Y OKBUDY OBOT paja JarT je
nperses HajHOBHUjUX ca3Hama O JUjeTapHOM YHOCy U duomapkepuma ctaryca [IMK y mpomo-
UHjY 3[paB/ba U NPEBEHLIHjU DONECTH, ca MOCEDHUM OCBPTOM Ha PE3Y/ITaTe Y HAlLIOj MOMya-
LHjH.

(TTpumibeHoO 2. anpuia, peBuaupano 15. anpuna 2013)
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Abstract: An expeditious procedure for the synthesis of 14-aryl-14H-diben-
zo[a,j]xanthenes and 1,8-dioxooctahydroxanthenes through a one-pot pseudo
three component condensation of S-naphthol or dimedone with various aroma-
tic aldehydes is described. This green protocol is catalyzed by phosphosulfonic
acid, and proceeds efficiently in the absence of any organic solvent under opti-
mized, mild, green and environmentally benign reaction conditions in high
yields within 20-55 min.

Keywords: xanthenes; one-pot reaction; dimedone; f-naphthol; solvent-free;
phosphosulfonic acid.

INTRODUCTION

The synthesis of new heterocyclic compounds has always been a subject of
great interest due to their wide applicability. Among a large variety of hetero-
cyclic compounds, heterocyclic compounds with oxygen-containing moieties are
industrially very important as they serve as precursors. Xanthene derivatives,
which have one oxygen atom in a fused ring system, possess antibacterial,
antiviral2 and anti-inflammatory3 activities. Moreover, these compounds have
been used as leuco dyes? and found application in laser technology® and as sen-
sitizers in photodynamic therapy.6 Thus, the synthesis of xanthenes is of para-
mount importance in organic synthesis.

A literature search revealed that many procedures have been developed for
the preparation of the biologically important xanthene derivatives, 14-aryl-14H-
-dibenzo[a,j]xanthenes, through the dehydration of s-naphthol and aromatic alde-

* Corresponding author. E-mail: akiasat@scu.ac.ir
doi: 10.2298/J5C121108008K
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hydes in the presence of various catalysts, such as AcOH-H»SO4,” selectfluor
(1-(chloromethyl-4-fluoro-1,4-diazoniabicyclo[2.2.2]octane  bis(tetrafluoroborate)),8
wet cyanuric chloride,® Sc[N(SO2CgF17)2]3 in a fluorine-containing solvent,10
silica gel supported HgPoW150g2-24H,0 or H3PW12049-6H20,11 15,12 sulfamic
acid,13 a Preysder-type heteropolyacid (H14[NaPsW300110]),14 potassium dode-
catungstocobaltate trihydrate (KsCoW12040-3H20),1° poly(4-vinylpyridinium)
hydrogen sulfate,16 an acid-functionalized mesoporous silica sieve (SBA-15)17
and sulfonic acid-functionalized silica (SiO>—Pr-SOzH).18

In the same manner, the synthesis of 1,8-dioxooctahydroxanthenes was
achieved through the dehydration of dimedone (5,5-dimethylcyclohexane-1,3-
-dione) and aromatic aldehydes in pseudo three-component reactions in the pre-
sence of a catalyst, such as, tetrabutylammonium hydrogen sulfate,19 Sc3*—mont-
morillonite,20 HCIO4~SiO, and polyphosphoric acid (PPA)-SiO5,21 phospho-
molybdic acid (PMA)-Si0,,22 acidic ionic liquids,23 heteropoly tungstic acid
(HPWA) loaded Si-mohile crystalline material (HPWA-MCM-41) mesoporous
molecular sieves,24 silica-supported Preyssler nanoparticles (SPNP),2> MCM-
-41-RSO3H,26 acid functionalized SBA-15 and MCM-41,27 and silica-bonded
N-propylsulfamic acid (SBNPSA).28

Although these methods may be effective, some of them have relatively long
reaction times and unsatisfactory yields. Due to their wide application, further
development of an efficient and useful method for the synthesis of xanthenes
derivatives were considered advantageous. These findings prompted further
investigations in the search for a new catalyst that would assist in the synthesis of
14H-dibenzo[a,j]xanthenes and 1,8-dioxooctahydroxanthenes under a simpler
experimental set up and eco-friendly conditions.

Furthermore, the application of environmentally benign, solid acid catalysts,
especialy under solvent-free conditions, in organic synthesis provides some
advantages, such as ease of handling, mild reaction conditions, decreasing reactor
and plant corrosion problems, easier work-up and ease of transportation and sto-
rage.29

Thus, in continuation of previous studies on the applications of reusable acid
catalysts in organic synthesis,30:31 it was decided to investigate the synthesis of
14-aryl-14H-dibenzo[ a,j]xanthenes and 1,8-dioxooctahydroxanthenes in the pre-
sence of catalytic amounts of phosphosulfonic acid under solvent-free conditions
(Scheme 1).

RESULTS AND DISCUSSION

Phosphosulfonic acid, PSA, was easily prepared by simple mixing of diam-
monium hydrogen phosphate and chlorosulfonic acid in CHoCl, at room tem-
perature (Scheme 2).32
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The FT-IR spectrum of the catalyst (Fig. 1) was recorded using the KBr disc
technique. The O=S=0 asymmetric and symmetric stretching modes of the sulf-
onic acid functional groups were found in the ranges 1141-1316 and 1010-1020
e, respectively, and that of the S-O stretching mode at 695 cm1. The spec-
trum also showed a broad OH stretching absorption around 2700 and 3600 cmL.

)

2 J:} S

o Q OH
- s —

PSA 5 mol%

PSA 5 mol% CHO
solvent-free 110°C solvent-free 110°C

1,8-dioxooctahydroxanthenes 14- aryl-14H-dibenzo[aj]xanthenes
5a-h 3a-1

Scheme 1. One-pot preparation of 14-aryl-14H-dibenzo[a,j]xanthenes (3a—) and
1,8-dioxooctahydroxanthenes (5a—h).

O NH,f 0
| N,
HO_II’_O + 3 CISO3H HO;SO—P—0SO;H + 2NH,Cl + HCI
o
NH," 0SO;H
Scheme 2. Preparation of phosphosulfonic acid.
35
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Fig. 1. The FT-IR spectrum of phosphosulfonic acid (KBr disc).

To evauate the catalytic activity of PSA in the preparation of 14-aryl-14H-
-dibenzo[a,j]xanthenes derivatives, a model reaction of 2 mmol of f-naphthol
and 1 mmol of benzaldehyde under solvent-free conditions at 110 °C in the
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absence and presence of PSA was examined. It was found that in the absence of
solid acid catalyst, only atrace amount of the desired product was produced even
after 6 h of heating (Table 1). When the reaction was performed in the presence
of PSA, it proceeded rapidly to give the desired product.

TABLE I. Determination of the optimum conditions for the pseudo three-component coupling
reaction of S-naphthol (2 mmol) and benzaldehyde (1 mmol) under thermal solvent-free con-
ditions

Entry Catalyst, mol % Temperature, °C Time, min Yield, %
1 0 100 360 11
2 35 100 55 65
3 35 110 45 65
4 5 110 35 93
5 7 110 30 0]
6 9 110 30 80

In order to evaluate the appropriate catalyst loading, the model reaction was
performed using 3.5 to 9 mol % PSA at 110 °C without solvent (Table ). It was
found that 5 mol % of the catalyst afforded the maximum yield in minimum time.
Higher percentages of catalyst loading (7 and 9 mol %) neither increased the
yield nor lowered the conversion time. Next, the effect of temperature was eva-
luated for the model reaction. It was observed that the reaction did not proceed at
room temperature. Elevating the reaction temperature proved helpful, and the
yield of desired product increased considerably.

To investigate the feasibility of this synthetic methodology for the synthesis
of xanthenes derivatives, the reaction of S-naphthol was extended to a range of
aromatic aldehydes under similar conditions, furnishing the respective 14-aryl-
-14H-dibenzo[a,j]xanthenes derivatives in high to excellent isolated yields. The
optimized results are summarized in Table II. The method has the ability to tole-
rate a variety of functional groups, such as fluro-, chloro-, nitro- and methoxy-
substituents. The products were characterized by FT-IR, 1H-NMR, 13C-NMR
and physical constants. The results of the characterization of the synthesized xan-
thenes are given in the Supplementary material to this paper. The physical and
spectral data of the known compounds were in agreement with those reported in
the literature.

As seen from Table Il, electron-withdrawing substituents on the aromatic
ring retarded the reaction while electron-donating groups promoted it. This effect
of the substituents is comprehendible according to the plausible mechanism for
the one-pot preparation of 14-aryl-14H-dibenzo[a,j]xanthenes (Scheme 3). First,
the aldehyde is activated by PSA, and subsequently nucleophilic attack of the
S-naphthol occurs. After stepwise rearrangement and dehydration, the interme-
diate X is formed. According to this, electron-withdrawing substituents destabi-
lize the positive charge and consequently increase the activation energy and retard
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the reaction, while electron-donating groups stabilize the positive charge and
promote the reaction.

TABLE Il. One-pot preparation of 14-aryl-14H-dibenzo[a,j]xanthenes promoted by PSA
under solvent-free conditions at 110 °C

Melting point, °C

Entry R Time, min Yield, % -

Found Literature
3a H 35 93 183-185 1838
3b 4-NO, 55 88 310-312 3128
3c 3-NO, 55 90 211-212 2138
3d 2-Cl 45 95 214-216 2158
3e 4-CHy 30 91 226-228 2288
3f 4-Cl 40 98 285-287 2878
39 2-NO, 40 96 294-295 2938
3h 4-OH 30 89 140-142 1408
3i 4-CF5 40 97 258-259 25825933
3 3-CHs3 40 94 198-200 19818
3k 3F 45 96 258-260 2598
3l 4-OMe 45 65 203-205 2058

H
Ar OH

Ar

By

Intermediate

H

P )(‘ﬁ " L
Ar H

OH

OH
OH

Scheme 3. Plausible mechanism for the one-pot preparation of
14-aryl-14H-dibenzo[ a,j]xanthenes.
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After the success of phosphosulfonic acid in the preparation of 14-aryl-14H-
-dibenzo[a,j]xanthenes, it was decided to explore the catalytic activity of this
catalyst in the preparation of 1,8-dioxooctahydroxanthenes. Thus, the conden-
sation of various aromatic aldehydes with dimedone was performed using phos-
phosulfonic acid as the solid acid catalyst under the above optimized reaction
condition. All the aldehydes reacted almost equally well to afford the corres-
ponding 1,8-dioxooctahydroxanthenesin high to excellent yields (Table I11).

TABLE I1l. One-pot preparation of 1,8-dioxo-octahydro-xanthenes promoted by PSA under
solvent-free conditions at 110 °C

Melting point, °C

Product R Time, min Yield, % -

Found Literature
5a H 20 96 206-207 20420619
5b 4-NO, 30 95 220-222 22122319
5c 3-NO, 30 93 172-174 170-1721°
5d 2-NO, 35 95 249-250 24824919
5e 4-CHj 25 97 216-218 217-2181°
5f 4-OMe 30 98 241-242 24024219
59 2-Cl 25 96 224-225 22522719
5h 4-CN 35 88 224-226 2172183

With the increasing interest in human health and environmental protection,
more attention is being paid to green chemistry. With this view, the recyclability
and reusability of the catalyst were studied. After completion of the reaction, the
separated catalyst was washed with hot ethanol and dried. The catalyst was used
for two more subsequent cycles. Surprisingly, a consistent performance of the
catalyst was observed in al the cycles, TablelV.

TABLE V. The reusability of the catalyst in the pseudo three-component coupling reaction of
S-naphthol (2 mmol) and benzaldehyde (1 mmol) under thermal solvent-free conditions at 110 °C

Run Time, min Yield, %
1 35 93
2 38 91
3 40 90

To compare the advantage of the use of PSA over other reported catalysts,
the pseudo three-component coupling reaction of S-naphthol and benzaldehyde
was considered as a representative example (Table V). While in most of these
cases (except entry 2), comparative yields of the desired product were obtained
following the PSA-catalyzed procedure, the reported procedures required long
reaction times (entry 1, 2, 4 and 5), or high catalyst loading (entry 1 and 3).
These results clearly demonstrate that PSA is an equally or more efficient
catalyst for this three-component reaction.
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TABLE V. Comparison of PSA with reported catalysts in the pseudo three-component
coupling reaction of #-naphthol and benzal dehyde

Entry Catayst/Temperature, °C  Catalyst loading, mol % Time, h  Yield, % Ref.

1 AcOH-H,S0,/0 then 80 100 73 60 7
2 Selectfluor/125 10 8 93 8
3 Cyanuric chloride/110 20 0.7 94 9
4 Sc[N(SO,CgF17)-]3/110 1 5 93 10
5 1,/90 10 25 90 12
6 Phosphosulfonic acid/110 5 0.6 93  Thiswork

EXPERIMENTAL

All commercially available chemicals were purchased from Fluka or Merck and used
without further purification. The IR spectra were recorded on a Bomem MB-Series 1998 FT-IR
spectrophotometer. The 1H- and 13C-NMR spectra were recorded in CDCl3 or DMSO-dg on a
Bruker Advance DPX 400 MHz spectrometer using TMS as an internal standard. Monitoring
of the reactions was accomplished by TLC on silica gel polygram SILG/UV 254 plates.
Phosphosulfonic acid was prepared according to the recently reported procedure.32
Determination of the acidity of the catalyst

The acidity of the catalyst was determined by titration with standard NaOH. Catalyst (0.5
g) required 8.9 mL of 0.05 M NaOH to reach neutralization, as witnessed by an indicator. The
titration verified that the amount of base consumed was 3 equivalents per 1 mole of the
catalyst.

Typical procedure for the preparation of 14-aryl-14H-dibenzo[ a,j] xanthenes/1,8-dioxo-
octahydroxanthenes derivatives

A mixture of aromatic aldehyde (1.0 mmol), S-naphthol or dimedone (2.0 mmol), and
PSA (0.05 g) was heated at 110 °C for 20-55 min. Completion of the reaction was indicated
by TLC (ethyl acetate/n-hexane, 2:5). After completion of the reaction (as indicated in Tables
Il and I11), the insoluble crude product was dissolved in hot ethanol and the phosphosulfonic
acid was filtered off. The filtrate was concentrated to dryness, and the crude product was
purified by recrystallization from ethanol.

CONCLUSION

In conclusion, asimple, facile and green protocol is described for the synthe-
sis of 14-aryl-14H-dibenzo[a,j]xanthenes and 1,8-dioxooctahydroxanthenes by a
one-pot pseudo three-component condensation reaction of aromatic aldehydes
and p-naphthol or dimidone using phosphosulfonic acid as a novel, environment-
aly safe, heterogeneous solid acid catalyst under solvent-free conditions. This
method offers several advantages, including high yields, inexpensive catalyst,
short reaction times, easy work-up and realization of the reaction under green,
solvent-free conditions.

SUPPLEMENTARY MATERIAL

Spectroscopic data for the prepared xanthenes are available electronically at http://
/lwww.shd.org.r/JSCS/, or from the corresponding author on request.

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

Copyright (C)2013 SCS



1298 KIASAT, MOURADZADEGUN and SAGHANEZHAD

Acknowledgement. We gratefully acknowledge the support of this work by the Shahid
Chamran University Research Council .

H3BOI

®0CPOCYJIPOHCKA KUCEJTMHA: EOUKACAH UYBPCT KHMCEJIN KATAJIM3ATOP 3A
CHUHTE3Y 14-APWI-14 A-ITUBEH30[a,/]JKCAHTEHA U 1,8-TMOKCOOKTAXUIPO-
KCAHTEHA Y JEJHOM PEAKIIMOHOM KOPAKY Y OICYCTBY PACTBAPAYA

ALI REZA KIASAT, ARASH MOURADZADEGUN u SEYYED JAFAR SAGHANEZHAD

Chemistry Department, College of Science, Shahid Chamran University, P. O. Box 61357-4-3169,
Ahvaz, Iran

OmnucaHa je cuHrtesa 14-apun-14H-nudensola,jlkcantena u 1,8-IMOKCOOKTaXUOPOKCAH-
TEHa M3 ICEyJO-TPOKOMIIOHEHTHE DeaKkLHMOHE CMELIe KOHEH3alMjoM f-HadTona Win JUMe-
IOHa Ca paslMYUTUM apoMaTHUHUM anpexunguma. ITocTymax kaTanusoBaH docdocyndon-
CKOM KHCEJIMHOM, Ofurpasa ce 0e3 MpUCyCcTBa OPraHCKHX pacTBapava, Oof ONTHMH30BAaHHM,
O7arum M exoOLIKY TPUXBAT/BUBUM YCIIOBUMA, Y BUCOKOM ITPUHOCY ¥ ToKOoM 20—55 min.

(ITpumibeHo 8. okrodpa 2012, pesupupano 16. janyapa 2013)
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SPECTROSCOPIC DATA FOR THE PREPARED XANTHENES

14-Phenyl-14H-dibenzo[ a,j] xanthene (3a). IR (KBr, cm1): 3068, 3020,
2885, 1620, 1590, 1512, 1488, 1457; 1H-NMR (400 MHz, DMSO-dg, 5 / ppm):
8.70 (2H, d, J = 8.8 Hz), 7.91-7.93 (4H, m), 7.62—7.66 (4H, m), 7.57 (2H, d, J =
88 Hz), 745 (2H,t,J = 7.2 Hz), 7.14 (2H, t, J = 7.6 Hz), 6.97 (1H,t,J = 7.6
Hz), 6.74 (1H, s); 13C-NMR (100 MHz, DMSO-dg, ¢ / ppm): 148.5, 146.0,
131.4, 131.1, 129.5, 129.1, 128.8, 128.4, 127.4, 126.7, 124.9, 123.9, 124.9,
123.9, 118.2, 117.9, 37.0.

14-(4-Nitrophenyl)-14H-dibenzo[ a,j] xanthene (3b). IR (KBr, cm1): 3070,
2930, 1621,1591, 1614, 1457, 1400, 1340; 1H -NMR (400 MHz, DMSO-dg, 6 /
ppm): 8.72 (2H, d, J = 8.4 Hz), 8.45 (1H, 9), 8.14 (1H, d, J = 7.8 Hz), 7.90-7.95
(4H, m), 7.81 (1H, d, J = 7.5 Hz), 7.58-7.65 (4H, m), 7.43 (3H, t, J = 7.2 Hz),
6.95 (1H, s); 13C-NMR (100 MHz, DMSO-dg, J / ppm): 148.6, 148.3, 147.9,
134.7, 131.11, 130.4, 130.0, 129.1, 127.7, 125.2, 123.6, 122.0, 118.2, 116.9,
36.4.

14-(4-Methyl phenyl)-14H-dibenzo a,j] xanthene (3€). IR (KBr, cm—1) 3020,
2908, 1620, 1591, 1509, 1457, 1430, 1247, 959, 837, 810, 739; 1H-NMR (400
MHz, CDCl3, ¢ / ppm): 8.36 (2H, d, J= 9.4 Hz) , 7.32-7.80 (12H, m), 6.90 (2H,
d, J=9.6 Hz), 6.39 (1H, 9), 2.18 (3H, 9); 13C-NMR (100 MHz, CDCl3, 6 / ppm):
1479, 147.8, 1425, 135.9, 130.8, 128.8, 128.4, 127.7, 126.7, 124.3, 123.3,
1175, 117.4,117.3, 37.1, 20.2.

* Corresponding author. E-mail: akiasat@scu.ac.ir
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14-(4-Chlorophenyl)-14H-dibenzo[ a,j] xanthene (3f). IR (KBr, cmr1): 3033,
1618, 1580; 1H-NMR (400 MHz, CDCl3, & / ppm): 7.10-8.34 (16H, m, Ar), 6.48
(1H, s, CH); 13C-NMR (100 MHz, CDCl3, 6 / ppm): 148.7, 143.5, 132.1, 131.24,
131.0, 129.5, 129.1, 128.9, 128.6, 126.9, 124.4, 122.4, 118.0, 116.7, 37.4.

14-(2-Nitrophenyl)-14H-dibenzo[ a,j] xanthene (3g). IR (KBr, cm1): 3400,
3058, 1593, 1523, 1350, 1240, 1142, 810, 748; 1H-NMR (400 MHz, CDCl3, 6 /
ppm): 7.52 (1H, s) 7.10-8.70 (16H, m); 13C-NMR (100 MHz, CDCl3, 6 / ppm):
149.8, 1475, 141.3, 1345, 132.6, 132.1, 130.8, 129.9, 129.5, 129.4, 128.0,
127.8, 125.3, 125.0, 124.6, 123.0, 118.4, 118.0, 32.9.

14-(4-Hydroxyphenyl)-14H-dibenzo[ a,j] xanthene (3h). IR (KBr, cm):
3404, 1592, 1511, 1401, 1250, 1242, 816; 1H-NMR (400 MHz, CDCl3, 6 / ppm):
6.56-8.36 (16H, m, Ar-H), 6.42 (1H, s, CH), 4.97 (1H, brs, OH); 13C-NMR (100
MHz, CDCl3, ¢ / ppm): 154.2, 149.1, 137.9, 131.8, 131.5, 129.8, 129.2, 129.1,
127.2, 124.6, 123.1, 118.4, 117.9, 115.7, 37.5.

14-(4-(Trifluoromethyl)phenyl)-14H-dibenzo[ a,j] xanthene  (3i). IR (KB,
cm1): 3021, 2919, 1591, 1513, 1458; 1H-NMR (400 MHz, CDCls, § / ppm):
8.33 (2H, d, J = 8.4 Hz), 7.82-7.86 (4H, m), 7.58-7.65 (4H, m), 7.50 (2H, d, J =
8.8 Hz), 7.39-7.46 (4H, m), 6.61 (1H, s); 13C-NMR (100 MHz, CDCl3, 6 / ppm):
148.8, 131.2, 131.1, 129.3, 129.0, 128.5, 127.0, 125.54, 125.50, 124.5, 122.3,
118.0, 116.4, 37.8.

14-(3-Fluorophenyl)-14H-dibenzo[ a,j] xanthene (3k). IR (KBr, cm1): 3154,
1594, 1403, 1240, 1207, 1069, 817, 747, 1H-NMR (400 MHz, CDCls3, § / ppm):
6.72-8.38 (16H, m), 6.51 (1H, s); 13C-NMR (100 MHz, CDCl3, 6 / ppm) 165.0,
161.7, 149.2, 147.8 (Jc—f = 6.2 Hz), 131.6 (Jc—F = 19.4 Hz), 130.1 (Jc_r = 8.3
Hz), 129.5, 129.3, 127.4, 124.8, 124.3 (Jc_r = 2.8 Hz), 122.9, 118.2, 117.1,
115.7 (Jc—F = 21.5Hz), 113.9 (Jc_F = 21.5Hz), 38.1.

14-(4-Methoxyphenyl)-14H-dibenzo[ aj] xanthene (3). IR (KBr, cml):
2999, 2833, 1734, 1591, 1508, 1457; IH-NMR (400 MHz, CDCl3, ¢ / ppm): 8.35
(2H, d, J = 9.6 Hz), 7.32-7.85 (12H, m), 6.65 (2H, d, J = 9.7 Hz), 6.40 (1H, s),
3.58 (3H, s); 13C-NMR (100 MHz, CDCl3, 6 / ppm): 158.2, 149.3, 137.2, 133.7,
131.4,129.4,129.1, 127.4, 124.1, 123.5, 118.3, 117.2, 114.3, 53.2, 36.9.

3,4,5,6,7,9-Hexahydro-3,3,6,6-tetramethyl -9-phenyl-1H-xanthene-1,8(2H)-
-dione (5a). IR (KBr, cm—1): 3032, 2952, 1670, 1471; 1H-NMR (400 MHz,
DMSO-dg, 6 / ppm): 7.21 (2H, t, J=7.20 Hz), 7.18 (2H, d, J = 7.0 Hz), 7.10 (1H,
t,J=7.0Hz), 258 (2H, d, J = 17.7 Hz), 453 (1H, s), 2.53 (2H, d, J = 17.1 Hz),
2.27 (2H, d, J = 16.2 Hz), 2.09 (2H, d, J = 16.1 Hz), 1.04 (6H, s), 0.90 (6H, 3);
13C-NMR (100 MHz, DMSO-dg, 6 / ppm): 196.8, 162.7, 144.5, 128.8, 128.4,
126.8, 116.1, 51.2, 41.3, 32.6, 32.3, 29.6, 27.7.

3,4,5,6,7,9-Hexahydro-3,3,6,6-tetramethyl-9-(4-nitrophenyl)- 1H-xanthene-
-1,8(2H)-dione (5b). IR (KBr, cm—1): 3032, 2960, 1664, 1462; 1H-NMR (400
MHz, CDCl3, ¢ / ppm): 8.08 (2H, d, J = 8.2 Hz), 7.48 (2H, d, J = 8.2 Hz), 4.83
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(1H, ), 2.51 (4H, t, J=18.7 Hz), 2.26 (2H, d, J = 16.3 HZz), 2.16 (2H, d, J = 16.3
Hz), 1.12 (6H, s), 0.99 (6H, s); 13C-NMR (100 MHz, CDCl3, 6 / ppm): 196.7,
163.5, 152.0, 146.8, 129.8, 123.8, 114.9, 51.0, 41.2, 32.8, 32.6, 29.6, 27.7.
3,4,5,6,7,9-Hexahydro-3,3,6,6-tetramethyl -9-(3-nitrophenyl)- 1H-xanthene-
-1,8(2H)-dione (5¢). IR (KBr, cm—1): 3021, 2962, 1662, 1466, 1363; 1H-NMR
(400 MHz, CDCl3, ¢ / ppm): 8.06 (1H, s), 7.99 (1H, d, J=8.2Hz), 7.81 (1H, d, J
=75Hz), 741 (1H, t, I = 7.9 Hz), 4.85 (1H, 9), 253 (4H, t, J = 18.5 Hz), 2.27
(2H, d, J = 16.3 Hz), 2.18 (2H, d, J = 16.3 Hz), 1.13 (6H, ), 1.01 (6H, s); 13C-
-NMR (100 MHz, CDCl3, ¢ / ppm): 196.8, 163.5, 148.7, 146.8, 136.0, 129.2,
123.1, 122.0, 114,9, 51.0, 41.2, 32.7, 32.5, 29.6, 27.7.
3,4,5,6,7,9-Hexahydro-3,3,6,6-tetramethyl-9-(2-nitrophenyl)- 1H-xanthene-
-1,8(2H)-dione (5d). IR (KBr, cm—1): 3026, 2964, 1662, 1471, 1361; 1H-NMR
(400 MHz, CDCl3, ¢ / ppm): 7.21-7.73 (4H, m, Ar-H), 5.51 (1H, s), 2.45 (4H, s),
2.21 (2H, d, J = 16.2 Hz), 2.13 (2H, d, J = 16.2 Hz), 1.07 (6H, s), 0.98 (6H, 9);
13C-NMR (100 MHz, CDCl3, § / ppm): 196.7, 163.4, 150.3, 138.5, 132.4, 131.5,
127.6, 125.0, 114.6, 51.0, 41.3, 32.5, 29.4, 29.2, 28.0.
3,4,5,6,7,9-Hexahydro-3,3,6,6-tetramethyl -9-(4-methyl phenyl)- 1H-xanthene-
-1,8(2H)-dione (5€). IR (KBr, cm—1): 3021, 2961, 1662, 1466; 1H-NMR (400
MHz, CDCl3, ¢ / ppm): 7.20 (2H, d, J=6.9 Hz), 7.04 (2H, d, J = 7.5 Hz), 4.74
(1H, 9), 2.49 (4H, 9), 2.17-2.27 (7TH, m), 1.25 (6H, ), 1.02 (6H, s); 13C-NMR
(100 MHz, CDCl3, ¢ / ppm); 196.8, 162.5, 141.6, 136.1, 129.2, 128.7, 116.2,
51.2,41.3, 32.6, 31.9, 29.7, 27.8, 21.5.
3,4,5,6,7,9-Hexahydr o-9-(4-methyl phenyl)-3,3,6,6-tetramethyl - 1H-xanthene-
-1,8(2H)-dione (5f). IR (KBr, cm-1):: 3031, 2959, 1665, 1460, 1361, 1200,
1170, 855; IH-NMR (400 MHz, CDCls3, 6 / ppm): 7.22 (2H, d, J = 8.8 Hz), 6.77
(2H, d,J=8.8Hz),4.72 (1H, s), 3.75 (3H, s), 2.48 (4H, 5), 225 (2H,d, J=16.4
Hz), 2.18 (2H, d, J = 16.4 Hz), 1.12 (6H, ), 1.01 (6H, s); 13C-NMR (100 MHz,
CDCl3, 6 / ppm): 196.5, 162.1, 157.9, 136.5, 129.3, 115.8, 113.5, 55.1, 50.8,
40.9, 32.2, 30.9, 29.3, 27.3.
9-(4-Chlorophenyl)-3,4,5,6,7,9-hexahydro-3,3,6,6-tetramethyl - 1H-xanthene-
-1,8(2H)-dione (5g). IR (KBr, cm-1): 3018, 2971, 1661, 1466; 1H-NMR (400
MHz, CDCl3, 6 / ppm): 7.09-7.46 (m, 4H, Ar-H), 5.03 (1H, s), 2.48 (4H, s), 2.26
(2H, d, J = 16.2 Hz), 2.19 (2H, d, J = 16.2 Hz), 1.13 (6H, s), 1.05 (6H, 9); 13C-
-NMR (100 MHz, CDCl3, 6 / ppm) 196.8, 163.4, 140.3, 133.9, 133.3, 130.6,
128.2, 126.7, 114.1, 51.1, 41.2, 32.4, 32.3, 29.7, 27.8.
4-(2,3,4,5,6,7,8,9-Octahydro-3,3,6,6-tetramethyl - 1,8-di oxo- 1H-xanthene-9-
-yl)benzonitrile (5h). IR (KBr, cm~1): 3015, 2960, 2224, 1662, 1500, 1471; 1H-
NMR (400 MHz, CDCl3, 6 / ppm): 0.98 (6H, s, 2 x CH3), 1.11 (6H, s, 2 x CH3),
2.13-2.26 (4H, dd, J = 19.6 Hz, 2 x CH>), 2.49 (4H, t, 2 x CH>), 4.76 (1H, ),
7.40-7.51 (4H, dd, J = 4.9 Hz, Ar-H); 13C-NMR (100 MHz, CDCls, ¢ / ppm)
196.3, 163.0, 149.5, 131.9, 129.3, 119.0, 114.5, 110.1, 50.6, 40.8, 32.5, 32.2,
29.2, 27.3.
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Synthesis and biological evaluation of novel benzo[b]xanthone
derivatives as potential antitumor agents
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Abstract: Nine novel aminoalkoxy substituted benzo[b]xanthones (3a—) were
synthesized. Their antitumor activities were evaluated in five human solid
tumor cell lines, including Hep-G2, BEL-7402, Hel.a, MGC-803 and CNE, by
the MTT (2-(4,5-dimethyl-thiazol-2-yl)-3,5-diphenyl-2H-tetrazolium bromide)
method. The results showed that most of the compounds displayed moderate to
good inhibitory activities on the tested cancer cell lines in vitro, among them
compounds 3a and 3h showed higher antitumor activity than the other tested
compounds against most cell lines. The influences of two kinds of structural
factors, i.e., the terminal amino group and length of the carbon spacers, on the
anticancer activities were explored to discuss preliminary structure—activity
relationships.

Keywords. xanthone; benzo[ b]xanthone; in vitro anticancer activity.

INTRODUCTION

Xanthones, a class of oxygen-containing heterocyclic compounds widely
distributed in nature,! have diverse pharmacological activities, such as antioxi-
dant activity,23 topoisomerase |1 inhibitory activity,4 antitumor activity,® a-glu-
cosidase inhibitory activity,59 cholesterol acyltransferase (ACAT) inhibitory
activity,10 antibacterial and antifungal activity,11 based on their diverse struc-
tures. Their interesting structural scaffolds and pharmacological importance have
attracted many scientists to isolate or synthesize these compounds as novel drug
candidates. Especialy, the effective inhibitory activity against human cancer cell
lines has attracted considerable attention and many xanthone derivatives with
excellent anticancer activity have been obtained.12-15 For example, Shen et al.
reported xanthone derivatives substituted by six different groups, of which the

*** Corresponding authors. E-mails: (*)jiangkegq@sina.com; (**)dzhk110@126.com
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piperidinylethoxy-substituted xanthone could efficiently prohibit the growth of
cancer cells.16 Although preliminary work has highlighted the high class of the
potent anticancer potentials of xanthone as a promising building motif for the
development of new drugs, more efforts on structural modification of xanthone
aswell as on their pharmacological activity should be realized.

In the past few decades, medicinal chemistry researchers have mainly
focused on the introduction of various side chains onto the aromatic ring core of
xanthone in attempts to improve its bioactivity; however, little attention was paid
to the structural modifications and anticancer activities of benzoxanthone, which
possesses an extended n-system. Considering that a pharmacophore might im-
prove its physicochemical and biological activities by the introduction of a nitro-
gen-containing side chainl’ and the structure of 1,3-dihydroxybenzoxanthone, in
the herein reported study, a series of novel benzo[b]xanthone derivatives with
terminal amines linked by different carbon spacers were prepared and their effect
on the growth of five human cancer cell lines, i.e., Hep-G2, BEL-7402, Hel a,
MGC-803 and CNE, evaluated.

The primary aim of this work was to gain some insight into the effect of
various terminal amines and different carbon lengths on benzo[b]xanthones on
antitumor activities and an interesting structure—activity relationship. The obtained
results revealed that aminoalkoxy-substituted benzo[b]xanthones provided inte-
resting scaffolds in the search for potential anticancer drugs. The chemical
structures of xanthone and benzo[b]xanthone are shown in Fig. 1.

O O
8 1 9 10 1
8a 8b 9a 10a lla
7 O 9 O 2 8 O 11 O 2
6 3 7 3
5
54b04a4 p 854b04a4
Xanthone Benzoxanthone

Fig. 1. Chemical structures of xanthone and 12H-benzo[b]xanthen-12-one.

RESULTS AND DISCUSSION
Chemistry

The synthetic route of benzoxanthone derivatives 3a—i is shown in Scheme
1. Compound 1 was synthesized in 35 % yield from the condensation of 3-hyd-
roxy-2-naphthoic acid with phloroglucinol (1,3,5-trihydroxybenzene) in the pre-
sence of anhydrous zinc chloride and phosphorus oxychloride as a condensing
agent.” Compounds 2a—e, which could be prepared from 1,3-dihydroxy-12H-
-benzo[b]xanthen-12-one with o,w-dibromoakane using KoCOj3 as the base in
anhydrous acetone.>8° were the key intermediates for the synthesis of the
investigated compounds, Finally, amination of compounds 2a—e with appropriate
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amines in ethanol afforded the novel benzo[b]xanthone derivatives 3a—i,318
which could be purified by chromatography on a silica gel column, as yellow
solids. The synthetic compounds gave satisfactory analytical and spectroscopic
data, which were in full accordance with their depicted structures.

“i( OOH i
OH HO OH OO O

OH

0 OH
CLr I —- “me
o) (')X9"\Br 0/6\ -

2a-2e 3a-3i

(n=2~6 for 2a - 2e, respectively)

Compound 3a 3b 3¢ 3d 3e 3f 3g 3h 3i
n 4 4 4 4 4 2 3 5 6
~ —Z ]/'—\2' / /
_NRIR2 N N _ 7 R . - -N - NS
NRIR N N N : N Vs N\_ﬁOz N . N N
47 54 5 :

Regents and conditions: (1) ZnCl,, POCl;, 70°C, 2-3 h; (ii) Br(CH,),Br, K,CO3, acetone, 55°C, 24 h;
(iii) R'R?>NH, MeOH, 78°C, 6 h
Scheme 1. Synthetic route to the benzo[b]xanthone derivatives.

Antiproliferative activities

In the present study, the antiproliferative activity of the synthesized com-
pounds was tested in vitro on five human tumor cell lines, i.e., human hepatocar-
cinoma (Hep-G2 and BEL-7402), human cervix tumor (HelLa), human gastric
cancer (MGC-803) and human nasopharyngeal carcinoma (CNE). 5-Flurouracil
(5-Fu) was used as a positive control. The typical MTT (2-(4,5-dimethyl-thiazol -
-2-y1)-3,5-diphenyl-2H-tetrazolium bromide) assay procedure was applied for
this assessment. Theinhibitory activities of the compounds are givenin Tablel.

The results depicted in Table | indicated that most of the prepared com-
pounds exhibited moderate to good inhibitory activities with the 1Csq values at
micromole level concentration against all of the cancer cell lines and all of the
compounds demonstrated selective cytotoxicity against MGC-803 cells, except
for compound 3e. To optimize the structure favorable for anticancer activities,
two kinds of structural factors, i.e., the terminal amino substituent and the length of
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TABLE I. ICgy values, determined by the MTT assay, for the benzoxanthone derivatives
towards Hep-G2, BEL-7402, HeLa, MGC-803 and CNE cells

Compd./cell |Ceo®/ UM

Hep-G2 BEL-7402 HelLa MGC-803 CNE
5-Fu 21.30+2.53 20.95+1.90 51.88+2.53 7.76£1.09 51.00+2.82
3a 3.51+0.72 1.64+0.33 1.59+0.14 0.85+0.15 5.47+2.10
3b 7.56+£1.09 5.74+1.37 6.22+0.56 0.76x£0.09 12.39+0.88
3c 4.08+0.50 1.41+0.70 3.72+0.57 0.49+0.05 6.51+0.44
3d 5.70+0.39 5.53+0.58 8.45+1.97 0.39+0.06 20.29+1.14
3e >100 >100 >100 >100 >100
3f 9.86+0.20 16.73+3.36 19.24+1.49 1.92+0.21 >100
39 5.49+0.54 8.18+0.90 8.93+0.88 0.70+0.08 5.11+0.44
3h 1.72+0.67 10.08+1.46 3.41+0.17 0.86+0.14 4.41+0.31
3i 2.35+0.69 6.81+1.11 4.26+0.95 1.48+0.12 9.61+0.86

8The drug concentration required to inhibit tumor cell proliferation by 50 % after continuous exposure of 48 h;
each value represents the mean + SD from three independent experiments

the carbon spacer, were considered. First, compounds 3a—e, in which the benzo-
xanthone ring system was linked to different terminal amino substituents by a
4-carbon spacer at the C-3 position, were investigated to determine the influence
of the different amino substituents on the antiproliferative activity. It was shown
that the dimethylamine-substituted compound 3a holds the best inhibitory acti-
vity on the cancer cell lines in most cases. Compound 3a has best activities
against the cancer cell lines of Hep-G2, HelLa and CNE in this series, with ICsgg
values of 3.51, 1.59 and 5.47 uM, respectively. However, for the cell lines BEL-
7402 and MGC-803, compounds 3c and 3d, which have N-heterocyclic rings at
the C-3 position of 1,3-dihydroxy-12H-benzo[b]xanthen-12-one, were more active
than compound 3a. Interestingly, no notable activities were observed for the
morpholino-substituted compound 3e at a concentration of 100 uM against any of
the tested cancer cell line. Compound 3b aso exhibited weaker inhibitory
activities than compound 3a, except for the cell line MGC-803. From the above
comparisons, it is obvious that compound 3a was the most potent compound of
the derivatives 3a—e, which indicated that the terminal dimethylamino group was
favorable for the growth inhibitory activity in this series. Next, compounds 3f—i
as well as 3a, in which the benzoxanthone ring system was linked to dimethyl-
amino group by different carbon spacers, were investigated to explore the influ-
ence of the different length of carbon spacers on the anticancer activity. In this
series, compounds 3a and 3h, which contained a four or five carbon spacer at
position C-3 position respectively, showed higher inhibitory activities than the
other compounds. Meanwhile, compound 3f, which had two carbon spacers in
between benzoxanthone and the terminal dimethylamino group, displayed the
lowest activities. Comparing the | Csg values of compounds 3a and 3h, compound
3a showed greater anticancer activities against the cancer cell line BEL-7402 and
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HelLa, but lower activities against the Hep-G2/ and CNE cell lines, and
equivalent activities for the MGC-803 cell line; thus they had almost equivalent
anticancer activities. Although more studies are required to establish a structure—
activity relationship, these preliminary results suggest that a four or five carbon
spacer and aterminal dimethylamino group at position C-3 of the benzoxanthone
scaffold (compounds 3a and 3h) are favorable for growth inhibitory activity
against most cancer cell lines.

EXPERIMENTAL

All the solvents and reactants were of analytical grade and were used without further
purification unless stated. Melting points were determined on a WRS-IA apparatus without
correction. The elemental analyses were realized using an Elementar Vario EL CHNS elemen-
tal analyzer. The TH-NMR and 13C-NMR spectra were recorded in DMSO-dg or CDCl5 on a
Bruker Avance AV500 spectrometer using TMS as an internal standard. The IR spectra were
recorded on a Nicolet ESP 360 FTIR instrument. The mass spectra were obtained on a Bruker
Esquire HCT spectrometer. Analytic and spectroscopic data for compounds 1 and 2a—e are
given in Supplementary material to this paper.

Synthesis of 1,3-dihydroxy-12H-benzo[ b] xanthen-12-one (1)

Compound 1 was synthesized by an improved literature method.” Thus, to a mixture of
3-hydroxy-2-naphthoic acid (9.4 g, 0.050 mal), phloroglucinol (6.3 g, 0.050 mol) and freshly
fused zinc chloride (20 g) was added phosphoryl chloride (50-60 mL). The reaction mixture
was stirred at 70 °C for 2-3 h until the starting material had disappeared as controlled by TLC.
On completion of the reaction, the mixture was cooled to room temperature, poured onto
crushed ice and allowed to stand overnight. The solid was collected by filtration, washed with
saturated agueous sodium bicarbonate and water, and dried to give a red solid. The crude
products were purified by silica gel column chromatography eluting with petroleum ether
(PE):EtOAC = 3:1 (v/v) to afford compound 1 as a yellow solid.

General procedure for the synthesis of w-bromoal koxy-substituted benzo[ b] xanthones (2a—€)

With improved methods based on literatures procedures,>8° to a mixture of compound 1
(2.112 g, 4 mmol) and anhydrous K,CO3 (1.656 g, 12.0 mmol) in anhydrous acetone (30 mL)
was added 1,2-dibromoethane or 1,3-dibromopropane or 1,4-dibromobutane or 1,5-dibromo-
pentane or 1,6-dibromohexane (20 mmol) with a syringe. The reaction mixture was stirred
overnight at 55 °C. The mixture was filtered, washed with water, then the solvent was
removed under reduced pressure and the residue was purified by silica gel column chroma-
tography eluting with PE:EtOAc = 25:1 (v/v) to give compounds 2a— as yellow solid,
respectively.

Synthesis of aminoalkoxy substituted benzo[ b] xanthones (3a—)

General procedure. To a solution of 2a—e in 15 mL of anhydrous ethanol was added
dimethylamine, diethylamine, pyrrolidine, piperidine or morpholine, followed by heating at 78
°C for 6 h until the starting material had disappeared as evidenced by TLC and then cooled to
room temperature. The mixture was filtered, washed with water, dried over Na,SO, and
concentrated. The crude products were purified by column chromatography.

Compound 3a. Reactants: 2c¢ (0.06 g, 0.15 mmol) and an agueous solution of dimethyl-
amine (30 %, 2 mL, 9.97 mmol); elution solvent for column chromatography, chloro-
form:methanol, 100:8 (v/v).
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Compound 3b. Reactants: 2¢ (0.060 g, 0.15 mmol) and diethylamine (2 mL, 19.4 mmol);
elution solvent for column chromatography, chloroform:methanol, 100:4 (v/v).

Compound 3c: Reactants: 2c (0.060 g, 0.15 mmol) and pyrrolidine (0.25 mL, 3 mmol);
elution solvent for column chromatography, chloroform:methanol, 100:6 (v/v).

Compound 3d. Reactants: 2c (0.060 g, 0.15 mmol) and piperidine (0.25 mL, 2.52 mmol);
elution solvent for column chromatography, chloroform:methanol, 100:1 (v/v).

Compound 3e. Reactants: 2c (0.060 g, 0.15 mmol) and morpholine (0.25 mL, 2.88
mmol); elution solvent for column chromatography, chloroform:methanol, 100:1 (v/v).

Compound 3f: Reactants: 2a (0.060 g, 0.16 mmol) and an agueous solution of dimethyl-
amine (30 %, 2 mL, 9.97 mmol); elution solvent for column chromatography, chloro-
form:methanol, 100:3 (v/v).

Compound 3g. Reactants: 2b (0.060 g, 0.15 mmol) and dimethylamine aqueous solution
(2 mL, 30%, 9.97 mmol); elution solvent for column chromatography, chloroform:methanol,
100:8 (v/v).

Compound 3h. Reactants: 2d (0.060 g, 0.14 mmol) and dimethylamine aqueous solution
(30%, 2 mL, 9.97 mmol); elution solvent for column chromatography, chloroform:methanal,
100:8 (v/v).

Compound 3i. Reactants: 2e (0.060 g, 0.14 mmol) and dimethylamine aqueous solution
(30%, 2 mL, 9.97 mmol); elution solvent for column chromatography, chloroform:methanol,
100:8 (v/v).

Growth of cell and chemicals

The human hepatocarcinoma cell lines (Hep-G2 and BEL-7402), human cervix tumor
cel line (HeLa), human gastric cancer cell line (MGC-803) and human nasopharyngea
carcinoma cell line (CNE) were obtained from the Shanghai Institutes for Biological Sciences,
Chinese Academy of Sciences (Shanghai, China). All cell lines were maintained in RPMI
1640 medium supplemented with 10 % fetal bovine serum and 100 U mL-1 penicillin and 100
ug mL-1 streptomycin. The cells were kept at 37 °C in a humidified atmosphere containing 5
% CO,. The nine benzo[b]xanthone derivatives 3a— were applied in DMSO to 10 mM and
stored at —80 °C. MTT (2-(4,5-dimethylthiazol-2-yl)-3,5-diphenyl-2H-tetrazolium bromide)
was obtained from Amresco Chemical Corp (USA) and was dissolved in 0.01 M PBSto 5 mg
mL-1. Deionized water was used in all experiments.

Cdll proliferation assay (MTT assay)

Inhibition of cell proliferation by the benzo[b]xanthone derivatives was measured using
the MTT assay. Briefly, cells were plated in 96-well culture plates at the density of 5000 cells
per well in RPMI 1640 medium in 200 pL aliquots. After 24 h incubation, the cells were
treated with the benzo[b]xanthone derivatives (0.3, 1, 3, 10 and 30 pM, four wells per
concentration) for 48 h. Then 20 uL of a5 mg mL-1 MTT solution was added to each well and
the cells were further incubated at 37 °C for another 4 h. The supernatant was discarded, 150
puL DM SO per well was added and the absorbance (A) was measured at 490 nm. The cell
inhibition (IR) was calculated using the following eguation:

IR (%) = {M} x100
A
where A; and A, are the absorption of the control and treated samples, respectively.

The 1Cs, values, calculated by the logit method,® were taken as the concentrations of

the benzo[ b]xanthone derivatives causing 50 % inhibition of cell viabilities.
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CONCLUSIONS

In this work, nine novel aminoalkoxy substituted benzo[b]xanthone were
synthesized and their in vitro antitumor activities evaluated. The results sug-
gested that a four or five carbon spacer and a termina dimethylamino group at
position C-3 of benzo[b]xanthone scaffold were favorable for the growth inhi-
bitory activity. Thus, compounds 3a and 3h were the most potent compounds,
which possess potential as future antitumor agents. The molecular mechanisms of
their antitumor action will be reported in due course.

SUPPLEMENTARY MATERIAL

Analytical and spectral data of the synthesized compounds are available electronicaly at
http://www.shd.org.rs/JSCS/, or from the corresponding author on request.
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H3BOI

CHUHTE3A U UCITMTHUBAILE BUOJIOIIKE AKTUBHOCTH HOBUX JEPUBATA
BEH30KCAHTOHA KAO ITOTEHIOHWJAJTHUX AHTUTYMOPCKHX ATEHACA

LIN LUO', JIANG-KE QIN', ZHI-KAI DAI” u SHI-HUA GAO'

!Key Laboratory for the Chemistry and Molecular Engineering of Medicinal Resources, School of
Chemistry & Chemical Engineering of Guangxi Normal University, Guilin 541004, China u 2Department
of Pharmacology, Pharmaceutical Institute of Guilin Medical University, Guilin 541004, China

OmucaHa je cuHTe3a W KapaKTepu3alHja JIeBeT HOBHX CYNCTHTYHUCAHUX JiepuBaTa OeH-
30[blkcanToHa (3a—i). McnuTrBaHa je HUX0BAa aHTUTyMOPCKAa aKTUBHOCT ITpema IeT TUIIOBa
henujckux nuHUja xyMaHor Tymopa, Hep-G2, BEL-7402, HeLa, MGC-803 u CNE, MTT meTo-
oM. Pesynraru cy nokasanu na BehrHa meprBarta nokasyje yMepeHy [0 00Dy in Vilro UHXU-
OUTOPHY aKTHBHOCT ITpeMa hesujckuM NUHUjaMa KaHUepa, Of KOjux jenumera 3a u 3h moka-
3yjy Hajsehy akTuBHOCT. MCIUTHBAH je yTHLlaj TEDMUHAIHE aMUHO IPYIE U Jy)KMHE HU3a Ha
AQHTUKAHLEPCKY aKTUBHOCT W AWCKYTOBAaHA je NMpeIMMHUHAapHA Be3a uaMely CTpykType U ak-
THBHOCTH.

(ITpumsbeHo 25. centemdpa 2012, pesuaupano 2. maja 2013)
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Fig. S-1. Chemical structure of benzo[b]xanthone with atomic numbering.

ANALYTIC AND SPECTROSCOPIC DATA FOR COMPOUNDS 1 AND 2a-e

1,3-Dihydroxy-12H-benzo[ b] xanthen-12-one (1). Yield: 35 %; m.p.: 278—
—279 °C; IH-NMR (500 MHz, DMSO-dg,  / ppm): 12.92 (1H, s, HO-1), 8.86
(1H, s, H-10), 8.25 (1H, d, J = 8.4 Hz, H-9), 8.08 (1H, s, H-5), 8.07 (1H, d, J =
8.3 Hz, H-6), 7.71 (1H, t, J = 7.2 Hz, H-7), 7.58 (1H, t, J = 7.6 Hz, H-8), 6.43
(1H, s, H-2), 6.23 (1H, s, H-4).

3-(2-Bromoethoxy)-1-hydroxy-12H-benzo[ b] xanthen-12-one  (2a). Yield:
14.9 %; m.p.: 236-238 °C; 1H-NMR (500 MHz, CDClz, § / ppm): 12.95 (1H, s,
HO-1), 8.88 (1H, s, H-10), 8.08 (1H, d, J= 8.2 Hz, H-9), 7.93 (1H, d, J = 8.3 Hz,
H-6), 7.84 (1H, s, H-5), 7.65 (1H, t, J= 7.1 Hz, H-7), 7.55 (1H, t, J = 7.2 Hz, H-
8), 6.49 (1H, s, H-2), 6.37 (1H, s, H-4), 4.42 (2H, t, J = 6.1 Hz, OCH>), 3.71 (2H,
t, J= 6.0 Hz, CH2Br).

3-(3-Bromoethoxy)-1-hydroxy-12H-benzo[ b] xanthen-12-one (2b). Yield: 32
%; m.p.: 190-192 °C; 1H-NMR (500 MHz, CDCl3, 6 / ppm): 8.86 (1H, s, H-10),
8.06 (1H, d, J = 8.3 Hz, H-9), 7.91 (1H, d, J = 8.3 Hz, H-6), 7.82 (1H, s, H-5),
7.64 (1H,t, J = 7.5 Hz, H-7), 7.53 (1H, t, J = 7.4 Hz, H-8), 6.46 (1H, s, H-2),

*** Corresponding authors. E-mails: (*)jiangkeq@sina.com; (**)dzhk110@126.com
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6.36 (1H, s, H-4), 4.25 (2H, t, J = 6.0 Hz, OCH>), 3.65 (2H, t, J = 6.4 Hz,
CH>Br), 2.43-2.38 (2H, m, OCH>CH>CH2Br).

3-(4-Bromoethoxy)-1-hydroxy-12H-benzo[ b] xanthen-12-one  (2¢). Yield:
14.5 %; m.p.: 177-179 °C; IH-NMR (500 MHz, CDCls, § / ppm): 12.94 (1H, s,
HO-1), 8.85 (1H, s, H-10), 8.06 (1H, d, J = 8.3 Hz, H-9), 7.91 (1H, d, J = 8.4 Hz,
H-6), 7.82 (1H, s, H-5), 7.64 (1H, t, J = 7.2 Hz, H-7), 7.52 (1H, t, J = 7.3 Hz, H-
8), 6.43 (1H, s, H-2), 6.33 (1H, s, H-4), 4.12 (2H, t, J = 6.0 Hz, OCH>), 3.54 (2H,
t, J = 6.4 Hz, CH2Br), 2.14-2.09 (2H, m, OCH2CH>CH>CH2Br), 2.06-2.02 (2H,
m, OCH,CH>CH2CH2BT).

3-[ (5-Bromaopentyl)oxy] - 1-hydr oxy-12H-benzo[ b] xanthen-12-one (2d). Yield:
20.5 %; m.p.: 167-169 °C; IH-NMR (500 MHz, CDCl3, 6 / ppm): 12.95 (1H, s,
HO-1), 8.88 (1H, s, H-10), 8.08 (1H, d, J = 8.2 Hz, H-9), 7.93 (1H, d, J = 8.1 Hz,
H-6), 7.85 (1H, s, H-5), 7.65 (1H, t, J = 7.6 Hz, H-7), 7.54 (1H, t, J = 7.9 Hz, H-8),
6.46 (1H, d, J = 1.8 Hz, H-2), 6.36 (1H, d, J = 1.8 Hz, H-4), 4.12 (2H, t, J = 6.3
Hz, OCHjp), 349 (2H, t, J = 6.6 Hz, CH.Br), 2.01-1.96 (2H, m,
OCH>CH2>CH>CH>CH2Br), 1.92-1.87(2H, m, OCH>CH>CH>CH>CH2Br), 1.72—
1.68 (2H, m, OCH>CH>CH2>CH>CHBr).

3-[(6-Bromohexyl)oxy] -1-hydr oxy-12H-benzo[ b] xanthen-12-one (2€). Yield:
15.3 %, m.p.: 156-158 °C; 1H-NMR (500 MHz, CDCl3, § / ppm): 12.94 (1H, s,
HO-1), 8.87 (1H, s, H-10), 8.07 (1H, d, J = 8.2 Hz, H-9), 7.92 (1H, d, J = 8.6 Hz,
H-6), 7.84 (1H, s, H-5), 7.64 (1H, t, J = 7.6 Hz, H-7), 7.53 (1H, t, J = 7.5 Hz, H-
8), 6.45 (1H, s, H-2), 6.35 (1H, s, H-4), 4.10 (2H, t, J = 6.5 Hz, OCHJ>), 3.45 (2H,
t, J=6.9 Hz, CH,Br), 1.96-1.93 (2H, m, OCH>CH >CH>CH,CH>CH>5Br), 1.89—
188 (2H, m, OCH>CH>CH,CH>CH>CH5Br), 1.58-156 (4H, m,
OCH»>CH2CH>CH>CHoCHBI).

ANALYTIC AND SPECTROSCOPIC DATA OF COMPOUNDS 3a-i

3-[4-(Dimethylamino)butoxy] -1-hydr oxy-12H-benzo[ b] xanthen-12-one (3a).
Yield: 17.8 %; Color: Yelow; m.p.: 148-150 °C; Anal. Calcd. for Co3Ho3NOg:
C, 73.19; H, 6.14; N, 3.71 %. Found: C, 73.28; H, 6.18; N, 3.63 %; IR (KBr, cm3):
3429 (O-H), 3054 (Ar-H), 2940 (C—H str. of -CH3 and —CH>-), 1656 (C=0),
1600 (Ar), 1512 (Ar), 1469 (-CH>-); IH-NMR (500 MHz, DMSO-dg, 6 / ppm):
12.90 (1H, s, HO-1), 8.90 (1H, s, H-10), 8.28 (1H, d, J = 8.5 Hz, H-9), 8.12 (1H,
s, H-5), 8.10 (1H, d, J = 8.4 Hz, H-6), 7.74 (1H, t, J = 7.9 Hz, H-7), 7.62 (1H, t,
J = 7.8 Hz, H-8), 6.67 (1H, s, H-2), 6.42 (1H, s, H-4), 4.18 (2H, t, J = 6.6 Hz,
OCHj), 246 (2H, brs, CHyN), 2.35 (6H, s, 2NCH3), 1.79-1.77 (2H, m,
OCH,CH2CHoCHN), 1.65-1.62 (2H, m, OCH,CHo,CH2CHoN); 13C-NMR
(125 MHz, DMSO-dg, ¢ / ppm): 181.7 (C-11), 167.0 (C-3), 163.6 (C-1), 158.2
(C-4a), 151.8 (C-4b), 136.9 (C-54), 130.1 (C-9a), 130.0 (C-10), 129.7 (C-9),
127.7 (C-7), 127.6 (C-6), 126.4 (C-10a), 120.1 (C-8), 113.6 (C-5), 103.0 (C-11a),
975 (C-4), 94.0 (C-2), 68.9 (OCHy), 585 (CH2N), 44.9 (2NCH3), 26.5
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(OCH2CH2CHoCHoN), 23.1 (OCH2CHoCHoCHoN); ESI-MS (mV2): 378.15
[M+H]*.

3-[4-(Diethylamino)butoxy] -1-hydr oxy-12H-benzo[ b] xanthen-12-one  (3b).
Yield: 8.3 %; Color: yellow; m.p.: 128-130 °C; Anal. Calcd. for CosHo7NO4: C,
74.05; H, 6.71; N, 3.45 %. Found: C, 74.16; H, 6.80; N, 3.36 %; IR (KBr, cn1):
3417 (O-H), 3050(Ar-H), 2929 (C—H str. of -CH3 and —-CH>-), 1646 (C=0),
1599 (Ar), 1506 (Ar), 1468 (-CH2>-); IH-NMR (500 MHz, DM SO-dg, 6 / ppm):
8.88 (1H, s, H-10), 8.26 (1H, d, J = 8.5 Hz, H-9), 8.09 (1H, s, H-5), 8.08 (1H, d,
J=8.5Hz H-6), 7.73 (1H, t, J = 7.4 Hz, H-7), 7.60 (1H, t, J = 7.8 Hz, H-8), 6.66
(1H, s, H-2), 6.42 (1H, s, H-4), 4.20 (2H, t, J = 6.1 Hz, OCH>), 2.99 (6H, s,
3CH2N), 1.85-1.76 (4H, m, OCH>CH>CH>CH>N), 1.17 (6H, s, J = 7.1 Hz,
2CH3); 13C-NMR (125 MHz, DMSO-dg, ¢ / ppm): 181.2 (C-11), 167.0 (C-3),
163.6 (C-1), 158.2 (C-4a), 151.8 (C-4b), 136.9 (C-5a), 130.2 (C-9a), 129.7 (C-10),
129.7 (C-9), 127.7 (C-7), 127.6 (C-6), 126.5 (C-104a), 120.1 (C-8), 113.7 (C-5),
103.1 (C-11a), 97.6 (C-4), 94.0 (C-2), 68.6 (OCH5), 51.3 (CH2N), 46.8
(2NCH2), 26.2 (OCH2CH2CH2CH2N), 21.2 (OCHoCHoCHoCHoN), 9.7
(NCH2CH3), 8.8 (NCH2CHa3); ESI-MS (nV2): 406.15 [M+H]™.

1-Hydroxy-3-[ 4-(pyrrolidin-1-yl)butoxy] -12H-benzo[ b] xanthen-12-one (3c).
Yield: 20 %; Color: yellow; m.p.: 150-152 °C; Anal. Calcd. for CosHosNOg4: C,
74.42; H, 6.25; N, 3.47 %. Found: C, 74.55; H, 6.34; N, 3.38 %; IR (KBr, cn1):
3429 (O—H), 3044 (Ar-H), 2940 (C—H str. of -CH»-), 1655 (C=0), 1598 (Ar),
1509 (Ar), 1471 (-CH»-); IH-NMR (500 MHz, DMSO-dg, 6 / ppm): 12.89 (1H,
s, HO-1), 8.90 (1H, s, H-10), 8.27 (1H, d, J = 8.4 Hz, H-9), 8.10 (1H, s, H-5),
8.09 (1H, d, J = 8.3 Hz, H-6), 7.73 (1H, t, J = 7.4 Hz, H-7), 7.60 (1H,t,J= 7.6
Hz, H-8), 6.67 (1H, s, H-2), 6.43 (1H, s, H-4), 4.20 (2H, t, J = 6.6 Hz, OCH)>),
3.07 (6H, br, CH2N), 1.90 (4H, s, OCH,CH>CH2CH2N), 1.83-1.80 (4H, m, H-2'
and 3); 13C-NMR (DMSO-dg, 125 MHz, 6 / ppm): 181.7 (C-11), 167.0 (C-3),
163.6 (C-1), 158.2 (C-44d), 151.8 (C-4b), 136.9 (C-5q), 130.1 (C-9a), 130.0 (C-
10), 129.7 (C-9), 127.7 (C-7), 127.6 (C-6), 126.5 (C-10a), 120.1 (C-8), 113.7 (C-
5), 103.0 (C-118a), 97.5 (C-4), 94.0 (C-2), 68.7 (OCHy), 54.9 (CH2N), 53.9 (C-1'
and 4'), 26.4 (OCH>CH2CH>C HsN), 23.8 (OCHoCH>CHSCHoN), 23.3 (C-2'
and 3); ESI-MS (m/2): 404.17 [M+H]™.

1-Hydroxy-3-[ 4-(piperidin-1-yl)butoxy] - 12H-benzo[ b] xanthen-12-one  (3d).
Yield: 25.1 %; Color: yellow; m.p.: 154-156 °C; Anal. Calcd. for CogHo7NO4:
C, 74.80; H, 6.52; N, 3.35 %. Found: C, 74.68; H, 6.65; N 3.43 %; IR (KBr, cm1):
3441 (OH), 2924 (C—H str. of -CH»-), 1641 (C=0), 1597 (Ar), 1506 (Ar), 1470
(=CH2-); IH-NMR (500 MHz, DMSO-dg, § /ppm): 12.89 (1H, s, HO-1), 8.90
(1H, s, H-10), 8.27 (1H, d, J = 8.2 Hz, H-9), 8.09 (1H, s, H-5), 8.08 (1H, d, J =
8.2 Hz, H-6), 7.73(1H, t, J = 7.6 Hz, H-7), 7.60 (1H, t, J = 7.5 Hz, H-8), 6.67
(1H, s, H-2), 6.42 (1H, s, H-4), 4.20 (2H, t, J = 6.6 Hz, OCH>), 3.05 (6H, s,
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CH2N), 1.81 (4H, s, OCH>CH>CH>CHoN), 1.72 (6H, brs, H-2', 3' and 4'); ESI-
MS (m/2): 418.13 [M+H]™.

1-Hydroxy-3-[ 4-(mor pholin-1-yl)butoxy] -12H-benzo[ b] xanthen-12-one (3e).
Yield: 16.7 %; Color: yellow; m.p.: 183-185 °C; Anal. Calcd. for CosHosNOs;:
C, 71.58; H, 6.01; N, 3.34 %. Found: C, 71.49; H, 6.04; N, 3.38 %; IR (KBr, cm3):
3440 (OH), 2956 (C—H str. of -CH>-), 1658 (C=0), 1601 (Ar), 1512 (Ar), 1471
(<CH2-); H-NMR (500 MHz, DMSO-dg, 6 / ppm): 12.94 (1H, s, HO-1),
8.87(1H, s, H-10), 8.08 (1H, d, J = 8.3 Hz, H-9), 7.92 (1H, d, J = 8.3 Hz, H-6),
7.84 (1H, s, H-5), 7.65 (1H, t, J = 7.4 Hz, H-7), 7.53 (1H, t, J = 7.7 Hz, H-8),
6.46 (1H, s, H-2), 6.35 (1H, s, H-4), 4.13 (2H, t, J = 6.3 Hz, OCH)>), 3.76 (4H, t,
J=45Hz, H-2"and 4, 2.49 (4H, s, H-1'and 5'), 2.45 (2H, t, J = 7.3 Hz, CH2N),
191187 (2H, m, OCH2CH,CH,CHoN), 1.75-1.71 (2H, m,
OCH,CH,CH,CHN); 13C-NMR (CDCl3, 125 MHz, § / ppm): 181.7 (C-11),
166.7 (C-3), 164.0 (C-1), 158.1 (C-4a), 151.8 (C-4b), 136.7 (C-5a), 129.6 (C-9a),
129.5 (C-10), 129.2 (C-9), 127.5 (C-7), 127.0 (C-6), 125.6 (C-10a), 120.2 (C-8),
113.1 (C-5), 103.2 (C-114a), 97.0 (C-4), 93.4 (C-2), 68.4 (OCHy), 67.0 (C-2' and
4), 585 (CH2N), 53.8 (C-1' and 5, 26.9 (OCH2CH>CH>CH2N), 23.0
(OCH2CH2CH2CH2N); ESI-MS (mV2): 420.13 [M +H]*.

3-[2-(Dimethylamino)ethoxy] - 1-hydr oxy-12H-benzo[ b] xanthen-12-one (3f).
Yield: 27.6 %; Color: yellow; m.p.: 148-150 °C; Anal. Calcd. for Co1H1gNOg:
C, 72.19; H, 5.48; N, 4.01 %. Found: C, 72.28; H, 5.53; N, 3.96 %; IR (KBr, cn):
3363 (O-H), 3044 (Ar-H), 2925 (C-H str. of -CH3 and —CH»-), 1658 (C=0),
1596 (Ar), 1572 (Ar), 1509 (Ar), 1467 (-CH2-); IH-NMR (CDCl3, 500 MHz, & /
ppm): 8.83 (1H, s, H-10), 8.05 (1H, d, J = 8.3 Hz, H-9), 7.90 (1H, d, J = 8.4 Hz,
H-6), 7.81(1H, s, H-5), 7.63 (1H, t, J=7.7 Hz, H-7), 7.51 (1H, t, J = 7.8 Hz, H-8),
6.47 (1H, d, J = 2.1 Hz, H-2), 6.36 (1H, d, J = 2.2 Hz, H-4), 4.19 (2H, t, J = 5.7
Hz, OCHy), 2.81 (2H, t, J = 5.7 Hz, CH,N), 2.39 (6H, s, 2NCH3); 13C-NMR
(CDCI3, 125 MHz, 6 / ppm): 181.3 (C-11), 166.5 (C-3), 164.1 (C-1), 158.1 (C-4a),
151.9 (C-4b), 136.8 (C-54), 129.7 (C-9a), 129.6 (C-10), 129.2 (C-9), 127.6 (C-7),
127.1 (C-6), 125.6 (C-10a), 120.3 (C-8), 113.2 (C-5), 103.4 (C-11a), 97.0 (C-4),
93.7 (C-2), 66.8 (OCH>), 57.9 (CH2N), 45.9 (2NCH3); APCI-MS (m/2): 350.09
[M+H]".

3-[ 3-(Dimethylamino)propoxy] - 1-hydr oxy-12H-benzo[ b] xanthen-12-one
(3g). Yied: 27.6 %; Color: yelow; m.p.: 148-150 °C; Ana. Cacd. for
CooH21NO4: C, 72.71; H, 5.82; N, 3.85 %. Found: C, 72.78; H, 6.04; N, 3.76 %;
IR (KBr, cm1): 3418 (O—H), 3055 (Ar-H), 2945 (C-H str. of -CH3 and -CH»-),
1656 (C=0), 1600 (Ar), 1506 (Ar), 1467 (-CH>); IH-NMR (CDCl3, 500 MHz,
o / ppm): 8.82 (1H, s, H-10), 8.04 (1H, d, J = 8.4 Hz, H-9), 7.89 (1H, d, J =84
Hz, H-6), 7.79 (1H, s, H-5), 7.62 (1H, t, J = 7.3 Hz, H-7), 7.50 (1H, t, J = 7.5 Hz,
H-8), 6.44 (1H, d, J= 1.9 Hz, H-2), 6.34 (1H, d, J = 1.9 Hz, H-4), 4.15 (2H, t, J =
6.4 Hz, OCHy), 2.50 (2H, t, J = 7.1 Hz, CH2N), 2.31 (6H, s, 2NCH3). 2.05-2.00
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(2H, m, OCH2CH>CHN); 13C-NMR (125 MHz, CDCl3, 6 / ppm): 181.2 (C-11),
166.8 (C-3), 164.0 (C-1), 158.2 (C-4a), 151.9 (C-4b), 136.7 (C-5a), 129.7 (C-9a),
129.6 (C-10), 129.2 (C-9), 127.6 (C-7), 127.1 (C-6), 125.6 (C-10a), 120.3 (C-8),
113.1 (C-5), 103.3 (C-114a), 97.1 (C-4), 93.5 (C-2), 66.9 (OCH>), 56.1 (CH2N),
45.5 (2NCH3), 27.3 (OCH2CHy); APCI-MS (m/2): 364.11 [M+H]*.

3-{5-[ (Dimethylamino) pentyl] oxy}-1-hydr oxy-12H-benzo[ b] xanthen-12-one
(3h). Yidd: 36.4 %; Color yellow; m.p.: 130-132 °C; Ana. Calcd. for
CoqH2sNOg: C, 73.64; H, 6.44; N, 3.58 %. Found: C, 73.48; H, 6.52; N, 3.63 %;
IR (KBr, cmr1): 3423 (O-H), 3093 (Ar-H), 3055 (Ar-H), 2936 (C—H str. of -CH3
and —CH»-), 1655 (C=0), 1601 (Ar), 1506 (Ar), 1468 (-CH>-); IH-NMR (500
MHz, CDClj3, o/ppm): 8.82 (1H, s, H-10), 8.04 (1H, d, J = 8.4 Hz, H-9), 7.89
(1H, d, J = 8.4 Hz, H-6), 7.79 (1H, s, H-5), 7.62 (1H, t, J = 7.2 Hz, H-7), 7.50
(1H, t, 3= 7.5 Hz, H-8), 6.41 (1H, d, J = 2.0 Hz, H-2), 6.32 (1H, d, J = 2.0 Hz,
H-4), 4.08 (2H, t, J = 6.5 Hz, OCHJy), 2.35 (2H, t, J = 7.0 Hz, CH2N), 2.28 (6H,
s, 2NCH3), 1.90-1.85 (2H, m, OCH>CH>), 1.62-1.52 (4H, m, CH>CH>CH2N);
1I3C-NMR (125 MHz, CDCl3, 6 / ppm): 181.2 (C-11), 166.8 (C-3), 164.1 (C-1),
158.1 (C-44), 151.9 (C-4b), 136.7 (C-5a), 129.7 (C-9a), 129.6 (C-10), 129.2 (C-9),
127.6 (C-7), 127.1 (C-6), 125.6 (C-104), 120.3 (C-8), 113.1 (C-5), 103.2 (C-114),
97.0 (C-4), 935 (C-2), 66.8 (OCHy), 59.6 (CH2oN), 45.4 (2NCH3), 28.9
(OCH2CHY>), 27.3 (CH2CH2N), 23.9 (OCH2CH>CH>»); APCI-MS (m/z): 392.13
[M+H]*.

3-{6-[ (dimethylamino)hexyl] oxy}-1-hydroxy-12H-benzo[ b] xanthen-12-one
(3i). Yied: 29.1 %; Color: yelow; m.p.: 156-158 °C; Ana. Calcd. for
CosH27NO4: C, 74.05; H, 6.71; N, 3.45 %. Found: C, 74.10; H, 6.82; N, 3.41 %;
IR (KBr, cmr1): 3418 (OH), 3088 (Ar-H), 3055 (Ar-H), 2924 (C-H str. of -CH3
and -CH»-), 1659 (C=0), 1601 (Ar), 1509 (Ar), 1468 (-CHy-); IH-NMR (500
MHz, CDCl3, ¢ / ppm): 8.83 (1H, s, H-10), 8.05 (1H, d, J= 8.3 Hz, H-9), 7.90 (d,
J=8.4Hz, H-6), 7.80 (s, 1H, H-5), 7.62 (t, J = 7.2 Hz, 1H, H-7), 7.51(1H, t,J =
=7.4Hz 1H, H-8), 6.43 (1H, d, J = 2.1 Hz, H-2), 6.33 (1H, d, J = 2.2 Hz, H-4),
4.08 (2H, t, J = 6.5 Hz, OCHy), 2.37 (2H, t, J = 7.5 Hz, CH>N), 2.31 (6H, s,
2NCH3), 1.89-183 (2H, m, OCH>CHjy), 159151 (4H, m,
OCH,CH»CHCH>CHoCHN), 1.46-1.41 (2H, m, CHoCHoN); 13C-NMR (125
MHz, CDCl3, ¢ / ppm): 181.2 (C-11), 166.9 (C-3), 164.1 (C-1), 158.2 (C-4a),
152.0 (C-4b), 136.7 (C-54a), 129.7 (C-9a), 129.6 (C-10), 129.2 (C-9), 127.6 (C-7),
127.1 (C-6), 125.6 (C-10a), 120.3 (C-8), 113.1 (C-5), 103.2 (C-11a), 97.0 (C-4),
93.5 (C-2), 68.6 (OCHy>), 59.6 (CH2N), 45.3 (2NCH3), 28.9 (OCH2CH)), 27.4
(CH2CH2N), 27.1 (OCH2CH2CHy), 25.9 (CHoCH2CH2N); APCI-MS (m/2):
406. 14 [M+H]*.
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Abstract: Wines of three different grape varieties, Vranec, Cabernet Sauvignon
and Merlot, were characterised in terms of their anthocyanin and chromatic
profiles, total polyphenols and antioxidant potential. The total, monomeric,
polymeric and co-pigmented anthocyanins were determined by spectrophoto-
metry and the individual anthocyanin compounds were quantified using
HPLC-DAD. The chromatic profile was evaluated according to colour density,
hue, % red, % blue, % yellow and brilliance (dA). The established data were
submitted to analysis of variance and principle component anaysis in order to
evaluate their potential for differentiation of wines according to variety and
vintage. The Vranec wines showed distinctive characteristics, with the highest
content of anthocyanins and values of colour intensity, % red and dA, com-
pared to the other two studied varieties. The content of petunidin-3-glucoside,
peonindin-3-glucoside and anthocyanin acetates were established as possible
markers for the differentiation of Vranec wines from Cabernet Sauvignon and
Merlot wines. However, none of the assayed parameters could be used for the
differentiation of Cabernet Sauvignon from Merlot wines. It was observed that
wine age limits the successful classification of the wines by variety according
to anthocyanins. The chromatic parameters allowed young (aged up to 1 year)
to be distinguished from old Vranec wines.

Keywords. wine; anthocyanins; Vranec; colour; differentiation.

INTRODUCTION

Wine is a complex product composed of various compounds of different
nature. One of the most important components of wines that influence their
quality parameters are polyphenols. Polyphenols contribute to the organoleptic
characteristics, such as colour, astringency and bitterness and also exert antimic-
robial and antioxidant properties.l Anthocyanins are polyphenols of the flavo-
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noid family that play a key role in the colour characteristics and colour stability
of wines.2 Anthocyanins are transferred into the wine from grape skins during the
process of vinification. The free monomeric anthocyanins are responsible for the
bluish-red colour of young wines, however, during maturation and ageing, the
colour of wines transforms to brick-red as a result of the development of poly-
meric pigments. The extent of red colour in wines depends on the type and con-
centration of anthocyanins, pH, level of free SO, and the degree of polymeri-
sation and co-pigmentation.3

Knowledge of the chemical composition of wine and its relation to the grape
variety is of great importance in oenology. Several groups of compounds have
been proposed for authentication purposes of wines and anthocyanins are among
them. The amount of anthocyaninsin winesis affected by several factors, such as
grape variety, soil, climate, the winemaking techniques, etc. However, there are
indications that the anthocyanin pattern or fingerprint of grapesisrelatively cons-
tant and independent of the environmental conditions. As a result, anthocyanins
are considered as markers of variety and are used for the differentiation and clas-
sification of grapes and wines.#

There are many publications in which the anthocyanin composition of wines
produced from the international grape varieties Cabernet Sauvignon and Merlot
is studied,6-10 put, to the best of our knowledge, there has been almost no
detailed research on the anthocyanin profile of wines obtained from these grape
varieties cultivated in R. Macedonia. There are also little data on the composition
of Vranec wines,11.12 which is an indigenous Balkan variety.

The aim of this research was to study and compare the colour characteristics,
anthocyanin composition, content of total phenolics and antioxidative potential of
red wines obtained from three grape varieties, Vranec, Cabernet Sauvignon and
Merlot, and produced in four consecutive vintages (2005-2008). Furthermore,
based on the considerable number of data obtained from the analysed chemical
parameters, the possibility for the classification of the wines according to age and
variety was evaluated.

EXPERIMENTAL

Wine samples. A set of 32 monovarietal red wines of vintage ranging from 2005 to 2008,
produced and bottled in different local wineries were taken directly from the producers. Most
of the samples were of Vranec, an autochthonous Balkan variety (17), then Merlot (8) and
Cabernet Sauvignon (7). All wines were collected during the first three months of 2009 and
were immediately analysed for their total phenolic content, individual anthocyanins, colour
components and antioxidant capacity.

Chemicals. For the chromatographic determinations, acetonitrile (gradient grade, HPLC)
and potassium dihydrogen phosphate (p.a.) were obtained from Merck (Darmstadt, Germany).
Malvidin-3-glucoside purchased from Extrasynthese (Genay Cedex, France) was used for
anthocyanin quantification. 2,2-Diphenyl-1-picrylhydrazyl (DPPH®) and gallic acid were from
Sigma-Aldrich (St. Louis, MO, USA). Nitric acid, 60 % (puriss), used for the determination
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ANTHOCYANIN PROFILES OF RED WINES 1311

of the elements was aso purchased from Sigma-Aldrich (St. Louis, MO, USA). Deionised
water was obtained from an ultra pure water system TKA Lab micro (Niederelbert, Germany).

Total phenolic content. The total phenols in the wines were determined spectrophotomet-
rically (Cary 50 SCAN, Varian, Inc., USA) at 765 nm, according to the method of Slinkard
and Singleton!3 using Folin-Ciocalteu reagent and gallic acid as a standard substance. The
results were calculated as the mean of three measurements and are expressed as gallic acid
equivalents (GAE, mg L ).

Determination of the colour components. The colour components, colour intensity (Cl),
hue (H), brilliance (dA), percent red (%R), percent yellow (%Y) and percent blue (%B) were
determined by direct measurement of the absorbance of the wines at 420, 520 and 620 nmin 2
mm cuvette after filtering of the samples. Cl was calculated as the sum of the absorbances at
420, 520 and 620 nm and H as the ratio between the absorbance at 420 nm and the absorbance
at 520 nm. The other colour variables, dA, %R, %Y and %B were calculated according to Glo-
ries14

Determination of co-pigmented, monomeric, polymeric and total anthocyanins. The con-
tent of monomeric, co-pigmented, polymeric and total anthocyanins was determined accord-
ing to the method based on the colorimetric effects that wines exert after addition of SO, and
acetaldehyde.1®> The spectrophotometric measurements were performed in a 2 mm cuvette at
520 nm. The obtained readings were corrected for a 10 mm optical path and used for the
calculation of the co-pigmented, monomeric, polymeric and total anthocyanins expressed as
absorption units (a.u.) and percents.

Antioxidant activity. The antioxidant capacity of the wines was determined as their
antiradical DPPH* activity (Isqy). The stable 2,2-diphenyl-1-picrylhydrazyl radical (DPPH®)
was used in the procedure described by Brand-Williams.16 The effect of distinct wine aliquots
on DPPH* inhibition (1%) was calculated using Eq. (1):

196=100"0=A (@)
Ao

where A is the absorbance of the blank and 4; is the absorbance of the sample.

According to the calculated values, a graph was constructed relating the DPPH® inhi-
bition (%) and the wine quantity (mL). From the graph, the quantity of wine (mL) that caused
50 % inhibition of the DPPH radical was determined and expressed as | 5qq,.

Determination of anthocyanins by HPLC. The anthocyanins were determined using a
Shimadzu Prominence liquid chromatography system comprising a quaternary pump LC-
[-20AT, a photodiode detector SPD-M20A, a column oven CTO-20AC, an autosampler SIL-
-20AC, an on-line degasser DGU-20A5 and a bus communications module CBM-20A. The
system was controlled by Class VP 7.3 software. Separation of the compounds was achieved
using a Purospher STAR RP-18e column (250 mmx4 mm 1.D, 5 um particle size) supplied by
Merck, Darmstadt, Germany, protected with a guard column of the same packing materia (4
mmx4 mm). The chromatographic conditions were as described in a previous study.l’” The
anthocyanins were identified by the retention time, elution order and the spectral character-
istics of the compounds. The amounts of the anthocyanins identified in the samples are
expressed as malvidine-3-glucoside equivalents.

Satigtical analysis. The means and standard deviations were calculated using Microsoft
Excel® 2003. For comparison of the means, one-way ANOVA and Tukey’ s post-hoc test were
applied at the 95 % significance level (p < 0.05). In addition, multivariate analysis including
Principal Component Analysis (PCA) was performed using SPSS® 18.0 software.
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1312 DIMITROVSKA, TOMOVSKA and BOCEVSKA

RESULTS AND DISCUSSION
Chemical profile of the wines

The mean vaues of the colour components, content of anthocyanins and
total phenols, and the antioxidant capacity of the wines (2005-2008 vintages) of
Vranec, Cabernet Sauvignon and Merlot varieties are summarized in Table I,
while Table Il presents the mean values of the analyzed parameters of wines
grouped by vintage.

TABLE |. Colour components, content of anthocyanins and total phenols and antioxidant
capacity of the red wines grouped by grape variety, Vranec, Cabernet Sauvignon and Merlot;
the results are expressed as means = SD; different letters in the superscript in a same row
indicate statistically significant means (p < 0.05)

Wine characteristic Vranec Cabernet Merlot
(n=17) Sauvignon (n=7) (n=8)
Colour intensity (CI) 15.4+4.32 10.6+1.8° 9.15+2.3P
Hue (H) 0.66+0.122 0.77+0.112 0.76+0.122
%R 54.1+4.02 50.7+3.02 51.1+3.02
%B 10.8+0.82 10.7+1.12 10.4+1.62
%Y 35.1+3.82 38.6+3.32 38.5+4.02
dA/ % 57.2+6.82 51.1+5.72 51.8+5.82
Monomeric anthocyanins, a.u. 1.84+1.012 1.12+0.552 1.2+0.72
Co-pigmented anthocyanins, a.u. 1.12+0.682 0.71+0.392 0.83+0.422
Polymeric anthocyanins, a.u. 5.6+1.62 3.9+0.7° 3.2+0.8"
Total anthocyanins, a.u. 8.6+2.62 5.7+1.6° 5.1+1.4P
Monomeric anthocyanins, % 20.5+6.552 19.04+5.052 21.37+7.602
Co-pigmented anthocyanins, % 12.92+7.252 11.78+ 3.952 16.43+7.712
Polymeric anthocyanins, % 66.58+9.332 69.18+5.642 62.20+9.502
Total phenols, GAE, mg L1 238315962 2323+2792 2023+1882
Antiradical DPPH® activity lgg, L wine  21.2+6.32 20.6+5.02 23.0+2.82

Differences in average values of the studied parameters were observed
amongst the wines of different variety (Table I). The Vranec variety wines had
the highest colour intensity compared to the Cabernet Sauvignon and Merlot
wines. This is due to the higher content of total and polymeric anthocyanins
observed in Vranec wines, since anthocyanins are related and contribute to the
colour intensity of wines.3 Vranec wines have also shown the highest values for
percent red (%R), brilliance (dA) and monomeric anthocyanins. However, although
they were the wines richest in anthocyanins, their content of total phenols was
not markedly higher compared to the Cabernet Sauvignon and Merlot wines. The
lowest average phenolic content (2023 mg L—1 GAE) was measured in the Merlot
wines, but this value did not differ significantly from the other two studied wine
varieties. ANOVA and the Tukey post hoc test used on the obtained data for the
wine characteristics reveaed statistically significant differences among the wines
only for three parameters: colour intensity and contents of polymeric and total
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ANTHOCYANIN PROFILES OF RED WINES 1313

anthocyanins. These parameters alow differentiation of Vranec wines from the
Cabernet Sauvignon and Merlot varieties, but not between the Merlot and
Cabernet Sauvignon wines. Regarding the antioxidant capacity, Vranec, Cabernet
Sauvignon and Merlot wines exhibited very similar values of DPPH® activity
(Is005 = 20), which did not change with ageing of the wines (Table11).

TABLE Il. Colour components, content of anthocyanins and total phenols and antioxidant
capacity of the red wines of Vranec, Cabernet Sauvignon and Merlot variety grouped by
vintage, 2005-2008; the results are expressed as means + SD; different letters in the
superscript in asame row indicate statistically significant means (p < 0.05)

Wine characteristic 2005 2006 2007 2008
(n=3) (n=6) (n=6) (n=17)

Colour intensity (Cl) 1444252  97+2.22  131+4.8% 13.4+4.92
Hue (H) 0.80£0.10% 0.79+0.122 0.74+0.09% 0.65+0.122
%R 495+2.7% 50.6x3.42 51.1+25% 54.4+3.82
%B 10.8+0.22 9.8+0.72 11.1+0.82 10.8+1.32
%Y 39.6+3.080 39.6£3.4% 37.8+2.8% 34.8+3.97
dA /% 48.8+5.68 50.8+6.52 51.9+4.7% 57.7+6.42
Monomeric anthocyanins, AU 1.0£0.22 0.87+0.19% 1.4+0.72  19+1.02
Co-pigmented anthocyanins AU 0.53+0.3%2 0.42+0.18* 1.1+0.6* 1.2+0.6%
Polymeric anthocyanins AU 5.6+1.12  36+1.18 4.9+22%  4.8+1.72
Total anthocyanins AU 7.2+1.028 4.9+1.08  7.3+3.02 7.8+2.82
Monomeric anthocyanins, % 1444142 18.1+3.7% 18.3+4.7% 23.0+7.12
Co-pigmented anthocyanins, % 7.9£582 94+53% 14.816.9% 15.5+6.72
Polymeric anthocyanins, % 77.7+4.42 725+6.00 66.9+7.6° 61.4+7.4°
Total phenols, GAE, mg L1 2105+86% 1982+2112 2469+6822 2370+4822

Antiradical DPPH activity lggey, b wine  20.1+2.22 27.446.22 20.3+5.12 20.0+4.32

Additionally, the Pearson’s coefficients of correlation were calculated from
the data of the analysed characteristics of the wine samples. It was found that the
total anthocyanins showed highly positive correlations with the colour intensity
(r =0.967), %R (r = 0.743) and brilliance, dA (r = 0.740), and negative corre-
lations with hue (r =—-0.780) and %Y (r =—0.811).

Comparing the average values of wine characteristics grouped by vintage
(Tablell), it was observed that the %R and dA were higher in younger wines than
in older wines, while older wines were characterized by higher %Y and hue
values. The younger wines were aso richer in monomeric and co-pigmented
anthocyanins (Table I1). In young red wines, a co-pigmentation phenomenon
occurs that involves molecular association between anthocyanins and other,
usually, non-coloured organic molecules. The colour exhibited by these co-pig-
mented complexes could be 30-50 % higher than that of the anthocyanin free
forms.18 On the other hand, during storage and ageing of wines, the co-pig-
mented complexes break up and polymerization reactions and condensation of
anthocyanins with other wine constituents occur. As aresult, the concentration of
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1314 DIMITROVSKA, TOMOVSKA and BOCEVSKA

the monomeric anthocyanins decreases in favour of the polymeric anthocyanins.
The newly formed polymeric pigments are compounds with different spectral
characteristics that affect the chromatic properties of the wines, changing the hue
to higher values.919 In addition, the proportion of yellow colour of aged wines
was simultaneously enhanced with increasing degree of polymerization.20 The
data obtained in this study for the analysed colour parameters are in agreement
with the results reported by Cliff et al.,21 who compared 4 different wine vari-
eties over 7 vintages and found higher contents of monomeric, co-pigmented and
total anthocyaninsin the younger wines, regardiess of the variety.

The applied ANOVA and Tukey’'s post-hoc test showed that among the
wines of different vintages, statistically significant difference existed only in the
content of polymeric anthocyanins. Actually, clear differentiation was possible
only between wines produced in 2005 and 2008 or between mature wines with
considerable content of polymeric anthocyanins and younger wines in which the
polymerization processes were ill in an early phase. The wines of 2006 were
neither significantly different from the wines of 2007, nor from the wines
produced in 2005 and 2008. Concerning the content of total phenols and the
antioxidant capacity, statistically significant differences were not evidenced
among the wines of different vintages. This indicates that the antioxidant activity
of the wines was not related to the age of the wine, but rather with the concen-
tration of phenolic compounds present in the wine. It is known that the anti-
oxidant capacity and the content of phenolics strongly correlate and that wines
containing higher levels of phenolic compounds are usually associated with
stronger antioxidant activity.22-24

In the wine samples, 14 anthocyanin compounds were unambiguously
detected and quantified and the average values of individual anthocyanins
grouped according to variety are presented in Table IIl. In order to facilitate the
comparison of anthocyanin profiles of the wines, the anthocyanin concentrations
were normalized, i.e., the compounds were expressed as percent of the total. The
anthocyanin profiles of the analysed wine samples were submitted to statistical
tests for wine differentiation.

It was observed that the profiles of the monomeric anthocyanins of the wines
were distinctive and related to the grape variety. Malvidine-3-glucoside was the
predominant compound in the wines of all grape varieties, which is in agreement
with literature data410 Malvidine acetyl and coumaroyl derivatives were also
found in abundance compared to the other anthocyanins. The proportion of mal-
vidine-3-glucoside in the Cabernet Sauvignon wines (36.5 %) was lower com-
pared to the Vranec (44.1 %) and Merlot (40.3 %) wines. On account of this, the
proportion of malvidine acetate was substantially higher in the Cabernet Sau-
vignon (14.3 %) than in Vranec (7.9 %) wines, but aimost the same as in the
Merlot (14.4 %) wines. The relative content of malvidine-3-glucoside that was
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found in the analysed wine samples was dightly lower compared to the Cabernet
Sauvignon wines studied by Burns et al.6 and Arozarena et al.19

TABLE Ill. Antocyanin composition of Vranec, Cabernet Sauvignon and Merlot wines pro-
duced in 2006—2008; De-3-gl (delphinidin-3-O-glucoside), Cy-3-gl (cyanidin-3-O-glucoside),
Pt-3-gl (petunidin-3-O-glucoside), Pn-3-gl (peonidin-3-O-glucoside), Mv-3-gl (malvidin-3-O-
-glucoside), De-ac (delphinidin-3-O-acetylglucoside), Cy-ac (cyanidin-3-O-acetylglucoside),
Pt-ac (petunidins-3-O-acetylglucoside), Pn-ac (peonidin-3-O-acetylglucoside), De-coum (del-
phinidin-3-O-p-coumarylglucoside), Mv-ac (malvidin-3-O-acetylglucoside), Pt-coum (petu-
nidin-3-O-p-coumarylglucoside), Pn-coum (peonidin-3-O-p-coumarylglucoside), Mv-coum
(malvidin-3-O-p-coumarylglucoside); the results are expressed as means + SD; different let-
tersin superscript in the same row indicate statistically significant means (p < 0.05)

Antho- Vranec Cabernet Sauvignon Merlot

cyanin mg L % mg L1 % mg L1 %
De-3-gl 7.01£3.72 593+1.012 3.69+0.54 5.92+1.002 6.37+2.67 6.01+1.452
Cy-3-gl 3.12+1.01 2.63+1.45% 1.92+0.18 3.09+0.962 240+0.35 2.27+1.442
Pt-3-gl 10.09+6.22 853+0.792 3.89+0.61 6.24+1.29"7 7.12+3.98 6.73+0.69°
Pn-3-gl 991+6.11 8.38x0.708 3.13+0.80 5.02+1.81P 6.08+3.08 5.74+1.24b
Mv-3-gl  52.11+35.57 44.07+9.43% 22.74+7.40 36.50+4.432 42.72+31.64 40.34+7.58%

De-ac 2.81+053 2371872 231+0.15 3.71+0.868 2.97+0.78 2.80+1.35%
Cy-ac 2.39+0.35 2.02+046* 1.95+0.13 3.13+0.682 2.23+0.36 2.11+1.48?2
Pt-ac 2.61+0.77 221+1.39% 220+0.31 3.53+0.472 2.93+1.04 2.77+0.882
Pn-ac 3.43+1.25 290£1.188 217+0.27 3.48+0.542 3.30+1.51 3.12+0.792

Mv-ac 9.31+535  7.88+1.798 8.90+5.28 14.29+5.682 15.20+12.22 14.35+4.412
De-coum 243+0.67 2.06+1.532 1.87+0.07 3.00+0.772 222+0.38 2.10+1.172
Pt-coum  2.63+0.79 222+145%2 184+0.05 295+0.922 2314044 2.18+1.172
Pn-coum  3.12+1.19 263+1.312 1.93+0.12 3.10+0.83% 2.69+0.72 2.54+1.082
Mv-coum 7.30+£3.98 6.17+1.08% 3.77+0.64 6.04+0.60° 7.36+4.01 6.95+0.882
Glucosides 82.23+52.62 69.54+13.382 35.37+9.53 56.77+9.492 64.69+41.72 61.08+12.402
Acetates  14.73+2.90 17.38+4.90° 8.63+0.85 28.14+2.567 11.44+3.70 25.15+4.502
Couma-  15.47+6.63 13.08£5.372 9.40+0.89 15.09+3.122 14.58+5.55 13.76+4.302
rates

Total 112462 100+24 53+11 100+15 91+51 100+21

The proportion of malvidine-3-glucoside in the Vranec wines varied in the
range 22.4-48.8 %, depending on the wine age. Older wines contained signi-
ficantly lower levels of this anthocyanin, which indicated its degradation or trans-
formation during the processes of wines ageing. One assumption is that malvi-
dine-3-glucoside in the presence of fermenting yeasts is involved in addition
reactions with pyruvate molecules forming vitisin A, a compound that is not
detected in grapes but exists in abundance in young wines and decreases with
their maturation.2526 Mv-3-glucoside also reacts with caffeic acid building pino-
tin A, the concentration of which increases with ageing and reaches a maximum
in about 5-year-old wines.2”
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1316 DIMITROVSKA, TOMOVSKA and BOCEVSKA

The highest content of total anthocyanins expressed as malvidin-3-glucoside
equivalents was found in the Vranec wines, with an average value of 112.4 mg
L-1. Very large variations in the concentrations of total anthocyanins among
samples of this variety were observed as aresult of the different age of the wines.
In general, younger wines were richer in monomeric anthocyanins, detectable by
liquid chromatography, than older ones. For Cabernet Sauvignon wines, the ave-
rage concentration of total monomeric anthocyanins was 53.4 mg L1, a value
lower in comparison to the data reported by Gonzélez-Neves et al.”28 A possible
explanation for this discrepancy is the domination of older wine samples in the
set of Cabernet Sauvignon wines analysed in the present study and the fact that
the mentioned literature values referred to wines analysed immediately after
completion of the alcoholic fermentation or wines of maximum 1-year old. In the
Merlot wines, the content of total monomeric anthocyanins varied from 70 mg L1
for mature wines (3 years) to 185 mg L= for young wines (1 year).

Statistical analysis of the anthocyanin components with ANOVA (p < 0.05)
and the Tukey’s post hoc test showed possible differentiation of Vranec from
Merlot and Cabernet Sauvignon wines according to the content of petunidin-3-
-glucoside and peonidin-3-glucoside, but not between Cabernet Sauvignon and
Merlot wines (Table I11). Between wines of Vranec and the other two varieties,
Cabernet Sauvignon and Merlot, statistically significant differences were also
verified in the proportion of anthocyanin acetates, which agrees with the results
published by Arozarena et al.2® According to these authors, differentiation of
several varieties of Spanish wines was possible based on their anthocyanin fin-
gerprint, with malvidine-3-glucoside being the most discriminating compound.
On the other hand, Kallithraka et al.30 did not obtain consistent anthocyanin pro-
files even for monovarietal wines and thus considered the anthocyanin compo-
sition inappropriate for establishing wine authenticity. According to their study,
significant changes in anthocyanins distribution occurs during vinification and
particularly during maturation of wines as a consequence of considerable trans-
formations of the monomeric anthocyanins to co-pigmented and polymeric forms.

Anthocyanin ratios in the wines

Genetic factors are determinant for every grape cultivar to have its own
specific anthocyanin pattern.*3-% |t is assumed that the anthocyanin pattern is
constant and independent of the environmental conditions, so it was proposed
that it could be used for discrimination of the grape varieties. Moreover, the
established ratios between some anthocyanins were considered as parameters
upon which the identity of the grape could be verified” and the same principle
could be used in certifying the authenticity of single variety wines.

Based on the measured concentrations of individual anthocyanins in the stu-
died wines, several anthocyanin ratios were calculated and are presented in Table
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IV. These ratios were statistically analysed to identify variations that could be
used for differentiation of the wine varieties. Analysis of variance showed that
the ratios XGluc/ZAcet, Pt3gl/De3gl, De3gl/Pn3gl and Mv3gl/Mvac in Vranec
wines differed significantly from those of Cabernet Sauvignon and Merlot wines,
but they did not differ between Merlot and Cabernet Sauvignon wines. These
findings indicate that VVranec wines are characterized by a specific anthocyanin
profile that distinguishes them from other international varieties of wines, such as
Cabernet Sauvignon and Merlot.

TABLE V. Ratios of anthocyanin compounds detected in Vranec, Cabernet Sauvignon and
Merlot wines, De — delphinidins, Pt — petunidins, Pn — peonidins, Mv — malvidins, Coum —
coumaroy! derivatives, Acet — acetyl derivatives and Gluc — monoglucosides; different letters
in superscript in the same row indicate statistically significant means (p < 0.05)

Anthocyanin ratios Vranec Cabernet Sauvignon Merlot

EMV/ZPn 3.98+1.0 4.90+1.78 4.89+2.06
¥De/TPn 0.86+0.25 1.10+0.11 0.99+0.11
SPt/EPn 0.78+0.30 0.43+0.40 0.45+0.38
(EMV+ZPt+2De)/EPn 5.84+0.90 7.06+1.97 6.89+2.06
»Gluc/zAcet 3.91+1.01° 2.11+0.48" 2.37+0.17°
2Gluc/zCoum 4.84+1.59 3.90+0.78 4.11+1.27
>Coum/zAcet 0.86+0.24 0.55+0.14 0.61+0.14
Mv3gl/=GLuc 0.60+0.09 0.63+0.08 0.62+0.09
Pt3gl/De3gl 1.37+0.18 1.06+0.10° 1.09+0.18"
De3gl/Pn3gl 0.76+0.12° 1.21+0.24% 1.07+0.16>
Pt3gl/Pn3gl 1.02+0.06" 1.26+0.16 1.15+0.13%
Mv3gl/Pn3gl 4.86+1.18 7.49+2.79 6.40+2.47
Mv3gl/Mvac 5.29+1.40°% 3.08+1.29" 3.10+0.59"
Mv3gl/Mvcoum 6.44+2.07 5.90+1.19 5.34+1.40
Mvac/Mvcoum 1.24+0.45 2.25+1.14 1.80+0.68

Differentiation of the wines

In order to further study the possibilities for classification and differentiation
of wines, Principle Component Analysis (PCA) was performed. PCA is a multi-
variate method that produces new set of variables obtained as a result of the
linear combination of the original descriptors. The new variables or principal
components are calculated so as to retain most of the information present in the
original data set, but reduced in the least number of variables.34

PCA was applied to the data of individual anthocyanins determined in the
studied wines. Of the fourteen variables, three components with eigenvalues
greater than 1 were obtained, accounting for 87.5 % of the variation. The first
component explained 54.1 %, the second 23.1 %, and the third component
explained 12.2 % of the total variation. After the third component, the percentage
of explained variation drastically decreased, so it could be concluded that the
most relevant information is obtainable from the first three components. The
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component matrix showing the distribution of variables in the three components
is presented in Table V. The predominant variables grouped into the first com-
ponent include: peonidin coumarate, cyanidin-3-glucoside, delphinidin-couma
rate, delphinidin acetate, malvidin-3-glucoside and petunidin acetate. The second
component contained peonidin-3-glucoside and petunidin-3-glucoside. Cyanidin
acetate dominated in the third component.

TABLE V. Component matrix (coefficients) of the three principal components used for
grouping of Vranec, Cabernet Sauvignon and Merlo by anthocyanins

Variables Component
1 2 3

pncoum 0.988 0.027 -0.016
cy3gl 0.980 0.086 0.055
decoum 0.976 -0.128 —0.046
deac 0.962 -0.198 -0.038
mv3gl -0.950 0.300 -0.023
ptac 0.917 -0.359 —-0.053
ptcoum 0.809 -0.115 -0.250
de3gl 0.715 0.272 0.253
mvcoum 0.630 0.110 -0.524
pt3al 0.233 0.949 0.147
pn3gl 0.216 0.938 0.176
mvac -0.482 -0.807 -0.289
cyac 0.027 -0.483 0.773
pnac 0.352 -0.434 0.539

The score plot of the first two components is shown in Fig. 1. The principle
component analysis confirmed that wines of the local Vranec variety could be
easily distinguished from Merlo and C. Sauvignon, while the latter two were
harder to separate. The first group, located in the positive part of the principal
component 2 (PC 2) and the negative part of the principal component 1 (PC 1)
consisted of samples of Vranec wines. The second group, in the central part, with
negative values for PC 2, covered the Merlot wines, while a third group was
located in the negative part of PC 2 and contained the Cabernet Sauvignon wines.
Difficulties achieving ideal varietal classification of Cabernet Sauvignon and
Merlot wines according to anthocyanins were also reported by other authors.24
On the other hand, Gonzalez-Neves et al.” obtained satisfactory differentiation of
Cabernet Sauvignon from Merlot and Tannat wines, but not between the latter
two varieties.

Deviation from the correct grouping was observed in two samples of Vranec
wine and one sample of the Cabernet Sauvignon variety. Since these three wines
were produced in the 2006 vintage unlike the rest that were of recent date, it was
supposed that the observed deviations were due to the age of the samples. This
finding tends to support the results published by De Villiers et al.,2 who did not
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achieve a successful classification of South African wines of a large range of
vintages by their anthocyanin profile. These data may support the assumption
that the variety characteristics are obscured as a result of changes in the antho-
cyanin pattern during ageing and the age of wines becomes a limiting factor in
their classifications by anthocyanins.
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Fig. 1. Score plot of the principal components PC 1 and PC 2
of the wines according to variety.

Since statistical analyses (ANOVA) of the wine colour characteristics and
type of anthocyanins obtained by spectrophotometric measurements (Table |)
showed that colour intensity and content of total and polymeric anthocyanins
could be used as indicators for differentiation of Vranec wines from other wine
varieties, an attempt was made to group the wines of the Vranec variety accord-
ing to age using multivariate methods based on spectrophotometric data.

The component matrix of the variables used for the classification of Vranec
wines is presented in Table VI. Of the total number of variables, three main
components were extracted that together described 94.5 % of the variation. Most
of the variables, such as %Y, hue, total anthocyanins, monomeric anthocyanins,
brightness, %R, colour intensity and polymeric anthocyanins were located in the
first component. Percent blue (%B) dominated in the second component, while
the co-pigmented anthocyanins were descriptors of the third component.

The best segmentation of wine samples according to age was obtained by the
loading plot of the first (PC1) and third (PC3) component, as shown in Fig. 2.
Relatively clear differentiation of older wines (produced in vintages 2005—2007)
was observed in the lower left part of the plane, aong the negative parts of PC1
and PC3. In the upper right part of the plane, mostly in the positive part of PC3,
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were grouped wines produced in the 2008 harvest (aged 1 year at the time of
analysis). Hue and %Y emerged as descriptors for the old wines, while young
wines correlated with monomeric and total anthocyanins, %R and brightness (dA).

TABLE VI. Component matrix of the three principal components used for grouping Vranec
wines according to age by chromatic parameters; AC — anthocyanins

Variables Component
1 2 3
%Y -0.957 0.220 -0.083
Hue -0.935 0.294 -0.085
Total AC 0.890 0.435 -0.019
Monomeric AC 0.927 —0.036 -0.049
dA 0.909 -0.386 0.073
%R 0.886 -0.422 0.098
Colour intensity 0.849 0.359 -0.347
Polymeric AC 0.701 0.575 -0.363
Co-pigmented AC 0.355 0.362 0.832
%B 0.022 0.898 0.169
Monomeric AC 0.927 -0.036 —0.049
*
15
L
1
* KAC © *
05 " -
m ToAC
&£ %Blue 1
. ; Hu:) % MAC
%Yellow . %Red
PAC O ©
05 Ccl
*
1 A .

AVOD eVy
-15

PC1

Fig. 2. Distribution of Vranec wines according to age - Score plot and superimposed loading
plot of PC 1 and PC 3 using the chromatic characteristics determined by spectrophotometry;
VO — old wines (2005, 2006 and 2007) and VY — young wines (2008).

CONCLUSIONS

The results of this study represent a certain contribution to a database of the
chemical properties of red wines obtained from the most common grape varieties
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grown in Macedonia. The wines of the autochthonous grape variety Vranec were
distinguished from Cabernet Sauvignon and Merlot wines by their specific chro-
matic and anthocyanin profiles, particularly highest colour intensity, %R, %dA,
monomeric, co-pigmented and total anthocyanins. Concerning the individual
anthocyanins, Vranec wines contained higher percentage of petunidin-3-gluco-
side and peonidin-3-glucoside and lower percentage of acetates. The content of
total phenols among the investigated wine varieties did not vary significantly,
athough it was dightly higher in Vranec. The antioxidative potential was similar
for all the wine varieties and independent of the wine age. The results obtained
using principal component analysis showed that differentiation of the Vranec
wines from Cabernet Sauvignon and Merlot varieties could be feasible according
individual anthocyanins. Chromatic properties allowed the differentiation of Vra-
nec wines into two groups, young (aged to 1 year) and old. However, further stu-
dies are necessary to compile data of a greater number of wines corresponding to
several vintages to confirm these observations.

H3BOJ

KAPAKTEPUCTHUKE BUHA BPAHEL, KABEPHE COBUIHOH W MEPJIO Y TIOTJIEQY BOJE
" CAIPXAJA AHTOUUJAHA

MAJA DIMITROVSKA', ELENA TOMOVSKA” ¥ MIRJANA BOCEVSKA®

! Institute of Public Health, 50 Divizija 6, 1000 Skopje, FYR Macedonia u<Faculty of Technology and
Metallurgy, Ss. Cyril and Methodius University, Rudjer Boskovic 16, 1000 Skopje, FYR Macedonia

Tpu BpcTe BuHa, Bpanen, KabepHe CoBUBOH U Mepio, Cy HUCIIUTaHE y MOIeAy cagpxaja
aHTOLHjaHa, KapaKkTepucTuka Ooje, KOMTWYMHE YKYMHHUX NoaudeHoNna U aHTHOKCUAATUBHOT
noreHuyjana. CriekTpodOTOMETpHUjCkU Cy oppehHBaHHU YKYIMHH, MOHOMEDHH, TOJIUMEPHHU U
KOTIIMTMEHTHCAHU aHTOLMjaHH, a MojedvHa jefumena Cy kBaHTH(dHKoBaHa meTogoM HPLC—
—DAD. XpomatHu npodui je ogpehen npema uHTEeH3UTETY H0je, kKao % LpBeHe, IJIaBe U XKyTe
doje u % cjaja (dA). JodujeHn NomaLuy Cy aHAIIM3UPAHU Y LIU/bY MTPOLIEHe BUXOBE NPUMEHe Y
pasnMKoOBawky BHHA NpeMa BPCTH Y roguHU. BuHa BpaHel cy Mmaina HajkapakTepHCTHYHHja
CBOjCTBa, ca HajsehuM cagprkajeM aHTOUWjaHA U HajBehWM UHTEH3UTETOM LIpBeHe Doje U Cjaja
Yy OIHOCYy Ha Jpyre IBe BpcTe BUHA. Kao Mmoryhu mapkepu y nudepeHudjaniju BuHa BpaHen
on BuHa Kabepne CoBuwoH U Mepio mMorau OU MOCTYXHUTH NMEeTYHUIUH-3-TJIyKO3U], TIe0HU-
OWH-3-TJIyKO3U[ W aueTaTd aHtouujaHa. Ca gpyre CcTpaHe, HM jefaH Off aHaIU3HpaHUX Napa-
MeTapa HUje Morao pasnukoBatH BUHa KabepHe CoBumoH 1 Mepno. Oppehusame BpcTe BUHA
npeMa cafp)kajy aHTOLMjaHa WIaK MMa CBOja OrpaHHYEHa, NOBe3aHa Ca CTapolrhy BHHA.
ITapameTpu Hoje MOTY 1a MOCITyXe y pPa3THKOBakby MIanux (Io 1 roguHe CTapoOCTH) Of CTapUX
BHHA CaMo y ciIy4ajy BpcTe Bpaneu.

(Tlpumisero 1. janyapa, pesunupano 21. pedpyapa 2013)
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Abstract: New series of diisopropoxytin and triorganotin(IV) complexes of
Hohbgl (1) of the general formula Sn(OPri),(hbgl) (2), Sn(OPr),(Hhbgl), (3),
PhsSn(Hhbgl) (4), BusSn(Hhbgl) (5) and Me;Sn(Hhbgl) (6), where Hohbgl isa
ligand of a thymol derivative, namely, N-(2-hydroxy-3-isopropyl-6-methyl-
benzyl)glycine, were synthesized by reacting tin and triorganotin(lV) chloride
with the ligand, with the aid of sodium isopropoxide in appropriate stiochio-
metric ratios (1:1 and 1:2). These complexes were characterized by elemental
analysis, IR and IH-NMR. The spectral data suggest that the carboxylate group,
in complexes 2-5, was bonded in a bidentate manner, while a unidentate bond-
ing was observed in complex 6. All five complexes were tested in vitro for
their antibacterial activity against Gram-positive bacteria, namely, Saphylo-
coccus aureus MTCC 96, Bacillus subtilis MTCC 121, and two Gram-negative
bacteria, namely, Escherichia coli MTCC 1652 and Pseudomonas aeruginosa
MTCC 741. All five complexes were also tested against three pathogenic fun-
gal strains, namely, Aspergillus niger, Aspergillus flavus and Penicillium sp.

Keywords: tri-organotin(IV) complexes; IR, NMR spectral studies; antifungal

activity; antibacterial activity.

INTRODUCTION

Organotin(lV) complexes show a spectrum of biological effects and have
been extensively studied in various biological fields as anticancer, antiviral, anti-
bacterial and antifungal agents, wood preservatives, pesticides, etc.1-12 It is note-
worthy that, for along time, organotin(lV) complexes have been widely used in a
variety of industrial and agricultural applications.13-15 A unique fluorescent pro-
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1324 MATELA etal.

perty of organotin carboxylates has also been investigated in the last few
years.16.17 Thymol, a p-cymene-derived compound, is widely used in medicine
for its antimicrobial, antiseptic, disinfectant and wound-healing properties 18-23
As derivatives of p-cymene have leishmanicidal activity and are considered
important basic structures for the devel opment of novel antiparasitic drugs, in the
present study, a new ligand of a thymol derivative derived from glycine was
synthesized and investigated for its ligating properties. The interaction of tin
metal with the organic groups via O-Sn and N-Sn bonds has attracted consi-
derable interest in several research fields.24 Regarding this, some tin compounds
with a thymol derivative were synthesized as potential antibacterial and antifun-
gal agents.
EXPERIMENTAL

Materials and methods

All the reagents, viz., tin (Merck), triphenyltin(IV) chloride (Merck), tributyltin(IV)
chloride (Merck), trimethyltin(1V) chloride (Merck) and thymol (Sigma-Aldrich) were used
asreceived. All the chemicals and solvents used were dried and purified by standard methods,
and moisture was excluded from the glass apparatus using CaCl, drying tubes. The melting
points were determined in open capillaries with an electronic melting point apparatus. C, H
and N analyses of the ligand and complexes were performed on a Vario-EL, CHNS elemental
analyzer. The tin contents in the synthesized complexes were determined gravimetrically as
SnO.. Infrared spectra of the solid compounds were recorded on a Perkin-Elmer 1600 series
FT-IR spectrophotometer over the range 4000-500 cm® in KBr discs and over 500-200 cmt
in Csl discs. The TH-NMR spectra were recorded on a Bruker DRX 300 (300 MHz FT-NMR)
spectrometer at the Central Drug Research Ingtitute, Lucknow, India, using DMSO or MeOD
as solvents with TMS as the internal standard. The conductivity measurements were per-
formed using an Ecotestr EC Low conductometer in 103 M DMSO solutions at room
temperature. The antibacterial and antifungal activities of the synthesized complexes were
evaluated by the agar well diffusion method and the poison food technique, respectively.
Synthesis of Hohbgl (1)

An equimolar mixture of thymol (11.86 g, 0.05 mal), glycine (3.75 g, 0.05 mol), sodium
acetate crystals (6.8 g, 0.05 mol) was dissolved in glacia acetic acid (25 mL). Formalin solu-
tion (37 % (w/v), 4.05 mL) was added to it dropwise under stirring and the contents were
heated at 60-80 °C, until a viscous mass was obtained. The viscous mass was then added
dropwise with brisk stirring into an excess of water. The thus obtained crude product was
purified by dissolving it in arequisite quantity of ca. 7 M sodium hydroxide solution followed
by its reprecipitation by 6 M hydrochloric acid. It was further purified by recrystallisation
from ethanol.

Synthesis of the complexes

[N(OPri),(hbg)] (2). A solution of tin(IV) tetrachloride (1.300 g, 0.005 mol) in benzene
(10 mL) was treated with sodium isopropoxide (1.64 g, 0.020 mol) to produce tin(lV) tetra-
isopropoxide and sodium chloride. The sodium chloride precipitate was removed by filtration
and the solvent by distillation. The solution of tin(1V) tetraisopropoxide (1.770 g, 0.005 mol)
and H,hbgl (1.067 g, 0.0045 mol) was refluxed in benzene (20 mL) for 8-10 h at 95-100 °C.
The liberated 2-propanol was fractionated out azeotropically with benzene. The complex,
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[Sn(OPr),(hbgl)], isolated as a yellow brown solid, was purified by recrystallisation from
ethanol at room temperature and dried under reduced pressure.

[SN(OPri),(Hhbgl)s] (3). Complex 3 was prepared in the similar way as complex 2.
Tin(IV) tetraisopropoxide (1.770 g, 0.005 mol) and H,hbgl (2.135 g, 0.009 mol).

[PhsSnh(Hhbgl)] (4). A solution of triphenyltin(IV) isopropoxide (2.045 g, 0.005 mol)
and Hyhbgl (1.067 g, 0.0045 mol) was refluxed in benzene (20 mL) for 8-10 h at 95-100 °C.
The complex, [PhsSn(Hhbgl)], isolated as a brown solid, was purified by recrystallisation
from ethanol at room temperature and dried under reduced pressure.

[BuzSnh(Hhbgl)] (5). Complex 5 was prepared in the similar way as complex 4. Tribu-
tyltin(1V) isopropoxide (1.745 g, 0.005 mol) and H,hbgl (1.067 g, 0.0045 mol).

[MesSn(Hhbgl)] (6). A solution of trimethyltin(IV) isopropoxide (1.115 g, 0.005 mol)
and Hohbgl (1.067 g, 0.0045 mol) was refluxed in toluene (20 mL) for 16-18 h at 95-100 °C.
The complex, [Me;Sn(Hhbgl)], isolated as a yellow solid, was purified by recrystallisation
from ethanol at room temperature and dried under reduced pressure.

Antimicrobial assays

Antibacterial activity. The antibacterial activities of the synthesized complexes were
evaluated by the agar well diffusion method. All the bacterial cultures were adjusted to 0.5
McFarland standards, which is visually comparable to a bacterial suspension of approximately
1.5x108 cfu mL1. 20 mL of Mueller Hinton agar medium was poured into each Petri plate and
plates were swabbed with 100 pL inocula of the test micro-organisms and kept for 15 min for
adsorption. Using a sterile cork borer of 8 mm diameter, wells were bored into the seeded agar
plates and these were loaded with a 100 pL of each complex reconstituted in dimethyl sulph-
oxide (DMSO) at a concentration of 2.0 mg mL-1. All the plates were incubated at 37 °C for
24 h. The antibacterial activity of each organotin complex was evaluated by measuring the
zone of growth inhibition against the test organisms with a zone reader (HiAntibiotic zone
scale). DM SO was used as a negative control whereas ciprofloxacin was used as positive con-
trol. This procedure was performed in three replicate plates for each organism.24-27

Determination of the minimum inhibitory concentration (MIC) of the synthesized com-
plexes. The MIC value is the lowest concentration of an antimicrobial complex that will in-
hibit the visible growth of a micro-organism after overnight incubation. The MIC of the
various complexes against the bacterial strains was evaluated through a modified agar well
diffusion method.28 In this method, a twofold serial dilution of each complex was prepared by
first reconstituting the complex in DMSO followed by dilution in sterile distilled water to
achieve a decreasing concentration range of 256 to 0.5 ug mL-1. A 100 uL volume of each
dilution was introduced into the wells (in triplicate) in the agar plates already seeded with 100
uL of standardized inoculum (108 cfu mL™1) of the test bacterial strains. All the test plates
were incubated aerobically at 37 °C for 24 h and observed for an inhibition zone. The MIC of
an organotin(IV) complex, taken as the lowest concentration that completely inhibited the
growth of the bacteria, showed by a clear zone of inhibition, was recorded for each test
organism. Ciprofloxacin was used as the positive control while DMSO was the negative
control.

Antifungal activity. The antifungal activities of the five organotin complexes were eva-
luated by the poisoned food technique.?”:29 The moulds were grown on Sabouraud dextrose
agar (SDA) at 25 °C for 7 days and used as inoculates. The 15 mL of molten SDA (45 °C)
was poisoned by the addition of 100 pL of each organotin complex reconstituted in the
DMSO at a concentration of 2.0 mg mL-1, poured into a sterile Petri plate and allowed it to
solidify at room temperature. The solidified poisoned agar plates were inoculated at the centre
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with fungal plugs (8 mm diameter) obtained from the colony margins and incubated at 25 °C
for 7 days. DMSO was used as the negative control whereas fluconazole was used as the
positive control. The experiments were performed in triplicates. The diameter of fungal
colonies was measured and expressed as percent mycelial inhibition by applying the formula:

Inhibition = @xloo

C

where d; is the average diameter of fungal colony in the negative control sets and d; is the
average diameter of the fungal colony in the experimental sets.

RESULTS AND DISCUSSION

The ligand of the thymol derivative was prepared adopting a procedure
almost identical to that described by Mehrotra et al.30 The synthetic route used to
synthesise the ligand and its complexes is outlined in Schemes 1 and 2, respec-
tively. A new methodology was used to synthesise the tin and triorganotin(1V)
complexes. Organotin complexes are usually prepared by reacting organotin hyd-
roxide or organotin oxide with the corresponding ligand and by reacting organo-
tin halide with the sodium or potassium salt of the ligand. In present study, the
halogen of tin or organotin was replaced with the isopropoxide group by reacting
them with sodium isopropoxide (Scheme 2). The tin and triorganotin isopro-
poxides were isolated and reacted with the ligand. These reactions proceeded
with the liberation of 2-propanol, which was fractionated out azeotropically and
estimated to monitor the completion of reaction. The obtained values are given in
Table S-I of the Supplementary material to this paper. Owing to highly hydro-
scopic nature of tin and tri-organotin(lV) akoxides, al the reactions were per-
formed under strictly anhydrous conditions.

CHj

OH
+ O¢K/NH2 + HCHO
OH

Hie™ G, l 60-80°C

CH,
N COOH
OH
HsC™ “CH,

Scheme 1. Synthesis of the ligand 1.

Characterisation of the ligand and its complexes

The physical, analytical and spectral data for the ligand and the synthesised
complexes are given in the Supplementary material to this paper.
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Benzene
SnCl4 + 4NaOPr’ —  Sn(OPr)s; + 4NaCl
Reflux

Benzene
R;SnCl + NaOPr' —>  R;Sn(OPr') + NaCl
Reflux

(R= Ph, Bu and Me; NaOPr =sodium isopropoxide)

Benzene
Sn(OPr')s + Hzhbgl ——  [Sn(OPr')y(hbgl)] + 2(CH;3);CHOH

1:1/Reflux

Benzene
Sn(OPr'), + 2H,hbgl ——» [Sn(OPr'),(Hhbgl),] + 2(CH;),CHOH

1:2/Reflux

1:1
RsSn(OPr) + Hahbgl ——  [RsSn(Hhbgl)] + (CHs).CHOH

Reflux
(R= Ph, Bu, Solvent, Benzene; R= Me, Solvent, Toluene)

Scheme 2. Synthesis of the complexes.

Elemental analysis. The analytical data were in good agreement with the
proposed stoichiometry of the complexes.

Molar conductance. The molar conductance values of the synthesized com-
plexes showed very low values indicating their non-electrolytic nature.3!

Infrared spectra. The IR spectra of the complexes displayed a broad vibra-
tional band at 3000-3500 cm1, which is assignable to the unbonded —OH
stretching of the phenolic group.32:33

These complexes gave a strong asymmetric stretching frequency vag(COO)
near 1588-1626 cm1 and a medium symmetrical stretching frequency v¢(COO)
near 1406-1417 cm—L. The magnitude of vas—Vs (AV) was used to explain the
type of boding of the carboxylate group to tin metal 3435 For complex 2, Fig. 1,
the Av value of 201 cm! was attributed to a bidentate carboxyl group.36 The
magnitude of Av for 3-5 (Fig. 1) were smaller than 200 cm2, indicating bridged
tin and triorganotin(lV) carboxylates. While, for the complex 6 (Fig. 1), the
values of Av exceeded 210 cmL, which clearly demonstrated that these com-
plexes adopt a monodentate carboxylate structure.

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

Copyright (C)2013 SCS




1328 MATELA etal.

OPr
OPr/Sn\O /\< >/\
CHy o
° NH \ /
H3C
(2)
CH3 CH3
e Ph e B
NH | \Sn/ NH | \Sn/ u
=) ph =) Bu
OH Ph OH Bu
H3C CH3 H3C CH3
4 ©)
CHy
o
NH/\“/’
O/Sn\
OH Mo }\/Ie Me
H,C CH;

(6)
Fig. 1. Proposed structures of the metal complexes of N-(2-hydroxy-3-isopropyl-6-methyl-
benzyl)glycine.

The bonding of the carboxylate group to the tin metal was further confirmed
by the appearance of a band at 500-558 cm—1, assignable to the Sn—O stretching
frequency.3” The far IR spectrum of triphenyltin(IV) complex showed bands at
279 and 207 cn1, which may be assigned to the vag(Sn—C) and vg(Sn-C), res-
pectively, whereas the corresponding peaks at 528 and at 469 cn1 were found in
the spectrum of tributyltin(1V) complex.38 In the case of trimethyltin(IV) com-
plex the appearance of v(Sn—C) bands were not certain due to overlapping with
the Sn—O stretching vibration.

IH-NMR spectra. The absence of asignal due to the —OH proton at 6 12.00—
—13.00 ppm suggested deprotonation of the carboxylic oxygen atom of the ligand
on complexation.3% The 1H-NMR spectra of the complexes displayed signals in
the region ¢ 6.45-7.58 ppm due to the aromatic protons of the ligand. A signal at
¢ 7.80-8.54 ppm may be attributed to the unbonded phenolic group proton.40 In
the complexes, the -NH» resonances were observed either as a broad weak signal
at 9 4.90-6.88 ppm or in conjugation with the phenyl protons.41.42 The values of
coupling constants 2J(117/119Sn-C-1H) provides important information regarding
the coordination number.3843 The two-band coupling 2J(117/119Sn—C—H) of tri-
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methyltin(1V) complex in DMSO was 68.0 Hz. Using the Lockhart equation,#4
the estimated value of C—Sn—C bond angle for complex 6 was 116.62°, implying
afour-coordinated tetrahedral geometry. The 2J(117/1195n-C—-1H) value for 5 was
not visible since the protons of butyl group were multiplets in the range of 0.90—
—1.21 ppm, however atriplet was observed at § 0.78 ppm.4546 |n the spectrum of
complex 4, the signals for the phenyl group attached to tin were observed in the ¢
range 7.22—7.58 ppm, in conjugation with phenyl protons of the ligand.

Antimicrobial evaluation

Antibacterial activity. All the newly synthesized complexes were evaluated
for their antibacterial activity against two Gram-positive bacteria (Staphylococ-
cus aureus and Bacillus subtilis) and two Gram-negative bacteria (Escherichia
coli and Pseudomonas aeruginosa). The results revealed that all the tested orga
notin(IV) complexes possessed variable antibacterial activity against both Gram-
positive and Gram-negative bacteria.

Based on the maximum inhibitory activity shown against Gram-positive bac-
teria, the complexes 4 and 6 were found to be most effective against S. aureus,
with inhibition zones of 27 and 25.6 mm, respectively, whereas complex 4 was
found to be most effective against B. subtilis, with an inhibition zone of 25 mm.
However, in case of Gram-negative bacteria, two complexes, 4 and 3, were found
to be most effective against E. coli with the zone of inhibition ranging between
21 and 24 mm and one complex, 4, against P. aeruginosa with zone of inhibition
of 22 mm (Table I). The synthesized complexes showed comparatively better
activity against Gram-positive bacteria.

TABLE |. Antibacterial activity of the metal complexes of N-(2-hydroxy-3-isopropyl-6-
-methylbenzyl)glycine; values of the zone of inhibition include the diameter of the well (8 mm)

Diameter of the growth of inhibition zone, mm

Complex

S aureus B. subtilis E. cali P. aeruginosa
2 22 22 19 16
3 24 22 21 17
4 27 25 24 22
5 22 22 19 15
6 26 22 20 17
Ciprofloxacin 28 26 25 25

In the whole series, the MIC values of organotin complexes ranged between
8 and 32 ug mL-1 against the Gram-positive bacteria. Complex 4 was found to
be best as it exhibited the lowest MIC of 8 ug mL—1 against S. aureus. In case of
the Gram-negative bacteria, the MIC values of complexes ranged from 32 to 128
ug mL—L. Complex 4 showed lowest MIC of 32 ug mL—1 against E. coli and P.
aeruginosa (Table I1). Ciprofloxacin was used as the standard antibiotic. The
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positive controls produced significantly sized inhibition zones against the tested
bacteria; however, the negative control produced no observable inhibitory effect
against any of the tested bacteria.

TABLE II. Minimum inhibitory concentration (MIC / ug mL™1) of the metal complexes of
N-(2-hydroxy-3-isopropyl-6-methyl benzyl)glycine

Compl Bacterium
ompiex S aureus B. subtilis E. cali P. aeruginosa

32 32 64 128

3 32 32 64 128

4 8 16 32 32

5 32 32 64 128

6 16 16 64 128

Ciprofloxacin 5 5 5 5

Antifungal activity. All the newly synthesized complexes were evaluated for
their antifungal activity against three fungal pathogens, Aspergillus niger, A. fla-
vus and Penicillium sp., isolated from ear patients of Kurukshetra.4’ The com-
plexes 3 and 4 showed a more than 60 % inhibition level of mycelia growth
against A. niger and Penicillium sp., whereas complex 4 showed highest inhibi-
tion level of 69 %, of fungal mycelium against A. flavus. Fluconazole was used
asthe standard antibiotic (Table I11).

TABLE Ill. Antifungal activity of the metal complexes of N-(2-hydroxy-3-isopropyl-6-methyl-
benzyl)glycine; all the values are the means of three replicates

Mycelia growth inhibition, %

Complex

A. niger A. flavus Penicillium sp.
57 56 59
3 63 58 61
4 61 69 66
5 51 44 50
6 56 53 59
Fluconazole 81 78 83
CONCLUSIONS

Based on various studies, such as elemental analysis, IR and H-NMR spec-
troscopy, five- and six-coordinate geometry are proposed for complexes 2-5,
while four-coordinate geometry is proposed for complex 6. The synthesized com-
plexes were screened against various fungi and bacteria to assess their potential
as antimicrobial agents. The antimicrobial data revealed that the triphenyltin(IV)
complex (4) was superior to the other complexes. The synthesized complexes
showed remarkable antimicrobial activity.

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

Copyright (C)2013 SCS




Sn(IV) METAL COMPLEXES 1331

SUPPLEMENTARY MATERIAL

Table S1, as well as physical, analytical and spectral data of the ligand and complexes
are available electronically from http://www.shd.org.rs/JJSCS/, or from the corresponding
author on request.
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n3BOJ

PEAKIIUJE KAJTAJ(IV)- U TPUOPTAHOKAJIAJ(IV)-U30ITPOITIOKCHUIA CA JEPBATOM
THUMOJIA: CHHTE3A, KAPAKTEPU3AIIUJA U /N VITRO AHTUMHUKPOBHO
HCIIMTHUBAILE

GARIMA MATELA' ROBINA AMAN', CHETAN SHARMA® 1 SMITA CHAUDHARY®

1 Department of Chemistry, Kumaun University, S. S. J. Campus Almora-263 601, India, ZDepaITmenz‘
of Microbiology, Kurukshetra University, Kurukshetra, Haryana-136 119 India u % Institute of
Environmental Studies, Kurukshetra University, Kurukshetra, Haryana-136 119 India

Y peaxuujama kanaj(IV)- u Tpuopranokanaj(IV)-xnopuna ca Hphbgl nuranmom (1;
Hj,hbgl je nepuBat tumona, N-(2-XUAPOKCH-3-HU30MPOIHI-6-METUIOEH3WI)IJIULMH), Y3 Joha-
TaK HaTPHUjyM-HU30NPOIOKCHAA Yy OAroBapajyhvM CTEXHOMETPHjCKUM OopHOocuMa (1:1 m 1:2),
CHHTETHM30BaHH Cy HOBH KOMILIEKcH ommTe dopmyae Sn(OPrf),(hbgl) (2), Sn(OPrf),(Hhbgl),
(3), Ph3Sn(Hhbgl) (4), BuzSn(Hhbgl) (5) u Me3Sn(Hhbgl) (6). Jodujenn xomiiekcu cy
OKapaKTepHucaHH IPUMEHOM eJleMeHTalHe aHanuse, kao ¥ IR u TH-NMR cnexrpockonuje. Ha
OCHOBY CIEKTPOCKOIICKUX TI0fiaTaKa, IPeTIOCTaB/beHo je ha je y koMIuiekcuma 2—5 kapdok-
CUIHa rpyna OMIEHTaTHO KOOpPAWHOBAaHA, [OK je Yy KOMIUIEKCY 6 MOHOJEHTAaTHO KOODIM-
HOBaHa 3a joH MeTana. McnuTvBaHa je in viiro aHTUDAKTEPHjCKa aKTHBHOCT Ha MBE TPaM-
-1no3uTHBHE DakTepuje, Staphylococcus aureus MTCC 96 u Bacillus subtilis MTCC 121, u Ha
IBe rpaM-HeratuBHe Oaxrepwuje, Escherichia coli MTCC 1652 u Pseudomonas aeruginosa
MTCC 741. Tlopen Tora, UCIHTHBAHA je aHTU(QYHrajHa aKTUBHOCT Ha TPU BPCTe IJbUBA,
Aspergillus niger, Aspergillus flavus v Penicillium sp.

(ITpumiseno 17. centembpa 2012, peBunupano 6. mapra 2013)
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TABLE S-1. Amount of 2-propanol in the azeotropic mixture formed during the preparation of
the complexes

Complex Calculated, g Found, g
2 0.598 0.538
3 0.598 0.538
4 0.300 0.270
5 0.300 0.272
6 0.299 0.269

PHYSICAL, ANALYTICAL AND SPECTRAL DATA OF THE LIGAND AND
COMPLEXES

Hohbgl (1). Yield: 5.9 g, 80 %; Colour: yellow; m.p.: 70 °C; Anal. Calcd. for
C13H19NO3: C, 65.74; H, 8.00; N 6.04 %. Found: C, 65.84; H, 8.10; N, 5.80 %;
IR (KBr/Csl, cmr1): 3390 (-OH stretching of phenolic group), 3056 (—CH
stretching of aromatic ring), 2956, 2856 (asymmetric and symmetric stretching of
—CH3 or —CH>), 1582 (asymmetric stretching of carboxylate group), 1413 (sym-
metric stretching of carboxylate group); H-NMR (300 MHz, DM SO, § / ppm):
6.50 (1H, d, J = 7.8 Hz, Ar-H), 6.90 (1H, d, J = 8 Hz, Ar-H); 8.38 (1H, s,
phenolic -OH), 7.15 (1H, br, -NH), 2.13 (3H, s, -CH3), 1.81 (2H, s, Ar—-CH-),
3.10 (2H, s, CH,-), 1.12 (6H, d, J = 6.9 Hz, -CH(CH3),); ESI-MS (m/z (relative
abundance (%)): [C13H19NO3]* 237.9 (48), [C11H150]* 163.1 (30).

* Corresponding author. E-mail: matel agarima28@yahoo.in
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[S(OPri),(hbgl)] (2). Yield: 1.42 g, 67 %; Colour: yellowish brown; m.p.:
155 °C; Anal. Calcd for C1gH31NO5Sn: C, 48.28; H, 6.56; N, 3.09; Sn, 25.13 %.
Found: C, 48.34; H, 6.59; N, 2.99; Sn, 25.19 %; IR (KBr/Csl, cm1): 3100 (N-H
stretching of amine), 2963, 2868 (asymmetric and symmetric stretching of —CH3
or —CH» groups), 1613 (asymmetric stretching of carboxylate group), 1412 (sym-
metric stretching of carboxylate group), Av: 201, 500 (SO stretching); 1H-NMR
(300 MHz, DMSO, ¢ / ppm): 7.13 (1H, d, J = 7.8 Hz, Ar-H), 6.77 (1H,d, J= 7.8
Hz, Ar-H), 6.58 (1H, d, -NH), 2.30 (3H, s, -CHg3), 1.15 (3H, d, J = 2.7 Hz,
—CH(CH5),), 1.76 (3H, d, J = 2.7 Hz, -CH(CH3),); molar conductance (103 M
DMSO, uS cml): 21.

[Sn(OPri)o(Hhbgl);] (3). Yield: 2.057 g, 64 %; Colour: brown; m.p.: 160
°C; Anal. Calcd. for C3oH5oN20OgSn: C, 54.12; H, 7.04; N, 4.07; Sn, 16.73 %.
Found: C, 54.22; H, 7.14; N, 4.01; Sn 16.79 %; IR (KBr/Csl, cm1): 3394 (-OH
stretching of phenolic group), 3200-3000 (—NH/—CH stretching of amine and
aromatic ring), 2961, 2871 (asymmetric and symmetric stretching of —CH3 or
—CH> group), 1588 (asymmetric stretching of carboxylate group), 1415 (sym-
metric stretching of carboxylate group), Av :173, 503 (SO stretching); 1H-NMR
(300 MHz, MeOD, ¢ / ppm): 6.45-6.96 (4H, m, Ar-H), 8.06 (1H, s, phenolic
—OH), 8.54 (1H, s, phenolic —OH), 2.20 (6H, s, CHs); molar conductance (103
M DM SO, uS cnrl): 25,

[PhsSn(Hhbgl)] (4). Yield: 1.764 g, 67 %; Colour: brown; m.p.: >300 °C;
Anal. Calcd. for C31H33NO3Sh: C, 63.41; H, 5.80; N, 2.39; Sn, 20.23 %. Found:
C, 63.46; H, 5.84; N, 2.34; Sn, 20.28 %; IR (KBr/Csl, cmrl): 3426 (-OH
stretching of phenolic group), 3056 (—CH stretching of aromatic ring), 2958,
2868 (asymmetric and symmetric stretching of -CH3 or —CH»> groups), 1604
(asymmetric stretching of carboxylate group), 1417 (symmetric stretching of
carboxylate group), Av. 187, 558 (Sn—O stretching), 279, 207 (asymmetric and
symmetric stretching of Sn—C); H-NMR (300 MHz, DMSO, ¢ / ppm): 7.22—
—7.58 (17H, m, Ar-H and Sn—CsHs), 7.76 (1H, br, phenolic —-OH), 7.33 (1 H, br,
—NH), 2.13 (3H, s, -CH3), 1.08 (3H, d, J = 5.1 Hz, -CH(CH3),), 1.05(3H, d, J =
= 5.1 Hz, -CH(CH?5),); molar conductance (10-3 M DMSO, uS cm1): 17.

[BusSn(Hhbgl)] (5). Yield: 1.644 g, 69 %; Colour: brown; m.p.: >300 °C;
Anal. Calcd. for CosH45NO3Sn: C, 57.06; H, 8.56; N, 2.67; Sn, 22.58 %. Found:
C, 57.15; H, 8.61; N, 2.61; Sn, 22.62 %; IR (KBr/Csl, cnmr1): 3500-3000 (-OH
stretching of phenolic group), 2962, 2863 (asymmetric and symmetric stretching
of —CH3 or —CH> groups), 1591 (asymmetric stretching of carboxylate group),
1406 (symmetric stretching of carboxylate group), Av: 185, 501 (Sn—O stretch-
ing), 528, 469 (asymmetric and symmetric stretching of Sn—C); 1H-NMR (300
MHz, DMSO, ¢ / ppm): 7.12 (1H, d, J = 7.8 Hz, Ar-H), 6.77 (1H, d, J = 7.5 Hz,
Ar-H), 8.00 (1H, s, phenolic —-OH), 6.88 (1H, s, -NH), 2.30 (3H, s, CHj3), 0.78
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and 0.90-1.21 (27 H, t, m, Sn—C4Hg); molar conductance (103 M DMSO, uS
cmr1): 18.

[Mesn(Hhbgl)] (6). Yield: 1.304 g, 72 %; Colour: cream; m.p.: >300 °C;
Anal. Calcd for C1gH27NO3SNn: C, 47.99; H, 6.75; N, 3.50; Sn, 29.67 %. Found:
C, 47.91; H, 6.71; N, 3.46; Sn, 29.70 %; IR (KBr/Csl, cmrl): 3404 (-OH
stretching of phenolic group), 2959, 2863 (asymmetric and symmetric stretching
of —CH3 or —CH> groups), 1626 (asymmetric stretching of carboxylate group),
1410 (symmetric stretching of carboxylate group), Av: 216, 555 (Sn—O gtretching);
IH-NMR (300 MHz, DMSO, ¢ / ppm): 6.89 (1H, d, J = 6 Hz, Ar-H), 6.48 (1H, d,
J=6.09 Hz, Ar-H), 7.80 (1H, s, phenolic —OH), 4.90 (1H, br, -NH), 0.99 (3H, d,
J = 5.13 Hz, -CH(CHy3),), 1.07 (3H, d, J = 4.44 Hz, —-CH(CH3),), 0.42 (9H, s,
Sn—CHs, 23 ®"9sn- 'H = 68.0 Hz); molar conductance (103 M DMSO, uS
cml): 32.
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M agnetic, thermal and spectr oscopic properties of
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Abstract: 2-(4-Chlorophenoxy)acetates of lanthanides(l11) were synthesized as
polycrystalline hydrated solids with the genera formulae: Ln(CgHgClOg3)3-2H,0
(Ln = La(ln), Pr(lity, Sm(lin), Eu(ll) or Th(ll)); Ln(CgHgClO3)3-H,0 (Ln =
= Dy(ll1)) and Ln(CgHgClIO3)3-:3H,O (Ln = Er(I1l), Tm(Il), Yb(lIl) and
Lu(lI1). The complexes were characterized by elemental analysis, FTIR spec-
troscopy, magnetic and thermogravimetric studies and X-ray diffraction (XRD)
analysis. The complexes have colours typical for the lanthanide(l11) ions. The
carboxylate groups bind as bidentate chelating agents. On heating to 1273 K in
air, the complexes decompose in three steps. First they dehydrate in one stage
to form anhydrous salts that then decompose to the oxides of the respective
metals with the intermediate formation of their oxychlorides. The gaseous
products of the therma decomposition of the compounds under nitrogen were
also determined. The magnetic susceptibilities of the complexes were measured
over the ranges 76-303 K and 1.8-303 K, and their magnetic moments were
calculated. The results showed that the 2-(4-chlorophenoxy)acetates of lan-
thanides(l11) are high-spin complexes with weak ligand fields.

Keywords: 2-(4-chlorophenoxy)acetates; thermal stability; magnetic properties;
lanthanides.

INTRODUCTION

Many metal carboxylates have been known from ancient times and since that
moment the interest in their chemistry has been growing.l This type of com-
pounds show the tendency to form various bondings in their molecules, hence
they may be used in biotechnology, bioengineering and medicine.1# Depending
on their magnetic properties, they are used in modern branches of techniques and
technology as electric materials. Some are useful reagents for the synthesis of

* Corresponding author. E-mail: wetafer@poczta.umcs.lublin.pl
doi: 10.2298/J5C121203043F
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organic compounds, being applied in metallation and oxymetallation reactions.
Transition metal carboxylates are used as catalysts in many industrial processes
and as selective oxidizing agents in organic chemistry. They also play an impor-
tant role in inorganic and bioinorganic chemistry and in some areas of daily
life 135 Many of them are components of several vitamins and drugs.! They
serve for the production of biomedical materials and as the therapeutic agents
being used in anti-cancer therapy. Carboxylic acids are applied for the absorp-
tion, preservation and separation of many gases. Having luminescence properties,
their complexes with 4f electron elements find application in optical and elec-
tronic industries.1.® They play significant roles in crystal engineering and serve
for the production of paramagnetic organic materials.47-12 Their compounds
form interesting group of single-molecule magnets (SMMs) that exhibit magne-
tization hysteresis at low temperatures, yielding special properties of macroscopic
magnets 14.7-13

2-(4-Chlorophenoxy)acetic acid is a white solid sparingly soluble in water.
Its melting point temperatureis 157 °C. It may be easily decomposed to CO, CO»
and HCI. Therefore it has toxic properties. It belongs to the herbicide group of
substances and may be used as a hormone for plant growth regulation.14.15

In previous papers, studies of the 2-(4-chlorophenoxy)acetic acid anion with
Mo, Li, Cu, Mn, Co, Ni, Nd, Gd and Ho were reported in which the complexes
were characterized by elemental analysis, FTIR spectroscopy, thermogravimetric
studies and X-ray diffraction measurements.1415 In continuation of ongoing
investigations on the carboxylates of transition metal ions, the synthesis of com-
plexes of lanthanides(l11) with the 2-(4-chlorophenoxy)acetic acid anion and an
examination of some of their properties, such as therma stability in air at
293-1273 K, magnetic properties in the range of 77-303 K and 1.8-300 K, and
their FTIR spectra, are reported herein.

EXPERIMENTAL
Materials

All the chemicals and solvents used for the synthesis were commercially available and of
reagent grade. They were used without further purification. A solution of the ammonium 2-(4-
-chlorophenoxy)acetate (0.1 mol L1, pH ~5) was prepared by the addition of an aqueous NH3
solution (25 %, Polish Chemical Reagents, Gliwice, Poland) to an agueous solution of
2-(4-chlorophenoxy)acetic acid (99 %, Aldrich). In order to obtain the chlorides of the rare
earth element(l11), 0.8 g of the oxides of lanthanides(I11) (99.9 % pure, Aldrich) were digested
in the equivalent amount of concentrated HCl (35-38 %, Polish Chemical Reagents, Gliwice,
Poland). The solutions were constantly heated and evaporated to dryness. The residues of
lanthanide(l11) chlorides were dissolved in water, forming solutions of lanthanide(lIl) chlo-
rides, the concentration of which was equal to 0.1 mol L1 and pH ~5.

Synthesis of the compounds

The 2-(4-chlorophenoxy)acetates of lanthanides(l11) were prepared by adding equivalent
quantities of 0.1 mol L-1 ammonium 2-(4-chlorophenoxy)acetate (pH ~5) to hot solutions of
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the lanthanide(l11) chlorides. The solutions were heated for 1 h at 333—-343 K under constant
stirring to reach the equilibrium state. The solids were then filtered off, washed with hot water
to remove ammonium ions, recrystallised and dried at 303 K to constant mass.

Sodium 2-(4-chlorophenoxy)acetate was prepared by the addition of an equivalent
amount of a 0.1 mol L1 ammonium 2-(4-chlorophenoxy)acetate solution to a solution
containing 0.1 g NaOH (analytically pure, Polish Chemical Reagents, Gliwice, Poland) and
crystallizing.

Methods and apparatus applied

The contents of carbon and hydrogen in the complexes were determined by elemental
analysis using a Perkin—Elmer CHN 2400 analyser. The content of chloride was determined
by the Schéniger method.1® The amounts of M(111) metals were established by the X-ray fluo-
rescence (XRF) method with energy dispersion using an ED XRF-1510 spectrophotometer
(Canberra-Packard).

The FTIR spectra of complexes and the products of the final complex decompositions
were recorded over the range of 4000400 ¢m™® using an M—80 Perkin-Elmer spectrometer.
The samples were prepared as KBr discs. The FIR spectra of complexes in Nujol mulls
sandwiched between polyethylene plates were recorded over the range of 600-100 ¢mi! using
the Perkin—Elmer 180 spectrometer.

The X-ray diffraction patterns of compounds and the products of decomposition process
were taken on a HZG-4 (Carl-Zeiss, Jena) diffractometer using Ni filtered CuK,, radiation.
The measurements were made within the range of 26 4-80° by means of the Bragg—Brentano
method.1”

The thermal stability and decomposition of the complexes were studied using a Setsys
16/18 (Setaram) TG, DTG and DSC instrument. The experiments were performed under a
under air, flow rate of 1 L h'l, in the temperature range of 297-1273 K at a heating rate of 5 K
minL, Theinitial mass of the samples of the lanthanides(l11) 2-(4-chlorophenoxy)acetates used
for the measurements ranged from 7.87 to 4.56 mg. The samples were heated in Al,O3
crucibles. The TG—FTIR measurements were also made under a nitrogen atmosphere in order
to know the complex behaves under neutral, reduction atmosphere while in air under oxi-
dation atmosphere, using a Q 5000 instrument (TA Instruments) with a Nicolet 6700 spec-
trophotometer. The experiments were performed in Pt crucibles under a nitrogen flow of 25
mL min® at a heating rate of 20 K min'l. The masses of the samples were in the range of
8.98-4.54 mg.

Magnetic susceptibilities of polycrystalline samples of the lanthanide(l11) 2-(4-chloro-
phenoxy)acetates were investigated at 76-303 K and 1.8-303 K. The measurements were
realised using the Gouy method on a Quantum Design SQUID-VSM magnetometer. The
superconducting magnet is generally operated at a field strength ranging from 0 to 7 T.
Measurement of the studied samples were made at a magnetic field 0.1 T. The SQUID
magnetometer was calibrated with a palladium rod sample. In the case of the Gouy method,
the mass changes were obtained using a Cahn RM-2 electrobalance. The employed calibrant
was Hg[Co(SCN),], for which the magnetic susceptibility was assumed to be 1.644x10° cm3
gl. Correction for diamagnetism of the constituent atoms was calculated by the use of Pascal
constants.#18

The effective magnetic moment values were calculated from the equation:

Heir = 2.83(ymT) V2
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where gy is the effective magnetic moment, y is the magnetic susceptibility per molecule
and T is the absolute temperature.

The solubility of 2-(4-chlorophenoxy)acetates of lanthanides(l11) in water was deter-
mined at 298 K by the ASA method.19

RESULTS AND DISCUSSION

The lanthanides(I11) 2-(4-chlorophenoxy)acetates were obtained as crystal-
line products of the general formula: Ln(CgHgClO3)3-nH20, where Ln = lantha-
nide, n =2 for La(lll), Pr(I11), Sm(I11), Eu(l1) and Tb(l11); n = 1 for Dy(I1l) and
n=3for Er(l1), Tm(I11), Yb(l11) and Lu(lll).

Their colours are typical for Ln(l1l), which is connected with the similar
electron density in the complexes. In their molecules, the f—f electronic transi-
tions of the metal ions are those of the lowest energy and absorption occurs at
relatively high wavelengths, the value depending on the nature of the metal ion.20

The results of the elemental analyses are givenin Tablel.

TABLE |. Elemental analysis data (%) for the lanthanide(l11) 2-(4-chlorophenoxy)acetates

C H Cl M
Complex (L = CgHqClO3) Cdcd. Found Calcd. Found Cacd. Found Caled. Found
Lal 3-:2H,0 3940 3920 300 295 1460 1450 19.00 18.90
PrL;-2H,0 39.29 39.07 302 278 1450 1430 19.20 19.12
SmL;-2H,0 3879 3885 298 276 1431 1420 20.23 20.60
EuL 3-2H,0 3868 3850 296 281 1430 1425 20.42 20.30
TbL3-2H,0 3835 3827 293 279 1415 1453 21.14 2200
DyL3-H,0 39.09 3890 271 262 1442 1480 22.04 2280
ErlL 5 3H,0 3705 3699 311 298 13.67 1370 2149 21.60
TmL3-3H,0 3697 3670 310 286 13.64 1382 21.66 21.10
YbL3-3H,0 36.75 3590 306 3.00 1359 1340 22.08 22.00
LuL3-3H,0 36.67 3650 306 299 1356 1350 2229 22.20

Infrared spectra

The Ln(I11) 2-(4-chlorophenoxy)acetates exhibited similar solid state FTIR
spectra (Table I1). The band at 1708 cm2, originating from the RCOOH group,
present in the spectrum of the acid is replaced in the spectra of complexes by two
bands, one at 1608-1567 cm1 and the other 1340-1322 cm1, which are asc-
ribed to the asymmetric and symmetric vibrations of the COO~ groups, respecti-
vely.5.21-33

The bands with the maxima at 3429-3410 cmL, characteristic for v(OH)
vibrations confirmed the presence of crystallization water molecules in the com-
plexes. The bands of C-H were observed at 2929-2918 cm! and those of the
v(C=C) ring vibrations at 1624-1622, 1496, 1177-1174, 1111-1104 and 1068—
—1066 cm1. The v(C-Cl) vibration bands occurred at 736—704 cm—L while those
of the asymmetric and symmetric v(C-O-C) vibrations are at 1082-1068 cm1
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and 1060-1058 cmr?, respectively. The bands at 508449 cm confirmed the
ionic metal—oxygen bond vibrations.1:19 They change their positions in the FTIR
spectra of complexes, which may suggest that the metal-igand bonding have
different stabilities. The O—H---O stretching vibrations bands® were in the range
118-106 cmL. Their shapes changed according to the increase in the atomic
number of elements and the degree of hydration in the 4-chlorophenoxyacetates.
The bands at 138-122 cm1 indicate internal C—C torsion vibrations and those at
283-267cm1 arise from vibrations of the aromatic ring. The values of the two
band frequencies of the asymmetrical and symmetrical vibrations of the carbo-
xylate groups of analysed complexes, and those of C—Cl and M-O stretching
vibrations are presented in Table 1.

TABLE II. Wavenumbers (v / cm™l) of OCO", C—Cl and M-O in the FTIR spectra of lan-
thanides(l11) and Na 2-(4-chlorophenoxy)acetates and that of the COOH band in 2-(4-chloro-
phenoxy)acetic acid

Compound (L = CgHgClOz) Vv(C=0) v.(OCO) v{(OCO) AOCO) v(CCl) v(M-O)

Lal32H,0 - 1596 1332 264 724 504
PrL4-2H,0 - 1568 1322 246 720 508
SmL3-2H,0 - 1572 1336 236 720 500
EuL3-2H,0 - 1572 1336 236 716 504
ThbLz-2H,0 - 1608 1340 268 704 524
DyL3-H,0 - 1580 1336 244 716 504
ErL3-3H,0 - 1580 1328 252 736 504
TmL3-3H,0 - 1580 1328 252 736 504
YbL3-3H,0 - 1506 1336 260 724 508
LuL3-2H,0 - 1506 1328 268 736 504
NaL - 1620 1340 280 722 -

HL 1708 - - - - -

The separations of the va5(OCO) and v¢(OCO) modes in the FTIR spectra of
the complexes (AYOCO) from 268 to 236 cnm1) are smaller than that of the
sodium salt (AOCO) = 280 cm1), indicating that the degree of ionic nature of
the M—O bond in the 2-(4-chlorophenoxy)acetates is smaller compared to that of
the sodium salt. For the complexes, the shifts of the frequencies of bands va(OCO)
and v(OCO) were lower and lower or the same, respectively, in comparison with
those of the sodium salt. Accordingly, taking into account the spectroscopic
criteria, especialy the Nakamoto criterion,1520:31,33,34 the carboxylate ions in
the analysed complexes appear to be bidentate chelating groups. The structure of
the carboxylate groups is bidentate chelating when the bands of va(OCO) and
vg(OCO) in the FTIR spectrum of the analysed complex are shifted to lower and
higher wavenumbers compared to those for the sodium salt; or the A{OCO)
value of studied complex << than the AY{OCO) value of the sodium salt.1.531 A
bidentate bridging structure exists when the bands of va5(OCO) and v¢(OCO) in
the FTIR spectrum of studied complex are shifted to higher wavenumbers, com-
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pared to those for the sodium sat; or the AV{OCO) value of the studied complex
~ AWOCO) value of the sodium salt.5 For monodentate geometry of carboxylate
group, the bands of va5(OCO)and v¢(OCO) in the FTIR spectrum of the complex
are shifted to higher and lower wavenumbers, respectively, in comparison with
those for sodium salt; or the AOCO) value of the studied complex is consi-
derably larger than the AV{OCO) of the sodium salt.

X-Ray powder diffraction

From the X-ray powder diffraction of 2-(4-chlorophenoxy)acetates of lantha-
nides(l11), it follows that they are crystalline compounds (Fig. 1). The structures
of 2-(4-chlorophenoxy)acetates were not determined since suitable single crystals
were not obtained.

Thermal analysis

The thermal stability of the lanthanide(l11) 2-(4-chlorophenoxy)acetates was
studied in air in the temperature range of 293-1273 K (Fig. 2, Tables |1l and V).
The TG, DTG and DSC curves were recorded using the DSC/TG technique.
When heated to 1273 K, the complexes decomposed in three steps. They were
stable up to 312365 K. Next, in the range of 312—433 K, all the studied 2-(4-
-chlorophenoxy)acetates dehydrated in one step, exhibiting endothermic peaks on
the DSC curves, losing one, two or three molecules of water to form anhydrous
compounds. The mass losses calculated from the TG curves, being equal to
2.27-6.93 %, correspond to the loss of 1, 2 or 3 molecules of water (theoretical
values 2.44-6.95 %). From the temperature data, it follows that Pr(I11) complex
with the highest value of initial decomposition temperature is the most thermally
stable compound, whereas the Tm(lIl1) complex is the least stable one in the
series of the analysed lanthanide(l11) 2-(4-chlorophenoxy)acetates. The energetic
effects accompanying the dehydration processes were also determined. The
enthalpy values, AH, change from 60.20-21.43 kJ mol-1 per one molecule of
water. These values may indicate that the water molecules are coordinated to the
central ions with different strengths depending on their various positions in the
complex coordination spheres.22 The anhydrous lanthanide(I11) complexes first
form oxychlorides in the second step of their decomposition,1:35-37 as interme-
diate products formed by the gradual loss of the ligands (463-923 K). This pro-
cess is accompanied by a strong exothermic effect on the DSC curves. The mass
losses calculated from TG curves indicated oxychloride formation. In the third
stage of decomposition, the intermediate LnOCI products decomposed to the
oxides of appropriate metals: Ln,O3 (where Ln = La, Sm, Eu, Dy, Er, Tm, Yb or
Lu) and PrgO11 and Th407, which were verified by comparing their FTIR spectra
and powder diffractograms with those of the pure oxide. The final temperature
values of their formation were in the range of 1073-1273 K. The masses of resi-
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dues determined from TG curve were 22.48-25.00 % (theoretical value 22.22—
—25.33 %). The results indicate that the thermal decomposition of lanthanide(l11)
2-(4-chlorophenoxy)acetates in air proceeds in the following manner:

LnL3-nH20 — LnL3 — LnOCl —LnyO3 (Ln=La, Sm, Eu, Dy, Er, Tm, Yb, Lu)

PreO11
ThaO7
TG La(IIT) complex 25
o Exo /F r
20 20
1 an
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z L
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Fig. 2. TG, DTG and DSC curvesfor La(lll) and Eu(l11) complexes under an air atmosphere.

From the obtained data, it appears that the coordination number of the cen-
tral ionsis probably 7, 8 or 9. The molecules of water may be coordinated with
the central ions despite their loss at alow temperature.38-41
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TABLE Ill. Temperature ranges of the thermal mass losses of lanthanide(l11) 2-(4-chlorophe-
noxy)acetatesin air at 293-1273 K

Complex T2 Massloss, % T¢  Massloss, % Td Residue mass, %
(L=CgHeCIO;) K Caled. Found K Cacd. Found K  Cacd. Found
Lal 3-2H,0 353413 4.92 4.92 523858 73.96 73.12 1223 2222 2255
PrL3-2H,0 365-390 4.91 4.85 580898 73.90 74.86 1073 23.19 2362
SmL3-2H,0 339389 4.85 4.78 563-877 72.84 73.29 1273 23.46 2256
EuL3-2H,0 358423 4.83 4.68 463-853 72.68 74.77 1173 23.63 2256
TbL3-2H,0 328-393 4.79 452 503923 72.00 71.83 1203 24.87 2248
DyL3-H,0O 363433 244 227 483-893 70.97 68.69 1188 25.30 24.06
ErL3-3H,0 331394 6.95 6.62 519886 71.88 71.45 1273 2459 25.00
TmL3-3H,0 327-381 6.31 6.93 573857 71.74 7225 1273 2458 23.76
YbL3-3H,0 338-365 6.80 6.40 560850 71.35 70.40 1250 25.14 24.90
LuL3-3H,0 348-368 6.87 6.54 573848 71.17 7245 1123 25.33 24.80
8Temperature range of dehydration process; Brumber of water molecules lost in the single step; ‘temperature
range of the decomposition of the anhydrous complex; %inal temperature of decomposition process

]
[=2

WWWWENNNNDN

TABLE IV. Enthalpy values of the dehydration process for the lanthanide(l11) 2-(4-chloro-
phenoxy)acetates and their solubility in water at 293 K

Complex (L = CgHgClO5) AHa/kJmol'l  AH;P/kJmoll  Solubility, 104 mol-dm'3

Lal3-2H,0 48.20 24.10 4.70
PrLs-2H,0 45.03 22.50 4,60
SmL3-2H,0 42.87 21.43 5.30
EuL3-2H,0 120.40 60.20 6.00
ThbLz-2H,0 78.48 39.24 7.60
DyL3-H,0 59.99 59.99 3.80
ErL3-3H,0 90.22 30.07 9.00
TmL4-3H,0 80.54 26.84 9.50
YbL3-3H,0 78.30 26.10 9.80
LuL3-2H,0 83.30 27.76 9.90

8Enthalpy value; Penthal py value for one molecule of water

The data obtained from the determination of the complete structures of these
complexes can give fair information on the positions of water molecules in the
compounds, but their monocrystals have not yet been determined. However,
attempts to prepare them have still to be made.

The FTIR spectra recorded of the gaseous products released during complex
decompositions revealed them to be molecules of HoO, CO,, CO, CHy4 hyd-
rocarbons and hydrogen chloride. For all the analysed complex decompositions,
the bands at 4000-3500 and 1700-1500 cmrl (348-481 K) confirmed the
presence of HoO molecules in the products. At higher temperatures, the bands at
2250-2500 and 600-750 cm! result from CO, vibrations, whereas the bands
observed at 20002200 cm! are characteristic for CO. The absorbance peak of

methane (CHg4) appears around 3000 cm1 and HCI in the range of 3059-2650
cm-1.41,42
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Solubility in water

The solubilities of lanthanide(l11) 2-(4-chlorophenoxy)acetates in water (at
293 K) were also determined (Table 1V). They were of the order of 1x10~4 mol
dm3. Lu(lll) 2-(4-chlorophenoxy)acetate was the most soluble salt, while the
Dy(l11) complex was the least soluble. Taking into account the values of the
solubilities, it could be said that 2-(4-chlorophenoxy)acetic acid cannot be used
for separation of lanthanide(l11) ions by ion-exchange chromatography or by
extraction methods because of their low solubility.

Magnetic properties

To estimate the nature of metal-{igand bonding in the analysed compounds
and to try to find the reasons why their colours are typical for Ln(Il) ions, the
magnetic susceptibilities of the lanthanide(l11) 2-(4-chlorophenoxy)acetates were
determined over the range of 76-303 K. In order to determine whether the nature
of atomic magnetic interactions changed at low temperatures, the magnetic sus-
ceptibilities of the complexes were investigated between 1.8 and 303 K.

The complexes obey the Curie-Weiss law.34 For all compounds, the values
of the Weiss constant, &, had a negative sign, which may result from the anti-
ferromagnetic spin or from a crystal field splitting of the paramagnetic spin
state.3443-46 The experimentally determined effective magnetic moment, g,
values for the 2-(4-chlorophenoxy)acetates at 76 and 303 K are givenin Table V.

TABLE V. The effective magnetic moment, ts / 1, values for the Ln(l11) 2-(4-chlorophe-
noxy)acetates at 76 and 303 K

Trivalent ion T=76K T=303K Trivalent ion T=76K T=303K
Pr 2.75 3.26 Dy 10.45 10.69
Sm 1.09 1.56 Er 9.48 9.74
Eu 2.12 3.08 Tm 7.70 8.14
Th 9.19 9.44 Yb 2.00 3.54

In the lanthanide(l11) 2-(4-chlorophenoxy)acetates, the paramagnetic central
ions remain practically unaffected by the diamagnetic ligands coordinated around
them. The 4f orbitals, partly occupied by the magnetically active electrons, are
very efficiently shielded by the fully occupied 5s and 5p orbitals. These 4f
orbitals are amost uninvolved in the bonds between a rare earth(l11) ion and its
nearest neighbours. The lanthanide ion in a molecular compound behaves as free
ion and its energy levels are the same as those in the free ion. The energy sepa-
ration between the state of lowest energy and the first excited state varies from a
few hundred to several thousands of wavenumbers. When this energy separation
issmall, the first excited state may be thermally populated, while only the ground
state is thermally populated when the separation is large. The magnetic properties
can be taken as those of the ground state alone and the lanthanide(l11) ionsin the

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

Copyright (C)2013 SCS




SYNTHESIS AND PROPERTIES OF LANTHANIDE(II1) 2-(4-CHLOROPHENOXY)ACETATES 1345

complexes act in the same manner as free ions. The values of e determined for
al 2-(4-chlorophenoxy)acetates (except for europium) (Table V) were similar to
those calculated for Ln(l11) ions by Hund and Van Vleck (Table V1).43 The vaues
of magnetic moments determined for the complexes indicate that the energies of
the 4f electrons in the central ions are not changed compared to those in the free
lanthanide ions. Therefore the colours of these complexes determined by rare
earth element(l11) ions remain the same as those in the free lanthanides. The elec-
tron density in the molecules makes the f—f electronic transitions of the central
ions to be those of the lowest energy and the absorption occurs at relatively high
wavelengths. The 4f orbitals of lanthanide(lll) ions are effectively shielded by
the 5s25p6 octet. Therefore the metal—ligand bonding in the analysed lantha-
nide(I11) complexesis mainly electrostatic in nature.46

TABLE VI. Magnetic moment values (ueff) of lanthanide(l1l) ions calculated by Hund and
Van Vleck#224347 and those obtained experimentally for the Ln(l11) 4-chlorophenoxyacetates
of at room temperature

Heit! 115
Trivalention Configuration Calculated by Hund Calculated by Experimental
Van Vieck
Pr f2 3.58 3.62 3.26
Sm fo 0.84 1.55-1.65 156
Eu f6 0.00 3.40-3.51 3.08
Tb f8 9.70 9.70 9.44
Dy fo 10.60 10.60 10.69
Er il 9.60 9.60 9.74
Tm f12 7.60 7.60 8.14
Yb f13 4.50 4.50 3.54

The magnetic properties of Er(lll) were also studied over the temperature
range of 1.8-300 K. Plots of magnetic susceptibility, yn1, and of the product
xmT vs. T are shown in Fig. 3. The thermal dependence of yn1 obeys the Curie—
—Weiss law over the whole temperature range. From the shape of the dependence
of the ymT vs. T curve, it follows that it decreases on cooling in the range
303-1.8 K. Between 303 and 48 K, the decrease is very slow showing the satu-
ration paramagnetic state, while the decrease is drastic between 48 and 1.8 K.

The value of ymT for Er(111) 2-(4-chlorophenoxy)acetate at room temperature
was 11.28 cm3 mol—1 K, which is similar to that calculated theoretically for the
free Er(111) ion, 11.48 cm3 mol—1 K 44748 At 1.8 K, the y,T value was 6.14 cm3
mol~1 K. The decrease of the ym,T vs. T curve in the range 48-1.8 K indicates a
negative 0 value, which may confirm antiferromagnetic intermolecular interac-
tions. Therefore, the magnetic moment value of the Er(111) complex was equal to
7.01 (1.8 K) and 8.94 up (48 K). Further, this value increases to 9.50 ug (303 K),
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which is connected with the change in the unpaired electron order. This value is
similar to that of the free Er(l11) ion value (9.59 ug).447
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Fig. 3. Dependence of T (o) and ™ (1) vs. T for 2-(4-chlorophenoxy)acetate of Er(l11).

CONCLUSIONS

From the obtained results, it follows that the lanthanide(l11) 2-(4-chlorophe-
noxy)acetates were prepared as mono-, di- or trihydrates with colours typical for
the respective Ln(l11) ions, having their origin in the lowest energy f—f electronic
transitions of the central ions. The Ln—O bonds are electrostatic in nature. The
compounds are crystalline complexes that on heating in air to 1273 K decompose
in three steps. In the first step, all 2-(4-chlorophenoxy)acetates dehydrate to form
anhydrous complexes, which further decomposed to the oxides of the corres-
ponding metal (111), with the intermediate formation of LnOCI. The values of geff
calculated for all compounds were close theoretically calculated by Hund and
Van Vleck for Ln(I11) ions. There was no influence of the ligand field on the 4f
electrons of the lanthanide(l11) ions. The solubility of 2-(4-chlorophenoxy)ace-
tates of lanthanides(l11) in water was of the order of 10~4 mol dm3.

The complexes of Nd(I11), Gd(I11) and Ho(l11) ions with the 2-(4-chlorophe-
noxy)acetic acid anion are di- and trihydrates!415> and they exhibited properties
similar to those of the complexes described in this paper. The Ln—O bonds were
mainly electrostatic in nature. The complexes are crystalline compounds that on
heating in air to 1173 K decompose in three steps. They dehydrate to form
anhydrous complexes that further decompose to the oxides of the respective
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metal, with the intermediate formation of LnOCI. The enthalpy values of dehyd-
ration processes were in the range 120.4-42.9 and 60.2-21.4 kJ mol-1 per one
molecule of water. The values of g+ calculated for these compounds were simi-
lar to those calculated theoretically by Hund and Van Vleck for Ln(lll) ions.
Their solubilitiesin water at 293 K were of the order of 10~ mol dm3.

H3BO[J

MATHETHA, TEPMAJTHA U CITEKTPOCKOIICKA CBOJCTBA KOMIIJIEKCA
JIAHTAHUJIA(III) CA 2-(4-XJIOPO®EHOKCH)ALIETATOM, Ln(CgH¢ClO3)3-nH,0

WIESLAWA FERENC', BEATA CRISTOVAQ' 1 JAN SARZYNSKI

! Faculty of Chemistry, Maria Curie-Sktodowska University, 20-031 Lublin, Poland u %Institute of
Physics, Maria Curie-Skfodowska University, 20-031, Lublin, Poland

CHUHTeTHCAaHU Cy Pas3lIWYUTH KomIulekcH naHTtaHupa(lll) ca 2-(4-xmopodeHokcu)ale-
TAaTOM Kao XWApaTHCaHe MOJUKPHUCTAaIHe cyrncranue omnure dopmyine: Ln(CgHgClO3)3-2H,0
(Ln = La(III), Pr(III), Sm(III), Eu(I1I) mau Tb(III)), Ln(CgH4zClO3)3-H,0 (Ln = Dy(I11)) u
Ln(CgHgCl03)3-3H,0 (Ln = Er(I11), Tm(III), Yb(III) unu Lu(IIl)). 3a xapakTepu3aLujy oBUX
KOMITIEKCa yrnoTped/beHu Cy efleMeHTalHa MUKpoaHanu3a, FTIR crnexkrpockomnyja, MmarHeTHa
W TepMOTpaBUMETpPHjCKa Mepewa, Kao U MeToa nudpakuuje perareHckux 3paka (XRD). boja
KOMIUIEKCA je KapakTepucTHuHa 3a naHtaHuz(III) jone, a kapdbokcunarHe rpyne y 0BUM KOM-
IIeKCUMa Cy OMIeHTaTHO KOOpIWHOBaHe. 3arpeBawmeM Ha Temneparypu on 1273 K y atmo-
cdepu Basgyxa KOMIUIEKCH ce pasrpabyjy y Tpu ¢ase. Y npBoj (asu KOMIUIEKCH Iyde Kpuc-
TaJHy BoLy, JOK ce y cnenehoj dasu pasnaxy B0 OKCHAa oAroBapajyhux merana, 4emy IpeT-
xomu Tpaheme onroBapajyhux OKCHXJIOpHAQ Kao WHTEpMeAWjapHUX MpPOu3Bona. MarnetHa
mepema cy BpiueHa y oncery 76—-303 K u 1,8-303 K u uspauyHare Cy BpeOJHOCTH MarHeTHHX
momeHaTa. Haheno je ma 2-(4-xnmopodeHokcu)aneTaTy ca JaHTaHUAUMA Ipaje BUCOKOCIIHH-
CKe KOMIUIEKCe CJ1ador IMTaHTHOT 1107ba.

(ITpumbeno 3. neuembpa 2012, peBuaupano 6. anpuna 2013)

REFERENCES

R. C. Mehrotra, R. Bohra, Metal Carboxylates, Academic Press, London, 1983

R. L. Martin, in New Pathways in Inorganic Chemistry, E. A. V. Ebsworth, A. G.
Maddock, A. G. Sharpe, Eds., Cambridge University Press, Cambridge, 1968, Ch. 9

. Ch. J. O’ Connor, Progressin Inorganic Chemistry, Wiley, New Y ork, 1982

. O. Kahn, Molecular Magnetism, VCH Publisher, New Y ork, 1993

K. Nakamoto, Infrared and Raman Spectra of Inorganic and Coordination Compounds,
Wiley, Toronto, 1997

. G. Liu, X. Li, X. Ren, J. Rare Earths 29 (2011) 511

. G. R. Desirgju, Angew. Chem. Int. Ed. 34 (1995) 2311

N. Ishikawa, M. Sugita, W. Wernsdorfer, Angew. Chem. Int. Ed. 44 (2005) 2931

N. Ishikawa, M. Sugita, N. Tanaka, T. Ishikawa, S. Koshihara, Y. Kaizu, Inorg. Chem. 43
(2004) 5498

NP

SN

©®~No

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

Copyright (C)2013 SCS



1348 FERENC, CRISTOVAO and SARZYNSKI

10.

11

12.
13.

14.
15.
16.
17.
18.
19.
20.
21.

22.

23.
24.
25,

26.

27.

28.
29.

30.

3L
32.
33.
34.
35.
36.
37.

38.
39.

40.
41.
42.
43.

N. Ishikawa, M. Sugita, T. Ishikawa, S. Koshihara, Y. Kaizu, J. Phys. Chem., B 108
(2004) 11265

J Q. Liu, Y.Y.Wang, L. F. Ma, W. H. Zhang, X. R. Zeng, F. Zang, Q. Z. Shi, S. M.
Peng, Inorg. Chim. Acta 361 (2008) 173

N. Ishikawa, M. Sugita, T. Ishikawa, Y. Kaizu, J. Am. Chem. Soc. 125 (2003) 8694

R. Swistocka, M. Kalinowska, W. Ferenc, J. Sarzynski, W. Lewandowski, Cent. Eur. J.
Chem. 10 (2012) 1095

W. Ferenc, M. Bernat, J. Sarzynski, H. Gluchowska, Ecl. Quim. 33 (2010) 67

W. Ferenc, M. Bernat, J. Sarzynski, B. Paszkowska, Ecl. Quim. 33 (2008) 7

M. Franzini, L. Leoni, M. Saitta, X-Ray Spectrom. 1 (1972)151

Z. Bojarski, Krystalografia, PWN, Warszawa, 2007

B. N. Figgis R. S. Nyholm, J. Chem. Soc. (1958) 4190

D. Glotzel, B. Segall, O.K. Anderson, Solid Sate Commun. 36 (1980)403

W. Ferenc, B. Bocian, D. Mazur, Croat. Chem. Acta 72 (1999) 779

R. M. Silverstein, G. C. Basder, T. C. Morrill, Spectrometric Identification of Organic
Compounds, Wiley, New Y ork, 1991

K. Burger, Coordination Chemistry: Experimental Methods, Akadémiai Kiadd, Budapest,
1973

W. Lewandowski, H. Baranska, Vibr. Spectr. 2 (1991) 211

W. Lewandowski, J. Mol. Struct. 101 (1983) 79

E. Pretsch, T. Clerc, J. Seibl, W. Simon, Tables of Spectral Data for Structure Determi-
nation of Organic Compounds, Springer, Berlin, 1989

L. J. Bellamy, The Infrared Spectra of Complex Molecules, Chapman & Hall, London,
1975

G. Varsanyi, Assignments for Vibrational Spectra of 700 Benzene Derivatives, Akadémiai
Kiad6, Budapest, 1973

R. Lyszczek, J. Therm. Anal. Calorim. 108 (2012)1101

A. K. Bridson, Inorganic Spectroscopic Methods, Oxford University Press, New York,
1998

A. Cross, A. R. Jones, An Introduction to Practical Infrared Spectroscopy, Butterworths,
London, 1969

B. S. Manhas, A. K Trikha, J. Indian. Chem. Soc. 59 (1982) 315

S. Xiao, J. Zang, X. Li, Q. Li, I. V. Ren, H. Li, J. Rare Earths 28 (2010) 12

Z.Lei, K. Zhao, Y. Gu, X. Li, J. Rare Earths 29 (2010) 303

G. B. Deacon, R. J. Philips, Coord. Chem. Rev. 33 (1980) 227

W. Brzyska, Lanthanides and Actinides, Scientific —Technical Publishers, Warsaw, 1996
B. Czajka, B. Bocian, W. Ferenc, J. Therm. Anal. Calorim. 67 (2002) 631

W. Ferenc, A. Dziewulska-Kulaczkowska, J. Sarzynski, B. Paszkowska, J. Therm. Anal.
Calorim. 91 (2008) 285

W. Ferenc, B. Cristévao, J. Sarzynski, H. Gtuchowska, J. Rare Earths 30 (2012) 257

A. V. Nikolaev, V. A. Logvinienko, L. I. Myachina, Thermal Analysis, Academic Press,
New York, 1969

F. Paulik, Special Trendsin Thermal Analysis, Wiley, Chichester, 1995

T. Xu, X. Huang, Fuel 89 (2010) 2185

L. Tao, G. B. Zhao, J. Hazard. Mater. 175 (2010) 754

J. H. Van Vleck, The Theory of Electronic and Magnetic Susceptibilities, Oxford Uni-
versity Press, Oxford, 1932

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

Copyright (C)2013 SCS



44,

45.
46.

SYNTHESIS AND PROPERTIES OF LANTHANIDE(II1) 2-(4-CHLOROPHENOXY)ACETATES 1349

. S. F. A. Kettle, Physical Inorganic Chemistry: A Coordination Chemistry Approach,
Oxford University Press, Oxford, 2000

A. Earnshaw, Introduction to magnetochemistry, Academic Press, New Y ork, 1968

S. P. Sinha, Systematic and Properties of the Lanthanides, Reidel, Dordrecht, The Nether-
lands, 1983

. C. Bendlli, D. Gatteschi, Chem. Rev. 102 (2002) 2369

C. Meyer, B. J. Ruck, A. R. H. Preston, S. Granville, G. V. M. Williams, H. J. Trodahl, J.
Magn. Magn. Mater. 322 (2010) 1973.

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

Copyright (C)2013 SCS






Journal of
the Serbian
Chemical Society

JSCS-info@shd.org.rs « www.shd.org.rs/JSCS

J. Serb. Chem. Soc. 78 (9) 1351-1357 (2013) UDC 547.53+547.535:544.112:
JSCS-4502 548.1.023:548.115

Original scientific paper

On benzenoid systemswith a minimal number of inlets
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Abstract. Inlets are features on the perimeter of a benzenoid system that deter-
mine numerous of its electronic and topological properties. A class of large
benzenoid systems is constructed, having a small number of inlets. It is shown
that the minimal number of inlets in a benzenoid system with h hexagons is
lessthan or equal to /3(h-1) .

Keywords. benzenoid molecule; benzenoid hydrocarbon; perimeter (of benze-
noid system); hexagonal system; inlet; number of inlets.

INTRODUCTION

Recent experimental methods have made it possible to synthesize very large
benzenoid molecules, sometimes referred to as “graphenes’.1—3 These have found
unprecedented applications as organic materials for electronic and optoel ectronic
devices.23 Aslarge benzenoid systems have countless possible isomers, 4% it isa
task of theoretica chemistry to help indicate those species that may possess
interesting properties.

The fact that numerous electronic and topological properties of benzenoid
systems are determined by the structural features on their perimeter was esta-
blished along time ago.’—9 These features are shown in Fig. 1; their more precise
definitions are given in the literature.10 The total number of fissures, bays, coves
and fjords in a benzenoid system B is called!! its number of inlets and is denoted
by r=r(B).

By means of r(B), severa topological properties of B are directly deter-
mined. Thus, let B be a benzenoid molecule with n carbon atoms and h hexagons.
If mj denotes the number of edges of the molecular graph of B, connecting
vertices of degreei and j, then:11

* Corresponding author. E-mail: gutman@kg.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/J5C130218033C
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1352 CRUZ, GUTMAN and RADA

My =Nn—-2h—-r+2 (1)
Mpg = 2r )
M3 =3h-r-3 3

Recall that npy, npa and M3 are the number of carbon—carbon bonds of the
type CH-CH, CH—C and C-C, respectively.10

fissure

Jr bay fissure

A
-

cove s fissure Fig- 1. Structural features on the perimeter of a
/ S benzenoid molecule.l® The total number of
fissure fissures, bays, coves, and fjords is the number

fiord of inletsr. In thisexample, r = 7.

Equations (1)—(3) enable a large number of molecular structure descriptors
of a benzenoid molecule to be expressed as afunction of r. For instance:

GA(B) = n+h—1—(2—%]r
ABC(B) =n+(v/8-2)(h-1)+ 3_3¢§r
1.1
H(B)= 2n 30r

for the geometric—arithmetic,12-14 atom-bond connectivity>-17 and harmonic18
indices, respectively; for more details see elsewhere.11.19-23 Evidently, benze-
noid molecules of a given size (i.e., with fixed values of n and h), for which the
number of inlets r is extremal (maximal or minimal), will possess extremal
values of these structure descriptors and, therefore, may be expected to have
extremal (or at least, outstanding) electronic and physicochemical properties. In
this paper, the problem of constructing benzenoid systems with a minimal num-
ber of inlets and estimating its value as afunction of h are considered.

The benzenoid system with maximal r-value is easy to characterize:20 this is
the linear acene with h hexagons, for which r =rpna =2(h—1). In Fig. 2 thisis
the benzenoid system denoted by Ry1, for which h =p.
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Rp,q

Fig. 2. Prolate rectangles,* consisting of h(Ryq) =ap+(q—1)(p—1) hexagons. These
possess 2(p-1) fissuresand 2(q-1) bays, and thus, r(Ryy) =2(p-1)+2(q-1) inlets.

CONSTRUCTING LARGE BENZENOID SYSTEMSWITH FEW INLETS

Consider the benzenoid systems Ryq, general formula of which is depicted in
Fig. 2. These benzenoids are sometimes referred to24 as “prolate rectangles”.

As aready pointed out, among the benzenoids with a fixed number of
hexagons, the prolate rectangle with g = 1, namely Rp1, has the maximal number
of inlets. First, one needs to observe that the transition from Ry to Ry (Fig. 2)
amost triples the number of hexagons: h(Rp2) =3h(Rp1) —~1=3p-1, whereas
the number of inlets is increased by only two: r(Rp2) =r(Rp1) +2=2p. Con-
tinuing thisrationale, one arrives at Rpq ; 9= 3, for which:

h(Rpg) =2pg— p-q+landr(Rpq)=2p+29-4

At this point, it is noteworthy that recent studies revealed that benzenoid
systems of the form Ry, ; p>4 possess unusual, “anomalous’, 7-electron?5.26
and magnetic2’ properties.

By means of the transformations indicated in Fig. 3, the number of hexagons
was increased, but the r-value was decreased. Namely, by adding a new hexagon
in a“dent” position, Rpq = R'pq (Fig. 3), the number of inlets was diminished
by one. If piseven, then p/2-1 such “dents’ could be added on the top of Ryq
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1354 CRUZ, GUTMAN and RADA

(see Ryq in Fig. 3), and the same number on its bottom, a total of p — 2 “dents’.
By this, the number of hexagons was increased by p — 2, whereas the number of
inlets was decreased by p — 2.

1]
R pq
Fig. 3. Adding “dents” at the top (and bottom) of a prolate rectangle diminishes the number of
inlets; for details, see text.

Fig. 4. Adding hexagons on to a prolate
rectangle whereby the number of inlets
remains the same.
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A further series of transformations, indicated in Fig. 4, increases the number
of hexagons, but leaves the number of inlets of qu unchanged.

First, Q—2 hexagons are to be added to one side of Rog, resulting in Rga) .
Then an additional g — 3 hexagons could be added, resulting in R|(o%) . Continuing
this transformation, one arrives at RE)Cq) : Rgé), etc. Thus:

@-2)+(@-3+-++2+1=2(a-1(a- 2

hexagons can be added on one side of Ry without increasing its r-value. The same
can also be realized on the other side of Ryg, and thus a total of (q-1)(q-2)
hexagons are added.

Combining the transformations indicated in Figs. 3 and 4, a class of benze-
noid systemsis arrived at, the general formula qu of whichisshowninFig. 5.

Fig. 5. A large benzenoid system with a small number of inlets. It has
h(qu)+(p—2)+(q—l)(q—2) hexagons, but only r(qu)—(p—Z) inlets, cf. Fig. 2.
By direct calculation (cf. Figs. 2 and 5), it could be shown that:
h(Bpq) =2pq+02 —4q+1andr(Byg) = p+29-2
and Bpg may be considered as a candidate for a large benzenoid system, which
for agiven number of hexagons has the smallest number of inlets.
What remains is to choose the parameters p and g, in order to minimize the

r-value for some fixed value of h. This is achieved by a standard Lagrange
multiplier method, in which it isrequired that both derivatives:

0
a—p[(p+2q—2)+/1(2pq+q2—4q+1—h)}
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and
0
E[(p+2q—2)+/1(2pq+q2—4q+1—h)]

are simultaneously equal to zero. Thisyields:
1+ A(29)=0 and 2+A(2p+29-4)=0
which, by eliminating the multiplier A, resultsin gq= p—2. Consequently,
h=h(Bp,p-2) =3p? -12p+13 (4)
and
r=r(Bp,p-2)=3p-6 5)

Solving Eq. (4) in the parameter p, one obtains p=2+./(h—1)/3, which
substituted back into Eq. (5) yields r =/3(h-1) .

CONCLUDING REMARKS

It has been shown how a large benzenoid system B, with h hexa-
gons can be constructed, the number of inlets of whichisonly /3(h-1) . It
was not proven that By p» has the smallest possible number of inlets (for a
given value of h), but — at least — it is deemed to be not too far from the
true minimum. Nevertheless, what has been proven isthat r <,/3(h-1) for
any benzenoid system with h hexagons. It is believed that this result could
be useful in the design of graphenes with the desired properties.

U3BOJ
O BEH3EHOUIHWM CUCTEMUMA CA MUHUMAJIHUM BPOJEM YCEKA

ROBERTO CRUZ', UBAH I'YTMAH”® u JUAN RADA'
!Instituto de Matemadticas, Universidad de Antioquia, Medellin, Colombia, z IIprpongHO—MAaTeMaTHIKH

gaxyrrer Yuupepsutera y Kparyjesuy u’ Department of Chemistry, Faculty of Science, King Abdulaziz
University, Jeddah 21589, Saudi Arabia

Yceuu cy CTpyKTYpHHU [eTa/bll Ha NepuMeTpy OeH3eHOMAHOr cucTeMa koju oppebyjy
Herosa OpojHa eIeKTPOHCKA M TOMOJIOLIKA CBOjcTBA. KOHCTpyHCcaHa je kiaca BEeIHKUX OeHse-
HOUIHUX CHCTEMaA KOjU MMajy Manu 0poj yceka. Ilokas3aHo je fa je MMHHMMalaH Opoj yceka
OEH3EeHOMIHOT CHCTEMA Ca /1 XeKCaroHa MarH OJf WIH jemHaK /3(A—1)

(ITpumiseno 18. pedpyapa, pesunupano 21. mapra 2013)
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Selective liquid phase oxidation of glycerol to glyceric acid over
novel supported Pt catalysts
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Abstract: Severa supported platinum catalysts were prepared by the extrac-
tive—pyrolytic method for the selective production of glyceric acid from gly-
cerol. A|203, Y203, LUZOg, ZrOZ—Yzog TiOZ, SG, F8203, y-A'O(OH) and C
were used as the catalyst supports. Glycerol oxidation was performed in aka-
line solutions and oxygen was used as the oxidant. The optimal catalyst prepa-
ration parameters and glycerol oxidation conditions to obtain glyceric acid
were determined. The best result (57 % selectivity to glyceric acid with 92 %
glycerol conversion) was achieved on a 4.8 % Pt/Al,O3 catalyst.

Keywords. glycerol oxidation; supported platinum catalysts; glyceric acid;
extractive—pyrolytic method.

INTRODUCTION

Glycerol, which is potentially a valuable building block, is obtained as a by-
product in the production of biodiesel. Glycerol is produced in large amounts
during the transesterification of fatty acids into biodiesel — its yield can reach
approximately 10 %.12 In recent years, because of increasing biodiesel produc-
tion, glycerol utilization has become a significant problem. The possibilities of
glycerol transformation into useful compounds,1—28 materials,>2%-31 or energy
sources®32-34 are being investigated. With green chemistry and environmentally
friendly manufacturing in mind, the selective oxidation of glycerol using sup-
ported noble metal catalysts has attracted much attention. Liquid phase oxidation
of glycerol with oxygen or air over heterogeneous Pt, Pd or Au catalysts affords
many important compounds — glyceric acid (GLYA), lactic acid (LACT), tart-
ronic acid (TART), glycalic acid (GLY C), dihydroxyacetone (DIHA), glycera-

* Corresponding author. E-mail: Elina.Sproge@rtu.lv
doi: 10.2298/J5C121203037S
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dehyde (GLY AD), etc.1.6-12,14-26 Glyceric acid and its derivatives are important
compounds as raw materias for chemical products, such as bioplastics, phar-
maceuticals for acceleration of alcohol metabolism or liver disease treatment and
cosmetics. 3911

Most of the studies concerning the heterogeneous oxidation of glycerol were
dedicated to the selective oxidation of glycerol over supported gold catalysts
using oxygen as the oxidant.12-14 Gold catalysts are very selective to glyceric
acid. Using an Au/C catalyst, Carretin et al. reported a selectivity to glyceric acid
of 100 % at a glycerol conversion of 56 %.14 For gold catalysts, many supports
have been investigated, i.e., carbon materials, several metal oxides and poly-
mers.81516 The main drawback of gold catalysts is that they are active only in
the presence of base, whereas platinum catalysts work in basic, acidic and neutral
conditions.17-19

Liang et al.b reported that multi-wall carbon nanotubes (MWNT)-supported
Pt catalysts were more active and selective than Pt/activated carbon (AC) catal-
ysts, but this type of support is expensive and the preparation of catalyst is
complicated, so in further studies, the authors returned to activated carbon. Liang
et al. compared glycerol oxidation over 5 % P/MWNT catalyst under alkaline
and base-free conditions.8 The 5 % P/MWNT catalyst in a base-free aqueous
solution was more selective to glyceric acid (68 %) at the same glycerol
conversion (90 %). The authors also concluded that the activity and selectivity to
glyceric acid increased with decreasing particle size of the carbon support (from
253 to 9 um). The most active were catalysts with a Pt particle size of less than 6
nm.1.68

A genera drawback of platinum-containing catalysts is poisoning with
molecular oxygen and deactivation. Therefore, Pt catalysts are used in oxidation
processes at low partial pressures of oxygen or the platinum is alloyed with gold,
thereby allowing higher oxygen partial pressures. Prati et al.20-23 reported that in
the alkaline solutions at 3 atm bimetallic Pt—Au/C catalysts were more active and
selective to glyceric acid compared with Pt/C catalysts. For example, in the pre-
sence of 1 %Pt—AU/C, the glycerol conversion was 46 % higher than in the pre-
sence of 1 %Pt/C and the selectivity to glyceric acid was increased by 13 %.22

It is obvious that during the past years, many authors dedicated their time to
the investigation of glycerol oxidation only in base-free solutions because these,
together with recyclable catalysts, are the environmentally friendly route.1.8.23-25

Since 1993, when Kimura et al.17 reported glycerol oxidation over Pt/C,
mainly carbon material supports have been studied for monometallic Pt catalysts,
i.e., activated carbon, graphite and MWNT. Recently, severa authors reported
about selective glycerol oxidation over bimetallic Au—Pt catalysts supported on
MgO, Mg(OH)»,3536 H-mordenite3” and Al,03.38 The preparations of Pt catal-
ysts are based on 3 methods — impregnation, immobilization and ion
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exchange.1.6.8,11,18 Recently, a new extractive—pyrolytic method was described39
for the preparation of a fine-disperse platinum coating on nanopowder supports,
such as Al,Oz, y-AlIO(OH), Y .03, CeO, and SIO;. It was determined that the Pt
particles were spherical and depending on the nature of the supports nature and
parameters for the preparation of the catalyst, the sizes of the Pt crystallites range
from 5 to 35 nm.

Herein, the results of an investigation of glycerol oxidation by molecular
oxygen over novel Pt catalysts to obtain glyceric acid are reported. The catalysts
were prepared by the new extractive—pyrolytic method and Al,Os, Y03, LU0,
ZrOx-Y 03 TiO,, silica gel (SG), Fe;0O3, y-AlIO(OH) and AC were used as the
supports.

EXPERIMENTAL
Materials

The following reagents were used for the preparation of the catalysts precursors: plati-
num powder (99.99 %; Sigma-Aldrich), HCI (35 %,; Lachema); HNO5 (65 %; Lachema), tri-
octylamine ((CgH17)3N) (95 %; Fluka) and toluene (analytical grade; Stanchem). For the syn-
thesis of the catalysts, several powders were used as supports — Al,O3 and Y ;03 (nanopow-
ders of aluminium and yttrium oxide obtained in plasma by procedure described in the lite-
rature®), ZrO,—Y,05 (nanopowder of zirconium oxide (86 %), which was stabilized with
yttrium oxide (14 %) and prepared by a literature procedure®®), Fe,O5 (nanopowder of iron
(111) oxide prepared by the extractive—pyrolytic method described in the literature®l), TiO,
(nanopowder of titanium dioxide prepared by the sol-gel method described previously®?),
Lu,05 nanopowder (Sigma-Aldrich), y-AlO(OH) nanopowder (boehmite, PURAL® SB,
Sasol, Germany); y-Al,O5 (nanopowder of aluminium oxide obtained in burning commercial
y-AlO(OH), C (Norit®, Sigma-Aldrich), SG — silica gel obtained through sol—gel technology
from S. I. Vavilov State Optical Institute (St. Petersburg, Russia)*3. Glycerol (>98 %; Fluka),
NaOH (reagent grade, Sigma—Aldrich) and oxygen (98 %; AGA SIA) were used in the gly-
cerol oxidation experiments. H,SO, (95-98 %; Sigma-Aldrich) was used in the samples of
the reaction mixture preparation and analysis. For the identification of the glycerol oxidation,
severa possible products were used: DL-glyceraldehyde dimer (>97 %; Aldrich), 1,3-dihyd-
roxyacetone dimer (>97 %; Aldrich), glyceric acid calcium salt hydrate (>99 %; Fluka), sodium
p—hydroxypyruvate hydrate (>97 %; Fluka), lithium lactate (>97 %; Fluka), tartronic acid
(>98 %; Alfa Aesar), sodium mesoxaate monohydrate (>98 %,; Aldrich), glycolic acid (>99
%; Acros Organics), glyoxylic acid monohydrate (>98 %; Aldrich), oxalic acid (98 %; Ald-
rich), acetate standard for 1C (1.000 g L"L; Fluka) and formate standard for IC (1.000 g L"L; Fluka).
Catalyst preparation and characterization

Supported platinum catalysts were prepared by the extractive—pyrolytic method.3%44, In
order to obtain platinum-containing organic extracts by the liquid extraction method, chlo-
roplatinic acid (H,PtClg) solution in hydrochloric acid (2 M HCI) was added to the trioctyl-
amine ((CgH17)3N) solution in toluene. After shaking the mixture for 3 min, the organic phase
was separated from the agueous phase and filtered. The analysis of the agueous solution after
extraction using a Hitachi 180-50 atomic absorption spectrometer evidenced that the platinum
had been completely extracted into the organic phase. The obtained organic phase, which was
a solution of [(CgH17)sNH],PtClg in toluene, is a precursor. The precursor was added to the
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support. Alkylammonium salts are typical cationic surfactants and wet properly surfaces of
different nature.*> To uniformly distribute the precursor over the carrier surface, the mixture
was thoroughly stirred, then dried to remove the solvent and calcinated. In the preparation of
the catalyst, severa parameters, i.e., the concentration of the precursor (0.016-0.4 M), impre-
gnation time of the supports with the precursor (5-180 min), the temperature and time of dry-
ing (18-110 °C and 3-120 min, respectively) and the temperature and time of calcination
(300-500 °C and 5-120 min, respectively), were varied.

Example of catalyst precursor preparation. To 48.25 mL of 1 M trioctylamine solution
in toluene, 38.7 mL of 0.5 M chloroplatinic acid solution in 2 M HCI was added. After shak-
ing the mixture for 3 min, organic phase was separated and filtrated. During extraction, the
precursor, which was a 0.4 M solution of [(CgH;7)NH],PtClg in toluene was formed.

Example of 2.4 % Pt/Al,O5 catalyst preparation. To 1.0 g Al,O5 powder, 0.32 mL of a
0.4 M precursor solution was added. The obtained mixture was stirred until the support had
been completely impregnated with precursor and then dried for 5 min at a temperature between
80-100 °C. After drying, the mixture was heated at arate of 10 °C min'! and calcinated at 300
°C for 5 min under atmospheric pressure.

Catalyst characterization

The prepared catalysts were characterized by X-ray diffraction (XRD) analysis using a
Bruker AXS D-8 Advance diffractometer with CuK,, radiation (1 = 1.5418 A) over a wide
range of Bragg angles (10° < 26 < 75°) at a scanning rate of 0.02° s at room temperature.
Specific surface area (SSA) of the powders was measured using HROM-3 chromatograph
(Laboratorni Pristroje, Praha) at the liquid nitrogen temperature and calculated by the Brun-
auer—Emmett-Teller (BET) method.

Glycerol oxidation

The oxidation was performed at elevated temperatures using a thermostatted slurry bub-
ble reactor (50 mL capacity), equipped with gas supply system. After the catalyst had been fed
into the reactor, the desired amount of distilled water and an aqueous solution of glycerol were
added. If necessary, an agueous solution of NaOH was added to the reaction mixture. When
the required temperature had been reached, the oxygen supply to the reactor was turned on
(300 mL min'1). Samples were removed periodically and analysed by high-performance liquid
chromatograph (HPLC). Severa glycerol oxidation process parameters like NaOH initia
concentration (0-1.5 M), glycerol and platinum molar ratio (300-500 mol/mol) as well as
oxidation temperature (50-65 °C) were varied.

Example of glycerol oxidation over 4.8 % Pt/Al,O5 catalyst in basic solution. Oxidation
conditions: initial concentration of glycerol cy(C3HgOs) = 0.3 mol dm'3; initial concentration
of sodium hydroxide cy(NaOH) = 0.7 mol dm?3; glycerol and platinum molar ratio
N(C3sHgO3)/n(Pt) = 300; oxygen partial pressure po, = 1 atm; oxidation temperature 60 °C.
0.0585 g of dry 4.8 % Pt/Al,O5 catalyst, 11.77 mL of distilled water and 1.13 mL of 3.99 M
aqueous glycerol solution were added into the reactor on the thermostatted stage (10 min).
After that an oxygen supply to the reactor was turned on (300 mL min1) and 2.10 mL of an
aqueous 5.00 M NaOH solution was added.

Product analysis

Analysis of the reaction mixture was performed on a Waters 2487 HPLC instrument
equipped with an ultraviolet (UV 210 nm) and arefractive index (RI) detector.

The reactants and the products were separated on an anion exclusion column (IC-PAK
lon—-Exclusion 50 A, 7 um (300 mmx7.8 mm)) maintained at 60 °C. The eluent was 2.5 mM
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H,SO, solution. Filtered samples of the reaction mixtures (20 pL) were diluted 50 times with
eluent. The injection volume was 10 pL, and run time and eluent flow rate were set at 20 min
and 0.6 mL min, respectively. The possible products were identified by comparison with ori-
ginal samples.

RESULTS AND DISCUSSION
Influence of catalyst support and Pt loading on glycerol oxidation

Severa products were obtained in the oxidation process, i.e., glyceric acid,
tartronic acid, lactic acid, glyceraldehyde, dihydroxyacetone, glycolic acid, oxa-
lic acid and formic acid. The reaction pathways are presented in Scheme 1.

HO/\rr\OH
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W HaY
HOY oH 5 P1, 0, o Gryc
OH » HO OH — 5 HO OH
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HO H
OH

CLYAD

4. 0 €O,
0
\ 0, OXAL
OH —
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Scheme 1. Reaction pathway for glycerol oxidation in the presence of Pt-supported catalysts.

The results for the oxidation of glycerol over the different novel Pt catalysts
are given in Table I. The activity of the catalysts was estimated by glycerol con-
version. The most active cataysts with glycerol conversion above 83 % were 1.2 %
Pt/Y 203, Pt/ZrO>-Y 203, Pt/y-Al203, 1.2 % PUY/SG, 4.8 % Pt/y-AIO(OH) and 2.4
% Pt/LuyO3. For amost all these catalysts, the Pt crystallite size dp; was lessthan
10 nm. As was reported previoudly,3° X-ray diffraction analyses showed that with
increasing Pt loading, the characteristic peak Pt(111) became more apparent. In
the case of Pt loading less than 2.4 %, this Pt peak was almost fully overlapped
by peaks arising from some of the supports, which makes the determination of
the average crystallite size of the meta in the catalyst impossible. As was men-
tioned above, Liang et al.1.6.8 who investigated the influence of Pt particle size
on the activity and selectivity of Pt/C and P/MWNTSs catalysts, concluded that
catalysts with Pt particle sizes less than 6 nm were the most active. Simulta-
neoudly, the selectivity to glyceric acid gradually increased with increaseing size
of the Pt particles. They considered that the lower activity of the larger-sized Pt
particles was due to their lower metal surface area, which restricted the adsorp-
tion of substrate. In the study, the specific surface area (SSA) of the supports and
catalysts, determined by the BET method, were different depending on the nature
of the support. The data presented in Table | show that the carbon support (337
m2 g-1) and the Pt catalysts on the carbon support (161-213 m?2 g-1) have the
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SELECTIVE OXIDATION OF GLYCEROL TO GLYCERIC ACID 1365

largest surface areas. However, catalysts of this type were less active than
cataystswith Y 203, ZrO>-Y 203, y-Al>03, SG, y-AlO(OH) and LuxO3 as supports.
It was shown in earlier investigations of glycerol oxidation in the presence of
gold catalysts supported on different carbons,46:47 CeO,,48 NbyOs, V205, TapOs
and Al,03%6 that there was no direct dependency between specific surface area
of the support and the catalytic properties of gold. The results presented in Table
I confirm this statement. For example, the glycerol conversions with the 4.8 %
Pt/ZrO>-Y 203 and 4.8 % Pt/y-Al>0O3 catalysts, having dp; =10 nm, are the same
(8589 %) but the specific surface areas of the supports and catalysts differ two-
fold. Moreover, the activities of the 4.8 % Pt/AlI>O3 and 4.8 % Pt/Y 203 catalysts
were similar, but the dp; of the 4.8 % Pt/Al,O3 catalyst was 3 times greater and
the SSA of the support was 2 times greater than the corresponding values for the
4.8 % Pt/Y 203 catalyst.

The datain Table | show that depending on the nature of the catalyst support
and the loading of Pt on the support, glyceric acid, lactic acid, tartronic acid or
glycolic acid were produced as the main product. It is visible from Table | that in
the presence of catalysts with Al2O3, LuxO3, TiOy, SG, y-AIO(OH) and C as
supports, glyceric acid was the main product regardless of the Pt loading. The
Pt/FeyO3 catalyst was selective to glycolic acid. When Y 203, ZrO>-Y 203 and
y-Al>0O3 were used as supports, the selectivity of the catalyst was dependent on
the Pt loading. If the Pt loading was 2.4-4.8 %, the main product of glycerol
oxidation was glyceric acid. Decreasing the Pt content in the catalyst from 2.4 to
0.6 % led to changes in the main product of the reaction. Over the 0.6-1.2 %
Pt/Y 503 catalyst, the main product was lactic acid with a selectivity of 42 %, but
the 1.2 % Pt/y-Al,03 catalyst was the most selective to tartronic acid (40 %). 1.2
% Pt/(ZrO>-Y 203) catalyst was not selective; the amounts of formed glyceric,
tartronic and lactic acids were similar.

It could be concluded from Table | that the most effective Pt catalysts to
produce glyceric acid are Pt/TiOy, Pt/Al>O3, P/Y 203, Pt/LuyO3, P/ZrO>-Y 503
and Pt/y-Al>03. The catalysts with a Pt loading of 2.4-4.8 % were both active
(glyceral conversion for these catalysts was 6594 %) and selective to glyceric
acid (39-62 %). The Pt/Al>O3 and Pt/Y O3 catalysts were used in the further
investigation to determine how the catalyst preparation and glycerol oxidation
parameters affect the activity and selectivity of the catalysts.

Effect of the catalyst preparation parameters on the activity and selectivity of the
catalyst

The experiment results showed that some catalyst preparation parameters,
such as concentration of precursor, impregnation time of the supports with the
precursor, temperature and drying time did not significantly influence the activity
and selectivity of the catalyst. In the further investigation these preparation para-
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meters were kept constant: concentration of precursor 0.4 M, support impreg-
nation time with precursor 10 min, temperature and drying time 80-100 °C and
10 min, respectively. The calcination temperature and time considerably influ-
enced the activity and selectivity of the catalyst, asgivenin Tablell.

TABLE II. Effect of catalysts calcination temperature on glycerol conversion and oxidation
product sdlectivity; reaction conditions: cy(CsHgO3) = 0.3 mol dmr3, cg(NaOH) = 1.5 mol dm3,
N(C3HgO3)/n(Pt) = 300, T = 60 °C, po, = 1 atm and reaction time = 7 h; Pt catalyst calcination
time=>5min

C Calcinationtem-  Glycerol Selectivity, %
atalyst o )
perature, °C  conversion, % GLYA TART LACT GLYC OXAL FORM
1.2 % Pt/Al,O3 300 69 51 17 16 12 1 3
400 54 7 26 57 0 6 4
500 61 18 23 49 0 4 6
2.4% Pt/Al,03 300 69 50 9 24 13 1 3
400 56 6 26 57 0 6 5
500 54 20 14 58 0 2 6
4.8 % Pt/AI,03 300 75 53 13 19 10 3 2
400 16 15 2 65 15 0 3
500 22 15 3 67 12 0 3
1.2 % Pt/Y ,05 300 88 38 11 42 6 2 1
400 87 8 18 62 6 5 1
500 85 10 16 62 6 5 1
2.4 9% Pt/Y ;03 300 66 54 9 27 6 3 1
400 59 12 29 49 0 6 4
500 87 25 15 48 8 3 1

From Table Il it is visible that the 4.8 % Pt/Al,O3 catalyst prepared with a
calcination temperature of 300 °C demonstrated the highest activity and selec-
tivity to glyceric acid. On increasing the catalyst calcination temperature from
300 to 500 °C, the glycerol conversion for the 4.8 % Pt/Al>03 catalyst decreased
from 75 to 22 % and the selectivity to glyceric acid decreased from 53 to 15 %.
Meanwhile, the selectivity to lactic acid rose from 19 to 67 %. The changesin the
glycerol conversion in the presence of the 1.2—2.4 % Pt/Al,O3 catalysts were not
S0 drastic (69-54 %) in comparison with those observed in the presence of the
4.8 % Pt/Al>O3 catalyst. The data presented in Table I1I showed the PY/AI O3
catalysts became more active when the catalyst calcination time was extended
from 5 to 120 min. The glycerol conversion increased by 9-19 %. The selectivity
of the 4.8 %Pt/Al,0O3 catalyst to glyceric acid also increased from 53 to 59 %
with increasing calcination time, but the 1.2-2.4 % Pt/Al,O3 catalysts became
non-selective.

It can be seen from the data presented in Tables |1 and 111 that in the glycerol
oxidation processes over the Pt/Y 203 catalysts, the effect of calcination tempe-
rature and time on catalyst activity and selectivity was different and depended on
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the Pt loading. Using the 1.2 % Pt/Y 203 catalyst, the glycerol conversion wasin
the range from 83 to 88% and was independent of the temperature and time of
calcination. The main product of the reaction was lactic acid and the selectivity
increased with increasing temperature and time of calcination. The 1.2 %
Pt/Y ;O3 catalyst calcinated at 400-500 °C was the most selective catalyst to
lactic acid (62 %, with a glycerol conversion of 85-87 %). In the presence of the
2.4 % Pt/Y 03 catalyst, the main product obtained was glyceric acid and the
glyceral conversion was higher when the catalyst was prepared with a calcination
temperature of 300 °C and a calcination time of 120 min.

TABLE Ill. Effect of catalyst calcination time on glycerol conversion and oxidation product
selectivity; reaction conditions: co(C3HgO3) = 0.3 mol dm3, co(NaOH) = 1.5 mol dmS,
N(C3HgO3)/n(Pt) = 300, T = 60 °C; po, = 1 atm and reaction time = 7 h; Pt catalyst calcination
temperature: 300 °C

Catalyst Calcination  Glycerol Selectivity, %
time, °C conversion, % GLYA TART LACT GLYC OXAL FORM
1.2 %Pt/Al,O3 5 69 51 17 16 12 1 3
30 86 26 27 29 11 7 0
120 88 27 31 24 11 6 1
2.4 %Pt/A1,04 5 69 50 9 24 13 1 3
30 89 36 20 28 12 3 1
120 88 35 21 29 11 3 1
4.8 %Pt/Al,05 5 73 53 14 19 10 2 2
120 82 59 10 20 7 1 3
1.2 %Pt/Y ,05 5 88 38 11 42 6 2 1
30 83 18 25 43 8 5 1
120 83 8 23 55 7 7 0
2.4 %Pt/Y ,05 5 66 54 9 27 6 3 1
30 87 41 21 24 11 2 1
120 84 46 14 27 10 2 1

By comparing the data presented in Tables Il and I11, it could be concluded
that the most effective catalyst for glycerol oxidation to glyceric acid was the 4.8
% Pt/Al,03 catalyst that had been calcinated at 300 °C for 120 min.

Effect of glycerol oxidation parameters on the glycerol conversion and oxidation
selectivity in the presence of the 4.8 % Pt/Al,O; catalyst

It was reported2349-51 that catalysts based on platinum group metals suf-
fered oxygen poisoning proportional to the oxygen partial pressure. When using
Pt catalysts, a low oxygen partia pressure must be applied to limit the rate of
oxygen supply to the surface of such catalysts. Under these conditions, the oxi-
dation process must be performed in the oxygen transport limited region when
the temperature effect on the oxidation ratio is insignificant. To investigate
influence of oxygen partial pressure on glycerol oxidation, experiments were
performed under the following conditions: co(C3HgO3) = 0.3 mol dm=3;

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

Copyright (C)2013 SCS




SPROGE et al.

1368

wye ¢ = Od, wne 77 = NO&n

q
C [4 6 - - 8 [43 Ly 6F - 00¢
€ I 6 L1 L - - €9 LS 00§
€ I L 0t 01 - - 6$ 78 ¢l 00¢
I L 6 01 €C - - 0s 8 q00§
I [4 01 6¢ 3 - - 1S9 4% 2008
I [4 4! ¥4 4! - - [49 (4 00¢
[4 £ 6 L1 4! - - LS 6 L0 00¢
NIOd "TVXO DATD 1DV IdVL VHIAd dVATO VATO % <wp Jowt ¢ gire
04 “KITATIOI[OS UOISIOATO0 [OIIVA[D) (HO®BND 2 GDu/ OO

Apanoadsar “unu oz pue ), 00 own pue armeradurs) UoeuIo[eo 1SA[eIeo EOVAd % 8 ¥ [ISA[eIe0 U £ ‘own
uonoBalI D, (09 = .7 SUONIPUOD TONOBAI UONBIUIOU0D [OBN [B0iul pue (Ou/(EOSHED)U COd Jo 199130 UonepIxXo (0100410 Al A ILV.L

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

(%]
O
(%]
™
—
o
N
S
"
<
oo
=
>
Q.
o
O
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co(NaOH) = 0.7 mol dm3; n(C3HgOs3)/n(Pt) = 500. From the data presented in
Table 1V, it could be seen that the best result was attained when po, = 1 atm was
applied. The glyceral conversion increased by 7 % when the oxidation was
realized at po, = 3 atm in comparison with that at po, = 1 atm. Moreover, it was
found that with further oxidation, the glycerol conversion did not change but the
selectivity to glyceric acid decreased. It was impossible to reach a conversion
above 45 % when glycerol was oxidised at po, = 0.2 atm. Atmospheric oxygen
pressure was used in the further studies on the effect of other oxidation para-
meters on glycerol conversion and oxidation selectivity.

Data from Table IV show that at po, = 1 am, a higher glycerol conversion
of 92 % was reached when the initial concentration of NaOH was 0.7 M, which
was not dependent on the n(C3HgO3)/n(Pt) ratio. In a 1.5 M NaOH solution, the
glycerol conversion decreased by 25 % if the n(C3HgO3)/n(Pt) was increased
from 300 to 500. Selectivity to the main product, glyceric acid, was similar and
ranged from 52 to 59 % in both agueous 0.7 and 1.5 M NaOH solutions when the
glycerol conversion was 82—92 %, respectively. In addition, in the base-free solu-
tion, the glycerol conversion decreased noticeably to 49 % and the selectivity to
glyceric acid decreased from 59-57 to 47 % with new products, such as glyceral-
dehyde and dihydroxyacetone, being formed. As was mentioned above, Liang et
al.8 reported that a 5 % PYMWNTSs catalyst in a base-free agueous solution was
more selective to glyceric acid (68 %) at the same glycerol conversion (90 %).
This apparent contradiction with the present results could be explained by an
effect of the nature of the support on glycerol oxidation.

The influence of temperature on the oxidation rate of glycerol datais shown
in Fig. 1, from which it could be seen that temperature had almost no effect.

*50
H55
460

63 Fig. 1. Effect of temperature on

glycerol oxidation over the 4.8 %

Pt/Al,0O5 catalyst. Reaction con-

ditions: cy(C3HgO3) = 0.3 mol dm-

_— 3, cg(NaOH) = 1.5 mol dm3,

o 1 2 3 4 5 6 71 8 N(C3sHgO3)/n(Pt) = 300 and po, = 1
Oxidation time, h am.

Glycerol conversion, mol%
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The changes in selectivity to glyceric acid with oxidation time at different
temperatures are shown in Fig. 2. Analyzing the data shown in Figs. 1 and 2, it
could be concluded that at a glycerol conversion of 90 %, the selectivity to
glyceric acid was similar (50-56 %) at 50-60 °C. At the higher temperature (65
°C), the selectivity to glyceric acid was only 40 % at the same glycerol
conversion. It should be noted that only at 60 °C was the selectivity to glyceric
acid higher and independent of glycerol conversion.

=)
=

i
=
1

*50

&
=
L

ms5

0
=1
L

A 60

Fig. 2. Effect of temperature on
e6s the selectivity to glyceric acid
during glycerol oxidation over
the 4.8 % PtY/AI,O3 catayst.
Reaction conditions: cy(C3HgOs)

~
(=
1

Glyceric acids selectivity, mol%

0 : —_— — = 0.3 mol dm3, cy(NaOH) = 1.5
o 1 2 3 4 5 6 1 8 mol dm-3, n(C3HgOs3)/n(Pt) = 300
Oxidation time, h and pg, = 1 atm.
CONCLUSIONS

It was demonstrated that the extractive—pyrolytic method could be employed
for the preparation of supported platinum catalysts for the selective oxidation of
glycerol. By optimization of catalyst preparation and glycerol oxidation process
parameters, the optimal conditions for the selective production of glyceric acid
were found for the most effective novel 4.8 % Pt/Al,O3 catalyst to be: catalyst
calcination temperature, 300 °C; calcination time, 120 min; co(C3HgO3), 0.3 mol
dm3; cg(NaOH), 0.7 mol dm3; n(C3zHgO3)/n(Pt), 300; temperature, 60 °C and
Po,, 1 am, when a glycerol conversion of 92 % and a selectivity to glyceric acid
of 57 % were achieved..
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U3BOJ

CEJIEKTUBHA OKCHIAIWJA TJTMIOEPOJIA 0O INTMJEPUHCKE KUCEJIMHE
Y TEUHOJ ®A3U CA Pt KATAJIU3ATOPUMA

ELINA SPROGE', SVETLANA CHORNAJA', KONSTANTINS DUBENCOVS', SVETLANA ZHIZHKUN', VALDIS
KAMPARS', VERA SERGA?, LIDIJA KULIKOVA® u ERIKS PALCEVSKIS®

! Faculty of Material Science and Applied Chemistry, Riga Technical University, Azenes str 14/24,
Riga, LV-1048, Latvia u Znstitute of [norganic Chemistry, Riga Technical University,
Miera str 34, Salaspils, LV-2169, Latvia

Hexonuko yBpcTux Pt kaTanusaropa 3a CEIeKTUBHO J00Hjame INIULEPUHCKE KUCETUHE
U3 IJULEepoa Cy MPUIPEM/BEHH NMOCTYNKOM KOjH je KOMOMHAaLUja eKCTpaKLHje U MUPOIH3E.
Al,03, Y,03, Luy03, ZrO,-Y,03, TiO,, SG, Fe;03, y-AlO(OH) u C cy xopuurheHu kao Hocauu
Karanusaropa. Okcuzanuja mIMLeposa je BplieHa Y ajlKalHUM PacTBOPMMa M KHUCEOHHK je
KopuirheH kao oxcuganc. Oppehenu cy onTManHy napaMeTpH 3a NpUIpeMy KaTajlus3atopa U
YCJIOBM OKCHJaLMje IHleposia NpHU KOjUM ce fAoduja InmuuepuHcka KrcenwHa. Hajbormu
pe3ynTar (CeneKTUBHOCT 33 INIMLEPUHCKY KUCenuHy 57 % ca koHBep3ujom rnuueposa 92 %)
IIOCTUTHYT je y IPUCYCTBY KaTanusaTtopa 4,8 % Pt/Al,03.

(ITpummeno 3. peuemdpa 2012, pesugupano 26 dedpayapa 2013)
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Abstract: The catalytic abilities of a gold electrode were tested for the quan-
titative determination of amphetamine (A) and 3,4-methylenedioxy-N-methyl-
amphetamine (MDMA) standards by their oxidation using cyclic voltammetry
(CV). The values of the oxidative currents of A and MDMA standards at 0.80
V vs. SCE in 0.05 M NaHCO; at a scan rate of 50 mV s were linear functions
of the concentration in range of 110.9-2589 uM and 38.7-229.2 uM,
respectively. Sgquare wave voltammetry (SWV) revealed a linear increase of
current with the concentration of MDMA (range 30.9-91.6 uM), which
enabled the quantitative determination of amphetamine derivates. SWV anal-
ysiswas al so successfully performed in spiked urine samples. A and MDMA in
the presence of sucrose and as a content in illegally produced tablets were aso
determined. The voltammetric determinations of A and MDMA derivatives
using CV and SWV at gold a electrode are rapid, selective and simple proce-
dures and their accuracy was confirmed with a reference method, high perfor-
mance liquid chromatography (HPLC). The analysis of spiked urine samples
offers an additional possibility for the rapid detection of A and MDMA in
human urine.

Keywords. amphetamine derivatives, cyclic voltammetry; sguare wave voltam-
metry; spiked urine samples.
INTRODUCTION

The abuse of amphetamine type stimulants (ATS) is on the rise worldwide.
According to UNODC data, the number of ATS usersis larger than the number

* Corresponding author. E-mail: milka@tmf.bg.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/JSC121228032N
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of heroin and cocaine users combined.1.2 Amphetamine (Scheme 14) and meth-
amphetamine belong to the g-phenyl ethylamine structure sympathomimetic
drugs that were utilized as psycho stimulants, antidepressants and appetite sup-
pressants.34 3,4-Methyl enedioxy-N-methylamphetamine (Scheme 1b) can induce
euphoria, and diminished anxiety.

H
MNH, 0 N
< ]Q/\r Scheme 1. Chemical structures
0 of &) amphetamine and b) 3,4-

-methylenedioxy-N-methylam-
a b phetamine.

There is an increasing interest in the development of rapid, selective and
sensitive methods for the identification and quantification of A and MDMA in
illegal market samples. This has been realized using a variety of methodologies:
chromatographic techniques, such as HPLC and gas chromatography, capillary
electrophoresis and infrared spectroscopy.4>

Electro-analytical techniques have become powerful tools in modern analyti-
cal chemistry for the determination of amphetamine-type drugs.6-11 The electro-
chemical oxidation mechanism of amphetamine-like compounds has not been
clarified.12.13

A significant contribution to the understanding of the oxidative behavior of
amphetamine derivatives in different buffer systems employing cyclic, differen-
tial pulse and sguare-wave voltammetry using a glassy carbon electrode was
recently published. Primary amines oxidize at potentials higher than those allowed
by the potential window of the glassy carbon electrode and a quantitative electro-
analytical method was developed and successfully applied to the determination of
MDMA in seized samples and in human serum.13

The oxidative behavior and determination of amphetamine derivatives on a
gold electrode has not hitherto been reported. Taking into account the results
obtained on glassy carbon electrode,13 the testing of gold electrode for the oxi-
dation of amphetamine like drugsis interesting and promising.

The aim of this work was to investigate the use of a gold electrode in the
guantitative determination of A and MDMA standards, their content in illegally
produced tablets and in spiked urine samples in 0.05 M NaHCOs3 by cyclic
voltammetry. Furthermore, the voltammetric behavior of A and MDMA stan-
dards in the model systems, i.e., in mixtures with sucrose, was studied. A stan-
dard analysis of MDMA was also performed by square wave voltammetry and
the method was applied on spiked urine samples. The accuracy of the quanti-
tative determination of amphetamine derivatives was confirmed with a reference
method, HPLC.
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EXPERIMENTAL
Materials

Amphetamine sulfate and 3,4-methylenedioxy-N-methylamphetamine hydrochloride
were obtained from UN (Lipomed, Switzerland). Illegal amphetamine products (IAP) contain
caffeine and quinine and illegal MDMAS product contain microcrystalline cellulose and
lactose.2 HPL C grade acetonitrile, methanol, ammonium acetate, sodium bicarbonate, sulfuric
acid, sucrose, dichloromethane, sodium dihydrogenphosphate (NaH,PO,4-H,0), H;PO, and
NaHCO; (p.a. purity) were produced by Merck. Diethylamine, analytical grade, and ammo-
nium hydroxide, 25 %, were produced by J. T. Baker. All the solutions were prepared with
water (18 MQ cm) obtained from a Millipore system.

Cyclic voltammetry

Standard equipment was used for the cyclic voltammetry measurements. The employed
three-electrode electrochemical cell was described in detail previously.14.15

Polycrystalline gold served as the working electrode, a gold wire was used as the counter
electrode and a saturated calomel electrode as the reference electrode. Polycrystalline gold
(Pine rotating disc, used as stationary €electrode, surface area 0.500 cm?) was polished with
diamond paste, cleaned with a mixture of water (18 MQ cm) and sulfuric acid and further
cleaned with deionized water (18 MQ cm) in an ultrasonic bath. All the potentials are given
vs. the SCE. Prior to the addition of A and MDMA, the electrolyte was deoxygenated by
purging with nitrogen. All the experiments were performed at room temperature.

Sguare wave voltammetry

Square wave voltammetry (SWV) measurements were performed using an Autolab
potentiostat—galvanostat (Metrohm, ECO Chemie, The Netherlands). The operating para-
meters were: step size 2 mV, pulse size 25 mV, frequency 8 Hz and scan rate 15 mV s1.
Preparation of the standard solutions for the analysis of A and MDMA as a content of a solid
dosage form

Ten tablets were weighed and then the average mass per tablet was determined. The
tablets were ground to a fine powder in a mortar. The required amount from the crushed
tablets powder was dissolved in 10 cm?® of deionized water by sonication for 5 min and
filtered into a 100 cm3 volumetric flask. The residue was washed three times with 0.05 M
NaHCO;3; and the volume was completed to the mark with the same solvent. The obtained
concentrations were checked by HPLC.

Preparation of urine samples

To 1 cmd of urine sample, 0.1 cm?® of 25 % ammonium hydroxide and 5 cm? of dichloro-
methane were added. The samples were mixed on a mechanical shaker for 20 min and cen-
trifuged at 3000 rpm for 10 min. After centrifugation, the organic layer was separated and
evaporated in a stream of air. The dry extracts were reconstituted in methanol and analyzed by
the HPLC-UV method at 200.5 nm.15

Preparation of standard solutions for the urine analysis

Stock standard solutions of A and MDMA tablets were prepared by dissolving 10 mg of
tablet into 10 cm? of methanol and stored at —4 °C. Other concentrations of amphetamine as a
content of tablets were made by diluting the stock standard solutions with methanol. Calib-
ration samples were prepared by adding A and MDMA solution in blank (“drug-free”) human
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urine. The calibration curves for urine spiked by A and MDMA were obtained by plotting
their peak areas for the concentrations range 110.9-258.9 uM.
Equipment and chromatographic conditions

Characteristics of the HPLC instrument: HPLC Agilent 1100 (variable wavelength
detector); column: Zorbax C18; mobile phase: A (85 %) — 1 % ammonium acetate, 2.5 %
diethylamine in deionized water and B (15 %) - acetonitrile; column temperature 35 °C, wave
length: 257 nm and injection volume 0.045 cm3.

RESULTS AND DISCUSSION
Cyclic voltammetry of amphetamine

In order to avoid the influence of organic molecules (by their direct oxide-
tion—reduction or adsorption on the gold electrode) either as a solvent or a com-
ponent of the buffer solution in the electrolyte and hence to obtain only the ano-
dic oxidation of A and MDMA, 0.05 M NaHCO3 was chosen as the supporting
electrolyte.1415 With a pH value of 8.4, this electrolyte is in accordance with the
physiological pH value and the carbonate—bicarbonate buffer system of blood.#
The polycrystalline gold electrode was previously selected as the optimal work-
ing electrode for the examination of pharmaceutical compounds (macrolide anti-
biotics)14.15 and as such, was now selected as a possible suitable catalyst for the
oxidation of amphetamine derivatives.

The selected concentration range for the CV determination of A (1.1-2.6
uM) is in complete accordance with the range of concentrations found in human
body liquids (urine and blood)1:34 during human sample testing.

The tested concentrations of the amphetamine standard, continuously added
in the same experiment, are presented in Fig. 1 (full lines). For the five concen-
trations, the amphetamine oxidation began at a potential 50 mV more negative
than the potential at which gold oxide formation occurs. The cyclic voltammo-
grams show the apparent oxidative reaction with maximum current values cover-
ing the whole range in the area of oxide formation. It seems that amphetamines
were strongly adsorbed on the gold electrode and that the gold oxide enabled
their oxidation. It was recently published that the electro-oxidation of isomeric
butylamines at a gold electrode in contact with an alkaline electrolyte solution
was catalyzed by the gold oxide layer.16 As expected, the gold oxide layer was
also the catalyst in the electro-oxidation of A in contact with 0.05 M NaHCOs.
At higher concentrations of amphetamines, the flat plateau of the oxidative cur-
rents became sharper. An A concentration of 258.9 uM was the limiting one.
With further increases in the concentration, the currents decreased. In the reverse
sweep, the reduction peak of the gold oxides in the presence of amphetamine was
diminished because of the reduction of A and the products of its oxidation
formed in the forward sweep. The current values of this peak were not a linear
function of its concentration, as was observed previously16 for isomeric butyl-
amines.
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0.2+
0.1
;0
g
Q
o
o
'\
0.14 4 Fig. 1. Cyclic voltammogram of the
-V Lo gold electrode in 0.05 M NaHCO,
v (dashed line) and in a presence of
L amphetamine standard (full line) a)

' ' 110.9, b) 147.9 uM, c) 1849, d) 221.9
-0.5 0 0.5 1.0 and € 258.9 M.
E/V vs. SCE Sweep rate: 50 mV s,

The value of the oxidative current of the amphetamine standard at 0.80 V vs.
SCE in 0.05 M NaHCOs at the scan rate of 50 mV s-1 was a linear function of
the concentration in a range of 110.9-258.9 uM. This linearity is presented in
Fig. 2. The mentioned linear relationship corresponded to the equation:17

jpa/ MA cm2 = 0.1112 (+0.0010) + 0.0002 (+0.000005)c / uM 1)
r = 0.9993

0.18 A
0.17 1
0.16
0.15 1
0.14 1
0.13 1
0.12 1

0.11
Fig. 2. Linear dependency of the
01 T T T T T T T T . . .
anodic currents of amphetamine on its
100 120 140 160 180 200 220 240 260 concentration, obtained from the data
cluM presented in Fig. 1.

J ImA cm?

Such equations were previously applied in the analysis of azithromycin,
roxithromycin and midecamycin on a gold electrode.14.15.18 After the first cycle,
the anodic currents of the electro-oxidation of A strongly decreased with the
cycling, which was attributed to poisoning of the electrode surface by the adsorp-
tion of their amine group. The most probable explanation is that amphetamine
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molecules are adsorbed on the gold electrode surface in the potential range
preceding the oxidation as was previously shown for isomeric butylamines.16
This adsorptive behavior enabled a reproducible catalytic behavior of gold
electrode in second sweep. After the first sweep, before the addition of the sub-
sequent concentration, the gold electrode was prepared as is described in the
Experimental .

The complete study of the MDMA dependency on pH value of eectrolyte
(from pH 1 to 14) is given elsewherel3 with the suggestion that MDMA is elec-
trochemically active on glassy carbon electrode in the range from pH 8 to 13. A
is completely inactive.

In order to achieve better developed oxidation peak of A on the gold elec-
trode, different pH values were tested in a suggested range, at pH 9 and 13. At
both pH values the oxidation peak of A isless pronounced than at pH 8.

Cyclic voltammetry of 3,4-methyl enedioxy-N-methylamphetamine hydrochloride

The tested concentrations of the MDMA standard, continuously added in the
same experiment, are presented in Fig. 3 (full lines). The cyclic voltammograms
show an apparent oxidative reaction, with a sharp maximum at the end of the
examined oxide region and maximum current values at 0.80 V. Contrary to
amphetamine, the oxidation of MDMA began at 0.1 V at the gold electrode surf-
ace, 350 mV before oxide formation. This suggests that for MDMA, the gold
electrode acted as a catalyst and its molecules were not strongly adsorbed, as in
the case of amphetamine. Aswas observed for A and isomeric butylamines, 16 the
reduction peak of the gold oxides decreased markedly in the presence of MDMA.

0.2
0.1
QN
g
&)
£ 0]
By L
™ '-.
-0.14 Lo Fig. 3. Cyclic voltammogram of the
L gold electrode in 0.05 M NaHCO;
W (dashed line) and in a presence of

' ' MDMA standard (full line) a) 38.7, b)
-0.5 0 0.5 1O 771 ¢ 1537 and d) 2202 uM.
E/V vs. SCE Sweep rate: 50 mV s,
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The value of the oxidative current of MDMA standard at 0.80 V vs. SCE in
0.05 M NaHCOj3 at a scan rate of 50 mV s1 was a linear function of the con-
centration in a range of (38.7—229.2 uM). This linearity is presented in Fig. 4.
The obtained linear relationship corresponded to the equation:

jpal MA cm—2 = 0.1899 (+0.0005) + 0.0001 (+0.000007)c / uM 2
r =0.9990

0.22 A
0.215 ~

-2

m

0.21 1
0.205 -

JimAc

0.2 A
0.195 -

019 : . . : . . : . Fig. 4. Linear dependency of ano-
' dic peak currents of MDMA on its
0 30 60 90 120 150 180 210 240 concentration, obtained from the

c/ uM data presented in Fig. 3.

For the determination of MDMA, only the first cycle was recorded and it is
presented for all the examined concentrations. After the first cycle, the anodic
currents of MDMA electro-oxidation decrease with cycling but to a smaller
extent than in a case of A, which was attributed to poisoning of the electrode
surface by the adsorption of its amine group. After the first sweep, before the
addition of the subsequent concentration, the gold electrode was prepared as
described in the Experimental .

The all tested A and MDMA concentrations are analyzed and confirmed by
HPL C® during the electrochemical experiment and the obtained linearity was in
accordance with the linearity presented in Figs. 2 and 4. The data obtained by
HPL C (chromatograms) are not presented herein.

Determination of A and MDMA inillegal tablets by cyclic voltammetry

In theillegally produced samples, the basic excipient is powdered sucrose. A
model experiment was performed in which samples of A and MDMA were
mixed with sucrose in a concentration most often found in illegal samples (con-
centration: A/sucrose followed the relationship 1/6). The model samples exhi-
bited the same electrochemical behavior as those presented in Figs. 1 and 3.

Compared to Fig. 3, the samples of MDMA mixed with sucrose exhibited an
additional anodic peak (from 0.1 V to 0.5 V), which was attributed to sucrose.
The oxidation of added sucrose did not influence the electro-oxidation of MDMA.
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Illegal A and MDMA products containing microcrystalline cellulose, lactose
and quinine were analyzed in the same manner as was presented for the A (Fig.
1) and MDMA (Fig. 3) standards. Before the electrochemical anaysis, al the
samples were analyzed by GC-M S and their content was confirmed as previously
published.2 The obtained cyclic voltammograms were the same as those pre-
sented in Figs. 1 and 3. The collected data are listed in Table .

TABLE |. Application of the proposed method to the determination of A and MDMA in
illegal tablets; mean of six experiments

Amount found, mg + RSD / %

Preparation

Proposed method Reference method
A tablets 30+£3.7 24.9+1.2
MDMA tablets 60+1.7 60+1.1

The presence of microcrystalline cellulose, lactose and quinine has no influ-
ence on the catalytic properties of gold oxide in the A and MDMA determi-
nations and cyclic voltammograms were the same as those presented in Figs. 1
and 3.

The presence of caffeine disturbed the determination of A and MDMA in the
sense that the gold oxide was also a catalyst for caffeine electro-oxidation and A,
MDMA and caffeine undergo the oxidation processes at the same potential
values.19 A method for caffeine separation before the electrochemical analysis
should be developed in order to avoid synergetic effects. The cyclic voltammo-
gram of illegal A tablets containing caffeine is presented in Fig. 5 (for a concen-

Fig. 5. Cyclic voltammogram of the

gold electrode in 0.05 M NaHCO;

P\ (dashed line) and in the presence of

-0.17 Vo a) amphetamine standard (full line),

Vol 184.9 uM, and b) amphetamine

i tablet (dashed—dotted line) 184.9

. - uM. Sweep rate: 50 mV sl The

-0.5 0 0.5 1.0 concentration of A in the tablet was
E/V vs. SCE determined by HPLC.
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tration of 184.9 uM). The found amount of A in the tablets using cyclic voltam-
metry (from Fig. 5) was 20 % higher in the presence of caffeine than was deter-
mined for the standard, as can be seen from Table |I. The same effect was
observed for MDMA.

Determination of A in urine samples using cyclic voltammetry

The urine samples spiked with amphetamine tablets (in the concentration
range: 110.9-258.9 uM) were analyzed in a same manner as was presented for A.

The determination of A in the spiked urine samples was also realized by the
standard addition method at two different concentration levels (110.9 and 184.9
uM). Four determinations were performed at each concentration level (Table I1).
The mean recoveries for the two concentrations were 98.85 and 97.36 % with
relative standard deviations of 0.141 and 1.226, respectively.

TABLE Il. Determination of amphetamine in spiked urine samples using the CV method

Taken concentration, uM Recovery, % D/ % RSD /%

Ccv HPLC CcVv HPLC Ccv HPLC
110.9 98.25 99.85 0.138 0.100 0.141 0.110
184.9 97.36 99.87 1.201 0.750 1.226 0.805

Different analytical methods are usualy combined and compared in drug
analysis?021 and statistical comparison of the results obtained with cyclic vol-
tammetry and HPL C for the two concentrations are presented in Table 11.22

Sguare wave voltammetry of MDMA

Being a fast and sensitive technique with a low detection limit, square wave
voltammetry was tested as a possible method for the quantitative determination
of A and MDMA on a gold electrode. Analysis of the A standard showed strong
adsorption of the molecules on the surface of the gold electrode in the potential
range preceding the oxidation,16 blocking the surface and preventing its deter-
mination by the SW method. Contrary to A, SW voltammograms for different
concentrations of the MDMA standard were recorded in 0.05 M NaHCOs3 in the
potential range from 0 to 1.1 V at a scan rate of 15 mV s-1. Before each scan, the
compound was accumulated at the electrode surface at 0.1 V for 220 s. The
square wave anodic stripping voltammograms for different concentrations of
MDMA are presented in Fig. 6. Each voltammogram is characterized by a well-
defined peak at approximately 0.7 V that was attributed to the oxidation of
adsorbed MDMA. The current of the anodic stripping peak exhibited a linear
dependence on the MDMA concentration as shown in Fig. 7.

The value of the oxidative peak of the MDMA standard in 0.05 M NaHCO3
is linear function of the concentration in a range of (30.9-91.6 uM). This line-
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arity is presented in Fig. 7. The obtained linear relationship corresponded to the

equation:

jpa/ MA cm2 = 0.0052 (+0.0003) + 0.00017 (+0.000006)c/ uM ~ (3)

0022
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Fig. 6. Square wave anodic stripping
voltammograms at the gold electrode
in 0.05 M NaHCOs in a presence of
MDMA standard, a) 30.9, b) 46.4 , ¢)
76.5, d) 91.6 and €) 91.6 uM spiked
with urine. Accumulation time: 220 s
aE=0.1V,; stepsize2mV, pulse size
25 mV, frequency 8 Hz and scan rate
15mv s,

Fig. 7. Linear dependency of anodic
currents of MDMA on concentration,
obtained from the data presented in
Fig. 6.
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Determination of MDMA in urine samples using square wave voltammetry

The urine samples spiked with MDMA standard were analyzed as well and
Square wave anodic stripping voltammograms of spiked urine samples for the set
of concentrations of MDMA presented in Fig. 6 are the same as those observed
in the absence of urine. The voltammogram for the highest tested concentration
of MDMA, 91.6 uM, in Fig. 6 shows that a small shoulder that appeared at 0.35
V, attributed to the presence of the urine of healthy volunteers, did not disturb the
oxidation of MDMA and had no influence on the value of the oxidation peak.
The peak could be slightly shifted to positive potential values (as is presented in
Fig. 6) but it does not occur with all spiked urine samples and depended on the
urine content, which is common in clinical praxis. The results obtained revealed
that SWV could be successfully applied for the quantitative determination of
MDMA in urine.

The determination of MDMA in spiked urine samples was also performed by
the standard addition method at two different concentration levels (76.5 and 91.6
uM). Four determinations were performed at each concentration level (TableIll).
The mean recoveries for the two concentrations were 98.32 and 98.46 % with
relative standard deviations of 0.138 and 1.134, respectively.

A statistical comparison of the results obtained using cyclic voltammetry and
HPLC for the two concentrationsis presented in Table I11.

TABLE Ill. Determination of MDMA in spiked urine samples using the SWV method

Taken concentration, uM Recovery, % D/ % RSD /%
SWV  HPLC SWV  HPLC SWV  HPLC
76.5 98.46 99.72 1.118 0.764 1134 0.316
91.6 98.32 99.77 0.120 0.102 0.138 0.120
CONCLUSIONS

A gold electrode as a good catalyst for amine-type molecules was success-
fully employed for the quantitative determination A and MDMA standards via
their voltammetric oxidation.

The value of the oxidative current of A and MDMA standards, obtained by
cyclic voltammetry at 0.80 V vs. SCE in 0.05 M NaHCOs at the scan rate of 50
mV s1, was alinear function of concentration in the range 110.9-258.9 ug cm—3
for A and 38.7-229.2 pg cm=3 for MDMA.

The quantitative determination of amphetamine derivatives in solid dosage
form and in spiked urine samples was successfully realized using cyclic voltam-
metry.

The determination of an A standard in spiked urine samples was performed
by the standard addition method employing cyclic voltammetry. The mean reco-
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veries for the two concentrations were 98.85 and 97.36 % with relative standard
deviations of 0.141 and 1.226, respectively.

Square wave voltammetry was successfully applied for quantitative deter-
mination of MDMA standard (30.9-91.6 uM) in solution and in spiked urine
samples. The determination of MDMA with SWV in spiked urine samples was
also performed by the standard addition method. The mean recoveries for the two
concentrations were 98.32 and 98.46 % with relative standard deviations of 0.138
and 1.134, respectively.
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172013).

n3BOJ

OIOPEBUBAILE NEPUBATA AMOETAMUHA U [TPUMEHA Y AHAJIU3U XYMAHOT
YPUHA HA EJIEKTPOIU O] 3/IATA

MAPHHA M. HEBEITRAHHH', MUJIKA J. ABPAMOB MBHHR, CJIOBOZIAH [I. TETPOBUR®, IVILIAH XK. MMJUH?,
COFbA H. BAHOBUE CTEBUR' 1 BIIALMCITABA M. JOBAHOBUR’

1pHA, Hucruryr besbegrocru, Kpamuye Arne 66, 11000 beorpaz, ZHXTM, L]eHnrap 3a e1eKTpOXeMH]Y,
Yunsepsurer y beorpany, Fberomesa 12, 11000 beorpan # b, EXHOMOIIKO—METAaNyPLIKH QaKyATET
Yuupepsurera y beorpazgy, Kaprernjesa 4, 11120 beorpazy

KaTanuTHyuKa CBOjCTBa €JIEKTPOJIE OF] 3/1aTa Cy TeCTpaHa 3a KBaHTUTATHUBHO ofpehrBame
amberamusa (A) u 3,4-metunenguokcu- N-metwnamperamuia (MDMA) cranpappa. Enex-
Tpokcupanvja A u MDMA je npahena uukianyHOM Bontamerpujom (CV). BpemHocT okcupna-
THUBHOT uKa A © MDMA craHzapra je nuHeapHa GyHKIMja KOHIeHTpauyja y omcery 110,9—
-258,9 uM (A) u 38,7-229,2 pM (MDMA). BonrameTpuja ca MpaBOyTaOHUM HMITYJICUMA
(SWV) je nokasasna muHeapHy 3aBUCHOCT CTpPYja 0l KOHLIeHTpauuja 3a MDMA craupapz (y on-
cery: 30,9-91,6 uM) kao Uy CHajkOBaHUM y30pLiIMa XyMaHOT YpHHA. YCIIeIIHO je aHalIu3u-
paH u cagpxaj A ¥ MDMA y uneranHo NpousBefeHUM Tadnetama. BontameTpujcko onpehu-
Bake A 1 MDMA pepuBata y3 nomoh CV u SWV Ha enektponu of 3iara je dp3a, celeKTHBHA
Y jemHOCTaBHA Ipolenypa. AHanu3a CIajKoBaHUX y30paka YpHHA HyOH HONAaTHY MOTyhHOCT 3a
Op3y nmerexunjy A 1 MDMA y XyMaHOM ypHHY.

(TTpumisero 28. nenembpa 2012, pesuaupano 7. mapta 2013)
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Abstract: Lead electrodeposition processes from basic (nitrate) and complex
(acetate) electrolytes were mutually compared by scanning electron microscopy
and X-ray diffraction investigation of the produced powder particles. The shape
of dendritic particles strongly depended on the type of electrolyte. Dendrites
composed of a stalk and weakly developed primary branches (the primary type)
were predominantly formed from the basic electrolyte. Ramified dendrites
composed of a stalk and of both primary and secondary branches (the second-
ary type) were mainly formed from the complex electrolyte. In both types of
powder particles, Pb crystallites were predominantly oriented in the (111)
plane. The formation of powder particles of different shapes with strong (111)
preferred orientation is discussed and explained by consideration of the general
characteristics of the growth of crystalsin electrocrystallization processes.

Keywords. electrodeposition; |ead; powder; dendrite; scanning electron micros-
copy (SEM); X-ray diffraction (XRD) analysis.

INTRODUCTION

The formation of metal powders by electrolysis is an economical processing
method with low capital investment and operational costs. The main advantages
of this method in relation to other methods of powder production (mechanical
commuting, chemical reaction and liquid metal atomization) are the high purity
of the produced powder, which can be easily pressed and sintered, and the low
oxygen content.1.2 It is an environmentally friendly method of powder pro-
duction that enables working in a closed-circuit.3
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Electrodeposited metallic powders are mainly produced in a dendritic form.
Although dendritic forms are the predominant shape of powder particles, pow-
ders are also obtained as flakes or needles, fibrous or spongy, cauliflower-like
forms, etc., depending on the conditions of electrodeposition and on the nature of
the metal .2:4.5

The shape of dendritic particles also depends on the electrodeposition con-
ditions and the nature of the metal. The shape of the dendrites of the group of
normal metals,® characterized by a high exchange current density (jo — =) and a
low melting point, Ty, such as Ag,24 7.8 Sn,2 and Pb,10.11 js completely different
from those belonging to the groups of intermediate metals (moderate Ty, and a
medium jg), such as Cu,512-15 Ag (complex electrolytes)4816.17 and Au,18 or
inert metals (high Ty, and alow jg), such as Co and Ni.19.20 The composition of
electrolyte strongly affects the shape of the dendritic particles. For example, the
shape of lead dendrites obtained by electrodeposition from nitrate solutions is
completely different from those obtained from acetate solutions.21

The effect of the composition of the electrolyte and the nature of the metal,
as well as other electrodeposition conditions (regime of electrolysis, temperature,
type of the working electrode, etc.) on the morphology of the powder particles
has been relatively well examined and systematized.” However, there is not
enough data concerning the crystallographic characteristics of powder particles,
nor about the correlation between the morphology of powder particles and their
crystallographic structure. An initial investigation was performed recently?2 for
the case of lead electrodeposition from a concentrated nitrate solution and it was
shown that different morphological forms, from single crystals to branchy den-
drites with a strong (111) preferred orientation, were formed. The ratio of Pb
crystallites oriented in the (200), (220) and (311) planes increased with increas-
ing overpotential of the electrodeposition. The aim of this study was to continue
this investigation. The effect of the type of electrolyte on the morphologica and
crystallographic characteristics of lead powder particles produced by potentio-
static electrodeposition will be analyzed and discussed.

EXPERIMENTAL

The electrodeposition of lead was performed in an open cell from basic (nitrate) and
complex (acetate) electrolytes. The compositions of the electrolytes were: acetate electrolyte,
0.10 M Pb(CH3COO0), + 1.5 M NaCH3COO + 0.15 M CH;COOH and nitrate electrolyte, 0.10
M Pb(NOg3), + 2.0 M NaNOs.

Doubly distilled water and analytical grade chemicals were used for the preparation of
the solutions for the electrodeposition of lead. All electrodepositions were performed on
vertical cylindrical copper electrodes. The geometric surface area of the copper electrodes was
0.25 cm?. The counter electrode was a pure lead foil of 0.80 dm? surface area that was placed
close to the cell walls. The reference electrode was a pure lead wire, the tips of which were
positioned at a distance of about 0.2 cm from the surface of the working electrodes. The
working electrodes were placed in the centre of cell, at the same location for each experiment.
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The electrodeposition of lead and polarization measurements were performed at a temperature
of 22.0+0.5 °C.

Polarization curve for electrodeposition of lead was recorded potentiostatically by
changing the overpotential in 5 mV steps. In order to obtain a reproducible shape of the
polarization curves for this reaction, the following experimental procedure, ! usua for record-
ing the polarization curves of fast electrodeposition processes, was applied. At low over-
potentials (Part (I) and (II) on the polarization curves in Fig. 1), the values of the current
obtained after reaching steady-state values were used for constructing the polarization curves.
Since the current increased dramatically over time at overpotentials corresponding to Part (111)
on the polarization curvesin Fig. 1, the values recorded immediately after setting the selected
overpotential were used.

149 o o10m Pb(NO,), +2.0 M NaNO,

124 —0—0.10 M Pb(CH,COO), + 1.5 M NaCH,COO + 0.15 M CH,COOH

10+

I/ mA

6 - Part (111)

Part (1)

0 20 40 60 80 100 120 140
n/mV
Fig. 1. The polarization curves for lead electrodeposition from 0.10 M Pb(CH3;COO), + 1.5 M
NaCH3;COO + 0.15 M CH3;COOH and from 0.10 M Pb(NOs), + 2.0 M NaNOs. The surface
area of the working electrode was 0.25 cm?.

Powder particles obtained by tapping lead deposits electrodeposited at an overpotential
of 100 mV with a charge of 0.50 mA h cm2 were examined using a scanning electron micros-
cope— TESCAN Digital Microscope.

X-Ray powder diffraction (XRD) analysis performed using a Rigaku Ultima IV diffrac-
tometer with CuK, radiation was used for examination of the crystal structures.

RESULTS AND DISCUSSION

The polarization curves for electrodeposition of lead from the basic and the
complex electrolytes consisted of three parts separated by the vertical lines in
Fig. 1. The characteristic of the first part (Part (1)) is the linear dependence of the
current on overpotential and this part corresponds to ohmic control 101121 The
intervals of overpotentials belonging to this control of the electrodeposition were
between 0 and 15 mV for the nitrate and between 0 and 20 mV for the complex
electrolyte. The electrodeposition processes are diffusion-controlled in the range
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of overpotentials between 15 and 55 mV for the nitrate electrolyte and between
20 and 70 mV for the complex electrolyte (Part (11) on the polarization curves).
The electrodeposition processes remain diffusion controlled after the inflection
points (Part (111)) and the rapid increase of the current with increasing overpo-
tential is due to the large increase in the surface area caused by the formation and
growth of dendrites.

Regular single crystals were formed in the ohmic-controlled e ectrodepo-
sition and their shape did not depend on the type of the electrolyte.21 Dendritic
growth was initiated at some overpotential belonging to the diffusion part of the
polarization curve and this overpotentia is denoted as the critical overpotential
for dendritic growth initiation. Various morphological forms from single crystals
to irregular crystals (precursors of dendrites) and dendrites were formed in the
diffusion-controlled electrodeposition.2 Finally, the overpotentials correspond-
ing to the inflection points on the polarization curves represent the critical over-
potentials for instantaneous dendritic growth. After these overpotential values,
the currents increased rapidly (Fig. 1).

Typical powder particles obtained by tapping lead deposits electrodeposited
at an overpotential of 100 mV from the nitrate electrolyte are shown in Fig. 2a
and b, and those from the complex electrolyte are presented in Fig. 2c and d. At
first sight, a clear difference between them is evident. The powder particles obtained
from the complex electrolyte were branchier than those obtained from the basic
electrolyte were. In Wranglen's classic definition of dendrites,23 a dendrite con-
sists of a stalk and of branches (primary, secondary, etc.) and resembles a tree.
Dendrites consisting of only the stalk and primary branches are referred as pri-
mary (P) dendrites. If the primary branches in turn develop secondary branches,
the dendrite is called secondary (S).

Analysis of the shape of dendrites obtained from the nitrate electrolyte
showed that they consisted of a stalk and poorly developed branches denoted as
the teeth of a sawl! (Fig. 2a and b). It is very clear that these poorly developed
branches represent primary branches in these powder particles, and hence, these
dendrites are of the P type. However, the primary branches in the powder par-
ticles obtained from the complex electrolyte were very well developed (Fig. 2¢
and d) and the presence of the secondary branches developed from them can be
easily noticed. Hence, the dendrites formed from the complex e ectrolyte belonged
to the S type. A common characteristic of both groups of dendrites is their two-
dimensional (2D) shape.

Electrochemical aspects of the formation and growth of dendrites have been
very well investigated. From the electrochemica point of view, a dendrite is
defined as an electrode surface protrusion that grows under activation control,
while electrodeposition to a macroelectrode is predominantly under diffusion
control.”.24-26 Using this definition of a dendrite, the sudden and rapid increase
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of the current with increasing the overpotentia after the inflection point ((Part
(111) in the polarization curves) could be mainly ascribed to activation-controlled
electrodeposition at the tips of the formed dendrites,10.11,26 where the tips of both
primary and secondary branches contribute to the overall control of electrodepo-
sition process. Formation of more branchy dendrites from the complex electro-
lyte than from the basic electrolyte could be ascribed to the lower exchange cur-
rent density for the acetate electrolyte than for the nitrate one.2!

20 pm

(b)

100 pm 50 pum

(© (d)

Fig. 2. Powder particles obtained by tapping the lead powder deposits formed by
electrodeposition at an overpotential of 100 mV from: (a) and (b) 0.10 M Pb(NO,), +
2.0 M NaNOg3, and (c) and (d) 0.10 M Pb(CH3;COOQ), + 1.5 M NaCH,;COO +
0.15M CH3;COOH.

Unlike of systematized investigations of the effect of the type of the electro-
lyte on the morphology of powder particles, a correlation between the crystallo-
graphic structure of particles and the type of the electrolyte has not been suffi-
ciently explored. The XRD patterns of the powder particles obtained by tapping
the lead powder deposits electrodeposited from the basic and the complex elec-
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trolytes are shown in Fig. 3, from which it is very clear that the presented XRD
patterns were very similar to each other. Pb crystallites were predominately ori-
ented in the (111) plane. Aside from Pb crystalites oriented in this plane, the
presence of crystallites oriented in the (200), (220), (311) and (331) planes was
also observed. Nevertheless, the strong (111) preferred orientation was charac-
teristic of both types of powder particles.

L a) acetate elecrolyte
L b) nitrate electrolyte
5 | b
&n L/ a
> E
7 30 40 50 60 70 80 950
Z IR
2
=
=
200
B 220 3]1
222 331420
. ] L 1 \ 1 | | 400 ? [
30 40 50 60 70 80 90
2 0/ degree

Fig. 3. The XRD patterns of the lead powder particles electrodeposited from electrolytes 0.10
M Pb(CH3;COO0), + 1.5 M NaCH3CQOO + 0.15 M CH3COOH and 0.10 M Pb(NOy), +
2.0 M NaNOs. The standard for Pb: 4-0686.

Formation of lead powders with the strong (111) preferred orientation could
be explained as follows:. lead crystallizes in a face-centered cubic (FCC) lattice.
At constant overpotential, the rates of electrodeposition for this type of crystal
lattice increase in the order of (110) > (100) > (111).27 These different deposition
rates onto different faces had an important consequence; fast-growing faces tend
to grow out of existence and disappear, while slow-growing faces tend to sur-
vive,27 asillustrated in Fig. 4. The origin of Pb crystallites oriented in the (111)
plane is the growth centers present in the interior of the crystal faces.22.23 This
type of growth center is denoted as a“ center type”. On the other hand, the origins
of the Pb crystallites oriented in the (200), (220), (311) and (331) planes are the
growth centers present on the edges and corners of the growing forms.22 These
types of growth centers are denoted as “edge and corner types’.23 The over-
potentials and current densities responsible for crystal growth based on growth
centers of the “edge and corner type” are higher than those responsible for crystal
growth based on growth centers of the “center type”’. This means that the current
densities are higher at the tips of the growing forms than at their sides. In the
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growth process, slow-growing (111) face will survive constructing all elements
of dendrites (both stalk and branches), and hence, causing the predominant orien-
tation of Pb crystallitesin this plane, as confirmed in Fig. 3. In the case of lead, it
is clear that the (200), (220), (311) and (331) planes are fast-growing faces. In the
growth process, they will disappear which explains the considerably smaller
presence of Pb crystallites in these planes than in the (111) plane.

Final surface
of crystal

!
Fast growing
crystgal face

Fig. 4. The growth of a crystal, illustrating

N g/ how a fast-growing face grows out of exis-
Slow growin: 0 _ H
Cryetal face Initial surface tence, while a slow-growing crystal faces

of crystal remains.2’

These processes should not been observed independently of the effect of the
current density distribution at the growing surface. The current lines are primarily
concentrated at the tips of growing protrusions, causing faster growth on them
than in the vicinity of the electrode surface.28 As result of all these processes,
dendrites of the different shape are formed.

It is very clear from the above consideration that the crystallographic (inter-
ior) structure is determined by the characteristics (nature) of the metal and it does
not depend on the type of electrolyte. Unlike the approximately same crystallo-
graphic structure, the morphology of the observed powder particles strongly
depended on the type of employed electrolyte. Furthermore, the dominant orien-
tation of Pb crystallites in the (111) plane was observed in different morpholo-
gical forms, from single to irregular crystals and dendrites obtained by the poten-
tiostatic electrodeposition from the nitrate electrolyte at the different overpoten-
tials.22 In addition, the application of both different regimes of electrolysis, such
as the galvanostatic one, and the type of the working electrode, such as Cu, Ti
and Al, did not affect the crystallographic characteristics of lead.29

CONCLUSIONS

Powder particles obtained by potentiostatic el ectrodeposition from basic (nit-
rate) and complex (acetate) electrolytes were analyzed using the SEM and XRD
techniques.

The type of electrolyte strongly affected the surface morphology of the lead
powder particles. Primary type dendrites were formed from the basic (nitrate)
electrolyte. This type of dendrite consists of a stak and weakly developed
branches. The secondary type of dendrites, composed of a stalk and primary and
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secondary branches, was formed by electrodeposition from the complex (acetate)
electrolyte. Thistype of dendrite was much more ramified.

In contrast to the very different morphologies of the two types of powder
particles, both of them showed the dominant presence of Pb crystallites oriented
in the (111) plane. It is clear that the crystallographic structure of the powder
particles did not depend on the type of electrolyte, but was only determined by
the nature of the metal.

Acknowledgement. The work was supported by the Ministry of Education, Science and
Technological Development of the Republic of Serbia under the research project: “Electro-
chemical synthesis and characterization of nanostructured functional materials for application
in new technologies’ (No. 172046).

H3BOJ

YTHULIAJ THUITA EJIEKTPOJIMTA HA MOP®OJIOIIKE U
KPHUCTAJIOTPA®CKE KAPAKTEPUCTHKE ITPAITKACTHUX YECTHLIA OJIOBA

HEBOJIUA /I. HUKOJIWR', BECHA M. MAKCUMOBHR’, TOPAH BPAHKOBUR®, TIPEZIPAT M. )KHBKOBHR" 1
MUOMHUP T. IABJIOBUE'

TuxTm - I]entap 3a enexTpoxemujy, YHHBEPIHTET y beorpazny, tberomesa 12, beorpaz, ZHHCTHU/T 3a
HyK/1eapHe Hayke ,Burya“, Yuupepsurer y beorpazny, beorpaz, 3HHCTH7yT 3a MyAITHAHCUHI/IHHAPHA
HCTpa’kHBama, YHUBEP3UTET y beorpany, Knesa Buuecnasa 1a, beorpag v 7 EXHOJIOIIKO—METAaNYPLUIKH
Gaxynarer, YHHBEPSHTET y beorpany, Kaprernjesa 4, beorpag

[TporecH eieKTPOXEMHUjCKOT TATOXKEHka 0JI0BA W3 OCHOBHOT (HUTPATHOT) U KOMILJIEKCHOT
(ametaTtHor) enekTposnuTa cy dunu mehycodHo ynopehenu TexHUKOM CKkeHUpajyhe enexTpoH-
CKe MHUKPOCKOIIHje Y peHAreHCKOo-IudpaklMOHOM aHalIu30M IPOM3BEJEHHUX YecTHla Impaxa.
OBnMK NEHAPUTHYHUX YECTHLA je CHA’KHO 3aBHCHO Off TUIA €JEeKTPOoIMTa. JIeHOpUTH cacTaB-
JbeHHU 0F cTabna ¥ cnado pa3BUjeHMX IpaHa (IpUMapHU THUI) Cy OWIM NpeJjOMUHAHTHO ¢op-
MWpaHHU U3 OCHOBHOT eJIeKTPOJIUTA. PasrpaHaTd NeHAPUTH CACTaB/beHH of crtabyia ¥ of MpH-
MapHHUX U CEeKyHJapHHUX rpaHa (CeKyHIApHH THII) Cy OWIH yrinaBHOM (OPMHUDAHU U3 KOM-
IUIEKCHOT e/IeKTpOouTa. Y 0da THIa MpalIkacTUX YecTHIla KPUCTAIIUTH 0J10Ba Cy OUIH JOMU-
HaHTHO opujeHTHCaHU y (111) paBHH. PopMHUpame MpalIKacTHX 4YecTula ca crporom (111)
OpHUjeHTalujoM je OWJI0O AUCKYTOBAHO U 00jalllbeHO pa3MaTpameM OMIUTHX KapaKTepHUCTHUKa
pacra KpucTasa y mpolecumMa eleKTpOKpUCTaIH3aLuje.

(ITpumsbeHo 11. pedpyapa, pesunupano 13. mapta 2013)
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Abstract: In this paper, a simple and stable composite electrode based on the
intrinsically conducting polymer poly(3,4-ethylenedioxythiophene):poly(sty-
rene sulfonate) (PEDOT:PSS) and Nafion®, an ion-exchange polymer, was
successfully fabricated by drop-coating the blended commercialy available
PEDOT:PSS agueous dispersion and Nafion® solution on the surface of a
glassy carbon electrode (GCE). PEDOT:PSS was used as the matrix, while
Nafion® was employed to improve the immobilization stability of the compo-
site films and adhesion to the electrode surface in comparison with PEDOT:PSS
films. Cyclic voltammetry, differential pulse voltammetry, electrochemical
impedance spectroscopy and scanning electron microscopy were utilized to
characterize the properties of this composite electrode. The as-proposed com-
posite electrode displayed good water-stability. Meanwhile, the composite
electrode was applied to electrochemical sensing of dopamine, and the perfor-
mance of PEDOT:PSS-Nafion® composite film was evaluated. The obtained
results demonstrated that PEDOT:PSS-Nafion® composites are promising
candidates for modification of electrode material used in electrochemical
sensing and other electrocatalytic applications.

Keywords: PEDOT:PSS; Nafion®; electrocatalysis; dopamine; electrochemical
Sensor.
INTRODUCTION

Poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS),
one of the most successful commercially available intrinsically conducting poly-

* Corresponding author. E-mail: xujingkun@tsinghua.org.cn
doi: 10.2298/J5C120927036Y
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mers today, has been widely used as antistatic coatings, thermoelectric materials,
eectrically conducting coatings, hole injection layers, conducting layers in capa
citors or as transparent conducting layers in photovoltaic devices and organic
light-emitting diodes.14 PEDOT:PSS is aso an attractive material to modify
electrodes foreseen for electroanalysis due to its good film forming properties,
high conductivity, low redox potential, excellent electrochemical, ambient and
thermal stability, and good processability,>8 Unfortunately, solution-cast films
of commercially available PEDOT:PSS agueous dispersions tend to swell and
disintegrate in aqueous solutions,%-11 which lead to few application in the deve-
lopment of chemo/bio-sensing devices. Previous studies demonstrated that water-
resistant and insoluble PEDOT:PSS films could be obtained through secondary
doping ionic liquids,3 multivalent cations,® or bis(fluorinated phenyl azide).12
Thus demonstrating that application of commercially available PEDOT:PSS in
the field of chemo/bio sensing could be feasible.

Nafion® is a perfluorinated sulfonated ion-exchange polymer discovered in
the late 1960s by Walther Grot of DuPont.13 Its unique ionic properties are the
result its hydrophobic polytetrafluoroethylene backbone chain and perfluorovinyl
ether groups terminated with sulfonic cation exchange sites.14-16 Nafion®, due to
its good biocompatibility, antifouling capacity, chemical inertness, and thermal
stability, as well as high permeability to water molecules and small cations,1>-21
has been widely used in electrochemistry to modify electrodes. Moreover, mixing
Nafion® with other materials can improve the interface adhesion between films
and €lectrodes.22:23

Dopamine (DA), one of the most important neurotransmitter in mammalian
brain tissues, plays a significant role in the functioning of the centra renal,
nervous, hormonal and cardiovascular systems.2425 Deficiency of DA could be
implicated in several diseases and neurological disorders, such as schizophrenia,
depression, Huntington's disease, Parkinson's disease and HIV infection.2>-28
Thus, monitoring the concentration fluctuations of DA is of great importance.
Among various methods that have been exploited for the determination of DA,
electrochemical techniques’-2° have been proven to be rapid, simple, sensitive,
selective, and effective analytical methods. Recently, many materials have been
used to fabricate modified electrode for the determination of DA, such as meso-
porous silica,2> carbon nanotubes?”:28 and gold nanoparticles.29 However, hitherto,
the electrochemical determination of DA using the commercially available intrin-
sically conducting polymer PEDOT:PSS has not been reported.

In this work, another strategy was adopted by directly introducing the ion-
exchange polymer Nafion® to increase the hydrophobicity of PEDOT:PSS films,
thereby a simple and water-stable PEDOT:PSS-Nafion® composite electrode
was successfully fabricated using a glassy carbon electrode (GCE) drop-coated
with a solution of a mixture of a commercially available water-dispersible
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PEDOT:PSS polymer and the ion-exchange polymer Nafion®. The composite
electrode was subsequently applied for the electrochemical sensing of dopamine.
The performance of PEDOT:PSS-Nafion® composite films were eval uated.

EXPERIMENTAL
Chemicals

An aqueous dispersion (1.3 mass %) of PEDOT:PSS (Baytron P, Bayer AG, Germany)
was used. Nafion® (5 mass %) was obtained from the DuPont Company (USA). Dopamine
(DA) was purchased from Sigma—Aldrich (St. Louis, USA). Ascorbic acid was obtained from
Bio Basic Inc. Uric acid was purchased from the Aladdin-Reagent Company (Shanghai,
China). Glucosg, citrate, cysteine, ethanol, sodium chloride, oxalate, disodium hydrogen phos-
phate dodecahydrate (Na,HPO, 12H,0) and sodium dihydrogen phosphate dihydrate
(NaH,PO,4:2H,0) were obtained from the Sinopharm Chemical Reagent Co., Ltd. 0.1 M
Phosphate buffer solutions (PBS) (0.1 M) were prepared from stock solutions of 0.1 M
NaH,PO, and 0.1 M Na,HPO,. All chemicals were of analytical grade and used as received
without further purification. All solutions were prepared using deionized distilled water as
solvent. Dopamine solutions were prepared immediately before use in each experiment.

Apparatus

Electrochemical experiments were performed with a CHI660B electrochemical work-
station (Shanghai Chenhua Instrument Company, China) and were realized in a conventional
electrochemical cell containing a three-electrode arrangement at room temperature. The three-
electrode cell assembly consisted of a saturated calomel electrode (SCE) reference electrode
and a platinum wire counter electrode. The working electrode was a PEDOT:PSS-Nafion®
composite electrode. Scanning electron microscopy (SEM) was redlized with a VEGA
TESCAN scanning electron microscope. The pH values were measured with a Delta 320 pH
meter (Mettler-Toledo Instruments, Shanghai, China). The electrochemical impedance spectra
(EIS) were recorded on an Autolab frequency response analyzer (AUT30, FRA2-Autolab, Eco
Chemie, BV, Netherlands). The addition of a sample was performed with a micropipette
(Dragonmed, Shanghai, China).

Preparation of the PEDOT: PSS-Nafion® composite electrodes

A commercialy available agueous dispersion of PEDOT:PSS (1.3 mass %) was
thoroughly stirred for 48 h at room temperature in order to be well distributed. The counter
electrode was carefully polished with abrasive paper (1500 mesh), cleaned successively with
water and acetone, and then air-dried. A bare glassy carbon electrode (GCE) was carefully
polished subsequently with 0.05 um aumina slurry until a mirror-shine surface was obtained
and then successively sonicated in doubly distilled deionized water and ethanol. A mixture of
an aqueous dispersion of PEDOT:PSS and a 5 mass % Nafion® solution at a 1:1 volume ratio
was continuously stirred for 24 h at room temperature, whereby a PEDOT:PSS—Nafion®
solution was obtained. A PEDOT:PSS-Nafion® composite electrode (PEDOT:PSS-
—Nafion®/GCE) was prepared by directly drop-coating 5 L. PEDOT:PSS-Nafion® mixture
on a GCE that was then dried at room temperature under a clean environment. All the
fabricated electrodes were stored at 4 °C until use. The fabrication procedure of PEDOT:PSS-
—Nafion®/GCE is schematically illustrated in Fig. 1.
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RESULTS AND DISCUSSION

Surface mor phology of the PEDOT: PSS-Nafion® films

SEM was employed to investigate the surface morphology of PEDOT:PSS-
—Nafion® films. Compared with the regular, compact and homogeneous structure
of pure PEDOT:PSS films,30 the surface morphology of PEDOT:PSS-Nafion®
films were found to be dlightly irregular, and there were some small pore
distributed relatively homogeneous (see SEM in Fig. 1), which suggested that the
mixture of water-dispersible PEDOT:PSS and Nafion® had been mixed well, and
the dlightly rough structure may be very beneficial for the adsorption of analytes.

PEDOT:PSS-Nafion

‘ SEM
o=

PEDOT:PSS-Nafion
—_—— -
Dip-coating

Counter clectrode H NH2
Reference electrode
S == I H
DA
Working electrode = =
o} NH,
| S //\/./
=
+
2H" +2e

Fig. 1. The procedure for the fabrication of PEDOT:PSS-Nafion®/GCE and an SEM image of
aPEDOT:PSS-Nafion® composite film.
Electrochemical characterization of PEDOT: PSS-Nafion® films

The cyclic voltammograms (CVs) of different electrodes in 0.1 M KCI
containing 10 mM [Fe(CN)g]4/3~ as a redox couple are shown in Fig. 2A: a)
bare GCE, b) PEDOT:PSS/GCE and ¢) PEDOT:PSS-Nafion®/GCE. All elec-
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Fig. 2. A) CVssof different electrodesin a0.1 M KCI solution containing 10 mM
[F&(CN)g]*/3: &) bare GCE, b) PEDOT:PSS/GCE and ¢) PEDOT:PSS-Nafion®/GCE;
Scan rate: 50 mV s1. B) Nyquist plots of a) bare GCE, b) PEDOT:PSS/GCE,
¢) PEDOT:PSS-Nafion®/GCE and d) Nafion®/GCE in the same solution.

trodes showed a pair of quasi-reversible redox peaks. Although the currents of
the anodic and cathodic peaks at PEDOT:PSS/GCE were higher than at the other
electrodes (the electrical conductivity of pure PEDOT:PSS films was 3.380 S
cm1 ), pure PEDOT:PSS/GCE was extremely hygroscopiclO3l and tended to
swell or disintegrate in the agueous mediall With the introduction of small
amounts of Nafion® into PEDOT:PSS, the PEDOT:PSS-Nafion® displayed a
decrease of electrical conductivity due to the increasing impedance of the com-
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posite films (the electrical conductivity of the PEDOT:PSS-Nafion® compo-
site film with a volume ratio of 1;1 was 0.246 S cm™1), which is in accordance
with previous reports,23 a pair of well-defined quasi-reversible redox peaks
appeared on the CV curve of PEDOT:PSS-Nafion®/GCE. Moreover, the poten-
tial difference (AEp) between the anodic and cathodic peaks at PEDOT:PSS-
—Nafion®/GCE (107 mV) was smaller than that at the bare GCE (174 mV) and
PEDOT:PSS/GCE (136 mV), indicating better reversibility of electrochemical
reaction at the PEDOT:PSS-Nafion®/GCE.

EIS can be used as an efficient tool for describing the electron transfer
properties of different composites electrodes. The results of EIS are illustrated in
Fig. 2B on a) bare GCE, b) PEDOT:PSS/GCE, c), PEDOT:PSS-Nafion®/GCE
and d) Nafion®/GCE using 10 mM [Fe(CN)g]3 /4~ redox couple as the indicator.
The EIS was recorded at a potential of 0.17 V and the frequency range was 10
kHz to 100 mHz. The electron-transfer resistance (Rg) value of PEDOT:PSS/
/IGCE (amost like a straight line) was much lower than that of the bare GCE,
which was attributed to the high conductivity of the PEDOT:PSS films that
facilitated fast electron transfer between the solution and the electrode interface.
For PEDOT:PSS-Nafion®/GCE, the Ry value was between those of PEDOT:PSY
/GCE and Nafion®/GCE, which is consistent with the results of CV. Therefore,
these results demonstrated that the PEDOT:PSS-Nafion®/GCE had relatively
better electrochemical ability and faster electron transfer, and that composite
electrode could be utilized as the working el ectrode.

Electrochemical activity of DA at the PEDOT: PSS-Nafion®/GCE

To assess the performance of PEDOT:PSS-Nafion® composite electrodes,
dopamine (DA) was selected for application of the fabricated electrochemical
sensor. The CVs of different electrodes taken at a scan rate of 50 mV s1in 0.1
M PBS (pH 7.0) and 40 uM DA are shown in Fig. 3. Compared with the
oxidation peak currents at a bare GCE and Nafion®/GCE, those at PEDOT:PSSY/
/GCE and PEDOT:PSS-Nafion®/GCE were remarkably increased, which was
attributed to the fact that PEDOT:PSS films have a moderate conductivity.>32
However, the PEDOT:PSS/GCE was not very stable and easily swelled or disin-
tegrated in PBS, and the redox peak of DA was very weak. At bare GCE, a pair
of redox peaks were observed for the detection of 40 uM DA. The oxidation and
reduction peak potentials occurred at 0.404 and 0.058 V, respectively. At
PEDOT:PSS—-Nafion®/GCE, a well-defined redox wave of DA was observed
with the anodic peak potentia at 0.269 V and the corresponding cathodic peak
potential at 0.098V. The oxidation and reduction peak currents were significantly
increased and the electron transfer process to DA was more reversible. These
results once again indicated that the determination of DA is feasible a a
PEDOT:PSS-Nafion®/GCE.
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Fig. 3. CVsof different electrodesin 0.1 M PBS (pH 7.0) and 40 uM DA: @) bare GCE, b)
PEDOT:PSS/GCE, ¢) PEDOT:PSS—Nafion®/GCE and d) Nafion®/GCE. Scan rate: 50 mV s1.
Inset: CVs of bare GCE and Nafion®/GCE in 40 uM DA.
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Effect of the scan rate towards DA

The effect of the scan rate on the electrochemical behavior of DA at
PEDOT:PSS-Nafion®/GCE was studied by CV, and the result are shown in Fig.
4A. With increasing scan rate from 25 to 100 mV s-1, the oxidation peak current
(Ipa) and reduction peak current (Ipc) were in linear relationship to the scan rate
(v). The regression equations were: lpg (LA) = 1.78-7.45v and Ipc (WA) = —2.06 —
— 1854y (v in mV s1), with correlation coefficients of 0.998 and 0.995, res-
pectively. This indicates that the DA molecules can be adsorbed onto the elec-
trode surface, and the electrochemical oxidation of DA at the PEDOT:PSS-
—Nafion®/GCE was an adsorption-controlled process.29

Effect of pH values towards DA

The effect of pH value on the determination of DA at PEDOT:PSS-Naf-
ion®/GCE in PBS within the range from 2.0 to 8.0 was investigated by CV and
the results are shown in Fig. 5A. The pH value had a significant influence on
both the redox peak potentials and peak currents. The relationship between the
oxidation peak currents and pH valueis presented in Fig. 5B. The results showed
that the peak current of DA increased with increasing pH value until the highest
peak current and the best peak shape were obtained at pH 7.0, while the peak
current decreased dramatically when the pH value exceeded 7.0, which was pro-
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Fig. 4. A) CVsof 40 uM DA in 0.1 M PBS (pH 7.0) at scan rates of 25, 30, 40, 50, 60, 80 and
100 mV s (from ato g) and B) the plots of redox peak currents vs. the scan rate.

bably due to the charge interactions between DA and electrode surface. In addi-
tion, the relationship between the oxidation peak potentials (Epg) and pH values
was aso investigated and the results are shown in Fig. 5C. It can be observed that
the Ep, shifted negatively as the pH value was increased, indicating that protons
were involved in the electrode reaction. The curve presents two straight lines in
the pH range 2.0-8.0. The regression equations were Epg (V) = 0.4956 — 0.0156pH
(R2 = 0.9946) at the lower pH values 2.0-6.0 with a slope of 15.6 mV pH-1,
which is smaller than the theoretical value of -57.6 mV pH-l. While the
regression equations was Epa (V) = 0.9901 — 0.995pH (R2 = 0.9853) at the higher
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Fig. 5. A) CVsin 40 uM DA and 0.1 M PBS at different pH values. 2.0, 3.0, 4.0, 5.0, 6.0, 7.0
and 8.0. Effects of the pH value on: B) the oxidation peak currents and C) the oxidation peak
potentials for the oxidation of 40 uM DA. Scan rate: 50 mV s1,
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pH value between 6.0-8.0. The slope in this pH range was 99.5 mV pH-1, which
is high than the theoretical value. The reason for thisis yet unclear. However, the
pH vaue has an influence on both the peak potential and peak current, revealing
that electron transfer and proton transfer participated in the reaction. Considering
the physiological pH (7.4), pH 7.0 was chosen as optimal pH value of PBS.

Determination of DA

The determination of DA concentration at a PEDOT:PSS-Nafion®/GCE was
performed by differential pulse voltammetry (DPV) in 0.1 M PBS (pH 7.0) and
the results are shown in Fig. 6A. As can be seen in Fig. 6B, the oxidation peak
current of DA was linearly proportional to its concentration in the range of 0.10
to 50 UM. The regression equation was lpa (MA) = 9.04 + 0.41c (c in uM) (R2 =
= 0.996) with adetection limit of 0.03 uM (SN = 3), where c is the concentration
of DA. Compared with most of the modified electrodes reported in the literature
(listed in Table 1),24:27.33-37 the fabricated PEDOT:PSS-Nafion®/GCE exhibited
agood sensing performance.

0.00 015 0.30 045 0.60
E/Vvs. SCE

304

B
I =9.04+041C

254 pa

R’ =0.996

204

I/ pA

Fig. 6. A) DPVs in various concen-
trations of DA and 0.1 M PBS (pH
7.0) at a PEDOT:PSS-Nafion®/GCE.
DA concentrations: 0.1, 0.5, 2.5, 5.5,
8, 11, 13, 17, 21, 25, 30, 40 and 50
- ——1—+—1——+ UM. Scan rate: 50 mV s1. B) Linear
0 10 20 30 40 50 relationship between peak current
Con/ BM and the concentration of DA.

154

104
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TABLE 1. Comparison of different modified electrodes for the determination of DA;
6A2MBT: 6-amino-2-mercaptobenzothiazole; EPPGE: edge-plane pyrolytic graphite elec-
trode; PEDOT—PANS: poly[3,4-ethylenedioxythiophene-co-(5-amino-2-naphthal enesul fonic
acid)]; NBAR: p-nitrobenzenazo resorcinol; GCE: glassy carbon electrode; CNT: carbon
nanotubes; IL: ionic liquid; RGO: reduced graphene oxide; CNOs. carbon nano-onions;
PDDA: poly(diallyldimethylammonium chloride); AABA: 3-acrylamidophenylboronic acid;
ACS: acetate buffer solution; LCR: linear concentration range; LOD: limit of detection

Electrode Electrolyte LCR/uM LOD/uM  Reference
6A2MBT/Au PBS (pH 7.2) 1-642 0.157 24
SWCNT—e,05/EPPGE PBS (pH 7.0) 3.2-31.8 0.36 27
PEDOT-PANS/GCE ACS (pH 5.0) 2-8 0.5 33
polyNBAR/GCE PBS (pH 4.0) 5-25 0.3 34
RGO/AUNPYGCE PBS (pH 7.4) 1-60 0.02 35
CNOs/PDDA /GCE PBS (pH 5.0) 50-400 10 36
MWCNT/poly(AABA)/GCE PBS (pH 7.4) 0.05-2 0.02 37
PEDOT:PSS-Nafion®/GCE PBS (pH 7.0) 0.1-50 0.03 Thiswork

Interference, stability and reproducibility studies

The reproducibility of PEDOT:PSS-Nafion®/GCE was studied by measure-
ment the peak current response of 40 uM DA in 0.1 M PBS (pH 7.0) by CV. The
relative standard deviation (RSD) of the oxidation peak currents during 20 suc-
cessive measurements was 1.3 %, indicating good reproducibility (shown in Fig.
7). When the electrode was kept at 4 °C for two weeks, the peak currents
remained at 96 % of their initial values. These results revealed that PEDOT:PSS-
—Nafion®/GCE had excellent water-stability, implying that Nafion® can improve
the swelling and disintegration properties of PEDOT:PSS and lower the swelling
of the modified electrode in aqueous media.23:38

iao-..-|nﬂl.Ill....llllI
s

40 4

0=

o 5 10 15 20

Number of cycles

Fig. 7. The stability of a PEDOT:PSS-Nafion®/GCE in 0.1 M PBS (pH 7.0) containing
40 uM DA. Scan rate: 50 mV s,

The possible interferences for DA determination were evaluated by the
response current—time (I-t) curve and DPV. The |-t curve presented in Fig. 8A
shows that addition of 10 uM DA caused a noticeable change in the current res-
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Fig. 8. A) The responses for interferents tested at a PEDOT:PSS-Nafion®/GCE by the
amperometric method at an applied potential 0.3V vs. SCEin 0.1 M PBS (pH 7.0). The
injection of the potentially interfering compounds were a) 10 uM DA, b) 100 uM ascorbic
acid, ¢) 100 uM uric acid, d) 100 uM cysteine, €) 1 mM glucose, f) 1 mM sodium citrate,
g) 1 mM ethanol, h) 1 mM sodium chloride, i) 1 mM oxalic acid and j) 10 uM DA.

B) The corresponding responses for interferents tested by DPV.

ponse. Then, addition of 10-fold amounts of ascorbic acid, uric acid and cysteine
and 100-fold amounts of glucose, sodium citrate, ethanol, sodium chloride and
oxalic acid were successively added, which had no obvious influence on the
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electrode response, with deviations below 5 %. Then, 10 uM DA was added
again, which caused the current to change significantly. This implied that the
fabricated PEDOT:PSS-Nafion®/GCE had good selectivity, which may be
largely attributed to the strong anti-interferent ability of Nafion®.3% Moreover,
the interference experiments were repeated using the common DPV technique.
From Fig. 8B, it can be seen that again no obvious influence for most of the
interfering substance was evidenced by the DPV method, while added ascorbic
acid, uric acid or cysteine had a dight influence. Once again, the good selectivity
of the PEDOT:PSS-Nafion®/GCE was indicated.

CONCLUSIONS

In summary, the commercially available water-dispersible PEDOT:PSS and
the ion-exchange polymer Nafion® were successfully used to fabricate a simple
water-stable and conducting composite PEDOT:PSS-Nafion®/GCE for sensing
applications. Due to the high conductivity of PEDOT:PSS and strong adsorptive
ability of the binding agent Nafion®, the PEDOT:PSS-Nafion®/GCE showed
good electrochemical activities, excellent reproducibility and water-stability, fast
electrode transfer, and low swell and disintegration. This composite electrode
was used for the detection of DA with a fast current response, good selectivity,
and strong anti-interferent ability, which provided a promising method for modi-
fied electrode materials. This work aso enlarges the application of PEDOT:PSS
in chemo/bio-sensing.

Acknowledgements. The authors thank NSFC (51073074, 51272096), Jiangxi Provincial
Department of Education (GJJ11590, GJJ10678) and the Natural Science Foundation of
Jiangxi Province (2010GZHO0041) for providing financia support for this study.

n3BOJ

[MPUMEHA KOMEPIIUJATHOT T1OJIN(3,4-ETUJIEH-JUOKCUTUOSEH ):IIOJIMCTUPEH
CYJI®OHATA 3A EJIEKTPOXEMUWJCKY JETEKIWJY JOIIAMUHA

YUANYUAN YAOi, YANGPING WENZ, JINGKUN XUi, LONG ZHANG® u XUEMIN DUAN®

! Jiangxi Key Laboratory of Organic Chemistry, Jiangxi Science and Technology Normal University,
Nanchang 330013, China, © Key Laboratory of Crop Physiology, Ecology and Genetic Breeding,
Ministry of Education, Jiangxi Agricultural University, Nanchang 330045, China and ® School of
Pharmacy, Jiangxi Science and Technology Normal University, Nanchang 330013, P. R. China

Y pany je ycnemHo HalpaBs/b€Ha jeJHOCTaBHA U CTabM/IHA KOMIIO3UTHA €JeKTpoja Ha
Basu MTPOBOJHOT nonumepa nonu(3,4-eTUIeHANOKCUTHO(MEH ) : IOTUCTHPEH-CynOHAT
(PEDOT:PSS) u joHoM3sMemuBaukor nonumepa, Nafion®, Tako mrto je Ha nospmuHy enekTpo-
Iie o CTaK/IaCTOr YIJbeHUKa HaHeTa Kall CMellle KOMEpLHjalTHo NOCTyNHE BOAEHE JUCIep3uje
PEDOT:PSS u pactsopa Nafion®. PEDOT:PSS je umao ynory matpuue, nok je Nafion® mpu-
MemeH y Uuby nosehawma CTaDMITHOCTH KOMITO3UTHOT MUIMa U HEroBe anxe3dje Ha MOBP-
IIMHY eeKTpofe. 3a KapakTepHu3alljy OlucaHe KOMIIO3UTHE eJIEKTpojie KopuurheHe cy MeTo-
Ie UUKJIMYHE BOJITaMETpHje, AU(EPEHLjalHe MyJICHE BOJITAMETPHje, CIEKTPOCKOIHUje eneK-
TPOXEMHUjCKE MMIIElaHIMje U CKeHUpajyhe eleKTpOHCKe MUKpocKonuje. Enexrpopa je moxa-
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3ana nodpy cTabWIHOCT y BOOH, a 3aTHM je MpUMemheHa 3a eJIeKTPOXeMHUjCKy IeTeKIUjy Homa-
muHa. OppehuBame weHHX nepdOpPMaHCH NPU JeTeKUHjH OBOT jefHiera je MoKasaao na
komMnosuTHu punm PEDOT:PSS uMa noTeHLWjanHy NPUMEHY Yy €l1eKTPOXEeMUjCKUM CeH30-
PYMa H eJIeKTPOKaTalIn3aTopHUMa.
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Abstract: A rapid and simple capillary electrophoresis method has been deve-
loped for the simultaneous determination of six extensively used cephal osporin
antibiotics (cefaclor, cefadroxil, cefalexin, cefuroxim, ceftazidim and ceftri-
axon). The determination of cephalosporins was performed at pH 6.8, using a
25 mM phosphate/25 mM borate mixed buffer, and a voltage of 25 kV at a
temperature of 25 °C. A baseline separation was achieved in approximately 10
min. The separation resolution was increased by the addition of an anionic
surfactant, 50 mM sodium dodecy! sulfate, to the buffer solution. The proposed
separation was evaluated based on the detection and quantification limits,
effective electrophoretic mobility and relative standard deviation for the mig-
ration times and peak areas.

Keywords. cephalosporins; capillary zone electrophoresis; micellar electro-
kinetic chromatography.

INTRODUCTION

Nowadays, cephalosporins are one of the most important and probably the
most frequently used antibiotics in the world, both in terms of the number of
compounds currently on the market and of their use for the treatment of infec-
tious diseases.

Cephal osporins are semi-synthetic antibiotics, derived from cephal osporin C,
found among the fermentation products of Cephalosporium acremonium over
fifty years ago. These antibiotics, derived from 7-aminocephal osporanic acid, are
composed of a g-lactam ring fused with a dihydrothiazine ring and differ in the
nature of the substituents attached to the cephem ring.1

More than 60 cephalosporins in four generations are already available on the
market, so it is important to develop new analysis methods for their quality
control. The analysis of cephalosporins is not only limited to pharmaceutical

* Corresponding author. E-mail: g_hancu@yahoo.com
doi: 10.2298/JSC121117028H
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analysis, but also extends to food safety and environmental protection; al these
analytical tasks require the development of high performance separation methods.

In this study, we anayzed six frequently used cephalosporin derivatives:
cefalexin (CFL), cefadroxil (CFD) and cefaclor (CFC) — first generation oral
cephalosporins; cefuroxim (CFR) — a second generation parenteral cephal ospo-
rin; and ceftazidim (CZI) and ceftriaxon (CTR) — third generation parenteral
cephalosporins. Substitution of the various R and R’ groups results in cephalo-
sporins with different pharmacological and pharmacokinetic properties. The che-
mical structures of the studied cephalosporins are presented in Tablel.

TABLE I. The chemical structure of the studied cephal osporinst

R-OC-HN S

(0]
COOH

Cephal osporin derivative R R’

Cefadexin — CFL @ —CHs;
T
NH,

Cefadroxil — CFD —CH3

NH,

Cefaclor — CFC @ -l
T
NH

Cefuroxim — CFR ' EMBED ISISServer —CH,~O-CO—NH,
o)
i
Ceftazidim — CZI N c— +
| CH, 7 N—c—
HZNJ\S l‘\‘l— o _ NS

O—C—COOH H,
\
CH,
, _ _ N
Ceftriaxon— CTR JNU_I(I: H,C—N" N —0H
H,N S NOCH, CHZSJ\\NIO

High performance liquid chromatography (HPLC) is usually the method of
choice for the analysis of cephalosporins because of its specificity, rapidity and
sensitivity. In recent years, capillary electrophoresis (CE), due to its short anal-
ysis time, high efficiency and low solvent and sample consumption; has proved
to be a powerful analytical tool for the determination of pharmaceutical sub-
stances, being regarded as an aternative and also a complementary method to
HPLC.23
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CEPHALOSPORINS DETERMINATION BY CAPILLARY ELECTROPHORESIS 1415

In the last few years, some studies regarding the determination of cephalo-
sporins by capillary zone electrophoresis (CZE),*° micellar electrokinetic chro-
matography (MEKC)10-12 and microemulsion electrokinetic capillary chromato-
graphy (MEEK C)13 have been published.

CZE, aso known as free solution capillary electrophoresis, is the ssimplest
form of CE, the separation mechanism being based on differences in the charge-
to-mass ratios of the analytes.2

MEKC is perhaps the most intriguing mode of CE, combining chromato-
graphic and electrophoretic separation principles, the separation mechanism
being based on the individual partition of the analytes between the micellar and
aqueous phase.2

MEKC can separate both ionic and neutral substances, while CZE typically
separates only ionic substances. Thus, MEKC has a great advantage over CZE
for the separation of mixtures containing both ionic and neutral compounds.?

While MEKC proved itself to be especialy useful for the determination of
cephalosporins from biological samples (samples having high protein contents)
as the disadvantageous matrix effects caused by organic materials are reduced,
CZE proved itself to be a powerful analytical tool for determinations from phar-
maceutical products.6.7.8.14

Structurally cephalosporins are a rather heterogeneous group; consequently,
a large number of electrophoretic procedures using different analytical para-
meters could be used for their separation. Regarding previoudy published methods,
several exemplify the fact that the simultaneous determination of structurally
related cephalosporins is challenging because of their similar electrophoretic
mobilities. For this reason, both structurally related cephal osporins from the same
generation and cephal osporins from different generations and different structural
characteristics were chosen as the subjects of the present study 589,13

The aim was to develop a rapid, simple and efficient method for the simul-
taneous separation of the studied cephal osporins and the optimization of the anal-
ytical conditions in order to obtain good separation resolution and a short anal-
ysistime.

EXPERIMENTAL

Cefdexin monohydrate, cefadroxil monohydrate, cefaclor monohydrate were obtained
from Sandoz (Targu Mures, Romania); cefuroxim sodium from Medochemie (Cyprus), while
ceftazidim pentahydrate, ceftriaxon sodium from Antibiotice (lasi, Roméania). All the studied
cephal osporins were of pharmaceutical grade.

Disodium hydrogen phosphate, methanol, phosphoric acid, sodium dodecyl sulfate (SDS),
sodium tetraborate were purchased from Merck (Darmstadt, Germany). Sodium hydroxide 0.1
M was purchased from Agilent (Waldbronn, Germany). The water used in the study was puri-
fied with aMilli-Q water purification system (Millipore, Bedford, USA).

Capillary electrophoresis measurements were performed on an Agilent 6100 CE system
with diode array detection. The electropherograms were recorded and processed by Chem-
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station 7.01 (Agilent). The pH of the buffer solutions was determined with the Termina 740
pH-meter (Inolab). The detection wavelengths were set at 210 and 270 nm. For the identifi-
cation of the individual peaks, the UV spectrum of each cephaloasporin was recorded pre-
viously. Cephal osporins showed high UV absorption, and relatively similar spectra but small
differences could be observed in the case of all components, which led to reliable and unam-
biguous identification.

The temperature was kept at 25 °C and a separation voltage of 25 kV was used. The
samples were introduced into the system at the anodic end of the capillary by hydrodynamic
injection applying a pressure of 50 mbar for 3 seconds. The separations were performed using
polyimide-coated fused silica-capillaries of 56 cm (effective length: 48 cm)x50 um |.D.
(Agilent).

Stock solutions of 1 mg mL™1 for al cephalosporins were prepared in water and later
diluted to the appropriate concentration. All the samples and buffers were degassed by ultra-
sound for 5 min before use and filtered through a 0.45 pm syringe membrane filter. The capil-
laries were preconditioned by washing with 0.1 M NaOH (2 min) and distilled water (3 min).

RESULTS
Preliminary study

The electrophoretic mobilities of cephalosporins depends not only on the
number of ionizable carboxyl and amino groups of the analyte, but aso on the
pH of the buffer electrolyte because the dissociation of these groups is influenced
by pH.7:15

In order to find suitable conditions for the separation of the studied cephal o-
sporins, a series of preliminary experiments were conducted at different pH
values and different compositions of the buffer (borate, citrate, phosphate) back-
ground electrolytes. In these preliminary experiments, satisfactory electropho-
retic signals were obtained within the pH range 5-8, as the electrophoretic sig-
nals for some of the studied cephal osporins disappeared at pH values below 5. It
was established that for a given type of background electrolyte, the magnitude of
the total mobility of the analytes (electro-osmotic mobility plus electrophoretic
mobility) depended mainly on the zeta potential, which decreased with decreasing
buffer pH and/or increasing buffer concentration.® The migration behavior of the
studied cephalosporins in different background electrolyte was significantly dif-
ferent, due to the different basicity on the side chain functional groups, but trends
in the variation of the electrophoretic mobility were rather similar.

Comparing the different systems, the best results were obtained using 100
mM phosphate buffer at a pH around 7. However, the current generated in the
electrophoretic system exceeded 100 pA; therefore, experimental difficulties
appeared due to excessive Joule heating. Moreover, the use of a simple phosphate
buffer led to rather long migration times and low resolution for the separation of
CFD, CFL and CFC.

In order to improve the separation resolution, a mixed buffer electrolyte con-
taining both disodium hydrogen phosphate (3.55 g L~1) and sodium tetraborate
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(5.03 g L1) was chosen and the pH of the buffer solution was adjusted by the
addition of sodium hydroxide, respectively phosphoric acid.

Although the stahility of cephaosporins antibiotics in the solid state is usualy
satisfactory, they are slowly hydrolyzed on dissolution in water to different deg-
radation products. Preliminary studies using an internal standard (ciprofloxacin
hydrochloride) as reference showed that degradation (hydrolysis) was insigni-
ficant within 4 h of dissolution.6.” Electrophoretic runs were performed as quickly
as possible, but no later than 4 h after solution preparation, in order to avoid
sample decomposition due to the instability of the S-lactam ring.

Optimization of the separation conditions

Optimization of the separation was achieved by manipulation of severa
analytical parameters, such as buffer pH and concentration, applied voltage and
system temperature, and by the addition different additives to the buffer solution.

The buffer pH plays an essentia role in the separation of ionizable analytes
as it determines the extent of ionization of the analytes. The influence of pH on
the migration times of a mixture of the six cephalosporins in electrolyte solutions
adjusted to pH 5-8. This pH range was chosen in order to minimize any possible
degradation of the cephalosporins due to hydrolysis of the g-lactam ring. The
migration times of all the studied cephal osporins increased with decreasing buf-
fer pH, but in the pH range 6 to 7, the migration times did not change signifi-
cantly and peak overlapping between CFL with CFC was avoided (Fig. 1).

. T T
3 6 pH 7 8

Fig. 1. Influence of pH on the separation of cephal osporins (separation conditions: capillary

56 cmx50 um 1.D., buffer electrolyte 25 mM phosphate — 25 mM borate, applied voltage: 25
kV, temperature: 25 C, detection: UV absorption at 270 nm).

At a given pH, increasing the buffer concentration resulted in a decrease in
the electro-osmotic flow (EOF) and electrophoretic mobility and, consequently,
an increase in the migration times of the analytes.
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The separation of the six studied cephalosporins using the selected CZE
parameters was achieved in approximately 10 min. The migration order was:
CFD, CFL, CFC, CFR, CZI, CTR (Fig. 2).

E CFD CFR
35 3 CFC ozl CTR
30 4 CFl

- 25 4

£ 20 4
e

10

I L

5 6 7 +/ min § 9 10

Fig. 2. Electropherogram of the separation of a mixture of the six cephal osporins (separation
conditions: capillary 56 cmx50 pm 1.D., buffer electrolyte 25 mM phosphate — 25 mM borate,
pH — 6.8, applied voltage: 25 kV, temperature: 25 C, detection: UV absorption at 270 nm,
concentration of each cephal osporin: 25 pg mL1).

Difficulties appeared in the separation of the three first generation oral
cephalosporins (CFC, CFD and CFL), substances with very similar structural
characteristics and, consequently, similar electrophoretic mobilities.

Cephalosporins are hydrophobic drugs that have similar polar groups but
exhibit different partition behaviors between two phases (micellar and aqueous
phase); consequently, MEKC is a well-suited method for their separation.
Depending on the chemical structure of the cephaosporins, in addition to the
hydrophabic interactions, various chemical interactions, such as dipolar interac-
tions, may occur between them in the partitioning mechanism. Moreover, these
analytes have carboxyl groups, and possible electrostatic repulsion between the
analytes and the anionic SDS micelles might decrease, even if just partialy, the
micellar solubilization of the cephal osporins.12.15

Addition of SDS to the buffer solution led to a gradual increase in the mig-
ration times of the analytes, but improved resolution between the three struc-
turaly related cephalosporins (CFD, CFL and CFC). At neutral pH, a strong EOF
moved in the direction of the cathode; SDS is an anionic surfactant consequently
the electrophoretic migration of the anionic micelle was in the direction of the
anode. As aresult, the overall micellar migration velocity was slowed compared
to the bulk flow of solvent. The separation was based on the differential parti-
tioning of the analytes between the two-phase-system: the mobile agueous phase
and the pseudo-stationary micellar phase.

The migration times of the analytes increased with increasing SDS concen-
tration as higher SDS concentration result in greater ionic strength and conse-
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quently smaller EOF (Fig. 3). In MEKC, the migration times of the cephalo-
sporins also increased with decreasing buffer pH.

20 - CTR

CZ1

CFR

"

p 4

0

0 25 S0 75 100
¢/ mM
Fig. 3. Influence of SDS concentration on the separation of cephal osporins (separation
conditions: capillary 56 cmx50 um 1.D., buffer electrolyte 25 mM phosphate — 25 mM borate,
pH — 6.8, applied voltage: 25 kV, temperature: 25 °C, detection: UV absorption at 270 nm).

The optimum SDS concentration was set at 50 mM (14.42 g L-1), as higher

concentrations generated high currents (above 100 pA) and instability of the elec-
trophoretic system.

The separation of the six studied cephalosporins using the selected MEKC

parameters was achieved in approximately 15 min. The migration order was:
CFD, CFL, CFC, CFR, CZI and CTR (Fig. 4).
i CFD
CFC )
25 K, CFR -

CFL CTR
= 4
- 4
EI5 o l

4_J U ) L

s 8% Tyme W 12
Fig. 4. Electropherogram of the separation of a mixture of the six cephal osporins (separation
conditions: capillary 56 cmx50 pm I.D., buffer electrolyte 25 mM phosphate — 25 mM borate
—50 mM SDS, pH — 6.8, applied voltage: 25 kV, temperature: 25 °C, detection: UV
absorption at 270 nm, concentration of each cephalosporin 25 pg mL™1).
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DISCUSSION

The migration order in CZE could be explained in terms of the electric
charge and size of the analytes. In the CZE method, analytes with smaller mole-
cular sizes migrate faster than the more bulky ones. At a pH above 5, the car-
boxylic group of the cephalosporins was fully dissociated, and the variation in
the electrophoretic mobility of the analytes could be attributed to the deproto-
nation of either an amino group or a pyridinium group. There is aso a possibility
for the deprotonation of the benzyl position near to amino and pyridinium
groups. It is also worth mentioning that at a pH between 5 and 7, CFL, CFD and
CFC existed predominantly as zwitterions.®

In MEKC, analytes that have a greater affinity for the micelles have slower
migration velocities compared to analytes that spend most of their time in the
bulk phase. An analyte with charge opposite to that of the micelles will strongly
interact with the micelle through electrostatic forces, while an analyte with the
same charge as that of the micelle will interact weakly, due to electrostatic repul -
sion. The studied cephalosporins exhibited different hydrophobic—hydrophilic
properties and contain various ring heteroatom, such as nitrogen, oxygen and sul-
fur, that form strong hydrogen bonds with water and micelles.11

Cephal osporins with more complex structures, i.e., contain aromatic rings or
long aiphatic side chains as substituents, are more strongly incorporated into the
micelles and will migrate slower. CFD, CFL and CFC with simpler structures
and obvious similarities will migrate first and the resolution between them will
be poorer. CTR migrates much slower then the other cephalosporins, probably
because of the characteristic highly acid heterocyclic system on the 3-thiomethyl
group attached to the C-3 position of the cephem structure. The migration order
of the three parenteral cephalosporins is in concordance with their pK; values
corresponding to the carboxylic group: CFR (pKa 2.5), CZI (pKg 1.9) and CTR
(pKa 1.7).516

Analytical performance

The analytical performance of the method was evaluated by measuring the
detection (LOD) and quantification (LOQ) limits and relative standard deviations
(RSD) for the migration times and peak areas. The optimized MEKC separation
parameters were used for all these measurements.

All the cephalosporins exhibited negative electrophoretic mobilities and
moved with the electrophoretic flow (Table ).

To evaluate repeatability of the peak areas and migration times, ten inject-
tions of mixture of cephal osporins were made and relative standard deviation was
calculated (Tablell).

The LOD and LOQ values were calculated within the concentration corres-
ponding to signal-noise relation equal to 3 and 10, respectively (Tablell).
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TABLE II. Analytical parameters for the MEKC separation of the cephal osporin

Andlyte Migrati_on time Ele?nfgm;enc RSD_ migration RSD peak LOD ) LOQ .
min e kV-L mind time, % aea, %  pgmL? pgmL
CFD 5.52 -10.75 0.12 051 0.99 3.28
CFL 6.28 -12.98 0.15 0.75 2.59 8.63
CFC 6.87 -14.45 0.13 0.75 1.42 4.75
CFR 8.06 -16.76 0.09 0.42 1.96 6.55
CzI 10.16 —-19.52 0.16 0.90 1.88 6.27
CTR 13.22 —21.97 0.16 1.03 2.73 9.09

To determine the linearity of the plots peak areas vs. concentration, six
concentrations in a specific range and three replicates per concentration were
used. The regression equations and correlation coefficients are presented in Table
I11. The correlation coefficients were higher than 0.99, which could be considered
as evidence of good data fitting to aline regression.

TABLE Ill. Linearity regression data for the MEK C separation of the cephalosporin (concen-
tration range: 5-100 pg mL™1)

Analyte Regression equation Correlation coefficient
CFD y = 2.3594x + 4.5439 0.999
CFL y =1.6935x + 1.8458 0.998
CFC y =2.1355x + 3.0514 0.999
CFR y = 2.0458x + 2.8607 0.998
Czl y = 1.7939x + 5.0322 0.992
CTR y = 1.668x + 3.4163 0.997
CONCLUSIONS

This technigue represents a suitable method for cephal osporin analysis, as it
is easy to handle and exhibits good repeatability. It also increases knowledge
about the electrophoretic behavior of cephalosporins, which could be advan-
tageous in the qualitative and quantitative analysis of these frequently used f-
lactam antibiotics.

The combined effects of buffer pH and buffer composition and concentration
were taken into consideration to optimize separation of the examined cephalo-
sporins. Correlations between the structural characteristics of the studied cepha-
losporins and their electrophoretic behavior were made in order to understand
and explain the separation. Compl ete separation of the six studied cephal osporins
was achievable under the optimized conditions. The use of a mixed borate—phos-
phate buffer proved to be superior to a simple phosphate or borate buffer in the
CE separation of cephal osporins.

The method developed in this study, in comparison with others previously
described in the literature, uses a mixed borate—phosphate buffer, which stabi-
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lizes the electrophoretic system and presents arelatively short analysistime and a
simple electrophoretic procedure.

Although in therapeutics, f-lactam antibiotics are not usually administered
together, in this study, a mixture of six cephalosporins was analyzed in the same
run to prove the suitability of the method for the determination of al six com-
poundsin particular and for cephalosporinsin general.

Using the described optimized procedures for CZE and MEKC, these tech-
niques could be employed for the identification and determination of cephalo-
sporins in formulated pharmaceutical products and for separations from complex
mixtures.

H3BOJ

PA3BOJ METOJIE KATIWJIAPHE EJIEKTPO®OPE3E 3A UCTOBPEMEHO
OIOPEBUBAILE HEDATIOCIIOPUHA

GABRIEL HANCU, HAJNAL KELEMEN, AURA RUSU u ARPAD GYERESI

Faculty of Pharmacy, University of Medicine and Pharmacy Targu Mures, Gh Marinescu street 32,
540131 Targu Mures, Romania

PasBujeHa je Ops3a U jemHOCTaBHa MeTOfa KalulapHe eneKkTpodopese 3a UCTOBPEMEHO
onpehuBame LIeCT WIMPOKO KopuirheHWX IedanloCIOPUHCKUX AHTHOMOTHKA (uedakiop,
uedanpoxcun, uedanexcus, nedypokcum, uedrtasugum u nedTpuakcoH). OxpehuBame
uedanocnopuHa je ussegeHo Ha pH 6,8, y mydepy 25 mM docdar/25 mM Bopar, mpu
HanoHy ogn 25 kV u Ha Temnepatypu ogn 25 °C. IlocTurHyTo je pasngBajawe 3a oko 10 min.
Pe3sonyuyja je mobospliaHa [OJATKOM aHjoHCKor cypdaxTtaHta, 50 mM HaTpHjym-Jomenun-
cyndara, y nydepcku pactsop. IlpesnoxkeHa MeToja je eBalydpaHa Ha OCHOBY IpaHHUILA
nmetexuuje W kBaHTHUKauWje, edeKkTHBHE eneKTpodopeTcke MOKPeT/BUBOCTH W PElaTHBHE
CTaHIap[He JeBHjalllje MUTPALIHOHUX BPEMEHA U TOBPIIMHA THKOBA.

(ITpumsbeno 17. HoBembpa 2012, pesupupano 22. dhedpyapa 2013)
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Abstract: In this paper, a biodegradation study of grafted copolymers of corn-
starch and polystyrene (PS) and cornstarch and poly(methacrylic acid) in
model river water is described. These copolymers were obtained in the pre-
sence of different amine activators. The synthesized copolymers and products
of degradation were characterized by Fourier transform infrared (FTIR) spec-
troscopy and scanning electron microscopy (SEM). Biodegradation was
monitored by mass decrease and the number of microorganisms by the Koch
method. Biodegradation of both copolymers advanced with time, the starch—
—graft—poly(methacrylic acid) copolymers had completely degraded after 21
day, and the starch—graft-—polystyrene had partially degraded (45.8-93.1 %
mass loss) after 27 days. The differences in the degree of biodegradation are
the consequences of the different structures of the samples, and there was a
significant negative correlation between the share of polystyrene in the copoly-
mer and the degree of biodegradation. The grafting degree of PS necessary to
prevent biodegradation was 54 %. Based on experimental evidence, the mecha
nisms of both biodegradation processes are proposed, and influence of degree
of starch and synthetic component of copolymers on the degradation of the
samples were established.

Keywords. graft copolymers;, model river water; degradation study; statistical
analysis.
INTRODUCTION

The problem of the accumulation of synthetic polymeric materials in the
environment is not only attracting growing attention worldwide, but also indi-
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cates the requirement for producing new, aternative, biodegradable materials
with high levels of biodegradability that could, in the future, replace the bulk
polymers of today. Conventional polymeric materials are usually not degradable
or biodegradable at measurable or significant rates under environmental condi-
tions. For this reason, the search for polymers that could be biodegradable under
environmental conditions, such as copolymers containing biodegradable compo-
nent and conventional, non-biodegradable component, has become the focus of
academic and industrial communities.!

Polystyrene (PS) and poly(methacrylic acid) (PMAA) represent two of the
major “targets’ for preparation of their biodegradable derivatives. Polystyrene
has excellent physical properties, low price and is easy to process, while PMAA
is an adaptable macromolecule that offers many benefits in the development of
new materials for a host of applications. Modification/functionalization of these
polymers to the extent where they will become submissive to microbia attack is
one of the aternatives to overcome environmental problems. Modifications with
natural polymers, such as carbohydrates, represent major techniques in the crea-
tion of more biodegradable polymers.2=6 Gelatin,” natural rubber,8 lignin® and
other reactants can also be used for such a purpose. One of the ways biodegrad-
able derivates of polymers can be obtained is through grafting reactions. Grafted
copolymers of polystyrene and poly(methacrylic acid) with starch (starch—graft—
—PS and starch—graft-PMAA) can be obtained in different ways: by suspension1®
and emulsion polymerization,11 or by €0Co-radiation.812 In all the mentioned
grafting reactions, different initiating system can be used.13-21 |n investigation of
degradation and biodegradation processes, different methods such as UV degrad-
ation, degradation in soil, degradation by different types of microorganisms,
biodegradation in natural and waste water, etc. are being used.22-27

Degradation in river water was used for the study of biodegradation of surf-
actants,28 such as linear alkyl benzene sulfonates (LAS),2° bisphenol A30:31 and
various glycols.32 Moreover, great attention has been paid to the degradation
processes of chlorinated aliphatic hydrocarbons, such as 1,2-dichlorethane,33 in
three European rivers (the Ebro, Elbe and Danube) and polycyclic aromatic
hydrocarbons (PAH) in simulated nuclear wastewater.34 Biodegradations of syn-
thetic polymers, such as fibers for drift net from poly(3-hydroxyakanoic acids)
in a reactor with different types of nature waters (river, sea and lake waters),3°
vinyl polymers, such as polyethylene in river water,38 its blend and copolymers
with natural polymers (in activated sludge),3’ poly(ethylene glycols) (PEGs)38
and different polyurethanes3® (both in sea water) were also studied.

Polystyrene is used for housings for TVs, refrigerators, air conditioners, mic-
rowaves, blenders, protect boxes for DVDs and al kinds of IT equipment where
the criteria for use are combinations of function, form and esthetics and high
performance/cost ratio. Starch—graft—PS copolymers were synthesized in order to
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obtain new plastics with similar or better characteristic than pure polystyrene and
to reduce environmental pollution caused by polystyrene. Potential applications
for starch—graft—-PS copolymers are in the textile industry (this copolymer
increases the tensile strength of cotton yarn),40 as superabsorbent4! and as surf-
ace-sizing agents.42 Potential applications for starch—graft-PMAA copolymers
are in the textile industry (as a sizing agent that increases abrasion resistance
compared to starch),?0 in waste water treatment for removal of dyes4344 and
hydrogels of this copolymer can be used as a matrix for drug delivery.45.46

In the present study, the biodegradation of starch—graft—polystyrene and
starch—graft—poly(methacrylic acid) copolymers synthesized in aqueous medium
with potassium persulfate (PPS) as an initiator and different amines as polymeri-
zation activators were investigated. To the best of our knowledge, no previous
literature references describe the biodegradation of these graft copolymers in a
river water system. A continuous flow system with recirculation, enabling the
simulation of environmental conditions in the laboratory, was applied in the
bi odegradation study, while the biodegradation medium was model water of Sava
River, an international river and one of the main tributaries of the Danube.

EXPERIMENTAL
Materials

The cornstarch (Centrohem, Serbia) used in the grafting experiments was dried for 3
days under vacuum at 50 °C, before use. Styrene (Aldrich Chemicals) was purified by
distillation under reduced pressure prior to polymerization, while methacrylic acid (Fluka)
was used as obtained. Potassium persulfate (PPS) (Aldrich Chemicals), sodium dodecyl
sulfate (SDS) (Aldrich Chemicals), methanol (Fluka), chloroform (J. T. Baker), and amines —
N,N-dimethylethanolamine, N,N-diethylethanolamine, triethylamine, n-propylamine, isobutyl-
amine, n-pentylamine n-hexylamine, 1-(2-hydroxyethyl) piperazine and 4-(2-hydroxyethyl)
morpholine (all Fluka) were used as obtained.

Water from the Sava River was taken from alocation near the riverbank, 2 km before the
confluence of the Sava and Danube Rivers. 2 L of this water were mixed with artificial waste-
water, containing 800 mg of peptone, 550 mg of meat extract, 150 mg of urea, 35 mg of NaCl,
20 mg of CaCl,-2H,0, 10 mg of MgSO,-7H,0 and 140 mg K,HPO, in 3 L of distilled water,
thus making total of 5 L of model river water of pH 7.5.

Methods

Starch—graft—PS samples and starch—graft-PMAA samples used in biodegradation expe-
riments were prepared in the laboratory prior to the experiments. Synthesis of starch—graft—
—PMAA copolymers and the obtained results were previously described.*” The starch—graft—
PS copolymers were prepared by emulsion polymerization in the presence of potassium
persulfate/amine initiation redox system and sodium dodecyl sulfate (SDS) as the emulsifier.
Water (80 mL), cornstarch (10 g), styrene (10 g) and SDS (0.23 g, 8.0x104 mol) were first
added in the reaction vessel. The components were homogenized and heated to the reaction
temperature of 75 °C. After reaching the reaction temperature, the initiator potassium
persulfate (0.40 g, 0.0015 mol) in 20 ml of distilled water was added followed by the amine
activator. Samples with different percentages of grafting were obtained using different amines
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(N,N-dimethylethanolamine, N,N-diethylethanolamine, triethylamine, n-propylamine, isobu-
tylamine, n-pentylamine n-hexylamine, 1-(2-hydroxyethyl) piperazine and 4-(2-hydroxyethyl)
morpholine) or different amounts of the same amine (N,N-dimethylethanolamine in amount of
0.001, 0.002 and 0.004 mal). In al syntheses, the reaction mixture was stirred at 275 rpm,
while the reaction time was 15 min, to prevent starch gelation. One reaction was performed
under the same reaction conditions but without an amine activator. This reaction was used to
evaluate the influence of the amine activator on percentage of grafting. Non-polymerized
styrene monomer was removed by extraction in methanol for 24 h. In order to remove
unbound polystyrene homopolymer, extraction in chloroform was performed, and the
unbound polystyrene was then precipitated with methanol. In order to determine the amount
of bound polystyrene and the percentage of grafted polystyrene (G / %) in the starch—graft—PS
copolymer, the samples were hydrolyzed using 100 mL of 1 M HCI for 5 g of copolymer. The
hydrolysis was performed for 2 h at 200 °C. After hydrolysis, non-hydrolyzed polystyrene
remained (confirmed by FTIR spectroscopy) in the form of a solid residue which was filtered,
rinsed with distilled water and dried at 50 °C to constant mass. Percentage of grafting was
calculated by the following formula:

m of PS after hydrolysis
m of copolymer before hydrolysis

G=100

)

In this investigation, graft copolymers of polystyrene and poly(methacrylic acid) with
starch with maximal percentage of grafting were obtained. The targeted values for the
percentage of grafting were 30 % (which is one of the highest values in the literature to date)
or higher. For both types of copolymers, this value was achieved (32.5 % for starch—graft—-PS
and 40.9 % for starch—-graft-PMAA copolymer).

From the sum of the mass of polystyrene that was extracted in chloroform, the mass of
polystyrene after hydrolysis and mass of the styrene monomer, the yield of polystyrene (Y)
could be calculated in the grafting reaction from the following formula:

Y 1 %=100 m of PS )
m of styrene monomer

Each synthesis was performed three times in order to monitor the reproducibility of the
results. Deviations in the grafting percent were very small, amounting to less than 2 %. The
obtained grafting percent of the starch—graft—PS copolymers was one of the highest ever
registered in the literature.

Eleven samples of starch—graft—PS copolymers, ten samples of starch—graft-PMAA
copolymers synthesized with or without amine activator, and three control samples (pure
starch, polystyrene and poly(methacrylic acid)) were subjected to the biodegradation process.
All the copolymer samples contained different percentages of grafting. Copolymers with
similar percentages of grafting were synthesized using different amine activators, and they
were studied as different samples. Hence, samples obtained using different amine activators
had different structures which affected the biodegradation results. Before biodegradation, the
samples were milled and pressed in the form of discs with a diameter of 1 cm and thickness of
0.2 cm. Biodegradation of starch—graft—PS copolymers was performed separately from the
biodegradation of the starch—graft—-PMAA copolymers.

Different types of microorganisms were isolated in the water from the Sava River, such
as Escherichia coli, Proteus sp., Serratia marcescens, Klebsiella sp., Pseudomonas aerugi-
nosa and Enterococcus faecalis. The number of microorganisms was monitored by the Koch
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method. This method determines the number of living cells indirectly, usually after culti-
vation. After incubation on a solid medium (agar) in Petri dishes, the colonies were counted
with the assumption that each cell created one colony. This method provides a redistic
number of cells, but its duration is long (at least 24 h). The number of microorganisms was
expressed as log (CFU / mL-1), where CFU stands for colony forming units and is expressed
per mL of the model river water.

Characterization of the copolymers before and after biodegradation

Fourier transform infrared spectroscopy (FTIR) and scanning electron microscopy
(SEM) were used before (to prove successful grafting) and after biodegradation (to confirm
changes caused due to biodegradation) as methods for characterization of graft copolymers.
The FTIR spectra were recorded from KBr discs on a MB-100 Bomem FTIR spectro-
photometer. For SEM, the samples were mounted on copper and metallized with gold—pal-
ladium using a Polaron SC 502 sputter coater and recorded on a Jeol JSM 5800 scanning
electron microscope with the filament operating at 20 keV.

Laboratory model of systems for biodegradation

Biodegradation of the starch—graft-PS and starch—graft-PMAA copolymers by natural
microorganisms in model river water was performed at room temperature by fractional elution
during 21 days (for starch—graft-PMAA copolymers) and 27 days (for starch—graft—PS copo-
lymers). The employed apparatus, consisting of areservoir for river water (A), a dosing pump
(B), an aeration vessdl (C), a sample storage vessel (D), arecirculation pump (E), an effluent
collection vessdl (F), an aeration pump (G) and flow meter (H), is shown schematicaly in Fig. 1.

Fig. 1. Apparatus for the determination of the degree of biodegradation.

Biodegradation procedure

Five liters of model wastewater were added in vessel (A). Aeration vessel (C) and then
sample storage vessel (D) were filled with water from vessel (A) using the dosing pump (B).
When vessel D had been filled, the aeration pump (G) and the recirculation pump (E) were
turned on. The aeration lasted for 48 h, until the microorganisms had adapted to the new
conditions. The dosing pump (B) was set to minimum flow, conditions that could be consi-
dered as stationary. From time to time, it was necessary to empty the effluent collection vessel
(F) by transfer of the effluent to vessel (A). After 48 h of recirculation, samples of copolymers
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were added to the system, in column (D). All the 24 samples were put in a mesh, water
permeable bag and after that, all samples of the same type of copolymer were put in a big,
water permeable sack and sunk to the middle of column (D). The biodegradation experiments
were performed separately. The biodegradation of the starch—graft—PS copolymers was the
first to be monitored. After this experiment, the system was emptied, then cleaned and dried.
A new amount of model wastewater (5 L) was made and the whole process was repeated
using the starch—graft-PMAA copolymers.

The water flow was kept constant at 2 L day1. The samples were removed every 9 days
when the starch—graft—PS copolymers were used and every 7 days for the starch—graft-PMAA
copolymers. After removal, the samples were rinsed with distilled water and dried to constant
weight under vacuum at 50 °C for 24 h. During drying of the samples under vacuum, the
biodegradation test was not interrupted. After drying, the samples were returned to the
aqueous system and the same samples were again exposed to the microorganisms. The
percentage of biodegradation was cal culated based on the following formula:

Biodegradation = 100m;nbm‘) ©)

where my is the sample mass before biodegradation and m, is the sample mass after removal
from model wastewater.

RESULTS AND DISCUSSION

Characterization of starch—graft—PS and starch—graft—-PMAA copolymers

FTIR spectroscopy was used to verify that grafting had occurred. For starch—
—graft—PS copolymers, the characteristic peaks were: 3020-3080 (C—H vibrations
of the aromatic ring), 2000-1660 (C—C vibrations in the benzene ring), 1490, 760
and 700 cm~1 (C—H stretching of the aromatic ring), originating from the polysty-
rene moieties, and 3000-3600 (O—H stretching), 2880-2920 (C—H dtretching), 1645
(O-H first overtone) and 1190-950 cm1 (C-O stretching), originating from the
starch. The presence of these peaks indicated that the grafting was successful
(Fig. 2).

The FTIR spectrum of the starch—graft-PMAA copolymer and its charac-
teristic peaks were previously shown and described.48

The FTIR spectra of starch—graft—PS copolymers were also recorded after
the biodegradation test. The FTIR spectrum of the copolymer with a grafting
percentage of 12.9 % (sample 2) is shown in Fig. 3a together with the FTIR
spectrum of pure polystyrene (Fig. 3b). It can be seen that these spectrums are
identical and all the characteristic peaks of pure polystyrene are present in the
spectrum of the copolymer after biodegradation. During biodegradation test, only
starch was subjected to biodegradation, while no degradation of polystyrene
occurred. At the end of the biodegradation process, only polystyrene remained
and in case of sample 2, it can be concluded that the starch initialy present was
completely biodegraded.
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Fig. 2. FTIR Spectrum of starch—graft—PS with a grafting percentage of 20.9 %.
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Fig. 3. FTIR Spectra of a) starch—graft—PS copolymer with a grafting percentage of 12.9 %
after 27 days of the biodegradation test and b) pure polystyrene.

The FTIR spectra of the starch—graft-PMAA copolymers were not recorded
after the biodegradation test because in al samples, as well as complete degra-
dation of starch, complete dissolution of PMAA occurred.

SEM micrographs of grafted copolymers starch—graft—PS with different G
are shown in Fig. 4. The structure of the starch—graft—PS copolymer in which the
polystyrene links to starch granules (Sample 3, lower percentage of grafting) is
depicted in Fig. 4a. This network structure does not cover the whole surface, thus
the granules of starch are easily visible. Figure 4b (Sample 6) shows the sample
of starch—graft—PS with a higher percentage of grafting, where polystyrene adheres
to amost al the starch granules. Fig. 4c represents the SEM micrograph of pure
cornstarch (starch used in grafting reaction). On comparing the SEM micro-
graphs, it could be stated that there was a change in the granular shape of starch
before and after copolymerization. When cornstarch granules are heated in the
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presence of water, they undergo changes in size and shape. The granules initialy
swell and take the shape of a flattened disk. As the heating continues, the
granules take on a puckered appearance.48

Fig. 4. SEM Micrographs of starch—graft—PS copolymers with percentages of grafting of
a) 16.2, b) 25.3 % and c) of pure corn starch.

SEM Micrographs of starch—graft—PS copolymers (samples 3 and 6) after
biodegradation test in model wastewater are shown in Fig. 5, which reveals that
only polystyrene particles were present, while no starch granules can be seen.
The remaining granules of starch are probably located in the interior and they are
completely covered with polystyrene. Based on these micrographs, it could be
concluded that biodegradation in the model wastewater truly occurred and that a
portion of starch in the copolymer had been degraded.

The SEM microphotographs of starch—graft-PMAA copolymers with diffe-
rent percentage of grafting are shown in Fig. 6. The surface layer of copolymer
with a grafting percentage of 22.0 % is shown in Fig 6a, while Fig. 6b presents
an intersection of a copolymer with grafting percentage of 40.9 %.

The PMAA in the copolymer was not only present at the sample surface, but
asoinitsinterior. In Fig. 6a, it can be seen that starch granules are coming out
from plate structure of PMAA and that a large amount of poly(methacrylic acid)
can be found inside the sample (Fig. 6b). PMAA nearly completely covers the
starch granules, probably in the form of a thin layer, as uncovered parts of the
starch granules could be observed in some parts of the microphotograph.
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Influence of amine on the initiation reaction

Amines have different abilities to facilitate the decomposition of the ini-
tiator. The main reason for using amines lies in decreasing the activation energy
required for decomposition of the initiator. The mechanisms of the initiation
reactions are different and depend on the type of the amine. If the primary and
secondary amines are used, persulfate radical and radical on N-atom of amine
molecule initiate grafting reaction, while with the tertiary amines radical center is
on the C-atom of the amine component. Steric factors have great influence on the
initiation and therefore on the percentage of grafting. During the initiation reac-
tion, one type of complex between potassium persulfate and amine is formed and
the size of the group and the alkyl chain lengths that are present on the N-atom of
the amine have a great influence on the grafting reaction.

Fig. 5. SEM Micrographs of starch—graft—PS copolymers with percentages of grafting of
a) 16.2 and b) 25.3 % after 27 days of biodegradation.

lsr:q gg&v ] {F » -lgou 10;& o igl_mﬁm\-v 00 SO e—
Fig. 6. SEM Micrographs of starch—graft-PMAA copolymers with percentages of grafting of
a) 22.0 and b) 40.9 %.
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Biodegradation studies

The results of monitoring the degradation of starch—graft—polystyrene and
starch—graft—poly(methacrylic acid) copolymersin model river water are givenin
Tables | and I, which include the results for the negative control (distilled water
adjusted to the same pH as the model river water). For starch—graft—PS copoly-
mers in the negative control, the mass loss depended on the amount of starch in
the copolymer (the mass loss increased with increasing amount of starch) and
varied between 1.7 and 6 %. In the negative control for the starch-graft-PMAA
copolymers, the mass loss of starch from the samples was between 1.2 and 4.6 %.
These mass losses originated from the solubility of starch and degradation of
starch by microorganisms that developed in the water during the experiment.

TABLE |. Monitoring of the degradation of copolymers of starch and polystyrene in model
river water compared to the degradation of pure polystyrene and starch

Sample Mass loss after Mass loss after Mass | oss after S‘aFCh Qegr&

designation G/% Y/ % 9 days, % 18days, % 27 days, % dation in the
' ' samples, %

1 69 74 62.8 84.3 93.1 100

2 129 138 51.3 75.6 87.1 100

3 16.2 185 35.2 59.3 735 87.8

4 184 183 35.2 52.4 65.1 79.8

5 209 238 35.8 53.7 66.0 83.5

6 253 258 22.9 39.2 49.7 66.6

7 257 353 33.8 51.9 60.9 82.0

8 259 36.0 35.3 52.3 61.9 835

9 273 332 226 40.0 52.0 715

10 284 333 20.9 36.0 49.1 68.6

11 325 437 20.5 35.0 458 67.9

PS - - 0 0 0 -

Starch — — 66.8 94.3 100 100

As expected, the degradation processes of both copolymers in model river
water advanced with time (Tables | and I1). Due to the presence of non-degrad-
able polystyrene, the starch—graft—polystyrene copolymers were not fully degraded
after 27 days of the biodegradation process. The final level of degradation (from
45.8 t0 93.1 % of total mass or from 66.6 to 100 % of starch mass present in the
copolymers) depended on the percentage of grafting and increased with increasing
amount of biodegradable starch in the copolymer. This is logical, since polysty-
rene is non-biodegradable and only the degradation of starch part of the copoly-
mer affected the total biodegradation process. The highest percentages of biode-
gradation were 93.1 (sample 1) and 87.1 % of the total mass (sample 2) for the
two samples with the highest amount of starch in the copolymers. These two
samples were the only samples where complete degradation of the starch in the
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copolymer occurred (Table I). With decreasing amount of starch in the copoly-
mer, the biodegradation of the starch became incomplete, and this phenomenon
could be explained by the different morphologies of the samples. With decreasing
amount of starch (increasing of amount of PS) in the copolymer, larger amounts
of the starch granules were trapped within the PS chains and thus inaccessible for
the microorganisms. Hence, the percentage of biodegradation was smaller than
theoretically possible. In addition, the influence of different morphologies could
be seen on the example of three copolymers with similar percentages of grafting
(samples 6-8). Although the percentages of starch in these samples were appro-
ximately the same, the biodegradation results for sample 6 were very different
compared to the other two samples (66.6 % for sample 6 compared to 82.0 % for
sample 7 and 83.5 % for sample 8), which could be explained by the different
structure of the sample 6 compared to those of samples 7 and 8.

TABLE Il. Monitoring of the degradation of copolymers of starch and poly(methacrylic acid)
in model river water compared to the degradation of pure starch and pure poly(methacrylic
acid)

. . Mass | oss after Mass |oss after Mass |oss after
Sample designation G/ % 7 days, % 14 days, % 21 days, %
1 8.6 81.04 100 100
2 10.8 48.41 84.2 100
3 13.2 80.89 100 100
4 16.0 59.93 100 100
5 185 70.52 100 100
6 21.1 60.82 100 100
7 22.0 67.16 100 100
8 27.0 62.99 96.6 100
9 34.7 42.02 84.7 100
10 409 56.65 96.4 100
PMAA - 100 100 100
Starch - 39.90 71.0 100

If the percentage of grafting and the percentage of biodegraded copolymer
(expressed as percentage mass loss during biodegradation) are correlated, it
becomes obvious that there are significant correlations (significance of correla
tion p < 0.05) between these values after 9, 18 and 27 days of degradation (Table
I, Fig. 7).

TABLE lIl. Correlation parameters between the percentage of grafting and the mass loss of
starch—graft—polystyrene copolymer samples after 9, 18 and 27 days; number of samples: 11

Correlation parameter After 9 days After 18 days After 27 days
Ra -0.9210 -0.9419 —0.9596
p° 0.000 0.000 0.000

acoefficient of correlation; Psignificance of correlation
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Clearly, the fact that there are significant correlations between the degree of
grafting and the degree of biodegradation proves that the level of biodegradation
depends on the level of starch in the copolymer, and that, in the present system,
the available starch in the starch—graft—PS copolymer degrades completely.

Mass loss after 27 days, %
h
(=]

1) 5 10 15 20 25 20 35
G/%

Fig. 7. Linear correlation between the percentage of grafting and mass loss of starch—graft—
—polystyrene samples after 27 days of biodegradation in model wastewater
(y = 106.70 — 1.952x).

When the correlation equation is analyzed, it becomes obvious that the graft-
ing degree necessary to prevent biodegradation (the value of percentage of graft-
ing that would result in 0 % biodegradation) was approximately 54 %. Obvi-
ously, the biodegradation of the starch—graft—polystyrene copolymer in model
river water would be completely suppressed because of the unavailability of
microorganisms to degrade starch covered by polystyrene at levels of polystyrene
of around 54 % or higher. Since in the examined copolymers, polystyrene was
present to much smaller extent (6.9-32.5 %), biodegradation in the model waste-
water occurred.

The degradation of starch—graft-PMAA copolymers (Table Il) was much
simpler than that of the previously discussed starch—graft—-PS copolymers,
because PMAA is soluble in water. Most of the samples of copolymer comple-
tely degraded after 14 days of biodegradation in the model river water, while all
of them fully degraded after 21 days. Pure poly(methacrylic acid) completely
dissolved after one week, while starch fully degraded after three weeks of the
process.

The fact that degradation of starch—graft—poly(methacrylic acid) copolymer
is slower than the solubility of pure poly(methacrylic acid) (Table 1) probably
indicates that the degradation mechanism of copolymer involves two steps: attack
of microorganisms on the available starch and, after degradation of available
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starch, release of chains of poly(methacrylic acid) that become free and soluble
in water.

If the degradation results before completion of degradation, expressed as the
percentage of mass loss after 7 days, are correlated with the degree of grafting,
there is no dependence. This was expected, hearing in mind not only the fact that
one of components is degradable, but also the mechanism of biodegradation
proposed above. The rate of biodegradation depended not only on the percentage
of grafting, but also on the distribution of starch and poly(methacrylic acid) in the
copolymers.

It is aso noteworthy that the biodegradation of these copolymers in model
wastewater (21 and 27 days) was much faster than their biodegradation in soil
samples.8

During the biodegradation test in model river water, the number of micro-
organisms was monitored for both types of copolymers. In case of starch—graft—
—PS copolymers (Fig. 8), the number of microorganisms increased during the
first three days, which is associated with the addition of nutrients that were added
before the addition of the samples. After the first three days, the number of
microorganisms decreased with decreasing amount of starch in the copolymer to
its minimum on the 19th day, when log (CFU / mI~1) = 0. It could be concluded
that the amount of pure starch and starch available to microorganisms that remains
in copolymers was very small, so the number of formed colonies was zero at a
dilution of 10-5. To ensure full degradation after the 19th day, new amount of
nutrients was added to the system, which increased the number of formed co-
lonies on the 23t and 27t day. Hence, it could be assumed that the decrease in
the number of colonies to zero occurred due to lack of nutrients.

9
8
_ 7
= 6
= 5
-]
f; 4
2 3
B 2
1
0 "
1 3 6 9 13 16 19 23 27
Time, days

Fig. 8. The change in the number of microorganisms during the biodegradation of
starch—graft—PS copolymers.
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The number of formed colonies in the system with starch—graft-PMAA
copolymers increased during first four days, which is associated with the addition
of nutrients (Fig. 9). From the 7th to the 16t" day, number of microorganisms was
approximately constant (log (CFU / mi-1) =~ 8.5), which indicates sufficient
amount of starch in the water. After 16 days, the number of microorganisms
decreased and reached a minimum on the 18th day, which indicated the amount
of starch in the copolymer had been reduced. To ensure complete degradation,
new amounts of nutrients were added to the system, as in case of the starch—
graft—PS copolymers.

1 3 5 7 9 11 13 15 17 19 21

Time, days

Fig. 9. The change in the number of microorganisms during the biodegradation of
starch—graft-PMAA copolymers.
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CONCLUSIONS

Graft copolymers of polystyrene and starch and poly(methacrylic acid) and
starch, obtained by radical polymerization in the presence of different amine
activators, were subjected to biodegradation in model river water. The biodegrad-
ation was monitored by the mass decrease of copolymers, FTIR spectroscopy and
SEM. The biodegradation of both types of copolymers advanced with time.
Starch—graft—poly(methacrylic acid) copolymers were completely degraded after
21 days and the starch—graft—polystyrene copolymers were partially degraded
(45.8-93.1 % mass loss) after 27 days. The level of the biodegradation of the
starch—graft—PS was significantly negatively correlated with the degree of graft-
ing, i.e., the higher the percentage of polystyrene in copolymer, the lower was the
final degree of biodegradation. Only at relatively low levels of polystyrenein the
copolymer (above 12.9, but certainly lower than 16.2 %), did all the starch in the
copolymer degrade under the investigated conditions. With increasing content of
non-degradable polystyrene in the copolymer, some of the starch remained
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protected from biodegradation, up to a percentage of polystyrene of around 54 %,
when, under the given conditions, practically no biodegradation should occur,
and all the biodegradable part of the copolymer was effectively hindered by the
polystyrene. Degradation of starch—graft-PMAA copolymers was faster because
the copolymer consisted of a biodegradable part and one that was soluble in
water. Most of the samples of copolymer had completely disappeared after 14
days of biodegradation in the model river water, while the rest had fully disap-
peared after 21 days. The degradation mechanism of this copolymer probably
included two steps: the attack of microorganisms on the available starch, and,
after the degradation of the available starch, the release of chains of poly(meth-
acrylic acid) that were released and soluble in the river water.
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H3BOI

BUOOETPAJALINJA KAJTEMJBEHUX KOITOJIMMEPA CKPOBA U ITOJIMCTUPEHA U
CKPOBA U INTOJIM(METAKPWJIHE KUCEJIMHE) ¥ PEHHOJ BOOU

BJIADMMHP HI/II<0J'II/IT11, CABA BE)'[H‘-IKOBH'BZ, OYUIAH AHTOHOBHUE’ n AJIEKCAHIIAP TIOIIOBUE’
1 .
HHopanHoHy jeHTap Xemujcxor gaxyinrera, Yausepsurer y beorpazy, Cryaenrcky Tpr 12-16, 11000

beorpaz, ‘T EeXHOTOLIKO—METATYPIIKH QaKyaTeT, YHHBEP3UTET y beorpany, Kapuernjesa 4, 11000
beorpag # X eMHJCKH @aKyaTeT, YHuBep3uTeT y beorpagy, Cryaenrcku tpr 12-16, 11000 beorpag

Y oBoM pany mpoyyaBaHa je Ouoperpajandja kajJleM/BEHMX KOIOJHMMepa KyKypy3HOT
CKpoda M MOJUCTUPEHA U KYKyPY3HOT CKpoda ¥ MOMH(METaKPHIHE KHUCEIUHE) Y PEYHO) BOIH.
OBH KONOJTMMEPY Cy CHHTETHCAHH Y IPUCYCTBY PA3UYUTHX aMHUHOAKTHBAaTOpa. CUHTETUCAHU
KOTIOJIMMEPH U TMPOIyKTH Ouomerpapanuje cy kapakrepucanun ®TUP crnekrpockonujom u CEM
MUKpockonujoM. buoperpananuja je npahena rydutkom mace y3opaka, a poj MUKpPOOpraHu-
3ama KoxoBom mertomom. CteneH Ouoperpajauuje obe BpCTe KONOIMMEDPA pacTe ca Bpeme-
HOM. KanemsbeHH mosumMepu ckpoda U Moau(MeTakpuiHe KHCeIWHe) NOTIYHO ce pasrpabyjy
3a 21 paH, JOK ce moiauMepH Ha Oasu ckpoda W MONKUCTHPEHa JeTHMHUYHO pasrpabyjy HakoH
27 paHa (45,8-93,1 % on yxynHe mace). Pasnuke y cTeneHy SHoperpazanyje cy rnociaesuna
pa3nuunTe CTPYKType y30paka, a MOCTOjU U 3HavajHAa HeraTWBHA Kopeniaudja usmehy yrnena
NIONIMCTUPEHA Yy KOTIOJIMMEPY M CTeneHa duojerpanaudje. CTeneH Kanemsberwa MOJUCTHPEHA
(yZmeo monucTUpeHa y KOMOJIMMEpPY) KOjU cupevasa dvoferpagauujy usHocuo je 54 %. Ha oc-
HOBY €KCIIEpUMEHTAIIHUX 0Kasa, IPeIOKEeHN Cy MexaHu3mu oba duojerpagaluoHa Ipo-
1jeca U YCTaHOBJbEHH Cy YTHUIIAjU KOJIMYMHE CKPoDa M CUHTETCKe KOMIIOHEHTe KOMOJIUMepa Ha
duoperpagauyjy.

(ITpumibeHo 16 peuembpa 2012, pesupupano 8. maja 2013)
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Abstract: Densities and viscosities of binary mixtures consisting of tetrahyd-
rofuran (THF), 1,3-dioxolane (1,3-DO) and 1,4-dioxane (1,4-DO) with N,N-
-dimethylformamide (DMF) over the entire range of composition were mea-
sured at the temperatures 298.15, 308.15 and 318.15 K and at atmospheric
pressure. The ultrasonic speeds of sound of these binary mixtures were mea-
sured at ambient temperature and atmospheric pressure (T = 298.15K and p =
= 1.01x10° Pa). The various experimental data were utilized to derive the
excess molar volumes (V,F), excess viscosities (4F) and excess isentropic
compressibilities (xF). Using the excess molar volumes (V,£), the excess par-
tia molar volumes (V;E; and VE,) and excess partial molar volumes at
infinite dilution (VOEand V28) of each liquid component in the mixtures
were derived and are discussed. The excess molar volumes (V,E) as afunction
of composition at ambient temperature and atmospheric pressure were used to
test further the applicability of the Prigogine—Flory—Patterson (PFP) theory to
the experimental binaries. The excess properties were found to be either nega-
tive or positive depending on the nature of molecular interactions and structural
effects of the liquid mixtures.

Keywords: N,N-dimethylformamide; cyclic ethers; excess molar volumes;
excess viscosities, excess isentropic compressibilities; Prigogine—Flory—
—Patterson theory.

INTRODUCTION
The volumetric, viscometric and acoustic properties of mixed solvent sys-
tems and their dependence on composition find applications in many important

chemical, industrial and biological processes. The study of functions, such as
excess molar volume and excess viscosity, etc., of binary mixtures are useful for
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doi: 10.2298/J5C121210031S

1443

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

Copyright (C)2013 SCS



1444 SINHA et al.

the understanding of the nature and strength of molecular interactions between
the component molecules.12 This is primarily because of the close connection
between the liquid state3 and macroscopic properties. Excess molar volumes

&) and excess viscosities (5E), etc. are often used to describe the intermole-
cular forces in mixtures, leading to an understanding of their behavior and
enabling the development of theoretical models for their description and the
simulation of processes. Hence, in recent years, there has been renewed interest
in theoretical and experimental investigations of the excess thermodynamic pro-
perties of binary mixtures.4-6.8-14

DMF is a polar, non-associative aprotic solvent with a dipole moment, x, of
3.86 Debyel and diglectric constant, ¢, of 36.7115.16 at 298.15 K. Inthe liquid state,
it is self-associated due to dipole—dipole interactions;1’ while THF, 1,3-DO and
1,4-DO are non-polar, aprotic cyclic ethers differing in the number and position
of the oxygen atom and carbon atoms; thus, these liquids differ in quadrupolar
and dipolar order.” It iswell known that DMF, THF, 1,3-DO and 1,4-DO are ver-
satile solvents used in the separation of saturated and unsaturated hydrocarbons
and in pharmaceutical synthesis and serve as solvents for many polymers. There-
fore, the increasing employment of the liquids under investigation in many
industries has gresatly stimulated the need for extensive information on the acous-
tic, transport and thermodynamic properties of these liquids and their mixtures.

Therefore, in continuation of systematic studies8-14 of the physicochemical
properties of non-aqueous liquid mixtures, the present study attempts to unravel
the nature of the molecular interactions in the binary mixtures of DMF with the
cyclic ethers THF, 1,3-DO and 1,4-DO by measuring the densities, viscosities
and ultrasonic speeds of sound of the mixtures over the entire composition range
at different temperatures and at ambient pressure.

The calculated excess functions, such as excess molar volumes (V&), excess
viscosities (4E) and excess isentropic compressibilities (x{5) from the experi-
mental data, were interpreted in terms of molecular interactions and structural
effects. The partlal molar volumes (V, YAY 1 and VO ») and excess partial molar vo-
lumes (V V0 E) of each component a mflnlte dilution were aso derived
using the excess molar volumes (Vik) and interpreted in terms of the molecular
interactions and the nature of the liquid mixtures. To the best of our knowledge,
no comparable literature data for the systems studied in this work are available
and treated in terms of the PFP theory; hence, a quantitative estimation of diffe-
rent contributions to the excess molar volumes (V/§) of the experimental binary
systems at ambient temperature and pressure was attempted in terms of the PFP
theory. Moreover, ultrasonic speeds of sound in all the binary mixtures were
theoretically predicted based on some theories and empirical relations, such as
the collision factor theory, the Nomoto relation, the impedance dependence rela-
tion and the ideal mixture relation, and the Flory theory.
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EXPERIMENTAL
Materials

DMF (S. D. Fine Chemicals, India, AR, purity > 99 %) was purified by the method
described by Y. Zhao et al.18 1, 4-DO and THF (Merck, India, purity > 99 %) were purified as
described earlier.1® 1,3-DO (S. D. Fine Chemicals, India, AR, purity > 99 %) was refluxed
with PbO, and fractionally distilled after the addition of xylene.16 After purification, all the
purified chemicals were found to be better than 99.5 % pure as ascertained by GLC and aso
by comparing their experimental densities and viscosities at the experimental temperatures
with their literature values?®-31 (given in Table ).

TABLE |. Physical properties of pureliquids at 298.15, 308.15 and 318.15 K

o px103/ kg mr3 n ImPas u/mst
Pureliquid  T/K  —g 5 Lit. Exp. Lit, Exp. Lit.
DMF 298.15 0.9442 0.944218 0.803 0.80220 1464.8  1465.00

0.944519 0.803% 1462.0%0
308.15 0.9350 0.934420 0.709 0.706%2 — -
0.93474
31815 0.9258 0.925120 0.617 0.633% - -
0.925221
THF 298.15  0.8807 0.880722 0463 0.4630% 1277.8 1292224
1277.8%

308.15 0.8712 0.8712%2 0428  0.4277% - -
31815 0.8614 0.8614% 0.390  0.3902%* - -
1,3-DO 298.15 1.0571 1.0577%2 0588 0.5878%* 13382  1338.2%

1.057224 0.58826 1340.227
308.15 1.0459  1.0463%2 0513 0.5128% - -
1.0462%6

318.15 1.0334 1.03364%° 0458 0.4580%* - -
1,4-DO 298.15  1.0265 1.0278% 1.196 1.196%° 13434  1344.4%

1.028228 1.178%0 1344.827
1.1779%

308.15 1.0166  1.0168%2  1.013 0.9985% - -
0.99930

318.15 1.0052 1.00526%°  0.887 0.9013! — —

Methods

The binary mixtures were prepared by massin adry box and each thus prepared solution
was distributed into three recipients (in airtight bottles) to perform all the measurements in
triplicate with the aim of determining possible dispersions in the obtained results. The mass
measurements, made on a digital electronic analytical balance (Mettler, AG 285, Switzerland),
accurate to £0.01 mg. The reproducibility in mole fraction was within £0.0002. The densities
were measured with a vibrating-tube density meter (Anton Paar, DMA 4500M), maintained at
+0.01 K of the desired temperatures and calibrated at the experimental temperatures with
doubly distilled water and dry air. The uncertainty in the density was estimated to be £0.0001
g cm3 and that of the temperature was +0.01 K. The viscosity was measured by means of a
suspended Ubbelohde type viscometer, thoroughly cleaned, dried and calibrated at the
experimental temperatures with triply distilled water and purified methanol 153233 |t was
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filled with experimental liquid and placed vertically in a glass sided thermostatted maintained
constant to +0.01 K. After attainment of thermal equilibrium, the efflux times of flow of the
liquids were recorded with a digital stopwatch correct to £0.01 s. In all determinations, an
average of three measurements was taken into account and adequate precautions were taken to
minimize evaporation loses during the actual measurements. The uncertainty in viscosity
measurements was within £0.003 mPa s. The ultrasonic speeds of sound (u) were measured
with an accuracy of 0.3 % using asingle crystal variable-path ultrasonic interferometer (Mittal
Enterprise, New Delhi, M-81) working at 2 MHz. It was calibrated with doubly distilled
water, purified methanol and benzene at 298.15 K. During the measurements, the temperature
was maintained within +0.01 K of 298.15 K by circulating thermostatted water around the
jacketed cell (of 2 MHZz) containing the experimental solutions with the aid of a circulating
pump. The uncertainty of the ultrasonic speed measurements was around 0.2 m s1. Adequate
precautions were taken to minimize evaporation loses during all the measurements. The
details of the methods and measurement techniques had been described el sewhere.14:34.35

RESULTS AND DISCUSSION

The experimental densities (p), viscosities (;7), excess molar volumes (Vi)
and excess viscosities (4E) for the binary mixtures studied at different tempe-
ratures are listed in Table S| of the Supplementary material. The excess molar
volumes (V) were calculated using the following equation:

2
ViE =D XM/ p-1/ p;) D)
i=1

where p is the density of the mixture and x;, M; and p; are the mole fraction,
molar mass and density of the ith component in the mixture, respectively. The
estimated uncertainty in the excess molar volumes, V&, was +0.005 cm3 mol-L.
Excess molar volumes (V,§) of the binary mixtures as a function of mole fraction
(x;) of DMF at the experimental temperatures are shown graphically in Fig 1. The
excess molar volumes (Vik) for al the binary systems, except for the DMF + 1,4-
-DO system at 298.15 and 308.15 K, were negative over the entire range of com-
positions at al the experimental temperatures. The values of excess molar
volumes (V/f) for the three systems were observed to follow the order: DMF +
1,4-DO > DMF + 1,3-DO > DMF + THF. According to Treszczanowicz et al.36
Vi is a function of several opposing effects generally categorized into three
types viz., physical, chemical, and structural. While physical effects offer a posi-
tive contribution to Vn'qf, the chemical or specific intermolecular interactions
(such as hydrogen bond interaction, dipole—dipole/dipole-induced—dipole inter-
action, formation of charge transfer complexes, etc.) result in a net volume
decrease, and thus offer negative contributions to V& . The structural effects such
as interstitial accommodation (due to differences in size and shape of the com-
ponents) and changes in the free volume also offer negative contributions to V/§ .
Therefore, the actual volume change would depend on the relative strength of
these effects.
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The molar volumes of DMF are 77.42, 78.18 and 78.96 cm3 mol—1, and
those of THF, 1,3-DO and 1,4-DO are 81.87, 82.77 and 83.71 cm3 mol—1; (70.07,
70.83 and 71.68) cm3 mol—2; and 85.83, 86.67, and 87.65 cm3 mol-1 at 298.15,
308.15 and 318.15 K, respectively. Evidently, the molar volumes of the compo-
nents in the studied mixtures differ appreciably and, depending on the differences
in the molar volumes of the components, it is to be expected that the mutual or
geometrical fitting of the component liquids may follow the order: DMF + 1,4-
-DO > DMF + 1,3-DO > DMF + THF; but areversed trend in the V& values was
observed for the studied binary mixtures. A perusal of Fig. 1 shows that the V/;
values increase in the order: DMF + THF < DMF + 1,3-DO < DMF + 1,4-DO. It
is satisfying to observe that the values of the dielectric constant of the cyclic
ethers follow the reverse order: THF (e = 7.5837) > 1,3-DO (¢ = 7.1338) > 1,4-DO
(e = 2.2137). This indicates that a cyclic ether with a larger value of dielectric
constant than another has greater specific interactions with DMF and that the
negative V| values for al the studied systems can primarily be attributed to
dipole—dipole or dipole-induced—dipol e interactions between the component liquids
in the mixtures. Moreover, the ik values decrease with increasing temperatures
of the mixtures, indicating an increase in intermolecular interactions between the
component molecules with increasing temperature, which is probably due the
greater thermal agitation that ultimately increases the mutual fitting of the mixing
components to some extent at higher temperatures.

The partial molar volumes, \7m’i of the ith component in the binaries over the
entire composition range at the experimental temperatures were calculated using
the relation:

Vi =Vi&i +Vmi + A= %)(@V,5; /)T p @)
where Vi is the molar volume of the ith component in the binaries. The deri-
vatives, (dvrﬁ,i /d>q )T,p » Used in Eq. (2) were obtained by following the proce-
durel2 of fitting the excess molar volumes (V/§) of the binary mixtures to the

Redlich—Kister polynomial, 39 with standard deviations (SD) in the range 0.000—
—0.002. Redlich—Kister polynomial is expressed as follows:

2
VE =xx0) & (1-2x)! (©)
i=1
where x1 and xp are the mole fractions of the liquid 1 and 2, respectively, and g

represent the multiple-regression coefficients. The standard deviations (SD) were
calculated using the relation:

V2
n
D =| 3 (Vimcac ~Vimexpt)?/ (0= 1) (4)
=l
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Fig. 1. Excess molar volume
(VE) vs. mole fraction of
DMF (x;) for binary mix-
tures of DMF + cyclic
ethers: A, a T = 298.15 K;
B, a T=230815K; C, a
T = 318.15 K. The graphical
points represent the excess
molar volumes (VE): o,
THF; o, 1,3-DO; A, 1,4-DO.
Lines represent the VE
values obtained from the
Redlich—Kister polynomial.
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where n is the number of experimental data points and j is the number of g
coefficients. For the excess molar volumes (Vi) fitted to the Redlich—Kister
polynomial, the standard deviations (SD) were in the range 0.002—0.006. The
values of the partid molar volumes, Vp;alow the calculation of the excess
partial molar volumes (V) by using the following relation:

ViEi =Vini —Vmi (5

The excess partial molar volume at infinite dilution (\7m,i0'E

determined from the following relation:
Vrg:iEz(dVrEi/dXi))q—OT P (6)

The excess partial molar volumes (V0 E and V0 E) at infinite dilution for the
three binaries at the experimental temperatur% are Ilsted in Table Sl of the
Supplementary material.

The excess partial molar volumes (V,E; and VE,) of each component in the
studied binaries are graphically shown in Flg 2as afunctlon of x;. The V, 1and
VE values were found to be negative for al the studied binary systems, except
that containing 1,4-DO over the entire composition range at the experimental
temperatures. Moreover, the excess partial molar volumes at infinite dilution
(V E and VOE) were negative for both components in aII the binary systems
except for that containing 1,4-DO (however, V and VA% m2 E values were nega-
tive at 318.15 K for this system). These results suggest that while the 1,4-DO
system is characterized by volume expansion on mixing with DMF at 298.15 and
308.15 K, the other systems are characterized by volume contraction on mixing
with DMF.

In recent years, Flory's statistical theory40-43 and its modified version
known as the Prigogine—Flory—Patterson theory,44:4° have been successfully used
to estimate and analyze theoretically the excess thermodynamic functions of
binary liquid mixtures; the PFP theory is applicable to both non-polar and polar
molecules present in a binary mixture. The reduced eguation of state in Flory’s
notation?2 is given by:

) can be

= - 7
T W8-1 ¥T ™
%
- g
V=3 (8)
- T
T= 9
= (9)
p=— (10
p
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where are ¥, T and p are the reduced volume, reduced temperature and reduced
pressure, respectively, and V*, T* and p* are the characteristic volume, charac-
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teristic temperature and characteristic pressure, respectively, of each pure liquid
component. In the Flory treatment, the reduced equation of state in the limit of
zero pressure (or without appreciable error at 1 atmospheric pressure®3) takes the
following forms:

T= a3 (11)
[“;‘;;fm
T Tv43
T Wkl 13
p*=yTV2 (14)

where the thermal expansion coefficient (¢) and thermal pressure coefficient (%)
are given by the following relations:

a=V-YdV /dT)p =—p~L(dp/dT), (15)
y=(dP/dV)y = ozl (16)

where xT is the isothermal compressibility, which can be determined using the
relation:

Ta?2V

p

The Flory parameters for each liquid component are given in Table II.
Isobaric enthalpies (Cp) for the different component liquids required for the
calculation of isothermal compressibilities («1) were taken from literature.46:47

Using the well-known Prigogine—Flory—Patterson theory,48:49 a quantitative
estimation of the different contributions to V|5 can be obtained. In terms of three
contributions, the approximate expression for Vi§ is:

KT =Ks+

(17)

\s _ (VY3 —1)02/3y16, o— (W —V2)2[(14/ 9)v~Y3 —Tyay» +
Vi <+xoV3  [(413v-V3 Rt [(4/3)v-Y3_1v
1,2 contribution vcontribution

o (18)
L (a-R)(p1L — P2)yay2
(PLy2 + P2y)

p* contribution

where pi*, V" and y; are characteristic pressure, volume and the molecular con-
tact energy fraction of ith pure component, respectively, and 65 is the molecular
site fraction of the second component in a binary liquid mixture. The molecular
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contact energy fraction and the molecular site fractions are defined by the rela-
tions:

o R
pi=l-yy=—20 (19)
oR +pPR
O =1-6, = " (20)
@+ (133
p=1-gp=— M (22)

X1Vf + X2V2*

TABLE II. The Flory parameters for pure liquids at 298.15 K
Liquid Vo Tx102 V'x105/m3moll p*/Pa T /K ox10%/K?1 Kx1010/Pal

DMF 1.2424 5618 62.31 701.85 5307 9.744 6.389
THF 1.2670 5.987 64.62 562.13 4980 10.96 9.329
1,3-DO 1.2720 6.067 55.09 726.60 4921 11.21 7.442
14-DO 1.2553 5.815 68.37 67451 5127 10.38 1.227

Actually, in deriving the interaction parameter (y1 ), the V& values of each
composition (of each system) were fitted to Eq. (18) using Egs. (11)—(17) using a
computer program that finally provided an optimized value of the interaction
parameter (x1,2) with least error and values of different contributions to the Vi&
values embodied in Eq. (18). Table Il contains the optimized y; » values, the
calculated and experimental Vi values, their deviation and values of different
contributions to the V/& values for equimolar (x; ~ 0.5) composition at 298.15 K.
It is clear from Table Il that the calculated values of excess molar volumes
VE m.PEP reasonably agree with the experimental excess molar volumes V/k exp
val ues for all the studied systems. A comparison between the vk exp Values and
the VE mPEP values as a function of mole fraction (x;) of DMF at 298 15K is
deplcted in Fig. S-1 of the Supplementary material.

TABLE llI. The values of the interaction parameter (x12), the calculated and experimental
values of the excess molar volumes (V. F,,:F,and VE ep ), their deviations (AVE) and the
different PFP contributions at 298.15 K

DME(1)+ 12 Vifexp ¥10°  VELx108 AV x105  PFP contributionsx10°
Jm3 mS mol-1 mimol'l  mdmoll ~ in@ fvb ip°
THF (2) —4.588 -0.1531 -0.1427 -0.0104 -0.826 -0.224 -1.362
1,3-DO (2) -15.08 -0.1204 -0.1204 0 -1979 -0.326 0.255
1,4-DO(2) 18.01 0.1353 0.1243 0.0110 2270 -0.063 -0.128

3interaction contribution; Pfree volume contribution; Sinternal pressure contribution

According to the PFP theory, the interaction contribution is proportional to
the interaction parameter y; 2, the free volume contribution arises from the

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

Copyright (C)2013 SCS



N,N- DIMETHYLFORMAMIDE-CY CLIC ETHERS BINARY MIXTURES 1453

dependence of the reduced volume on the reduced temperature due to the
differences between the degree of expansion of the two mixing components
(always negative as dV2 /dT?2 is positive) and the internal pressure contribution
depends on the product of the differences between the reduced volumes and
characteristic pressures of the mixing components. Table 11 shows that the inter-
action contributions are negative for the systems with THF and 1,3-DO but posi-
tive for the system with 1,4-DO; the internal pressure contributions, except for
1,3-DO system, are negative for al the systems. From Table lll, it is evident that
while the interaction contribution (y1,2) plays a dominant role in deciding the
sign and magnitude of the VHEPFP values for the systems containing 1,3-DO and
1,4-DO, the internal pressure contribution (p*) plays a major role in deciding the
nature of Vi§exp for the remaining system with THF.

The excess viscosity (4F) can be defined as the difference between the
measured viscosity () and the ideal viscosity (i;q) of a solution and is expressed
by Eqg. (20):%0

nE =n-1niq (22)

Using the Eyring approach of viscosity as a rate process>l zjq can be
defined by Eq. (23):

2
Mid = exp(D_ % In77iq) (23)
i=1
where 7 is the viscosity of the ith component in the mixture and the additivity
law in a logarithm form is considered for ideal mixtures. The estimated uncer-
tainty for the excess viscosities (#E) was within +0.004 mPas. Plots of the excess
viscosity (#7E) versus the mole fraction (x;) of DMF for the different binary
mixtures at the experimental temperatures are depicted in Fig. 3. The 5#E values
of the binary mixtures were fitted to Redlich—Kister polynomial (shown as curves
in Fig. 3) with standard deviations (SD) lying in the range 0.001-0.002.
Figure 3 shows that the #E values, except for the system with THF at 318.15
K, are negative for all the mixtures over the entire composition range at al the
experimental temperatures. The negative values indicate the presence of disper-
sion forces in these mixtures, while positive values may be attributed to the pre-
sence of specific interactions. As expected, the values of #E become less negative
or increase as the temperature increases but decrease as the dielectric constant of
the ethers decrease from THF to 1,4-DO (Fig. 3). This suggests that the strength
of molecular interactionsin the mixture follows the order: DMF + THF > DMF +
+ 1,3-DO > DMF + 1,4-DO and increase with increasing temperature. Thus, the
functions V/§ and #E compliment each other in describing the behavior of the
studied binary mixtures.

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

Copyright (C)2013 SCS




1454 SINHA et al.
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Fig. 3. Excess viscosities (5F)
vs. mole fraction of DMF
(x¢) for binary mixtures of
-0.02 DMF with cyclic ethers: A,
aT=2915K; B, aT-=
=308.15K; C, a T = 318.15
K. The graphical points rep-
-0.044 resent the experimental #E
vaues. o, THF; o, 1,3-DO;
A, 1,4-DO and lines represent
0.06 - the " values obtained from
0.0 0.2 0.4 06 0.8 1.0 the Redlich-Kister polyno-
* mial.
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The Eyring viscosity relation®! yields the following equation for the free
energy of viscous flow (AG"):

7 =(hN/V)exp(AG  / RT) (24)

where h is Planck’s constant, N is Avogadro’s number and the other symbols
have their usual meanings. Rearranging Eq. (24) and putting AG™ = AH" — TAS,
one obtains the relation:

RIN(V /hN) = AH* /T — AS' (25)

Thus, the linear regressions of R In(x#V/hN) against (L/T) could give the
values of enthalpy (AH") and entropy (AS) of activation of viscous flow from
the slope and negative intercept, respectively. The values of AH*, AS" and the
linear regression coefficient (R2) values as given in Table S-11I of the Supple-
mentary material show that while the AH" values are positive, the AS values are
negative for all the studied binary mixtures throughout the entire composition
range. According to Corradini et al.52 the enthalpy of activation of viscous flow
may be regarded as a measure of the degree of cooperation between the species
participating in the viscous flow. In a highly structured liquid, there will be a
considerable degree of order; hence, for cooperative movement of the entities, a
large heat of activation is required for the flow process. Thus the AH* values
indicate that the ease of formation of activated species necessary for viscous flow
follow the order: DMF + THF > DMF + 1,3-DO > DMF + 1,4 DO. This order is
also supported by negative values of AS' for the mixtures.

A combination of the ultrasonic speed (u) and density data enabled the
determination of the isentropic compressihilities (xs) and the excess isentropic
compressibility (& )53 of the binary mixtures using the following equations:

Ks=1/u2p (26)
xE = kg — kM (27
TZZZ(XiVi)ZZ:(ﬂai)Z
Kéd=§ﬂ{xsl+“é“_i2}— == (28)
= > > (%Cp;)
i=1

where ¢, xsj, Vi, aj and Cp, are the volume fraction, isentropic compressibility,
molar volume, thermal expansion coefficient and isobaric enthalpy of the ith pure
component in the binary mixtures, respectively, at 298.15 K. The experimental
values of the speeds of sound, the isentropic compressibilities (xs) and the excess
isentropic compressihilities (Kg)at 298.15 K are given in Table SV of the
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Supplementary material. The estimated uncertainty of the isentropic compres-
sibility (xs) was within +1.0x1010 Parl,

For al the investigated binary mixtures, the excess isentropic compres-
sibilities (K’ISE) were negative, except for that containing 1,4-DO in the 1,4-DO-
rich region, as shown in Table SIV of the Supplementary material. The Kg
values of the binary mixtures were also fitted to the Redlich—Kister polynomial
(shown as curves in Fig. 4) with standard deviations (SD) lying in the range
0.003-0.007.

Figure 4 depicts the composition dependence of the excess isentropic com-
pressibilities K'55 for the investigated binary mixtures at 298.15 K are depicted in
Fig. 4. It shows that the values of excess isentropic compressibility (K‘SE)
decrease in the order: DMF + 1,4-DO > DMF + 1,3-DO > DMF + THF, thereby
supporting the observations obtained from the V/§ and #E values.

x"x10"/Pa’

S

0.0 0.2 0.4 0.6 0.8 1.0

Fig. 4. The excess isentropic compressibility (x5 ) vs. mole fraction of DMF (xy) for binary
mixtures of DMF with cyclic ethersat T = 298.15 K. The graphical points represent
experimental x§ values: o, THF; o, 1,3-DO; A, 1,4-DO and lines represent x5 values
obtained from the Redlich—Kister polynomial.

Ultrasonic speeds of sound of all the three binary mixtures were theoretically
predicted using the following theories and empirical relations:

The Flory theory#0 yields:
1040
UFLO = ( J (29)

6.3p

where ¢ is the surface tension of a liquid or liquid mixture calculated following
the Pandey approach® through an extension of the work of Patterson and Ras-
togi.>>
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The collision factor theory (CFT)% yields:

2 2
2. (6S)D(%B)
UCFT = Ueo i=1 v i.=1 (30)

where u,, = 1600 m s1, § and B; represent the collision factor and actual volume
of amolecule per mole for the ith pure component in the mixtures, respectively.
The Nomoto relation (NOM)®7 yields:

5 3
2 (%R)
UNoM =| S—— (31)

2
D (%)
i=1

where R, stands for the molar speed of sound for the ith pure component in the
mixtures.
The impedance dependence relation (IDR)8 yields:

2
2 (%Z)
UpR =5—— (32)

> (o)
i

where Z;j stands for specific acoustic impedance for the ith pure component in the
mixtures.
The ideal mixture relation (IMR)° yields:

2 2 2
umr =| 25 (6Mi) Y (% /Miu?) (33)

i=1 i=1
where uj is the ultrasonic speed of sound for the ith pure component in the mix-
tures. It was observed that the values obtained from all the theories and empirical
relations show some deviations from the experimental speeds of sound and based
on the MRSD % values, listed in Table SV and shown graphically in Fig S-2 of
the supplementary material, the relative predictive capability for the different
equations follows the orders: for the DMF + THF system: FLORY > IDR > CFT
> NOM >> IMR; for the DMF + 1,3-DO system: CFT ~ NOM > IDR > IMR >>
>> FLORY and for the DMF + 1,3-DO system: CFT > IDR > NOM = IMR >>
>> FLORY.
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CONCLUSIONS

Based on the nature and magnitude of various excess functl ons (Vk,
7" and «§) and other derived parameters (V5,, ViE,, VOT, V25, etc),
evidently the molecular interactions in the stud|ed blnary systems can
primarily be attributed to dipole-dipole or dipole-induced—dipole inter-
actions. The PFP theory provided satisfactory quantitative estimations of
the different contributions to the excess molar volumes (Vi) of the

systems at ambient temperature and pressure.

SUPPLEMENTARY MATERIAL

Comparisons of the experimenta results with literature data, and some derived para-
meters (Tables S, S, S, SV and SV, and Figs. S-'1 and S-2) are available elec-
tronically from http://www.shd.org.rs/JJSCS or from the corresponding author on request.
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TEPMO®HU3UYKA CBOJCTBA BUHAPHUX CMEIIA N,N-JUMETUJII®OPMAMHJIA CA
TPU IUKIIMYHA ETPA

BISWAJIT SINHA', RAJENDRA PRADHAN?, SANJOY SAHA®, DHIRAJ BRAHMAN' u ABHIJIT SARKAR'

! Department of Chemistry, University of North Bengal, Darjeeling-734013, India, 2st. Joseph’s College,
Darjeeling-734101, India n 3 Department of Chemistry, Kalimpong College, Kalimpong-734301, India

['ycTiHEe ¥ BUCKO3HOCTH OMHApHUX cucTema teTpaxuppodypana (THF), 1,3-muokconana
(1,3-DO) u 1,4-muoxcana (1,4-DO) ca N,N-gumetundopmamunom (DMF) usmepene cy Ha
Temrneparypama on 298,15, 308,15 u 318,15 K u aTMocdepckom MPUTUCKY Y LIEJIOM OICETY
yznena KOMIIOHEHTU. M3MepeHa je u Op3uHa 3Byka Kpo3 OBe cUCTeMe Ha CODHOj TeMmepaTypu
u aTmocdepckom nputHcky (7 = 298,15 K m p = 1,01x10°> Pa). Ha Sa3m u3mepeHMX
BPEJHOCTH M3padyyHarTa je JOMyHCKa MOoJlapHa 3anpeMHHa (VE), monyncka suckosnocrt (7E) u
[OMyHCKa H3EHTPOIICKA KOMIPECHBIIHOCT ( 4§ ). KopuirherweM JOMYHCKHX MOAPHKX 3arpe-
MMHA, U3payyHaTe Cy W aHalu3uUpaHe AOIyHCKe NapL{jajJiHe MOJapHE 3alpeMHUHE (VWE
Vn'iz) U OB€ IPU OECKOHAYHOM pasdnaxemy (Vrgfn Vn({’ZE) CBUX TEYHHX KOMIIOHEHATa y
cmemd. 3aBucHoctT VIE op cacrasa cmeme Ha armMocdepckum ycnoBuma kopumrheHa je 3a
nposepy npumeHspuBocTH Prigogine—Flory—Patterson (PFP) Tteopuje. YTBpheHo je ma cy
BPEIHOCTH JOIyHCKUX BEIMYMHA WIM HETaTHBHE WM MO3UTHBHE Y 3aBUCHOCTH Of IIPHPOAE
MOJIEKYJICKUX MHTEPaKLMja U CTPYKType KOMIIOHEHATa y TEYHUM CMeEIIama.

(TTpumisero 10. nenembpa 2012, peBuaupano 7. mapra 2013)
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TABLE S-1. Densities (p), viscosities (i7), excess molar volumes (V.5 ), excess viscosities (45)

for the binary mixtures of DMF (1) with the three cyclic ethers (2) at 298.15, 308.15 and
318.15 K; x; —mole fraction of DMF

X1 px103/ kg m3 n/mPas VEx108/ m3molt 4/ mPas
DMF (1) + THF (2)
T=298.15K
0 0.8807 0.463 0 0
0.0988 0.8873 0.470 -0.058 -0.019
0.1978 0.8938 0.482 —-0.099 -0.034
0.2971 0.9003 0.496 -0.131 -0.049
0.3967 0.9067 0.518 -0.146 —-0.058
0.4966 0.9131 0.547 -0.153 -0.062
0.5967 0.9193 0.586 -0.135 -0.057
0.6971 0.9254 0.630 -0.101 -0.050
0.7978 0.9315 0.679 -0.061 -0.039
0.8988 0.9377 0.737 -0.021 -0.022
1 0.9442 0.803 0 0
T=308.15K

0 0.8712 0.428 0 0
0.0988 0.8779 0.434 -0.067 -0.016
0.1978 0.8845 0.444 -0.115 -0.029
0.2971 0.8910 0.458 -0.145 -0.039
0.3967 0.8975 0.476 -0.167 -0.047
0.4966 0.9039 0.502 -0.172 -0.048
0.5967 0.9102 0.533 —0.159 —0.045

* Corresponding author. E-mail: biswachem@gmail.com
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X1 px103/ kg mr3 n/ mPas VEx108/m3mol’t  #E/mPas
DMF (1) + THF (2)

T=308.15K
0.6971 0.9164 0.570 -0.130 -0.038
0.7978 0.9227 0.614 -0.103 -0.026
0.8988 0.9289 0.659 -0.059 -0.015
1 0.9350 0.709 0 0

T=318.15K
0 0.8614 0.390 0 0
0.0988 0.8680 0.410 -0.054 0.002
0.1978 0.8749 0.431 -0.127 0.004
0.2971 0.8817 0.454 -0.181 0.007
0.3967 0.8885 0.478 -0.225 0.010
0.4966 0.8951 0.502 -0.242 0.012
0.5967 0.9013 0.523 -0.214 0.010
0.6971 0.9073 0.545 -0.160 0.008
0.7978 0.9134 0.568 -0.108 0.006
0.8988 0.9195 0.592 -0.049 0.003
1 0.9258 0.617 0 0

DMF (1) + 1,3-DO (2)

T=298.15K
0 1.0571 0.588 0 0
0.1012 1.0454 0.567 -0.053 -0.040
0.2021 1.0338 0.568 —0.096 -0.058
0.3028 1.0222 0.578 -0.121 -0.068
0.4032 1.0106 0.594 -0.127 -0.073
0.5033 0.9991 0.614 -0.120 -0.074
0.6032 0.9876 0.642 -0.095 -0.068
0.7028 0.9764 0.676 -0.073 —0.056
0.8021 0.9654 0.715 —0.046 -0.040
0.9012 0.9546 0.759 -0.017 -0.020
1 0.9442 0.803 0 0.

T=308.15K
0 1.0459 0.513 0 0
0.1012 1.0345 0.506 —0.059 -0.024
0.2021 1.0232 0.510 -0.108 -0.038
0.3028 1.0119 0.520 -0.140 -0.046
0.4032 1.0006 0.535 -0.153 -0.049
0.5033 0.9895 0.552 -0.162 -0.052
0.6032 0.9783 0.578 -0.145 -0.046
0.7028 0.9673 0.606 -0.124 -0.038
0.8021 0.9564 0.637 -0.091 -0.028
0.9012 0.9456 0.671 -0.047 -0.016
1 0.9350 0.709 0 0
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TABLE S-. Continued

SINHA et al.

X1 px103/ kg mr3 n/ mPas VEx108/m3mol’t  #E/mPas
DMF (1) + 1,3-DO (2)

T=318.15K
0 1.0334 0.458 0 0
0.1012 1.0221 0.467 -0.040 -0.005
0.2021 1.0115 0.477 -0.114 -0.009
0.3028 1.0008 0.488 -0.164 -0.013
0.4032 0.9901 0.500 -0.196 -0.016
0.5033 0.9793 0.515 -0.204 -0.017
0.6032 0.9683 0.534 -0.178 -0.014
0.7028 0.9573 0.555 -0.132 -0.010
0.8021 0.9466 0.576 -0.091 —0.006
0.9012 0.9359 0.597 -0.030 —0.002
1 0.9258 0.617 0 0

DMF (1) + 1,4-DO (2)

T=298.15K
0 1.0265 1.196 0 0
0.1181 1.0173 1.109 0.028 -0.032
0.2316 1.0082 1.043 0.059 -0.048
0.3406 0.9992 0.984 0.095 -0.060
0.4455 0.9904 0.934 0.126 -0.067
0.5465 0.9820 0.891 0.135 -0.071
0.6439 0.9739 0.859 0.131 —-0.066
0.7377 0.9661 0.835 0.113 —-0.056
0.8282 0.9586 0.820 0.081 -0.040
0.9156 0.9513 0.811 0.044 -0.019
1 0.9442 0.803 0 0

T=308.15K
0 1.0166 1.013 0 0
0.1181 1.0077 0.952 0.009 -0.019
0.2316 0.9988 0.899 0.030 -0.034
0.3406 0.9902 0.849 0.039 -0.048
0.4455 0.9817 0.807 0.052 -0.057
0.5465 0.9735 0.772 0.050 -0.061
0.6439 0.9654 0.746 0.052 -0.059
0.7377 0.9576 0.726 0.039 -0.053
0.8282 0.9499 0.714 0.030 -0.040
0.9156 0.9424 0.708 0.014 -0.023
1 0.9350 0.709 0 0

T=318.15K
0 1.0052 0.887 0 0
0.1181 0.9968 0.843 -0.013 -0.007
0.2316 0.9886 0.797 -0.031 -0.018
0.3406 0.9804 0.753 —0.036 —0.031
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TABLE S-. Continued

X1 px103/ kg mr3 n/ mPas VEx108/m3mol’t  #E/mPas
DMF (1) + 1,4-DO (2)
T=318.15K

0.4455 0.9724 0.713 -0.046 -0.042
0.5465 0.9644 0.680 -0.045 -0.047
0.6439 0.9564 0.653 -0.034 -0.049
0.7377 0.9486 0.636 -0.028 -0.043
0.8282 0.9408 0.624 -0.012 -0.033
0.9156 0.9332 0.618 -0.002 -0.018

1 0.9258 0.617 0 0

TABLE S-I. Redlich—Kister coefficients (&), standard deviations (SD) for the least squares
fitting of the excess molar volumes (V& ), excess partial molar volumes (V,£; and V,5,) and
these (V2F and V,05) at infinite dilution (V. 0F and V,25) of each component in the studied
binary mixtures at T = (298.15, 308.15 and 318.15) K; molar volumes are given in cm3 mol -1

beramet DMF (1) +
ameter THF (2) 13-D0 (2) 1400 (2)
T=298.15K
ag —0.596 —0.480 0.520
a 0.145 0.290 0.238
a 0.251 0.133 -0.180
ag 0.184 -0.077 -0.058
) 0.002 0.002 0.003
VE, 76.75 76.86 77.58
VE, 81.86 69.94 86.35
VOE —0.674 -0.560 0.160
VE -0.016 -0.134 0.520
T=308.15K
ag —0.669 —0.637 0.212
a 0.097 0.086 0.041
ay -0.040 0.068 -0.119
ag -0.053 -0.016 0.040
D 0.004 0.003 0.003
VE, 77.43 77.54 78.19
VE, 82.11 70.33 86.84
VOE -0.753 -0.639 0.012
VoE —0.665 -0.499 0.174
T=318.15K
ag -0.933 -0.819 -0.182
a 0.177 0.190 0.023
a 0.568 0.635 0.155
ag -0.203 -0.205 0.048
) 0.006 0.006 0.003
V.E, 78.62 78.79 78.86
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TABLE S-I. Continued

SINHA et al.

Parameter DMF (1) *
THF (2) 1,3-DO (2) 1,4-DO (2)
T=318.15K
VE, 83.32 71.49 87.70
VOE -0.339 -0.169 -0.098
VOE —0.391 —0.199 0.044

TABLE S-l11. Values of enthalpy (AH*) and entropy (AS¥) of activation of viscous flow for

the binary mixtures; x; — mole fraction of DMF

X1 AH" / kImol1 AS /IJK1moll R?
DMF (1) + THF (2
0 5.884 —18.150 0.9948
0.0988 4527 —22.725 0.9902
0.1978 3.588 —25.992 0.9089
0.2971 2.695 —29.152 0.7474
0.3967 2.406 -30.410 0.5981
0.4966 2.636 -30.051 0.6587
0.5967 3.736 —26.902 0.8361
0.6971 4.958 —-23.390 0.9473
0.7978 6.273 —19.605 0.9956
0.8988 7.865 —14.926 0.9999
1 9.604 —9.790 0.9972
DMF (1) + 1,3-DO (2)
0 8.965 -8.460 0.9981
0.1012 6.775 -15.570 0.9902
0.2021 6.041 -18.118 0.9809
0.3028 5.856 —18.963 0.9783
0.4032 5.999 —18.804 0.9849
0.5033 6.158 —18.629 0.9856
0.6032 6.494 —17.973 0.9944
0.7028 7.005 -16.778 0.9971
0.8021 7.753 -16.830 0.9992
0.9012 8.687 —12.288 1.0000
1 9.604 —9.790 0.9972
DMF (1) + 1,4-DO (2)

0 10.970 -9.314 0.9971
0.1181 10.022 -11.775 0.9970
0.2316 9.842 -11.781 0.9977
0.3406 9.810 -11.317 0.9978
0.4455 9.929 —10.405 0.9988
0.5465 9.947 —9.876 0.9996
0.6439 10.097 —-8.997 1.0000
0.7377 10.014 -8.957 1.0000
0.8282 10.030 —8.673 0.9999
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TABLE S-lI1. Continued

SUPPLEMENTARY MATERIAL

X1

AH" / kI mol?

AS /IJK1moll

DMF (1) + 1,4-DO (2)

0.9156
1

9.956
9.604

TABLE S-1V. Ultrasonic speeds (u), isentropic compressibilities (xg) and excess isentropic
compressibilities ( x5 ) of binary mixtures of DMF (1) + the cyclic ethers (2) at 298.15 K x; —

mole fraction of DMF; x; — mole fraction of DMF

X1 u/mst ksx1010 / Part kE x1010/ pa't
DMF (1) + THF (2)
0 1277.8 6.954 0
0.0988 1313.2 6.535 -0.254
0.1978 1343.8 5.196 -0.420
0.2971 1369.6 5.921 -0.513
0.3967 1395.5 5.663 -0.581
0.4966 1418.8 5.441 —-0.605
0.5967 1438.1 5.260 -0.580
0.6971 1452.1 5.125 -0.500
0.7978 1462.9 5.016 -0.387
0.8988 1463.5 4,979 -0.194
1 1464.8 4.936 0
DMF (1) + 1,3-DO (2)
0 1338.2 5.283 0
0.1012 1352.6 5.229 -0.028
0.2021 1369.8 5.155 -0.072
0.3028 1387.8 5.079 -0.117
0.4032 1406.2 5.004 -0.159
0.5033 1424.9 4.930 —0.199
0.6032 1440.4 4.880 -0.212
0.7028 1452.3 4.856 -0.199
0.8021 1460.2 4.858 -0.158
0.9012 1462.8 4.896 -0.082
1 1464.8 4.936 0
DMF (1) + 1,4-DO (2)

0 13434 5.398 0
0.1181 1368.4 5.250 -0.103
0.2316 1386.5 5.160 —0.148
0.3406 1397.5 5.124 -0.137
0.4455 1404.8 5.116 —0.099
0.5465 1408.6 5.132 -0.036
0.6439 1414.5 5.122 0.010
0.7377 1422.7 5.076 0.038
0.8282 1432.7 5.029 0.053
0.9156 1446.9 4.983 0.039
1 1464.8 4.936 0
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TABLE SV. Relative predictive capabilities of various theories and empirica relations for
ultrasonic speeds of the binary mixtures at 298.15 K

DMF (1) + MRSD?/ %

FLORY CFT NOM IMR IDR
THF (2) 1.96 250 2.86 3.15 243
1,3-DO (2) 1.48 1.10 1.10 1.40 1.39
1,4-DO (2) 1.74 0.70 0.76 0.76 0.72

1/2
aMRD :100[%2{ (Uexp —Ugar) / uexp}z} ; Nisnumber of data points

0.10

0.05 -

Y x10% m* mol”

-0.05
-0.10 4

-0.15 4

0.0 0.2 0.4 0.6 0.8 1.0

Fig. S-1. Comparison between the experimental excess molar volumes and the excess molar
volumes obtained from the Prigogine—Flory—Patterson theory as a function of the mole
fraction of DMF (x4) for binary mixtures of DMF with cyclic ethersat T = 298.15 K. The
graphical points represent the experimental excess molar volumes (V,E’@(p ): o, THF; o,
1,3-DO; A, 1,4-DO and the smooth curves represent the V,5pp values obtained
from the Prigogine—Flory—Patterson theory.

EEEE IDR
V7772 \MR
XY NOM
X CFT
FLORY

OXCX]
o2

£
XRRXA

\
7777

,.
et

>
&
$a%e%"

K
RS

XX
XX
%%

,.
XXX

T
SRRRRRK

%

Fig. S-2. MRSD values for the theoretical prediction of the ultrasonic speeds by different
theories and empirical relations for the binary mixtures of DMF + cyclic ethers at
T=298.15K.
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