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Abstract: The chemical composition of polyphenols in tobacco waste was
identified by HPLC-PDA-ESI/MS/MS and the contents of chlorogenic acids
and rutin in 10 varieties of tobacco wastes were determined by HPLC-UV. The
relationships between the contents of active polyphenols and the varieties of
tobacco wastes were interpreted by hierarchical cluster analysis (HCA) and
principal component analysis (PCA). The results showed that 15 polyphenols
were identified in a methanolic extract of dried tobacco waste. The tobacco
wastes were characterized by high levels of chlorogenic acids (3-CQA, 5-CQA,
and 4-CQA) and rutin; their ranges in the 10 tobacco varieties were 0.116—
—-0.196, 0.686-1.781, 0.094-0.192, and 0.413-0.998 %, respectively. Accord-
ing to multivariate statistics models, two active compound variables can be
considered important for the discrimination of the varieties of tobacco wastes:
chlorogenic acids and rutin. Consequently, samples of 10 tobacco varieties
were characterized into three groups by HCA based on the PCA pattern. In
conclusion, tobacco waste could be used as a new pharmaceutical material for
the production of natural chlorogenic acids and rutin in the ethnopharma-
cological industry.

Keywords. tobacco (Nicotiana tabacum L.) waste; HPLC-PDA-ESI/MS/MS;
chlorogenic acids; rutin; multivariate statistical anaysis.

INTRODUCTION

Solid tobacco waste is classified as an agro-industrial waste. The total global
tobacco (Nicotiana tabacum L.) waste production in the year 2005 was more than
1.25 million metric tons. In China, 460 million kg of tobacco waste per year are
generated at various stages of the post-harvest processing of tobacco and during
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876 WANG et al.

the manufacture of tobacco products.? Tobacco waste has no immediate use and
cigarette companies have to pay for its disposal. The majority of the waste is
destroyed by burning. Indeed, the disposal of this waste is a serious problem be-
cause tobacco waste is toxic due to the presence of nicotine;2 thus, governments
worldwide must enforce legislation for the controlled disposal of tobacco waste
in order to avoid harmful effects to the environment. As a type of high organic
biomass, tobacco wastes have potentia applications for soil amendment and the
production of tailored organic fertilizer3 and desulfurization adsorbents.4

Currently, the chemical compositions of tobacco leaves and wastes have at-
tracted a considerable amount of attention throughout the world,>8 and tobacco
waste is considered to be a good source of a large number of bioactive substan-
ces, such as chlorogenic acids and rutin.l Chlorogonic acid is a member of the
caffeoylquinic acids (CQAS) family.® The members of this family possess a wide
range of biological properties, such as antibacterial, antioxidant, hepatocyte pro-
tective, antimutagenic, inhibitory of HIV-1 RT and active against the human her-
pes simplex virus, adenoviruses, SARS and AlV (H5N1).10-15 Similarly, rutin is
a number of the phytochemical group of compounds the “protective” properties
of which include antioxidant, antimicrobial, anticancer, and cardiovascular-pro-
tective activities. 1617 Therefore, considering that chlorogenic acid and rutin are
highly valuable natural polyphenol compounds used as medical and industrial
materials in China, the identification and quantification of these main polyphe-
nols in tobacco waste is of great importance for its large scale application in the
ethnopharmacological industry.

LC-MS was used previously to characterize cinnamoylamino acid conjuga
tes, to discriminate between individual isomers of mono-acyl and di-acyl chloro-
genic acids'821 and to characterize flavonoids,22 In this study, ion trap HPLC-
-PDA-ESI/MS/IMS and HPLC-UV methods were developed for the qualitative
profile and quantitative determination, respectively, of polyphenols in tobacco
waste. These methods were applied to the qualitative profiling of polyphenolsin
tobacco waste and the determination of the contents of chlorogenic acids and ru-
tin in waste from 10 tobacco varieties.

The study revealed that the correct classification of the variety of the tobacco
waste is a new problem in controlling the quality of tobacco waste. Thisis due to
the fact that the unique combination of tobacco variety and cultivation zone re-
sults in different chemical compositions within the tobacco waste. Unfortunately,
little attention has previously been paid to this question. Therefore, in an attempt
to evaluate the relationships between the polyphenols within a given tobacco
waste and the tobacco varieties in the waste source, multivariate analysis me-
thods (MAM) are certainly necessary. MAM was successfully applied to deter-
mine the source of biomass from different geographical locations.23-26 Repre-
sentative methods of MAM are hierarchical cluster analysis (HCA) and principal
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component analysis (PCA). In this study, the HCA and PCA methods were deve-
loped to evaluate the tobacco waste resources to guide the high added value uti-
lization of all varieties of tobacco wastes. The overal similarity of the active po-
lyphenols contained in tobacco wastes among the varieties was calculated with
the HCA method on the basis of the PCA pattern.

The objective of this work was the evaluation of tobacco waste as a potential
ethnopharmacological resource for the production of chlorogenic acids and rutin,
in order to develop a new bioprocess for the synthetic utilization of tobacco was-
te.27 Processing tobacco wastes could solve the environmental problems derived
from the disposal of large amounts of tobacco waste. Moreover, obtaining sta-
bilized tobacco wastes as natural ethnopharmacological materials could be advan-
tageous to the traditional Chinese medicine (TCM) industry in China. Thiswould
not only improve the uses available for tobacco wastes, but would aso provide a
new source of natural and functional polyphenals.

EXPERIMENTAL
Samples and reagents

The wastes of 10 tobacco samples were collected from different countries and regions of
the world in 2007 and authenticated as the wastes of Nicotiana tabacum L. by Prof. Ding-
-giang Lu (College of Life Science and Pharmaceutical Engineering, Nanjing University of
Technology). All samples were dried at 60 °C using a herb disintegrator (Qinzhou Sanyang
Package Equipment Co., Ltd.) and then sieved (60 mesh).

HPLC-grade methanol, acetic acid, and acetonitrile were purchased from TEDIA Co.
(Fairfield, OH, USA). Chlorogenic acid (5-caffeoylquinic acid, 5-CQA), caffeic acid (CA),
scopolin, and rutin were purchased from the National Institute for the Control of Pharma-
ceutical and Biological Products (NICPBP), Beijing, China. Neochlorogenic acid (3-caffeoyl-
quinic acid, 3-CQA), cryptochlorogenic acid (4-caffeoylquinic acid, 4-CQA), and nicotine
were purchased from Chengdu Biopurify Phytochemicals Ltd., Chengdu, China. Isoquercitrin,
luteolin-7-rutinoside, and quinic acid (QA) were purchased from Sigma-Aldrich Inc. (St.
Louis, MO, USA).

Sample preparation

Tobacco waste samples (0.15 kg) were extracted in 70 % v/v agueous methanol (0.50 L),
using ultrasonic waves for 30 min at atime, for atotal of 2 h.2” The bulk extracts were diluted
with 70 % v/v aqueous methanol to form a solution of 1.0 mg/mL. Solutions of pure com-
pounds were prepared at a concentration of 1.0 mg/mL in methanol. The sample solutions
were filtered through a 0.45 um filter and 10 pL of each was injected for analysis.

Equipment

HPLC-PDA-MS was performed on a Waters system (Millipore Corp., Milford, MA,
USA). The LC equipment comprised a Waters 2695 Separations Module, an autosampler with
a 50 pL loop and a Waters 2996 photodiode array detector with a light-pipe flow cell (re-
corded at 328, 320, 280, and 254 nm, and scanning from 200 to 400 nm). This was interfaced
with a mass spectrometer fitted with Micromass® Quattro micro™ API source and ESCi™
Multi-Mode lonization Plus ESI source.
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878 WANG et al.

HPLC-UV was performed using LB-5 pump (Beijing Satellite Manufactory, Beijing,
China) with a UV detector (Shimadzu Seisakusho Ltd., Kyoto, Japan) and N-2000 work-
station (Hangzhou Mingtong S & T Ltd., Hangzhou, China).

HPLC-PDA-ES-MSMS

The HPLC-PDA-ESI-MSMS experiments were performed according to the litera
ture.1427 The HPLC separation was performed on an Alltima Cyg (250 mmx4.6 mmx5 pm)
column (Alltech, Deerfield, IL, USA). The mobile phase contained solvents A and B, where A
was water/acetonitrile/acetic acid (97.5:2:0.5 v/v/v) and B was acetonitrile/acetic acid
(99.5:0.5 v/v). The gradient profile was as follows: 2% B for 5 min; 2t0 5% B in 5 min; 5to
10 % B in 20 min; 10 to 35 % B in 3n 5 min; 35 to 100 % B in 15 min. Then the composition
was re-established by going from 100 to 2 % B over 5 min and maintained at 2 % B for 5 min.
The wavelength range of the PDA detection was from 200 to 400 nm. The flow rate was 1.0
mL min for HPLC and PDA detection, with the column kept at 40 °C. A splitter was con-
nected between the PDA and M S detectors, which reduced the flow rate to 0.20 mL min for
MS detection. The electrospray ESI-MS/M S was operated in the negative ion mode with scan-
ning range of m/z 100-800. The capillary voltage was 3.0 kV, the cone voltage 30.0 kV and
the ion source temperature was 120 °C. High purity nitrogen (99.9 %) at a flow rate of 500 L
h'l and at 350 °C was used as adry gas to evaporate the solvent. Nitrogen was also used as the
nebulizer gas at 50 psi.

Determination of chlorogenic acids in tobacco wastes

The HPLC-UV experiments were performed according to the literature.1427 The HPLC
separation was performed on an Alltima Cyg (250 mmx4.6 mmx5 pm) column (Alltech, Deer-
field, IL, USA). The maobile phase consisted of acetonitrile/ammonium acetate buffer (pH 4.5)
(5:95 v/v). The flow-rate was 1.0 mL min! and the UV detection was realized at 327 nm with
the column kept at 30 °C.

Deter mination of rutin in tobacco wastes

The HPLC separation was performed on an Alltima C;g (250 mmx4.6 mmx5 pum) co-
lumn (Alltech, Deerfield, IL, USA). The mobile phase consisted of methanol/acetic acid so-
lution (pH 4.5) (50:50 v/v). The flow-rate was 1.0 mL min'l HPLC and the UV detection was
realized at 360 nm with the column kept at 30 °C.

Multivariate statistical analysis

Hierarchical cluster analysis and principal component analysis were employed to analyze
the relationships between the contents of polyphenols (chlorogenic acids and rutin) and waste
from the tobacco varieties. Multivariate methods were applied to the mean values of three
replicates from each determination result. The initial variable values were standardized, the
mean centered and autoscaled to variance prior to analysis to avoid any effects of the scale of
the units with which they were measured.

Principal component analysis, PCA, was used to reduce the initia data from linear
combinations of the original variables. PCA breaks down the matrix of the initial data, X, to
express them as a least-square model .28 PCA is a data compression method based on corre-
lation amongst variables. The aim of PCA is to group correlated variables and replace them
with new sets called principal components (PCs). PCs are completely uncorrelated and are
built as simple linear combinations of the original variables. PCs contain most of the data set
variability but in a much lower dimensiona space. When redundancy is removed, only the
first few principal components are required to describe the information contained in the ori-
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ginal data set.242° The principal component loadings of the data were analyzed after appli-
cation of Varimax normalized rotation of the PCs coordinate system. The score plots of the
first PC may be used to investigate the interrel ationships among the objects, as they allow the
observation of clusters of objects. The interrelationships among the variables may also be
studied through the respective |oading plots.30

Hierarchical cluster analysis, HCA, is a technique used for classifying objects that have
been characterized by the values of a set of variables into different groups. The clusters are
formed by grouping objects according to similarity, and the results are presented in the form
of dendrograms, which alow the distances between objects to be visualized. The between-
groups linkage or the unweighted pair group method with arithmetic mean (UPGMA) tech-
nique, which defines the distance between two clusters as the average of al the pairs of dis-
tances between elements of both clusters, was adopted.243132 Similarities and dissimilarities
were quantified by Square Euclidean distance measurements. The data analysis was realized
using the SPSSv.13.0 statistical package (SPSS, 2005).

RESULTS AND DISCUSSION

I dentification of the chemical constituents in tobacco wastes by
HPLCPAD-ES/MSMS

In the methanolic extracts of the dried tobacco wastes, compounds 1 (quinic
acid), 2 (nicotine), 3 (3-CQA), 4 (scopalin), 5 (5-CQA), 6 (4-CQA), 7 (caffeic
acid), 11 (rutin), 12 (isoquercitrin) and 13 (luteolin-7-rutinoside) were identified
by comparing their retention times and UV and M S spectra with those of stan-
dard compounds. Moreover, the structures of al compounds in the methanalic
extracts of dried tobacco wastes were determined by MS SCAN and MS MRM
modes and by comparing the UV and M S spectrum data with those reported in
literature.18.19.33-36 The 15 polyphenols identified from the methanolic extracts
of the dried tobacco waste are given in Table | and the structures of the poly-
phenols identified from the tobacco wastes, with the [UPAC numbering system,
areshownin Fig. 1.

TABLE |. Polyphenolsidentified in the methanolic extract of dried tobacco wastes
7z Molecular Parention MS Daughter ion

No. = weight  mz[MH] MIMSmyz  Amac/ nM(UV) I dentification®
1 3.2 192 191.3 127.3 254 Quinic acid
2 6.7 162 161.3 103.7 259, 282 Nicotine
3 215 354 353.3 191.3,179.3, 240, 298h,328 3-O-Caffeoyl-
173.3,135.3 quinic acid
(3-CQA)
4 314 192 191.3 179.3 254, 294 sh, 342 Scopolin
5 325 354 353.3 191.3,179.3 240,298 sh,  5-O-Caffeoyl-
328 quinic acid
(5-CQA)
6 33.2 354 353.3 191.3,179.3, 240,298 sh, 328 4-O-Caffeoyl-
173.3,135.3 quinic acid
(4-CQA)
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TABLE I. Continued

WANG et al.

Molecular Parention MS Daughter ion

TR . . a
No. min weight mz [M—H] MSIMS miz Amax [ MM (UV)  Identification
7 375 180 179.4 135.3 217, 240, Caffeic acid
298 sh, 325
8 40.8 338 337.3 191.4,173.3 240, 298 sh, 314 5-O-p-Coumaro-
ylquinic acid
(5-pCoQA)
9 429 368 367.7 191.4,173.4 240, 298sh, 324 4-O-Feruloyl-
quinic acid
(4-FQA)
10 435 338 337.3 191.4,163.3 240, 298 sh, 314 3-O-p-Coumaro-
ylquinic acid
(3-pCoQA)
11 485 610 609.3 301.3,271.3, 256, 298 sh, 360 Rutin
179.3,151.3
12 505 464 463.3 271.3,217.3, 256,298sh,362 Isoquercetin
179.3,151.3
13 517 594 593.4 285.3 255, 298 sh, 340 Luteolin-7-ru-
tinoside
14 528 516 515.3 353.3,335.3, 240,298 sh, 330 1,5-Di-O-caf-
191.3,179.3 feoylquinic acid
(1,5-diCQA)
15 545 516 515.3 353.3,191.3, 240,298 sh, 330 3,5-Di-O-caf-
179.3, 135.3 feoylquinic acid

(3,5-diCQA)

A UPAC numberi ng system for all CQAs

The HPLC profiles of the 70 % methanol extract of tobacco waste detected
with negative ion mode ESI-MS TIC and UV at 320 nm are shown in Fig. 2.

Characterization of caffeoylquinic acids (MW 354)

Typically, as can be seen from Fig. 2, three peaks (3, 5, and 6) were found in
the total ion chromatogram (TIC) detected by the negative ion ESI-MS scan mo-
de and UV at 320 nm. The largest peak (5) was identified as chlorogenic acid (5-
-O-caffeoylquinic acid) by comparison with the standard compound. The chro-
matographic profiles of 70 % methanolic extracts of tobacco wastes detected by
the negative ion ESI-M S multiple reaction monitoring (MRM) mode are shown
in Fig. 3 as MS MRM ESI-TIC, MS MRM, m/z 353.3 — 173.3 and MS, m/z
353.3 — 191.3. Peak 6 was clearly identified as 4-O-caffeoylquinic acid by its
MSMRM (m/z 353.3 — 173.3) (Figs. 3A and 3B), because the MS? base peak of
4-CQA ismvz 173.3. Although the M S? base peak of 3-CQA and 5-CQA are both
m/z 191.3, there was a difference in the secondary ion at m/z 179.5. Therefore,
the smallest peak (3) was identified as 3-O-caffeoylquinic acid by its MS MRM
(m/z 353.3 — 191.3) (Figs. 3A and 3C) and by comparing the UV and MS spec-
tra data with those reported in literature.18,19,33,34
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Fig. 1. Structure of the polyphenols identified in tobacco waste
determined by HPLC-PDA-ESI/MS/MS.
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Fig. 2. Chromatographic profiles of a 70 % methanolic extract of tobacco wastes:
MS SCAN ESI-TIC (A) and UV at 320 nm (B).

Characterization of p-coumaroylquinic acids (MW 338)

As can be seen from Fig. 2, two peaks (8, 10) were found in the TIC detected
by the negative ion ESI-MS scan mode and UV at 320 nm. The chromatographic
profiles of 70 % methanolic extracts of the tobacco wastes are shown in Fig. 4 as
MS MRM, m/z 337.3 — 191.4, MS MRM, m/z 367.3 — 173.3 and MS MRM
m/z 515.3 — 353.3. Based on the MS? base peak mvz 191.4, the larger peak (8)
and the smaller peak (10) were easily identified as 5-O-p-coumaroylquinic acid
(5-pCoQA) and 3-O-p-coumaroylquinic acid (3-pCoQA), respectively, by their
MS MRM (mVz 337.3 — 191.4, Fig. 4A) and by comparing the UV and MS?
spectral data with those reported in the literature.18,19,34.35
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Fig. 3. Chromatographic profiles of a 70 % methanolic extract of tobacco wastes: A) MS
MRM ESI-TIC; B) MSMRM, m/z 353.3 — 173.3; C) MSMRM, m/z 353.3 — 191.3.

Characterization of feruloylquinic acids (MW 368)

Based on the MS2 base pesk m/z 173.3, a peak (9) was found in the TIC,
detected by negative ion ESI-MS and UV at 320 nm (Fig. 2), which was identi-
fied as 4-O-feruloylquinic acid (4-FQA) by its MS scan and MRM (m/z 367.3 —
— 173.3) (Fig. 4B) spectral data and by comparing the UV and M S spectra data
with those reported in the literature.18.37 However, as can be seen from Fig. 4B,
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884 WANG et al.

the MRM (m/z 367.3 — 173.3) data also showed that a very small peak in the
UV 320 nm chromatographic profiles (retention time: 42.02 min) had m/z 367.3
and m/z 173.3 ions and had the split pathway of m/z 367.3 — 173.3, as well.
Thus, it may be aderivative of 4-FQA.

8 A
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E
g
= ]
)
£ |
= 10
) L
. il A " "
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Fig. 4. Chromatographic profiles of a 70 % methanolic extract of tobacco wastes:
A) MSMRM, m/z 337.3 — 191.4; B) MSMRM, m/z 367.3 — 173.3;
C) MSMRM, my/z515.3 — 353.3.
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Characterization of di-caffeoylquinic acids (MW 516)

Typically, two peaks (14 and 15) were found in the TIC detected by the ne-
gativeion ESI-M S scan mode and UV at 320 nm (Fig. 4C).

Comparing the UV and MS spectra data with those reported in literature,9.18
as can be seen from Fig. 4C, based on the MS? base peak m/z 353.3, peaks 14
and 15 were identified as 1,5-di-O-caffeoylquinic acid (1,5-diCQA) and 3,5-di-
-O-caffeoylquinic acid (3,5-diCQA) by their parent ion mode (m/z 515.3), daugh-
ter ion mode (m/z 353.3), and MS MRM (m/z515.3 — 353.3, Mz 353.3 — 173.3
and m/z 353.3 — 191.3).

Characterization of quinic acid, nicotine, scopolin, caffeic acid, rutin,
isoquercitrin and luteolin-7-rutinoside

Seven peaks (1, 2, 4, 7, 11, 12 and 13) were found in the TIC detected by the
negative ion ESI-MS SCAN mode and UV at 320 nm. Comparing the UV and MS
spectra data with those reported in CA, peaks 1 (quinic acid), 2 (nicotine), 4 (sco-
polin), 7 (caffeic acid), 11 (rutin), 12 (isoquercitrin), and 13 (luteolin-7-rutino-
side) were identified by comparing their retention times and UV and MS spectra
with those of standard compounds.

Contents of chlorogenic acids and rutin in tobacco wastes by HPLC-UV

Cdlibration curves were obtained by plotting peak areas vs. six different con-
centrations of the standard solutions. The calibration curve equations were: neo-
chlorogenic acid (3-CQA) y = 6.196x107x — 4.453x10% (r2 = 0.9997); chloro-
genic acid (5-CQA) y = 5.841x107x — 4.384x10% (r2 = 0.9996); cryptochlo-
rogenic acid (4-CQA) y = 5.068x10'x — 4.025x104 (r2 = 0.9996)27 and rutin y =
= 3.001x107x — 1.100x10° (r2 = 0.9997). The developed method was succes-
sfully applied to the simultaneous determination of 3-CQA, 5-CQA, 4-CQA, and
rutin in 10 samples of tobacco waste that were obtained from various countries
and regions in the world. The results of the determinations are givenin Tablell.

From the results presented in Table I, it was found that the contents of
3-CQA, 5-CQA, 4-CQA, chlorogenic acids, and rutin varied greatly among the dif-
ferent samples. In the mgjority of cases, the contents of 3-CQA, 5-CQA, 4-CQA
and rutin in the 10 samples were within the ranges 0.116-0.196, 0.686-1.781,
0.094-0.192 and 0.413-0.998 %, respectively. Chlorogenic acids were the main
components in the tobacco wastes, with total contents varying from 0.897 to
2.130 % in the 10 samples; an amost 2.4-fold variation. Similar variation could
also be found for the contents of rutin in the tobacco wastes. The reasons for
these variationsin their contents might be the difference in the origin of the plant,
the effect of environment, and/or other factors, such as the season at the time of
collection, the drying process used, storage conditions, etc.
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Evaluation of tobacco waste resource by HCA on the basis of PCA pattern

As variations in the contents of polyphenols may influence the quality and
potency of tobacco wastes, it was necessary to develop an effective statistic ana-
lysis method to evaluate the quality of tobacco wastes. Thus, for the application
of tobacco wastes as a potential ethnopharmacological resource in the production
of chlorogenic acids and rutin, the overall similarity of chlorogenic acids and ru-
tin contents among the varieties was calculated using the HCA method based on
the PCA pattern.

TABLE Il. Contents of neochlorogenic acid (3-CQA), chlorogenic acid (5-CQA), cryptochlo-
rogenic acid (4-CQA), chlorogenic acids and rutin in 10 tobacco wastes (n = 3)

Content of active compounds, %°

No. Source 3COA (x) 5CQA (x) 4-CQA (x) Cai‘:'i%r;t’)g(egc Rutin (xo)
1 Jin'an Songyun  0.150+0.015 0.870+0.048 0.111+0.014 1.132+0.075 0.998+0.065
87BSL Kunming
(B1L and B2L
mixed) (2005)
2 Jin'an Songyun  0.157+0.007 0.704+0.044 0.129+0.008 0.990+0.058 0.719+0.036
87CSL Kunming
(C1L and C2L
mixed) (2005)
3  Zimbabwe B10A 0.116+0.007 0.686+0.052 0.094+0.011 0.897+0.069 0.655+0.057
(2004)
4 Jin'an Songyun  0.157+0.006 0.709+0.032 0.140+0.004 1.006+0.042 0.725+0.070
87MZL Kunming
(CAL, X2L and X3L
mixed) (2005)
5 Nanrun Hongda  0.182+0.003 1.483+0.033 0.158+0.003 1.823+0.038 0.848+0.069
B2F (2004)
6  Weisaid Artemis  0.141+0.003 0.908+0.027 0.123+0.006 1.172+0.035 0.413+0.051
K326 C1L (2002)
7 Nanrun Hongda  0.196£0.009 1.114+0.068 0.192+0.014 1.502+0.090 0.537+0.052
X2F (2004)
8 Zimbabwe TL40  0.154+0.002 0.950+0.033 0.157+0.008 1.261+0.042 0.614+0.077
(2004)
9 Nanrun Hongda  0.190+0.008 1.781+0.084 0.159+0.021 2.130+0.108 0.807+0.096
C2F (2004)
10 Jiangsu Tobacco  0.156x0.003 0.699+0.015 0.151+0.002 1.006+0.018 0.464+0.024

Company Nanjing
Branch (2007)

®Data are expressed as mean +SD of three experiments; Pdata are the sum of contents of 3-CQA, 5-CQA and
4-CQA

The data was pre-processed using auto-scale and incremental linkage me-
thods for data from tobacco wastes samples.23 The goal of PCA is to group cor-
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related variables and replace them with new sets called PCs. PCs contain most of
the data set variability, but in a much lower dimensional space.2® The first pri-
ncipal component, PCq, is defined as the direction of maximum variance of the
entire data set. PC, is the direction that describes the maximum variance in the
subspace orthogonal to PC;. The subsequent components are taken orthogonally
and describe the maximum remaining variance.23-26 In the present study, the
PCA score plots for the contents of chlorogenic acids and rutin in tobacco wastes
using auto-scale pre-processing are shown in Fig. 5.

A 1 n-@ Rutin B
324 9
5-CQA

g 241 0.5
t>ti Chiorogenic acids
c 164
[ o
D e O o
W el \ a 3-CQA

0.0 T~ ) X

0. 5=
4-COA

Principal component number 1.0

PC
Fig. 5. PCA results for the contents of chlorogenic acids and rutin in different varieties of

tobacco wastes. A) PCA score plots; B) the contribution of
content parameters to PC; and PC,.

As can be seen from Fig. 5, for data of the contents of chlorogenic acids and
rutin in tobacco wastes, two PCs describe 90.661 % of the data, and three PCs
describe 99.264 % of the data. A clear differentiation between the tobacco waste
samples from different locations was observed. PC, and PC, conserved 90.661 %
of the total variance of the original data according to the following equations:

PC; = 0.935x; + 0.918x, + 0.786x3 + 0.951x, + 0.250x5 (1)
PC, = —0.174x1 + 0.230x; — 0.547x3 + 0.163x4 + 0.906x5 )

where x1—xsg are the content of 3-CQA, 5-CQA, 4-CQA, chlorogenic acids and
rutin givenin Table |1, respectively.

Equation (1) indicates the significant importance of the contributions of x3—x4
to PC4, while Eq. (2) indicates that the contribution of x5 to PCo is much greater
than the other ones. According to the multivariate statistics models, two phenolic
compound variables can be considered important for discriminating between
varieties of tobacco wastes. chlorogenic acids and rutin. Therefore, data
regarding the varieties of tobacco wastes can be analyzed by PC, and PC,, and
the developed PCA method is suitable for reducing overlapping and unnecessary
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data, in order to evaluate the relationships between the contents of polyphenols
and the varieties of tobacco wastes.

The main objective of HCA is to display data in natural clusters, showing
patterns in two-dimensional space.?2 Similarities and dissimilarities between the
contents of polyphenols and the varieties of tobacco wastes as the results of either
direct cluster analysis or HCA based on the PCA pattern are shown in Figs. 6A
and 6B, respectively.
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8 5 —
s _I: L L
e TR
Tobacco waste sample numbers 2 431016 8 7|5 9
A B C

Tobacco waste sample numbers

Fig. 6. Similarities and dissimilarities between the contents of the main polyphenols (chlo-
rogenic acids and rutin) and different varieties of tobacco wastes, resulting from cluster
analysis: A) direct cluster analysis; B) HCA based on the PCA pattern.

The dendrogram with tobacco wastes from different sources, shown in Fig. 6,
isqualitative in nature and permits visualization of clusters and correlations amongst
samples. Based on the contents of chlorogenic acids and rutin, see Fig. 6A, it is
difficult to classify tobacco waste samples using the direct cluster analysis me-
thod. In HCA, the Euclidean distances among samples or variables are trans-
formed into similarity indices. A small distance corresponds to a large index and
means a large similarity.29-31 As can be seen from Fig. 6B, three distinct clusters
represent the sources of the tobacco wastes samples; that is, group A contains
sample 2, 4, 3, 10 and 1, group B contains sample 6, 8, and 7, and group C
contains samples 5 and 9. Therefore, HCA analysis showed that it is possible to
differentiate between phenolic contents and the sources of samples with different
geographical origins, and of different varieties: the 10 varieties of tobacco wastes
samples are clearly separated into three groups. In a general way, the developed
HCA method based on the PCA pattern is suitable for grouping overlapping va-
rieties of tobacco waste resources depending on the contents of polyphenals. The
results obtained using the HCA method can provide vauable information to guide
high added value usage of chlorogenic acids and rutin in varieties of tobacco
wastes throughout the world.
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CONCLUSIONS

In this paper, the identification of 15 polyphenols in tobacco wastes is re-
ported. It was also demonstrated that tobacco wastes have a potential application
as ethnopharmacological materials in the pharmacological industry, due to the
unusual dominance of chlorogenic acids (chlorogenic acid, neochlorogenic acid
and cryptochlorogenic acid) and rutin contained within the waste. Moreover, ac-
cording to multivariate statistics models, using the HCA method based on the
PCA pattern, the chlorogenic acid and rutin contents of tobacco waste can be
considered important for discriminating between different varieties of tobacco
wastes. Ten varieties of tobacco were characterized into three groups using this
method. In conclusion, tobacco wastes containing natural chlorogenic acids and
rutin could be advantageous for industrial applications and multivariate methods
could be useful for the analysis and interpretation of a large number of tobacco
waste resources in the world. In further studies, the heterogeneity of tobacco was-
tes must be regulated and problems concerning the collection, as well as con-
veyance of the biomass, must be resolved for the practical utilization of tobacco
wastes.
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U3BOJI

PA3JIMKOBABKE U KITACUOUKAITUIA IYBAHCKOI OTITAJIA OAPEBUBABEM
MMOJIND®EHOJIA METOOM LC-MS/MS

JUN WANG"? DINGQIANG LU?, HUI ZHAO", BEN JANG!, JALI WANG?,
XIUQUAN LING!, HONG CHAI* n PINGKAI OUYANG!

lCollege of Biotechnology and Pharmaceutical Engineering, Nanjing University of Technology, Nanjing
210009 u 2College of Biological and Environmental Engineering, Jiangsu University of Science and
Technology, Zhenjiang 212018, P. R. China

Xemujcku cacTaB monudeHosa y QyBaHCKOM OTHany je uiueHtuuxoBaH meroxom HPLC-
-PDA-ESI/MSIMS, canpixaj XJIOpPOreHCKHX KHCEIHHA M PYTHHA Y JIECEeT BPCTa JyBaHCKOI OTIaja
je onpehen meromom HPLC-UV wu oxmnoc m3mely campikaja monmdeHona M BpCTe JTyBaHCKOT
OTIaja je aHauM3UpaH XujepapxujckoM kiactepckom aHamu3oM (HCA) u aHanm3oM OCHOBHHX
kommonenTn (PCA). TletHaect nonudeHona je HIeHTH()UKOBAHO Y METAHOIHOM €KCTPAKTy CyBOT
IyBaHCKOI oTmana. M3MepeHe Cy BellMKe KOHIEHTpauuje xjoporeHckux kucenanHa (3-CQA,
5-CQA u 4-CQA) u pyruna, y omcery 0,116-0,196, 0,686-1,781, 0,094-0,192 u 0,413-0,998 %.
[Tpema MynTHBapHjaHTHOM CTaTUCTUYKOM MOJEIY, BE IPOMEHJEUBE CE MOT'Y CMaTPaTH BaKHUM Y
pa3IUKoOBamy BPCTE JyBAaHCKOT OTIAJa: XJIOPOTeHCKE KUCENWHE M pyTuH. JleceT BpcTa oTmazna je
KJIIacU(UKOBAHO y TPH TpyIie KIACTEPCKOM aHAIN30M Ha OCHOBY CaJpXaja OCHOBHHUX KOMIIOHCHTH.
Kopucrehn oBe monartke, gyBaHCKH OTHa] MOxke Hahu IpHMeHy Kao (hapMarieyTCKH MaTepHjall 3a
H30JI0Bambe MPUPOIHUX XJIOPOTCHCKUX KHCEIHHA U PyTHHA Y €THO()APMaKOJIONIKO] HHIYCTPHjH.

(Mpumibero 9. HoemGpa 2009, pesuaupano 25. hedpyapa 2010)
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Abstract: The three main cannabinoids A%-tetrahydrocannabinol (AS-THC),
cannabidiol (CBD) and cannabinol (CBN) were identified and determined
quantitatively using a GCD (GC-El) instrument in 280 samples of illicit herbal
cannabis, seized by the Police authorities in Novi Sad, during 2008. The sam-
ples were sent to the Institute of Forensic Medicine, Clinical Center Vojvodina,
for forensic chemical analysis. The cannabinoid content of the samples enabled
the classification of the cannabis into three chemical phenotypes and the diffe-
rentiation into drug and textile-cannabis, using the Waller classification index.
This differentiation has great forensic significance in the classification of cer-
tain cases as a criminal action. The experimental results showed that the AS-THC
content in illicitly circulated cannabis dightly decreased from January to De-
cember 2008, as did the quality of the drug-cannabis. The reasons for the qua-
lity variations could lie in the geographical origin of the cannabis plants, the
conditions of plants storage, various parts of the plants in samples and the time
elapsed between harvesting and chemical analysis.

Keywords. cannabinoids; forensic samples; GCD analysis; phenotype; Waller
index.

INTRODUCTION

Cannabis (Cannabis sativa L.) is a plant widely distributed throughout the
world and its cultivation is prohibited in most countries, including Serbia. The
fibre-type plants are legally cultivated in some regions under specific permission.

The three main cannabinoids found in Cannabis sativa L. are the psycho-
active A%-tetrahydrocannabinol (AS-THC) and the non-psychoactive cannabidiol
(CBD) and cannabinol (CBN). The highest cannabinoid content is found in the
resin secreted by the flowering buds of the plants. AS-THC, which is the main
psychoactive constituent, is found in similar amounts in male and female canna-

* Corresponding author. E-mail: maja.brenesel @gmail.com
doi: 10.2298/J5C091019070D
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bis grown under the same conditions. It was shown that in the various parts of
cannabis plant, the AS-THC content decreases in the following order: bracts, flo-
wers, smaller stems, larger stems, roots and seeds.®

Textile (fibre-type) cannabis is cultivated for a wide variety of hemp-based
products, such as: edible seed oil, essentia oils, flour, beverages (beer, lemonade
and ligueur), cosmetics, lubricants, fuels and fibres for the paper and building in-
dustries.12 Resinous (drug-type) cannabis is illicitly cultivated for its psychoac-
tive pharmacological action.3

Since cannabis is most commonly administered by smoking or ingesting, the
THC predominantly acts on the central nervous (CNS) and cardiovascular sys-
tems. Common CNS effects include euphoria, a sense of well-being, relaxation,
tachycardia, alteration in blood pressure and hallucinations at high doses.4°

For court testimonies and police authority purposes, seized cannabis sam-
ples, after chemical analysis, are classified into three chemical phenotypes: drug,
intermediate and fibre-type, according to the AS-THC content and the Waller
classification index, W, (Eq. (1)):6:7

0 9 0
W= % A°-THC+% CBN (1)
% CBD

1. % AS-THC > 0.3 and W > 1; the plant is classified as a drug-type (resinous
cannabis) and could be abused as a psychoactive drug;

2.a) % AS-THC <0.3and W> 1 or b) % AS-THC > 0.3 and W < 1; the plant
is classified as an intermediate-type and could be abused as a psychoactive drug;

3. % AS-THC < 0.3 and W < 1; the plant is classified as a fibre-type (textile
cannabis) and could not be abused.

It is necessary to emphasize that a low content of AS-THC (% AS-THC <
< 0.3) in intermediate-type cannabis samples is not incompatible with their re-
sinous character. As it is known that in these sasmples CBN, a degradation pro-
duct of AS-THC, is present in a large amounts, the % AS-THC + % CBN would
approximate the AS-THC content. When the Waller classification index islow (W
< 1) in intermediate-type cannabis samples, the CBD content is high, which
indicates that the samples originated from relatively young potent plant.®

According to the law in European Union countries, the maximum permitted
content of AS-THC in fibre-type cannabis varieties is 0.3 %.8.9 Based on the A®-
-THC content and the Waller classification index, forensic cannabis samples are
differentiated into drug cannabis, if they are drug or intermediate-type, and tex-
tile cannabis, if they are fibre-type. This differentiation has great forensic signifi-
cance in the classification of certain cases as a criminal action.
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EXPERIMENTAL

Sample preparation

Two hundred and eighty illicit herbal cannabis samples, seized by Police authorities in
Novi Sad during 2008, were sent to the Institute of Forensic Medicine, Clinical Center Voj-
vodina, for forensic chemical analysis. The stems and seeds were manually separated from the
dried plant material, leaving leaves, blossoms, small structural parts of the inflorescence and
bracts. The resulting material was weighed and ground in a mortar. Each sample consisting of
50 mg ground powder was heated with 5 ml petroleum ether (boiling range 40-60 °C) at 60
°C for 20 min.1011 After cooling, the petroleum ether extract was filtered and evaporated to
dryness. The residue was reconstituted in 1.9 ml petroleum ether, 0.1 ml of epi-androsterone
as the internal standard (1S) was added at a concentration 7 mg mi-1 in ethanol,” and a 1-pl
aliquot of the resulting solution was injected into the GCD instrument.

Gas chromatographic analysis

The cannabinoid content (% AS-THC, % CBD and % CBN) was determined chromato-
graphically using a G 1800 A GCD instrument, equipped with an HP 6890 autosampler. GCD
is an advanced gas chromatography (GC) system introduced by Hewlett Packard in 1994. The
GCD consists of a chromatograph, electron ionization (El) detection system for m/z up to 425
and a data acquisition system. The El detection system generates retention time, abundance
and mass spectral data that are comparable with those obtained with a GC—mass spectrometry
(MS) instrument.

The conditions for the analysis were as follows: column HP-5MS (30 mx0.25 mmi. d.,
film thickness 0.25 um); injection port temperature: 250 °C; interface temperature: 280 °C;
split mode: 1:11; oven temperature: initial, 50 °C; initial time: O min; heating rate: 25 °C min‘1,
final temperature: 250 °C, final time: 10 min; helium flow rate: 1 ml min'L,

Sandard solutions

Stock standard solutions containing A%-THC, CBD and CBN at 1 mg ml-1 concentration
in methanol, purchased from Sigma-Aldrich, Germany, were diluted with petrol ether and
calibration standards were prepared at the concentrations: 500, 250, 100 and 50 ug mi-,
containing epi-androsterone (1S) at a concentration 350 pg mi-1.

RESULTS AND DISCUSSION

The major constituents of the seized cannabis samples were identified and
quantitatively determined using a GCD instrument. The retention times of AS-THC,
CBD, CBN and epi-androsterone were 14.44, 12.99, 15.70 and 15.22 min, res-
pectively. For quantitative analysis, the chosen characteristic mass fragments were
monitored in the SCAN mode: mvz 314, 299 and 231 for AS-THC, m/z 231, 174
and 314 for CBD, myz 295, 238 and 310 for CBN, and m/z 290, 246 and 107 for
epi-androsterone.

The cannabinoid content of the cannabis samples led to the differentiation of
the cannabis into drug, intermediate and fibre-type, then into drug and textile
cannabis, according to the Waller classification index.

Typical total ion chromatograms (TIC) of drug, intermediate and fibre-type
cannabis samples are presented in Figs. 1-3, respectively.
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Fig. 1. TIC gas chromatogram of a drug-type cannabis sample.
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Fig. 2. TIC gas chromatogram of an intermediate-type cannabis sample.
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Fig. 3. TIC gas chromatogram of a fibre-type cannabis sample.

The percentage of AS-THC and the Waller classification index of the 280
cannabis samples seized during 2008 are presented in Table 1.

The percent of drug, intermediate and fibre-type cannabis during 2008 is
presented in Fig. 4 and the percent of cannabis samples classified as a drug or
textile during 2008 is presented in Fig. 5.
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TABLE I. % A°-THC and Waller classification index of 280 cannabis samples during 2008

Sample Month % THC . w Sample Month % THC . W Sample Month % THC . W
index index index

1 January 3.001 3.69| 95 June 0.158 148 | 189 October 2.126 6.38
2 2143 1.75| 96 3.670 10.15| 190 0.059 0.03
3 3433 7.11| 97 0910 856 | 191 0.037 0.02
4 4633 523| 98 3520 7.32| 192 0.507 8.36
5 4262 4.25| 99 0.366 7.63 | 193 1.124 4.62
6 0.570 8.03| 100 1.207 13.03| 194 0.643 1.06
7 0.765 7.56| 101 1.317 13.59| 195 1413 4.32
8 0.466 9.05| 102 2.844 43.80| 196 1814 58
9 0.844 6.23| 103 0.127 0.7 | 197 1.579 4.65
10 0.577 11.13| 104 0.652 15.66| 198 0.035 161
11 February 0.346 6.35| 105 2586 278 | 199 0.226 1.06
12 1.378 4.28| 106 2.372 930 | 200 0328 1.94
13 0.013 0.02| 107 0452 0.86| 201 0.028 0.35
14 1.642 1.42| 108 3.640 50.43| 202 0.359 0.49
15 1.804 2.35| 109 0.257 6.20 | 203 1.223 1.27
16 1.602 2.08| 110 0.816 7.04 | 204 1568 5.03
17 4,000 1.27| 111 2.007 16.78| 205 0.086 0.19
18 3.789 1.27| 112 3.094 281 | 206 0.612 0.45
19 1.159 17.42| 113 2306 262 | 207 0599 3.10
20 1.323 1.02| 114 1596 2.88 | 208 0.479 6.73
21 2443 2.04| 115 0988 4.89 | 209 1.788 2.68
22 4359 196| 116 0.563 353 | 210 3781 3.35
23 2.146 17.90| 117 1432 14.97| 211 0.801 3.04
24 1.160 18.50| 118 1.978 23.16| 212 1.9499 0.84
25 0.469 60.02| 119 1.048 6.51 | 213 0.163 0.05
26 0.823 5.23| 120 0.102 26.59| 214 0.784 0.63
27 0.052 0.07| 121 0.156 20.94| 215 0.910 043
28 1231 7.24| 122 1.931 19.02| 216 0.152 0.36
29 1.036 6.26| 123 0.479 16.26| 217 2114 1552
30 March 0.823 14.92| 124 0.301 50.89| 218 1.031 12.83
31 0.167 2.33| 125 July 0.705 0.35| 219 0.405 0.99
32 0323 7.81| 126 0.714 042 | 220 0.118 0.34
33 0329 3.77| 127 0538 0.28 | 221 0.373 0.49
34 0.132 0.82| 128 0.627 039 | 222 1.482 0.47
35 2014 7.80| 129 1111 235| 223 0.639 4.78
36 0516 2.40| 130 0.941 138 | 224 0.808 9.01
37 1.331 7.16| 131 0.771 105 | 225 0559 3.26
38 2.159 22.95| 132 0.673 052 | 226 0.755 1.35
39 2909 11.77| 133 1592 4.23| 227 1.609 2.45
40 0.981 262| 134 0.351 285 | 228 1.748 1.20
41 0.698 240| 135 1.796 3.17| 229 0.693 0.58
42 0.803 0.48| 136 1.300 1.27 | 230 0831 0.71
43 1.942 1.01| 137 1.043 148 | 231 0.780 2.60
44 0105 091| 138 0.638 3.00 | 232 0.196 0.38
45 0685 5.05| 139 0694 0.22| 233 0.195 0.38
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Sample Month % THC . W Sample Month % THC . W Sample Month % THC. w
index index index

46 4,614 15.39| 140 0.401 346 | 234 0.278 0.24
47 0352 112 141 0.744 3.24| 235 0.208 0.45
48 2,608 8.01| 142 0.943 4.05| 236 0.768 3.65
49 0.665 3.05| 143 1490 3.05| 237 0.028 0.04
50 April  1.264 0.83| 144 0.695 0.56 | 238 0.615 2.90
51 0.458 0.25| 145 0.732 0.83| 239 0.063 0.17
52 0.965 0.22| 146 1.792 095 | 240 0.663 8.36
53 0.536 0.16| 147 0.889 0.58 | 241 0.689 6.89
54 0.690 0.35| 148 August 1.869 243 | 242 0.353 0.71
55 0.391 0.18| 149 1746 874 | 243 0.836 1.43
56 0.852 0.24| 150 0.995 3.89 | 244 November 0.381 1.71
57 0.301 5.25| 151 1.727 320 | 245 1.249 0.80
58 1.055 2.86| 152 0.518 4.78 | 246 0.699 2.34
59 1.608 3.45| 153 0.080 9.29 | 247 1425 552
60 0.283 2.16| 154 0.095 8.89 | 248 1.321 347
61 0.696 8.46| 155 0.129 3.92 | 249 0.504 4.35
62 0528 1.31| 156 1.450 17.50| 250 1.082 7.95
63 0.301 31.10{ 157 1.737 0.70 | 251 0.765 7.00
64 0.355 28.12| 158 0.227 1.64 | 252 3.321 20.87
65 May 2211 526 159 0.943 3.16 | 253 0.757 6.58
66 0.120 0.08| 160 1840 4.25| 254 1.763 2.81
67 0.817 6.66| 161 1591 4.10| 255 1.326 2.55
68 0454 141| 162 1418 385 | 256 0.646 0.53
69 1426 16.99| 163 0.699 0.28 | 257 0.447 3.42
70 0531 3.71| 164 1.085 231 | 258 1.038 4.06
71 0.416 4.47| 165 0.717 0.35| 259 0.420 2.50
72 0.659 5.22| 166 September 1.770 1.12 | 260 0.568 8.27
73 0.612 511 167 0.906 4.24 | 261 2191 1.86
74 0.676 5.89| 168 1.081 205| 262 0.984 0.88
75 0.622 7.53| 169 0.962 13.11| 263 0.605 0.54
76 0.448 8.09| 170 1770 112 | 264 0.905 0.85
77 0.695 8.04| 171 0.900 454 | 265 1.012 10.42
78 0.676 6.11| 172 0.952 2.38| 266 0.684 3.60
79 0.919 5.00| 173 0.925 325 | 267 3911 6.21
80 0.770 3.12| 174 0.826 2.68 | 268 December 0.060 0.70
81 0.380 3.15| 175 0.835 9.35| 269 0.486 4.65
82 June  4.479 14.05| 176 1434 757 | 270 0.422 3.73
83 1.662 26.76| 177 0.818 944 | 271 2144 0.34
84 2333 4.02| 178 0.664 5.78 | 272 0.280 1.11
85 1.003 347| 179 0.130 229 | 273 1.705 1.90
86 2290 21.96| 180 0.716 8.65| 274 0.494 0.59
87 0.734 185| 181 0.175 0.23| 275 1.923 144
88 1.358 891 | 182 0.351 054 | 276 1.912 0.78
89 0.310 4.23| 183 October 0.190 0.28 | 277 1.045 1.36
90 4479 870| 184 0.060 0.03 | 278 0.244 0.05
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TABLE I. Continued

Sample Month % THC . "V |Sample Month %THC . W |sample Month % THC, "V
index index index

o1 1782 2120 185 1333 428 279 0.797 4.98
92 0683 11.43| 186 1446 137 | 280 2282 246
23 0480 67.32| 187 0731 042 | 279 0.797 4.98
94 1600 193 188 0712 048 | 280 2282 2.46

According to the present work, the AS-THC content varied from 0.013 to
4.633 % and the Waller classification index from 0.02 to 67.32 % in the 280 can-
nabis samples seized during 2008 (Table I). The percent of drug, intermediate
and fibre-type cannabis during 2008 was 77.5, 14.3 and 8.2, respectively. The
most cannabis samples classified as a drug-type were seized in January and in
May until September. During 2008, the monthly percent of drug-type cannabis
varied from 46.7 to 100 %, of intermediate-type from 0 to 53.3 % and of fibre-
-type from 0 to 24.6 % (Fig. 4). The percent of drug cannabis varied from 69.2 to
100 % and that of textile cannabis from 0 to 24.6 % during 2008 (Fig. 5). The
results showed that the AS-THC content in theillicitly circulated cannabis slight-
ly decreased from January until December 2008, as did the quality of the drug-
-cannabis. The reasons for the quality variations could lie in the geographical ori-
gin of the cannabis plants, the conditions of plants storage, differing parts of the
plants in the samples and the time elapsed between harvesting and chemical ana-
lysis. The highest AS-THC yield reached in the studied samples was 4.633 %.

B Drug-type O Intermediate-type [ Fibre-type

100 =
- i
80
70
&0
50
40
30
20
10

1 2 3 4 L3 6 7 8 9 10 11 12

Time, months

Fig. 4. Percent of drug, intermediate and fibre-type cannabis during twelve months in 2008.

Content, %

It is well known that there are wide variations in the relative amounts of
cannabinoids in cannabis plants. This variation depends on numerous factors.
The predominant factors are the genetic characteristics of the seed stock and the
environment in which the plant is grown, such as: light, temperature, moisture
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and oxygen.12.13 Some investigators concluded that the concentration of THC in
marihuanais not dependent on the local growing conditions, but on the seed from
which it is grown. It was also observed that THC will eventually decompose to
CBN and that the original amount of THC present in marihuana can be computed
by adding the amount of CBN to the THC present at the time of assay.14

—8— Drug cannabis —#— Textile cannabis
100
2
80
70
6
50

Content, %

40
30

Time, months

Fig. 5. Percent of drug and textile-type cannabis during twelve monthsin 2008.

By assaying marihuana for its contents of THC, CBD and CBN, a great deal
of information can be obtained regarding the potential source of the sample, its
potency as a drug and the approximate time since it was first processed. It would
also follow that if many confiscated samples had the same concentration of THC,
CBD and CBN, it would be likely that they came from the same source, which
could then be sought as a distribution paint.

Bearing in mind that seeds are freely transferred from one country to other,
some investigators concluded that there is little valid basis for attempts to corre-
late the cannabinoid content with the country of origin and allocation of cannabis
all over the world. However, Faubert Maunder1® is of opinion that the presence
of CBD and its ratio to AS-THC is useful criterion for indicating the country of
origin if the gross appearance of the sample is taken into account. Some inves-
tigators found that plants that are drug phenotype generally originate from count-
ries south of latitude 30 deg N. Plants that are fibre phenotype originate north of
the same latitude.14 Cannabis plant material appears on theillicit market in diffe-
rent forms (buds, kilobricks, marihuana and sinsemilla) and that reflects to some
extent on its country of origin. The concentration of CBN is a good indication of
the age of samples as well as the storage conditions, indicating either old plant
material or poor storage conditions.

Diagnostic tools that allow independent descriptions of the sources of canna-
bis are essential for unravelling market dynamics.16 In this regard, Ritterl? called
for pursuing multi-disciplinary approaches to understanding drug markets. A no-
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vel forensic approach to understanding the cannabis market is the employment of
stable isotope analyses of seized cannabis. Stable isotope analysis has the poten-
tial to improve significantly the understanding of cannabis trafficking because
stable isotopes function as natural recorders revealing aspects of the geographic
origin and growth environment of a plant.18.19

Based on the experience of some investigators, a concentration of THC in
marihuanafrom 0.5 to 1.5 % can be considered as a “good” quality marihuana. If
the concentration of THC is less than 0.5 %, the marihuana would be of poorer
quality and cigarettes with a concentration of THC in excess of 1.5 % would be
very good to excellent marihuana. Some attention must be given to the samples
with THC content greater than 1.5 %. It isin this range that smoking marihuana
can produce a diminution in the ability an individual to perform tasks requiring
concentration, coordination and judgment.20

CONCLUSIONS

As cannabisisanillicit drug, it is only available to the public through illegal
channels. Consequently, the chemical analysis of confiscated material is impor-
tant for the understanding of the health problems to the public associated with the
use of any form of the drug. The analytical data generated could be employed to
show trends in increasing or decreasing potency, to help identify the country of
origin whenever possible and to provide information for policymaking decisions
at the national and possibly international level. In addition, the analytical data
should provide information to the scientific community in studying health prob-
lems associated with cannabis use.

U3BOJ

CAJIPXKAJ A-TETPAXUJIPOKAHABMHOJIA Y Y30PLIUMA KAHABUCA
3ATUTEILEHM Y HOBOM CAJTY 2008. TOJVUHE

MAJA BYPEHJIMR-BPEHECEJI, HUKIIA AJIYKOBWUR, KATAPMHA IITAJHUI[-PUCTUR,
BJIAJUMUP ITUJINJA n UT'OP BECEJIMHOBU' R

Hncimuiniyi 3a cyocky meouyury, Kaunuuku yenitiap Bojeooune, Xajoyx Bemrosa 7—9, 21000 Hosu Cao

Tpu ocHoBHa KanaGuuonna A%-rerpaxunpokana6unon (A°>-THC), kana6umuon (CBD) u ka-
nabunon (CBN) cy munentudukosana u kBantudukosana Ha GCD (GC-El) uncrpymenry y 280
y30paka OMJBHOT MaTepHjaia — KaHaOuca, 3aIUICHEHUX Of cTpaHe opraHa uctpare y Hosom Camy
2008 roxune. 3amiemeHN y30puu Cy JocTaBibeHH VHCTHTYTY 3a CyacKy MexunuHy Knmanmdkor
neHTpa BojBoamue, kako Om ce m3BpmImiIa (HOpeH3WYKa XEMHjCKa aHaim3a y3opaka. Ha ocHOBY
caapkaja KaHaOMHOMIA y y30pIMMa M3BpIICHA je KIacu(uKaija kaHaOuca Ha TPH XeMHjcKa Qe-
HoTHNa ¥ AudepeHIrjanuja Ha KaHaOuce-pora 1 KaHaGuC-TeKCTUIIHU TuIl, npumenom Waller-osor
kiracudukanuoHor uHuekca. HaBenena mudepennujanmja uma usys3eraH (GOpeH3WUKM 3HA4aj y
yTIBphMBamky W3BECHHX CilydajeBa Kao IPOTHB3aKOHHTHX. EKCHIEpHMEHTAIHU pe3yJITaTH y OBOM
pany ykasyjy xa cagpxaj A>-THC-a y kanaGuCy Ha MIEraiHOM TPXKHINTY, 6JI1ar0 Oaxa y IMepHOLY
o janyapa 1o merem6Opa 2008. roguHe, a Takohe U KBanuTeT KaHaOuca THIa apore. Bapujamuje y
KBAJIMTETY KaHaOMca MOTY MOTHIATH O] reorpadckor mopekia OMIbKH, YCIOBa BUXOBOT UyBamba,
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Pa3IMYUTHX YCUTH-CHUX JEJIOBAa OMJbKE KOjH ce MOTy HahM y 3aIlICHheHUM Y30pLMMa MIIH HaK OJf
BpeMeHCKOT neprozaa u3mely depbe n xemujcke aHanmm3e y3opaka kaHaouca.

(Mpumsseno 19. okrobOpa, peBuaupasno 15. nenembpa 2009)
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Abstract: The determination of the colouring compounds apigenin (1), lawsone
(2), juglone (3) and indigotin (4) in plant extracts using HPLC-UV/Vis me-
thods is reported. The methods were applied to the analysis of 14 in ethanolic
and propylene glycolic extracts originating, respectively, from chamomile
(Chamomilla recutita [L] Rauschert, Asteraceae), henna (Lawsonia inermis L.,
Lythraceae), walnut (Juglans regia L., Juglandaceae) and natural indigo (In-
digofera sp., Fabaceae). In the case of the indigo extracts, an optimized acid
hydrolysis was applied. HPLC separations were performed on a Hypersil ODS
RP18 column using linear gradient elution programs. The detection limits for
1-4 were 0.11, 0.6, 0.10, 0.089 ug mL"1, respectively. The procedure did not
involve any sample “clean-up” methods. The amounts of the colouring com-
pounds ranged from 0.006 (3) to 0.13 mg mL- (4) in the ethanolic extracts and
from 0.22 (2) to 1.44 mg mL"1 (4) in propylene glycolic extracts. The proposed
HPLC methods are advantageous in terms of sample preparation and the se-
lective separation of the compounds. The plant dye extracts are commonly used
in hair colouring formulations. The results indicate that the methods devel oped
may serve for the quantitative control of dying plants and cosmetic products.

Keywords. apigenin; indigotin; juglone; lawsone; high-performance liquid
chromatography.

INTRODUCTION

Until the mid-19th century, natural dyes were the only source of available
colours. They were used for many purposes: to colour natura fibres, to produce
inks, watercolours and artist’s paints. They also served to colour cosmetic pro-
ducts.® Synthetic dyes, being less expensive than natural ones, experienced great
progress in ashort time. Nevertheless, their utilization presents some risks for the
health of consumers. Natural dyes are less toxic, less polluting, less heath ha-
zardous and non-carcinogenic. Recently, remarkable interest in natural dyes has

* E-mail: rgevrenova@gmail .com
doi: 10.2298/J5C091027071G
903
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been witnessed in the cosmetic industry. The manufactures offer plant dye ex-
tracts, powder pigments and pigment pastes for use in hair colouring and hair
highlights. The plant dyes, which meet the growing needs of hair care formula-
tions, such as dyes, shampoos and conditioners, were designed as part of a new
range of “environmentally responsible” cosmetic ingredients. Vegeta yellow dyes
are flavonoids compounds and notably both luteolin and apigenin (1) are largely
found in Reseda luteola, Reseda lutea, Genista tinctoria, Chamomilla recutita,
and Solidago spp.12 Natural henna (Lawsonia inermis) produced the most
important source of a red dye for hair colouring, i.e., lawsone (2-hydroxy-1,4-
-naphthoquinone, 2).3-5 Brown to dark brown colour was obtained mainly from
Juglans regia; the effective substance is juglone (5-hydroxy-1,4-naphthoquinone,
3).3 Natural indigo provided the most common source of blue pigments. Indigo
refers to several species of Indigofera. In tropical and sub-tropical areas, the
plants most widely used for indigo production were Indigofera spp., of which
there are over 350 species.1:6.7 In temperate climates, the most commonly used
species was |satis tinctoria or dyers woad.18 No natural dye is a pure product
and often the exact natural source of a given dye can only be derived from the
presence of minor dye components. Toxicological properties of indigo are re-
ported in the literature.® Lawsone has genotoxicity/mutagenicity potential in vitro
and in vivo and no safe threshold for lawsone can be established.10 The analytical
control of dyesis of considerable importance in the cosmetic industry and scien-
tific methods are required to control the quality of hair care formulations. The
presence of chemical markers guarantees identity and efficacy of the plant co-
louring extracts.

In previous analytical studies of plant dyes various methods were used in
commercial textile and archaeological dyeing of fibres1.211-17 pharmaceuti-
cals,18 food samples,19 and colouring compounds in molluscs.20-22 Several HPLC
methods for analyzing cosmetic colorants?3-26 and dye precursors of oxidative
hair dyes*26 are available in the literature but they were applied to the analysis of
synthetic colorants in commercia hair dyeing formulations. Moreover, athough
HPLC methods for analyzing indigotin (4) in different matrices have been pub-
lished,2:11-1517,20-22 oy a few studied on the HPLC analysis of Isatis tinctoria
leaves and |. indigotica roots and |leaves have been reported.8:27,28

Reversed-phase liquid chromatography with UV/Vis diode-array detection
(DAD) has been used for the identification of 4 in natural organic pigments used
in historical art objects.1214.15 Karapanagiotis et al. (2006) and Koren (2008)
studied molluscan blue and red-purple indigoid vat dyes by HPLC/DAD.21.22
Mass spectrometry was applied for the identification of indigoid compounds ex-
tracted from objects of historical interest using direct inlet into different ion sour-
ces: atmospheric pressure chemical ionization (APCI)14 and electrospray ioniza-
tion (ESI-MS)13.17 after their separation by HPLC. Puchalska et al. identified
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indigoid compounds (indigo, indirubin, isoindigo, isoindirubin) of natural dye-
stuffs and their natural or synthetic precursors (indican, isatin, indoxyl, 2-indo-
linone) by LC/ESI-MS in textile fibres of art samples.13 A liquid chromatogra-
phy/electrospray ionization tandem mass spectrometry (LC/ESI-MS/MS) method
was developed to determine indican, isatin, indirubin and indigotin in the roots
and leaves of 1. indigotica.28 A qualitative method was devised to analyse indi-
gotin precursors (indican) in leaf extracts of European (I. tinctoria) and Chinese
(I. indigotica) woad using HPLC coupled to an evaporative light scattering de-
tector (ELSD).8

The chamomile phenolic fraction is most commonly analyzed by HPLC/
/DAD and HPLC/MS.29.30 | n spite of their promising perspectives, HPLC/NMR,
capillary electrophoresis (CE) and capillary electrochromatography (CEC) still
face some limitations regarding resolution, expensive instruments and time-con-
suming procedures.30-32 High performance liquid chromatography with UV de-
tection is the most commonly used method for the determination of the naphtho-
quinones juglone in walnut leaves33-3% and fruits,36:37 and lawsone in natural
henna.3-538 An HPLC/DAD method was used for the simultaneous determi-
nation of the naphthoquinones: 1,4-naphthoquinone, lawsone, juglone and plum-
bagin in plants (Dionaea muscipula, Drosera rotundifolia, Drosera spathulata,
Drosera capensis and Paulownia tomentosa).34:3% The quantitative analysis of 2
and henna glycosides can be performed by HPLC3435 and HPTL C.3940 Recently,
two chromatographic methods were developed to determine the chemical finger-
printing of L. inermis: HPTLC identification followed by densitometric measure-
ments and RP-HPL C.5 HPTLC was proposed to control the quality of raw plant
materials and formulations based on the title plant. Differential pulse voltam-
metry (DPV) coupled with a hanging mercury drop electrode (HMDE) and micro
flow device were utilized to determine the content of juglonein leaves of J. regia.4!

Only a few HPLC methods have hitherto been appropriately valida-
ted.19.28,31,33,34 Several methods for analyzing plant extract colorants by HPLC
are available in the literature, but none of them has been applied to the analysis of
14 in propylene glycolic plant extracts. However, 1 has been previously ana-
lyzed in so-called “glycolic” extracts (consisting of 92.7 % propylene glycoal, 2 %
glycerine and 5 % ethanol, w/w) of Chamomilla recutita by CE and CEC31:32 put
the methods used were different from the one described herein. The present work
is the first attempt made to use HPLC/UV for the identification of the chemical
markers 14 in plant colouring extracts for hair care formulations.

The aim of this study was the identification and quantitative determination of
the most important colouring components in ethanolic and propylene glycolic
plant extracts. chamomile (Chamomilla recutita, Asteraceae) extract and apige-
nin; henna (Lawsonia inermis, Lythraceae) extract and lawsone; walnut (Juglans
regia, Juglandaceae) extract and juglone; natural indigo (Indigofera sp., Faba
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ceae) extract and indigotin. For these purposes, it was necessary to optimize the
analysis of the commonly used cosmetic colorants by asimple and reliable HPLC
method coupled with UV/Vis detection. The ethanolic and propylene glycolic ex-
tracts were supplied by a Bulgarian company that manufactures herbal extracts
for cosmetic uses. The HPLC methods described herein are of practical interest,
alowing the determination of colouring compounds present in hair care formu-
lations defined as “natural”, which should only contain plant extract colorants.

EXPERIMENTAL
Chemicals and reagents

The standard of apigenin was purchased from Extrasynthese (Genay, France) and those
of lawsone (97 %), juglone (97 %) and indigotin (95 %) from Sigma-Aldrich (Deisenhofen,
Germany). HPLC-grade solvents and analytical-grade chemicals were provided by Merck
(Darmstadt, Germany). The water was double distilled. Solvents were filtered through a 0.45
um filter (Millipore, Bedford, MA, USA) and degassed in an ultrasonic bath before use. Stock
solutions (0.4 mg mL™1) of 1-3 were prepared by dissolving 20 mg of each powder in 50 ml
methanol. The solutions were stored in a refrigerator. The working standard solutions of
appropriate concentration were prepared daily by diluting the stock standard solutions with
methanol. The solutions of 4 were freshly prepared in the range 0.2-0.001 mg mL1 in
methanol—dioxane (1:1, v/v) and kept in vials preventing light penetration to avoid decom-
position of indigotin.

Extracts

The ethanolic and propylene glycolic extracts from chamomile (Chamomilla recutita),
henna (Lawsonia inermis), walnut (Juglans regia) and natural indigo (Indigofera sp.) were
received directly from a Bulgarian producer. According to the provider, the alcoholic extracts
were obtained with 70 % ethanolic—aqueous solution. The ethanolic extracts (10 mL) were
evaporated under vacuum at 40 °C and reconstituted with 10 mL methanol. The propylene
glycolic extracts were diluted appropriately in MeOH (1 mL extract to 5 mL solvent). All
extracts were then submitted to sonication at room temperature for 5 min using a RK 52 H
Sonicator (Bandelin electronic, Berlin, Germany) at 120 W, 35 kHz and centrifuged at 10000
rom for 10 min. The supernatant was collected and filtered through a 0.45 pm filter
(Millipore, Bedford, MA, USA) prior to injection.

Acid hydrolysis of the indigo extracts

The samples of natural indigo (1 ml of methanolic or methanolic—propylene glycolic
extract, see Section Extracts) were hydrolyzed for 15 min at 100 °C in 3 mL of a mixture of
37 % HCl-water (2:1). The extracts were rapidly cooled and centrifuged at 10000 rpm for 10
min. The blue residue after acid hydrolysis indicated the presence of indigotin, which was
redissolved in 1 mL methanol/dioxane (1:1, v/v) and filtered through a 0.45 pm filter (Mil-
lipore) prior to injection. Indigotin was detected in freshly obtained samples.

HPLC analysis

The chromatographic analyses were performed on a Varian (Walnut Creek, California
USA) chromatographic system equipped with a tertiary pump Model 9012, a rheodyne
injector with a 20 ul sample loop, a UV/Vis detector Model 9050 set at 335, 340, 249 and 288
nm according to the UV absorption maxima of the compounds 14, respectively. A Varian
Star Chromatography workstation and computer software (version 4.5) for controlling the
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NATURAL COLORANTSIN PLANT EXTRACTS 907

system and collecting the data were used. A reversed phase Hypersii ODS RP18, 5 um,
250x4.6 mm 1.D., Shandon (Runcom, England) column equipped with a precolumn 30
mmx4.6 mm (Varian, USA) filled with the same stationary phase was used.

Gradient program |I. The chromatographic separation of 1 was realised using a mobile
phase consisting of A) acetonitrile, B) methanol and C) 20 mM potassium dihydrogen
phosphate buffer adjusted to pH 3.20 with orthophosphoric acid. The elution program com-
menced at 15 % A:5 % B:80 % C followed by a linear gradient for 20 min to 30 % A:10 %
B:60 % C. Theflow rate was 1 mL min-L,

Gradient program I1. The chromatographic separation of 2 was performed using a binary
solvent system consisting of: A) 3 % methanol in a 20 mM potassium dihydrogen phosphate
buffer (adjusted to pH 3.20 with orthophosphoric acid) and B) 45 % methanol in 20 mM
potassium dihydrogen phosphate buffer (adjusted to pH 3.20 with orthophosphoric acid). The
elution program was from 100 % A to 100 % B in 55 min. The flow rate was 1.3 mL min'.,

Gradient program IlI. The chromatographic separation of 3 was performed using a
binary solvent system consisting of: A) 3 % methanol in a 20 mM potassium dihydrogen
phosphate buffer (adjusted to pH 3.20 with orthophosphoric acid) and B) 45 % methanol in 20
mM potassium dihydrogen phosphate buffer (adjusted to pH 3.20 with orthophosphoric acid).
The elution program was from 90 % A:10 % B to 10 % A:90 % B in 45 min. The flow rate
was 1.2 mL min'l,

Gradient program IV. Chromatographic separation of 4 was carried out using a mobile
phase consisted of A) acetonitrile, B) methanol and C) 100 mM ammonium acetate buffer
with 30 mM dibutylamine adjusted to pH 6.8 with acetic acid. The elution program com-
menced at 10 % A: 35 % B: 55 % C followed by linear gradient for 25 min to 10 % A:65 %
B:25 % C. Theflow rate was 1 mL min-1,

For all programs, the mobile phase was returned to the initial conditionsin 5 min and the
column was equilibrated for 10 min. The oven temperature was set at 27 °C.

Quantitative analysis

The analysis of the assayed compounds (1-4) was performed using the external standard
method. Working solutions containing 0.2, 0.1, 0.05, 0.02, 0.01 and 0.001 mg mL-! of 1-3
were prepared from stock solution, 0.4 mg mL"1 in methanol, respectively. The employed
concentrations of 4 were 0.2, 0.1, 0.05, 0.02, 0.01 and 0.001 mg mL- and the solutions were
prepared in dioxane-methanol (1:1, v/v).

Triplicate analyses were performed for each concentration and the peak area was de-
tected at 335, 340, 249 and 288 nm for 14, respectively. Calibration curves were constructed
from the peak areas vs. analyte concentrations. Slope, intercept and other statistics of the
calibration lines were calculated by linear regression using the Anaytik-Software (Leer,
Germany) STL dtatistics program. The regression equations were, respectively, for com-
pounds 1—4: y = 3.38x107x + 7.43x10* (r2 = 0.9969); y = 6.40x106x + 4.19x10% (r2 = 0.9990);
y = 3.70x107x + 1.05x106 (r2= 0.9936) and y = 4.09x106x — 1719 (r2 = 0.9999).

For every sample, the complete assay procedure was performed in triplicate and the
standard deviation calculated.

RESULTS AND DISCUSSION

The principal flavonoid colouring matter is apigenin. It produces the most
vibrant and lightfast yellow colour. For standardization purposes of chamomile
extracts, apigenin, to which hair colouring property and several therapeutic ac-
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tivity have been associated, is the flavonoid of choice.1:3242 The content of this
flavonoid in extracts of chamomile flowers was found in a heterogeneous range
of values: 106 (methanolic extract), 77 (ethanolic extract ) and 11 pg g1 (gly-
colic extract).3! Lawsone and juglone are the most commonly occurring naph-
thoquinon&e.3 Natural henna is known to contain 1-2 % lawsone, which is res-
ponsible for colouring orange—+ed. The amount of juglone detected in walnut
leaves was about 0.2-0.4 % (fresh weight).#1 Naphthoquinones are not a pre-
cursor of oxidative hair dyes. The vegetal blue indigotin is not synthesized di-
rectly by the plant; it is a product derived from indole glucoside precursors, which
are secondary metabolites.1.6.28 |ndigofera spp. contain a yellowish glycoside
indican (indoxyl-4-D-glucoside), which is readily hydrolyzed in agueous solution
by dilute mineral acid or by enzymes to the respective aglycon indoxyl and a
sugar. To form indigotin from the precursors, the carbohydrate moiety is cleaved
from the indoxyl group and two of the resulting indoxyl molecules combine oxi-
datively to produce an indigotin molecule. In practice, once the molecule has been
hydrolyzed, this combination occurs spontaneously under aerobic conditions and
indigotin precipitates from solution and deposits as a blue sediment.

Due to the presence of the glycoside indican in the extracts from indigo
(Indigofera spp.), its transformation to indigotin was achieved by acid hydrolysis.
The final dissolution of indigotin was realised with a mixture of dioxan and me-
thanol (1:1, v/v), which resulted in an increase in the dissolution and stability, in
comparison with those previously reported.1319 The limited solubility of indi-
gotin in organic solvents!® and its instability in these medial31943 should be
mentioned. A study of the solubility of indigotin was performed by Blanc et al.1®
It was found that indigotin is soluble in acetic acid and pyridine. To the com-
monly used methanolic—acidic extraction method for natural indigo in textile fib-
res, an additional methanol/DMF,14 DMSO,13 acetic acid/SDS,15 or warm py-
ridine* extraction step was applied. Moreover, indigotin is unstable in acidic,
basic medium and under daylight.1345 The stability of indigotin solutions in
DM SO was examined by Puchalska et al. It was found that in solutions exposed
to daylight at room temperature, a degradation of 50 % of indigotin to isatin was
completed after 7 days; after 30 days, only the degradation product could be
found.13 In a previous study, Altinos et al. reported that working solutions (10
mg in 100 mL) of indigotin were prepared in methanol-water (40:60, v/v) for a
HPL C method and that the solutions were stable for at least 12 h.19 In the present
study, indigotin was detected in freshly prepared dioxane solutions and extracts and
they were stable for at least 3 days (over this period, the RSD (area) was 3.16 %).
In addition, dioxane islesstoxic in comparison with pyridine and DMF, currently
evaluated by the International Agency for Research on Cancer (IARC) as car-
cinogens.
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The HPLC analyses were directly performed on the total extracts of chamo-
mile, henna and walnut without any manipulation of the samples. Some authors
have reported a sample “ clean-up” procedure by solid-phase extraction32 of both
ethanolic and propylene glycolic extracts of chamomile as the presence of pro-
pylene glycol in the matrix inhibited the absorption of the compounds to the sta-
tionary phase. The present method does not involve any sample purification step,
the propylene glycolic extracts were diluted appropriately in MeOH and no inhi-
bition of the partitioning caused by the presence of propylene glycol was found.

Preliminary RP-HPLC experiments for the separation of the chamomile ex-
tract showed that certain pairs of major aglycones, such as luteolin and quercetin,
apigenin and isorhamnetin, were not well resolved by currently used systems
consisting of an organic phase (either methanol or acetonitrile) and water/TFA or
water/formic acid.29.30 Therefore, the effects of various proportions of methanol
(A) and acetonitrile (B), ranging from 5 % A:10 % B to 20 % A:30 % B were
tested for the separation of the analytes. The proposed HPLC method (gradient
program |) enabled the determination of 1 with advantages in terms of retention
time (24 min in comparison with 40 min2%) and the selective separation of the
above-mentioned aglycones and methylated aglycones axillarin and chrysosple-
nol, well known for their presence in chamomile extracts.29

The structural difference between 2 and 3 is small, originating only from the
position of the hydroxyl group. Initial chromatographic runs were gradients that
ranged from 3 % methanol to either 30 or 45 % over 45 or 55 min. Eight binary
solvent systems were investigated consisting of methanol and either phosphate
buffer (20 mM potassium dihydrogen phosphate buffer (adjusted to pH 3.20 with
orthophosphoric acid) or an agueous phase, containing 0.1 % phosphoric acid.
The HPLC methods (gradient program Il and 1I1) for the separation and quan-
tification of 2 in henna extracts and 3 in walnut extracts were based on a binary
gradient system consisting of phosphate buffer containing 3 % methanol and 45
% methanol over 55 and 45 min, respectively. It should be mentioned that the
previously reported chemical fingerprinting of L. inermis using HPLC enabled
the evaluation and comparison of raw plant material only by peak groups at
specific and significant tg values.®> The method developed in this study succes-
sfully separated 3 from phenolic compounds (phenolic acids, tannins, flavo-
noids), while in the HPLC method for the simultaneous determination of naph-
thoguinones in plants,34 the retention times of 2 and 3 were 3 and 5 min, res-
pectively; they were not completely distinguished from the interfering above-
mentioned phenolic compounds.

In this report, an HPLC system for the determination of 3 where the chosen
mobile phase is compatible with determination of 2 and 1 is reported. The binary
mobile phase in gradient programs Il and Il1 could be rapidly applied to the de-
termination of 2 and 3, either as single compounds or in amixture.
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The development of HPLC methods for 1-3 was performed using a mobile
phase consisting of organic modifier(s) and pH 3.2 phosphate buffer (gradient
programs I-11). The pH was chosen in order to prevent ionization of the phenolic
hydroxyl groups of apigenin and naphthoquinones; it was presumed that the stu-
died compounds are neutral molecules at pH 3.2. Indigotin is unstable in acidic
and basic medium, hence a buffer of pH 6.8 was chosen for the analysis. Addi-
tionaly, in the HPLC of indigotin dissolved in dioxane-methanol (1:1, v/v) as
eluent with phosphate buffer without dibutylamine, double peaks were observed
for each analyte. The addition of dibutylamine to the ammonium acetate buffer at
pH 6.8 improved the partition of the analytes between the stationary and mobile
phase (gradient program 1V). The proposed HPLC method enables the determi-
nation of indigotin with advantages in terms of retention time (15 min in com-
parison with 35 minl> and 52 min27).

For the HPLC-UV analysis, four wavelengths were specified: indigotin has
maximum absorbance at 288 nm, lawsone at 340 nm, juglone at 249 nm and api-
genin at 335 nm. These wavelengths allow a sufficient sensitivity of detection for
the determined compounds to be obtained. In the case of the natural indigo ex-
tracts obtained because of acid hydrolysis, a broad elevation of the baseline was
observed; this was assigned to some product of acid hydrolysis of the extract.
Peaks of the chemical markers 1-4 were assigned in the HPLC chromatograms
by comparing individual peak retention times with those of authentic reference
standards and by the spiking technique.

The repeatability was established by injecting standard solutions of the as-
sayed compounds (0.01 mg mL—1) six times. The reproducibility was determined
over 10 days by three injections per day of the same solutions. The relative
standard deviations (RSDs) of the repeatability and the reproducibility were
< 2.42 % and < 5.71 %, respectively. The precision of the retention times was
evaluated taking into account a triplicate analysis of both standards and plant
samples, and the obtained mean values were derived with standard deviation
(Table I). In the caibration experiments, the interval of linear response covered
the concentration range from 0.001 to 0.4 mg mL—1 (except for indigotin, for
which the upper limit was 0.2 mg mL—1). All compounds showed acceptable
linearity with correlation coefficients (r2) higher than 0.993 within the range of
concentrations investigated. The average precision of the entire analytical pro-
cedure expressed by the relative standard deviations (RSDs) of parallel measure-
ments (n = 3) was estimated by measuring the within-day repeatability, being in
all cases in the range 1.00-8.48 %. The RSD of 3 determined in the walnut
extract exceeded 5 %. Taking account of the low amount present in the etha
nolic—agueous extract (0.0059+5.03x104), an RSD value of 8 % is acceptable.46
The limit of detection (LOD) and the limit of quantification (LOQ) were calcul-
ated according to ICH guidelines based on the standard deviation of the regres-
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sion lines of specific calibration curves and their slope using analyte concentra-
tions in the range of the LOD and LOQ.4” The detection (LOD) and quanti-
fication (LOQ) limits determined would permit the quantification of the com-
pounds assayed at ppm levels, since the LODs and LOQs ranged from 0.089 to 0.6
ug mL—1 and from 0.32 to 1.8 pg mL—1 for indigotin and lawsone, respectively.

TABLE |I. Precision, limit of detection (LOD) and limit of quantification (LOQ) for the
assayed compounds

Compound (tz+SD) / min  RD?*/ % RD"/% LOD/pugmL™LOQ/ugmL™

1 24.24+0.39 0.06 247 0.11 0.36
2 45.04+0.11 242 4.49 0.60 1.80
3 38.09+0.27 2.16 5.71 0.10 0.32
4 15.00+0.19 1.54 4.06 0.089 0.32

®Repeatability (n = 10); Preproducibility tested over 10 days (n = 3)

Mulinacci et al. described a semi-quantitative study of the flavonoid content
of chamomile extracts.29 The LOD and LOQ of a capillary electrophoretic and a
capillary electrochromatographic method for the quantification of 1 in chamo-
mile extracts were 3.80 and 11.5 ug mL-1, and 35 and 150 ug mL-1, respec-
tively.3132 The proposed HPLC method using UV detection enabled the sensi-
tivity to be increased thirty-fold, whereby values of 0.11 and 0.36 ug mL~1 were
achieved, respectively. The simultaneous analyses of naphthoguinones by HPLC/
/DAD34 and DPV4! were performed by Babula et al. and the LODs and LOQs
obtained for 2 were 65 (217) and 5 (16) ng mL1, respectively, and for 3, 75
(252) and 18 (60) ng mL—1, respectively. The obtained detection limits for 2 and
3 in the present study were in the same range as those realised in the literature,34
but DPV characteristics were ten-folds better. The sensitivity obtained for 4 with
the developed method was higher than that Altinos and Toptan achieved by
HPLC with UV detection at 480 nm (0.2 ug mL-1).19

The optimized methods were consequently applied to identify and quantify
the colouring compounds 14 present in plant extracts originating from extrac-
tion with 70 % ethanol and propylene glycol as solvents. The obtained chromato-
graphic profiles are shown in Fig. 1. Although very similar peak profiles were
obtained, the amount of the colouring compounds differed considerably among
these extracts. The concentrations of the compounds assayed were found to be
lower in the ethanolic—agueous extracts than in propylene glycolic extracts. The
amounts of the colouring compounds assayed ranged from 0.006 (3) to 0.13 mg
mL-1 (4) in the ethanolic extracts and from 0.22 (2) to 1.44 mg mL~1 (4) in the
propylene glycolic extracts (Table11).

The chamomile extract used in hair care formulations is standardized on
more than 1.2 % total apigenins; an anti-inflammatory test supports that cha
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momile extract has good anti-inflammatory properties and that it protects cells
against UV stress at dosages of 0.1-1.0 %.
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Fig. 1. HPLC chromatograms of a) chamomile propylene glycolic, b) henna ethanolic, c)
walnut propylene glycolic and d) natural indigo ethanolic extracts. 1 — apigenin; 2 — lawsone;
3 —juglone and 4 — indigotin. See text for chromatographic conditions.
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TABLE 1. Content (mg mL™) of the compounds assayed in ethanolic and propylene glycolic
extracts

Ethanolic extract+SD Propylene glycolic extract=SD

Compound 1 RSD / % %) RD / %
mg mL mg mL

1 0.0387+0.0023 5.82 0.5238+0.0358 6.83

2 0.0297+8.02x10™ 2.70 0.2192+0.0066 3.03

3 0.0059+5.03x10™ 8.48 0.3797+0.0035 1.00

4 0.1250+0.006 5.08 1.4400x0.006 4.00

Martinez et al. reported in the literature that the total apigenin content in a
shampoo was equivalent to 105 ppm (0.0105 %) of a chamomile extract standar-
dized on 1.5 % total apigenins.42 Despiteits low content in complex formulations
(shampoos), the developed specific analytical method was able to successfully
guantify the traces of apigenin. It has been proposed that lawsone be used as a
non-oxidizing hair colouring agent at a maximum concentration of 1.5 % (typical
concentration 1.26%) in the finished cosmetic product. Henna products were
found to contain 0.24 % lawsone.# In this study, the concentrations of juglone
were found to be very low in all samples. Due to polymerization phenomena,
juglone is reported to occur in dry leaves only in vestigial amounts.48 A literature
survey revealed no data for the presence of juglone and indigotin in hair colour-
ing formulations.

In conclusion, the proposed HPLC methods enable the routine determination
of the most employed natural colorants 14, originated from chamomile, henna,
walnut and natural indigo extracts, with advantages in terms of sample prepara-
tion and the selective separation of the compounds. They could be used for
guantitative analysis and quality control of extracts and hair care formulations.

U3BOJ
OJIPEBUBAIE ITPMPOHUX BOJA Y EKCTPAKTUMA BUJbAKA METOJIOM HPLC

RENETA GEVRENOVA
Department of Pharmacognosy, Faculty of Pharmacy, Medical University — Sofia, Bulgaria

OnpehuBana cy Oojena jeaumema amurenus (1), nocon (2), jyrnon (3) u unaurorux (4) y
OomwbHEM ekctpaktiMa Metogom HPLC-UV/Vis. Meroza je mpuMemeHa Ha aHaIU3y jeibema 1-4
Yy €TaHOJHOM M IPOIMJICHIJIMKOIHOM eKCTpakTy Ompaka kamuimia (Chamomilla recutita [L]
Rauschert, Asteraceae), kana (Lawsonia inermis L., Lythraceae), opax (Juglans regia L., Jugland-
aceae) u npuponsom uuaury (Indigofera sp., Fabaceae). V ciyuajy excrpakra nuaura, npuMemeHa
je ontumusoBana kucena xuaponuza. HPLC pasnsajame je u3BeneHo Ha kosionu Hypersil ODS
RP18, kopuctehu imHeapau enynuonu rpaaujent. Jlerekuuone rpaunuie 3a 1-4 cy 0,11; 0,6; 0,10
n 0,09 ng mL™ IMpouenypa Huje 3axTeBana MeToJe MPETXOAHOT npeuninhaBama. KoHuenrpanuja
6ojeHux jenumema ce kperaia ox 0,006 (3) no 0,13 mg mL* (4) y eranonHom excrpakty u ox 0,22
(2) no 1,44 mg mL? (4) y mponumnenrmukonHom ekcrpakrty. IIpemmoxenn HPLC merox nma
MPEIHOCTH ¥ OAHOCY Ha ApYyre METOAE Y HPUIIPEMH y30paka U CEICKTHBHOM pa3/Bajamy jeauibe-
wa. ExcrpakTn OmibHEX 60ja ce KopucTe 3a Oojerbe Koce. Pesyntati oBor pajia mokasyjy aa pa3Bu-
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jeHa MeToa MO)KEe MMAaTH MPUMEHY y KBaHTHTAaTHBHO] KOHTPOJHM OMJbaka 3a 00jerme U KO3METHY-
KHX IIPOU3BOJIA.

(Mpumsseno 27. okroOpa 2009, peBuaupano 12. janyapa 2010)
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Abstract: Selected new organosilicon(lV) complexes having the general for-
mula R,SICI[L] and R,Si[L], were synthesized by the reactions of Me,SiCl,
with Schiff bases (5-mercapto-4-[(1H-pyrrol-2ylmethylene)amino]-s-triazole,
5-mercapto-3-methyl-4-[ (1H-pyrrol-2ylmethylene)amino]-s-triazole  and  3-
-ethyl-5-mercapto-4-[ (1H-pyrrol-2ylmethylene)amino]-s-triazole) in 1:1 and
1:2 molar ratios. All of the compounds were characterized by elemental
analysis, molar conductance, and IR, UV, 1H-, 13C- and 2Si-NMR spectral
studies. All the spectral data suggest an involvement with an azomethine
nitrogen in coordination to the central silicon atom. With the help of above-
mentioned spectral studies, penta and hexacoordinated environments around
the central silicon atoms in the 1:1 and 1:2 complexes, respectively, are
proposed. Finally, the free ligands and their metal complexes were tested in vitro

against some pathogenic bacteria and fungi to assess their antimicrobial
properties.

Keywords: antifungal; antibacterial; silicon complexes; s-triazole; Schiff bases.

INTRODUCTION

The current research dealing with metal complexes of heteronuclear Schiff
bases has expanded enormously and includes diversified subjects comprising
their various aspects in bio-coordination and bio-inorganic chemistry. It is known
that the presence of metal ions bonded to biologically active compounds may en-
hance their activity.1—6 Heteronuclear Schiff base complexes have found applica-
tions as magnetic materials, catalysts and in the field of bio-engineering.”~10 Or-
ganosilicon compounds of nitrogen- and sulphur-containing ligands are well known
for their anticarcinogenic, antibacterial, tuberculostatic, antifungal, insecticidal
and acaricidal activities.11-16
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918 SINGH and PAL

The interest in organosilicon(1V)16-18 compounds is due to their versatile
applicability in the pharmaceutical industries. Generally, organosilicon com-
pounds seem to owe their antitumour properties to the immuno—defensive system
of the organism.19-22 The medical applications and effectiveness of the silatranes
in the treatment of wounds and tumours are thought to be related to the role of
silicon in the growth of epithelia and connective tissues and hair, where their
function is to impart strength, elasticity, and impermeability to water.23. In view
of this, the synthesis of organosilicon(IV) metal complexes of Schiff bases
derived from the condensation of pyrrole-2-carboxadehyde with different tri-
azole derivatives is reported herein. The characterization of the complexes was
realised by elemental analysis and spectroscopic (UV, IR, 1H-, 13C- and 29Si-
NMR) studies. Their antibacterial and antifungal activities were screened against
various fungi and bacteria.

EXPERIMENTAL
Materials and methods

Analytical grade organosilicon chlorides, pyrrole-2-carboxaldehyde, hydrazine hydrate,
carbon disulphide, methanol, dimethyl sulphoxide and cyclohexane were purchased from
Acros and HiMedia. All the apparatus used during the experimental work were fitted with
quick fit interchangeable standard ground joints. Strictly anhydrous conditions were main-
tained during the synthesis of the metal complexes, since the dichlorodimethylsilane and the
product complexes are highly moisture-sensitive.

Silicon was determined gravimetrically as silicon dioxide. Melting points were measured
using a capillary melting point apparatus. The molar conductance was measured with a Sys-
tronic type 305 conductivity bridge. The electronic spectra of ligands and their metal com-
plexes were recorded in the region 1100-200 nm on a Hitachi U-2000 spectrophotometer, in
dry methanol. The IR spectra were recorded on Buck scientific M500 grating spectrophoto-
meter in nujol mulls in the range of 4000250 cm L. Multinuclear magnetic resonance spectra
(1H, 13C, and 2°Si) were recorded on a Bruker 400ACF spectrometer.

Synthesis

4-Amino-5-mercapto-s-triazole (AMT), 4-amino-5-mercapto-3-methyl-s-triazole (AMMT)
and 4-amino-3-ethyl-5-mercapto-s-triazole (AEMT) were synthesized by a reported method.?4
The ligands, 5-mercapto-4-[(1H-pyrrol-2ylmethylene)amino]-s-triazole (HL1), 5-mercapto-3-
-methyl-4-[ (1H-pyrrol-2ylmethylene)amino] -s-triazole (HL2), 3-ethyl-5-mercapto-4-[ (1H-pyr-
rol-2ylmethylene)amino]-s-triazole (HL3) were synthesized by the condensation in ethanol of
pyrrole-2-carboxaldehde with AMT, AMMT and AEMT, respectively. The reaction mixture
was refluxed for 34 h and alowed to cool. The products were filtered, washed and
recrystallized from the same solvent and dried. The yields of the ligands HL1, HL2 and HL3
were 80, 77 and 72 %, respectively. The structure of the prepared ligands are given in Fig. 1.

Synthesis of silicon complexes

To aweighed amount of Me,SiCl, in dry methanol was added the required amount of the
sodium salt of the ligand HLY, HLZ or HL3 in 1:1 or 1:2 molar ratio. The reaction mixture was
refluxed for about 12 h on a fractionating column. The sodium chloride formed during the re-
action was removed by filtration. The excess of solvent was removed under reduced pressure
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STUDIES ON ORGANOSILICON(IV) COMPLEXES 919

and the complexes were dried in vacuo at 35t5 °C after repeated washing with dry cyclo-
hexane. The yields of the newly synthesized silicon complexes ranged from 67—70 %.

/N\N
R/< )\ SH
N
|= / \ Fig. 1. 5-Mercapto-4-[(1H-pyrrol-2ylmethylene)amino]-
N ﬁ striazole (HLY), 3-methyl-5-mercapto-4-[1H-pyrrol-
N 2ylmethylene)amino]-s-triazole  (HL?) and 3-ethyl-
H -5-mercapto-4-[ 1H-pyrrol-2ylmethylene)amino]-s-tri-

R=H, HL'; CH,, HL*; C,H,, HL’ azole (HL3).

In vitro antifungal activity2s

Potato dextrose agar medium (PDA) was prepared in flasks and sterilized before being
poured into petri plates. The requisite quantity (100 pg/ml) of the standard antibiotic (ampi-
cilline) was added to the medium just before pouring to check the growth of bacteria. Test
samples were prepared in different concentrations (10 pg, 50 pug and 100 pg per ml) in dime-
thyl sulphoxide (DM SO) and 200 pl of each sample was added to PDA plates containing my-
celia discs taken from 5-7-day-old cultures of fungi (Aspergillus flavus or A. niger). These
plates were incubated for 5-7 days at 28+1 °C. Control plates underwent the same treatment
except for the addition of the test samples. The efficacy of each sample was determined by
measuring the radial mycelial growth. The radial growth of the colony was measured in two
directions at right angle to each other and the average of two replicates was recorded in each
case. Data were expressed as percent inhibition over control calculated from the size of colo-
nies, and subjected to two-way analysis of variance. The percent inhibition was calculated
using the formula:

%I nhibition = (C-T)x100/C
where C isthe diameter of the fungus colony in the control plate after 96 h incubation and T is
the diameter of the fungus colony in the tested plate after same incubation period.

In vitro antibacterial assay

The newly synthesized ligands and their corresponding metal complexes were screened
for their antibacterial activity against test bacteria, namely Escherichia. coli (MTCC 51) and
Bacillus stearothermophilus. Their antibacterial activities were determined by reported me-
thods.28 Turbidity of the control was adjusted to 0.5 McFarland standards.2” All the test cul-
tures were streaked on nutrient agar medium (peptone, 10 g I-1; yeast extract, 3.0 g I'1; NaCl,
5.0 g I'; agar, 2 %) (NAM) and incubated overnight at 37 °C. By preparing bacterial suspen-
sion of 3-5 well-isolated colonies of the same morphological type selected from a NAM plate,
the cultures were further diluted 10-fold to obtain an inoculum size of 1.2 CFU ml-L. A stock
solution of 500 pg mi-1 of each compound were prepared in DM SO and appropriately diluted
to obtain final concentrations of 100 and 50 pg mi-L. The requisite quantity of antifungal com-
pound (cyclohexamide) was added to the medium to obtain its desirable final concentration of
100 pg mi-t. Each appropriately diluted 100 pl test sample was spread over the solidified NAM.
Separate flasks were taken for each test dilution. The test bacterial culture were spotted in a
predefined pattern by aseptically transferring 5 pl of each bacterial culture onto the surface of
solidified agar-agar plates and incubated at 35 °C for 24 h.
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920 SINGH and PAL

RESULTS AND DISCUSSION

All the newly synthesized complexes were coloured solids soluble in DM SO,
DMF and methanol. The conductivity values measured for 103 M solutions in
anhydrous DMF were in the range 10-15 Q-1 cm2 mol-1, which indicates their
non-electrolytic nature. The analytical data were in good agreement with the pro-
posed stoichiometry of the complexes. The colour, physical and analytical data of
the ligands and their silicon complexes are presented in Table .

TABLE |. Physical characteristics and analytica data of the ligands and their silicon
complexes

. o Calcd. (Found), %

Compd. Empirica formula/FW Colour M.p. °C C N v S =

HL' C;H,NsS/193 Grey 168-170 43.09 3557 317 1591 -
(43.52) (36.26) (3.62) (16.58)

MeSICI(LY) CeHpNsSICIS/285 Bluish 196-198 37.44 2433 398 11.06 9.10
(37.89) (24.56) (4.21) (11.22) (9.82)

MeSi(LY), CpHiNSSi/442 Dark 183-185 4379 31.18 3.85 1435 5.99

bluish (42.43) (31.67) (4.07) (14.47) (6.33)
HL? CgHoNsS/207  Light 165-168 46.87 3326 4.05 1530 -
violet (45.37) (33.81) (4.34) (15.45)
MeSICI(L) CiHuNsSICIS/299  Light 210212 39.78 23.13 422 1003 9.12
grey (40.13) (23.41) (4.68) (10.70) (9.36)
MeSi(LY), CigHnNiSIS/470 Dark 194-195 4564 2041 400 1325 5.04
grey (45.95) (29.78) (4.68) (13.61) (5.95)
HL® CHuNsS/221  Grey 218220 4852 3109 462 1400 -

(48.86) (31.67) (4.97) (14.47)
MeSICI(L%) CuHiNsSICIS/313 Blackish 176-178 4212 2230 4.87 1018 8.27

(42.17) (22.36) (5.11) (10.22) (8.94)
MeSi(LY), CxHaNioSiS/498 Blackish 197-199 48.86 27.99 5.18 1276 5.06

(47.19) (28.11) (5.22) (12.85) (5.62)

Electronic spectra

The electronic spectra of the ligands (HL1and HL?2) and their silicon com-
plexes of Si(1V) were studied by dissolving the ligands and their complexes in
dry methanol. The electronic spectra of the ligands HL1 and HL 2 exhibited maxi-
ma at 387 and 358 nm, respectively, which can be assigned to the n—rt* transition
of the azomethine group. These bands showed a blue shift in the Si (1:1 and 1:2)
complexes and appeared at 370 (MeySILICI), 341 (MeySi{ L1} ), 340 (MeySIL2CI)
and 321 nm (MeySi{L2},), respectively. This clearly indicates the coordination
of the azomethine nitrogen atom to the silicon atom. Furthermore, two medium
intensity bands at 294 and 223 nm due to n—n* transitions in the ligands re-
mained unchanged in the spectra of the silicon complexes.
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IR Spoectra

The ligands exhibited a broad band at ~2750 cm due to v(S-H),28 which
disappeared in the spectra of silicon complexes, indicating deprotonation and
complexation through the sulphur atom. A new band appears at =750 cm1,
which was assigned to v(C-S) and which further confirms the coordination of the
ligand through the sulphur atom. Silicon—sulphur bond formation was further
supported by a band at = 450 cm! of v(Si-S).2° The sharp and strong band at
~1597+5 cml, assignable to v(-N=CH<),30 was shifted to higher wavelength
numbers ~1605+5 cm—1 in the spectra of the metal complexes, indicating coordi-
nation through the azomethine nitrogen to the silicon atom. This shift can be ex-
plained by a reduction of the carbon—nitrogen double bond character in the azo-
methine group. Formation of a silicon—nitrogen bond was further confirmed by
the presence of a band at =575 cm1 of v(Si—N).31 A strong band in the region of
485-431 cm1 was assigned to v(M—Cl)32 in the 1:1 metal complexes. A charac-
teristic band at ~3250 cmL, due to v(N-H) of pyrrole, was observed in the
spectra of the ligands and their silicon complexes. The infrared spectral data of
the ligands and their silicon complexes are listed in Table 1.

TABLE Il. IR Spectroscopic data (cml) of the ligands and their silicon complexes

Compd. v(SH) Vv(N-H) v(-C=N) v(-C-9 Vsi_s Vsin
HL' 2760 3238 1597 - - -

Me,SiCl(LY) - 3240 1603 746 443 555
MeSi(LY, - 3240 1607 749 448 578
HL? 2744 3251 1611 734 - -

MeSiCI(L?) - 3255 1620 745 451 545
MeSi(L?), — 3254 1613 — 455 571
HL® 2768 3256 1593 - - -

Me,SiCI(L?) - 3260 1597 752 450 535
MeSi(LY), - 3260 1603 757 455 567

IH-NMR Spectra

To confirm further the bonding pattern in these complexes, the 1H-NMR
spectra of the ligands and their silicon complexes were recorded in DM SO-dg
using TMS as the internal standard. The IH-NMR spectroscopic data of the li-
gands and their silicon complexes are given in Table I11. The 1H-NMR spectra of
the ligands showed —SH proton signal at ¢ 13.70+0.15 ppm. The disappearance
of thissignal dueto —SH protons in the spectra of the silicon complexes indicates
deprotonation of the thiol group, which supported the coordination of silicon
through the sulphur atom of the ligand. A signa at d 9.40+0.10 ppm was
observed in the spectra of the silicon complexes due to the azomethine protons,
which moved downfield in comparison to their original position in the free li-
gands, thereby indicating the coordination through the azomethine nitrogen to the
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silicon atom. A sharp singlet due to —-NH proton (pyrrole) was also observed at ¢
11.5-12.0 ppm in the spectra of ligands. Some additional signals at 6 3.54.0
ppm (s, —H, triazole), 6 2.0-3.5 ppm (s, -CH3, triazole), ¢ 2.0-3.0 ppm (q,
—CH2CHg, triazole) and 6 1.0-2.0 ppm (t, -CH>CH 3, triazole) were observed in
the ligands and their silicon complexes. Furthermore, the additional signalsin the
region 60.5-1.0 ppm were due to Me,Si groups of the complexes.33.34

TABLE I11. *H-NMR Chemical shifts of the ligands and their silicon complexes

Cmpd. Aromatic-H —NH (pyrrole) -SH Azomethine-H —H,—CHj;, —C,H5
HL! 6.2-7.1 11.4 13.7 95 35(s)
Me,SiCl(LY) 6.1-7.1 11.2 - 9.4 3.4(s),0.74 (9
MeSi(LY, 6.0-7.2 11.2 - 9.4 3.4(s),0.52 (9
HL? 6.2-7.1 115 13.6 9.4 22(9
MeSiCI(L?) 6.0-7.1 11.4 - 8.4 2.1(s), 0.86 ()
Me,Si(L?), 6.1-7.2 11.3 - 8.4 2.1(s), 0.56 ()
HL® 6.0-6.8 11.9 13.3 9.3 2.3(q), 1.9 (1)
Me,SiCI(L?) 6.6-7.2 11.6 - 9.1 2.1(q), 1.7 (t),
0.89 ()
MeSi(L3), 6.2-7.1 11.7 - 9.1 2.1(qg), 1.8 (1),
0.50 ()

13C-NMR Spectra

The 13C-NMR spectra of the ligand HL1 and its corresponding 1:1 and 1:2
silicon complexes were recorded and the data are given in Table IV. The signal
due to the azomethine carbon atom of the ligand appears at 6 151.61 ppm. How-
ever, in the spectra of the corresponding silicon complexes, the signal appeared at
higher ¢ values. The considerable shifting in the carbon atom attached to the
azomethine nitrogen indicates coordination of nitrogen to the central metal atom
in the 1:1 and 1:2 metal complexes. Furthermore, the shifting of the **C reso-
nance that is attached to the sulphur atom in the spectra of the 1:1 and 1:2 silicon
complexes, compared to the free ligands, indicates coordination through sulphur
to the silicon atom. Additional signals in the 13C-NMR spectra of the silicon
complexes were observed at § 10.32 ppm and  8.57 ppm (Si—C) in the 1:1 and
1:2 silicon complexes, respectively.

295-NMR Spectra

In order to confirm the geometry of the complexes, 29Si-NMR spectra of the
complexes were recorded. The value of §29Si in the spectra reflects the coordi-
nation number of the nucleus in the corresponding silicon complex.35.36 |n gene-
ral, 29Si chemical shifts move to lower frequency with increasing coordination
number of the nuclei. The spectra show in each case only one sharp singlet indi-
cating the formation of asingle species. The 29Si-NMR spectra of the 1:1 and 1:2
silicon complexes exhibited sharp signals at ¢ —97.38 ppm and 6 —107.78 ppm,
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which is indicative of a penta- and a hexa-coordinated environment around the
silicon atom, respectively.
TABLE IV. 13C-NMR Chemical shifts of the ligands and their silicon complexes

Compd. C, C, Cs Cy Cs Ce C; M-CH;
N—N 125.52 124.45 110.37 118.10 151.61 161.26 155.82 —

125.35 124.21 110.32 118.02 155.99 161.30 152.37 10.32

N—N R 125.40 124.11 110.33 118.12 156.12 161.45 152.36 8.57

Based on the above evidences, it is suggested that the geometries around the
silicon atom in the complexes investigated were trigonal bipyramidal and octa-
hedral inthe 1:1 and 1:2 ratios, respectively, as shown in Fig. 2.

N——-N N——N R’
AN 0 AN o
R S S

Il | Il | h
CH CH3 CH

S\( R

l di \ 7/
_ 1 2 3

R=H;L, CH;; L, C,Hs; L R'= /@

Fig. 2. Proposed structures of the 1:1 and 1:2 complexes.
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Biological aspects

The free ligands and their silicon complexes were screened against various
fungi and bacteriato assess their potential as antimicrobial agents. The fungicidal
and bactericidal activities of free ligands HL1, HL2 and HL3 and their organo-
silicon(lV) complexes against various fungi and bacteria are given in Tables V
and VI, respectively.

TABLE V. Antifungal screening (average percentage inhibition after 96 h)

Compd. Concentration, ug ml™ A. flavus A. niger
C;H;NsS Control Nil Nil
50 Nil Nil
100 Nil Nil
500 Nil Nil
CoH:NsSICIS Control 0.00 0.00
10 9.20 7.31
50 29.31 13.55
100 52.11 37.69
Ci6H1gN10S,Si Control 0.00 0.00
10 32.71 19.73
50 48.14 79.43
100 84.12 94.71
CgHg NsS Control Nil Nil
10 Nil Nil
50 0.01 0.00
100 11.10 13.05
CioHuNsSICIS Control 0.00 0.00
10 45.54 35.12
50 64.72 78.64
100 89.47 89.41
CigH»N1oSIS, Control 0.00 0.00
10 45.79 35.13
50 57.89 68.32
100 84.41 78.62
CoH11NsS Control 0.00 0.00
10 Nil Nil
50 Nil Nil
100 Nil Nil
C1HNsSICIS Control 0.00 0.00
10 10.87 9.30
50 26.33 20.55
100 62.58 47.90
CyoH6N1 SIS, Control 0.00 0.00
10 35.40 40.21
50 62.25 71.43
100 88.27 90.23
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TABLE VI. Antibacterial screening data of the ligands and their metal complexes

. 1 Inhibition, %
Cmpd. Concentration, g mi E. coli B. stearother mophilus
C;H:NsS 50 Nil Nil
100 Nil Nil
500 14 20
CyH1:NsSICIS 50 16 31
100 37 58
500 63 73
Ci6H18N10S,Si 50 21 29
100 32 47
500 56 61
CgHg NsS 50 Nil Nil
100 Nil Nil
500 17 21
Ci1oH14NsSICIS 50 45 29
100 83 60
500 91 83
Ci1sH2N1SS, 50 22 19
100 38 42
500 55 72
CoH1:NsS 50 Nil Nil
100 11 14
500 31 38
C11H16NsSICIS 50 20 13
100 43 32
500 68 43
CaoH2sN10 SIS, 50 24 30
100 49 40
500 72 51

The antimicrobial data revealed that the complexes were superior to the free
ligands. The activity increased as the concentration increased. These complexes
were found to be more potent inhibitor for the growth of E. coli among test bac-
terial cultures and nearly equally sensitive for test fungal cultures. Thus, it can be
postulated that further studies of these complexes in this direction could leads to
interesting results.
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U3BOA

CUHTE3A U CTPYKTYPHO U BUOJIOILIKO UCITUTVBABE OPTAHOCUJIMLINIYM(IV)-
KOMITJIEKCA INPOBUX BA3A JOBMJEHNX 13 ITNPOJI-2-KAPBOAJIJEXMIA

KIRAN SINGH' 1 DHARAM PAL2

'Department of Chemistry, Kurukshetra University, Kurukshetra-136 119 u 2Department of
Applied Sciences, J.1.E.T., Jind-126102, Haryana, India

Onabpanu HoBu opraHocuuijyM(lV)-komruiekcu, omnmre dGopmyne RpSICI[L] u RySI[L],
CHHTETH30BaHu ¢y y peakiujama Me,SiCl, ca Schiff-oum 6asama (5-mepkanto-4-[(1H-mupon-2-
WIMETHIICH)aMHUHO]-S-TpHa30JI0M, 5-mepkanto-3-metit-4-[ (LH-nupos-2- iiMe THIICH)aMHHO | -S-
TpHasonoM U 3-eTui-5-mepkanto-4-[(1H-nupon-2-unMeTuieH)aMuHo |-S-tpuaszonom) y 1:1 u 1:2
MonapHUM oziHocuMa. CBa jelibemha OKapakTepucaHa cy nomolly eleMeHTaIHe aHaIu3e, MOJIApHE
mpoBoasbHuBOCTH, IR, UV, lH-, Bc- u ®Si-NMR CHEKTPaJIHUM IpoydaBameM. CIIeKTPOCKOICKH
NOjlalll Cyrepully Ja je a30METHHCKM a30T YKJ/by4eH Y KOOpIMHALHMjy Ca LEHTPaIHUM
CHJIMIINjYMOBUM aTOMOM. Ha OCHOBY NMOMEHYTHX CHEKTPAIHHUX MOaTaKa Mpe/UIOKeHa je MeHTa- 1
XEKCaKOOPIUHAIMja OKO IEHTPATHUX CHIMIUjyMoBHX aToma y 1:1, omHocHO 1:2 kxoMIUIeKCHMA.
KoHa4HO, ci1000JHH JIMTaHIM M BHXOBU CHIIMIMjYMOBH KOMILUICKCH TECTHPAHH Cy iN Vitro Ha Heke
natoreHe GakTepHje U IIbUBHUIIE Y [IUJbY MPOIICHE BHXOBUX aHTHMHKPOOHUX OCOOMHA.

(Mpumsbeno 16. nenembOpa 2008, peuaupano 26. anpuna 2010)
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Preparation and characterization of novel oxo-centered basic
p-chlor obenzoic bridging trinuclear complexes
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Abstract: Three new oxo-centered trinuclear complexes, one of them a mixed-
-valence complex [MnzO(C;H40,Cl)g(Py)s] Py (1) and the others, mixed-metal
complexes of [Fe;MNnO(C7H402Cl)e(Py)zINOs (2) and [Fe,CoO(C7H40.Cl)s(Py)3]
(3) were synthesized by the direct reaction between metal nitrates and p-chlo-
robenzoic acid. These complexes were characterized by elemental analyses
(CHN), atomic absorption spectroscopy and spectral (IR, electronic) studies.
These are new type of oxo-bridged mixed-metal complexes in which the car-
boxylate ligand is p-chlorobenzoic acid. The UV spectra of the complexes
exhibited a strong band in the region 42,500 cm® which is related to the (n —
— 7*) transitions of the pyridine ligand. The IR spectra of these compounds
showed two strong stretching vibrations bands, indicating a bridging coordi-
nation mode of the carboxylic group of the ligand in the complexes.

Keywords. mixed-valence; oxo-centered; trinuclear complexes; spectroscopy;
carboxylic ligand; IR spectra.

INTRODUCTION

Trinuclear, oxo-centered, carboxylate complexes of transition metals of ge-
neral composition [M30(O2CR)gL3]™ and [M(I11)2M(11)O(O2CR)gL 3] (Fig. 1)
have been of interest for several years.12 Compounds containing metal—oxo—car-
boxylate fragments exhibit a wide range of structural features and diverse chemi-
cal reactions. They have attracted attention as versatile intermediates as precur-
sors to larger assemblies.34 Interest in these compounds arose for several rea-
sons. Firstly, they form arare class of compounds, which serve as important mo-
dels to test theories of magnetic coupling between metal ions in multinuclear sys-
tems; likewise the structural variations shown by these metallic clusters have
yielded important information on the parameters which govern stability within
metal-ligand aggregates.

* Corresponding author. E-mail: khosraviiman@yahoo.com
doi: 10.2298/JSC090825066K
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930 KHOSRAVI and YAZDANBAKHSH

A0 M0
Tl
%, 0N, A°

/M g

R Fig. 1. Structure of the cluster unit [M30(RCOO)g(L)3]%

Secondly, the polynuclear structure leads to the formation of mixed-valence
and mixed-metal derivative, which give opportunities to study the electronic and
magnetic interactions between homo-and heterometal centers in close proximity
in a defined geometry. There is also the possibility of generating spin-frustrated
species. Thirdly, several of these complexes are active as homogeneous catalysts
for a variety of oxidation reactions.>6 In view of this, the spectroscopic, mag-
netic and redox properties of these complexes have been extensively studied.’

Surprisingly, little attention has been paid to the consideration of substitution
properties, with only a few reports of comparative studies regarding the redox
properties when the terminal ligand L changes. There is interest in establishing
how substitution in the carboxylate bridge affects the lability of the termina li-
gand and the redox potential of the metal centers. These carboxylate complexes
are of additional interest when the carboxylate is unsaturated, because there is a
potential scope for further polymerization in the solid state by cross-linking of
the substituents.8.9

In this paper, the syntheses and characterization of heterometallic clustersin
solution phase are reported.

EXPERIMENTAL

The C, H and N analyses were redlized on a Thermo Finnigan Flash model EA1112
elemental analyzer at the Faculty of Science, Ferdows University of Mashhad, India. The
atomic absorption analyses were performed on a Shimadzu model AA-670 atomic absorption
spectrometer. The IR spectra of KBr discs (4000-600 cm 1) were recorded on a Buck 500
spectrometer. The electronic spectra were registered in the range 600-200 cmt on a Perkin-
-Elmer 1600 spectrometer. The reagents, p-chlorobenzoic acid (99 %), iron (99 %), cobalt (99
%) and manganese (99 %) nitrate and solvents were obtained commercialy from Merck Che-
micals and used as received. The nitrogen base (pyridine) was dried following the standard
procedures.1® Sodium p-chlorobenzoate was obtained from sodium carbonate and p-chloro-
benzoic acid in a1:2 molar ratio and water as solvent.

Preparation of [ Mn;O(C,H,0,Cl)g(Py)3] Py (1)
n-BusNMnO, was prepared by a literature method.1 n-Bus;NBr (12 g, 37 mmol) was
added to an aqueous solution of KMnO, (5.0 g, 32 mmol) under vigorous stirring. The im-

mediately formed purple precipitate was collected by filtration, washed thoroughly with dis-
tilled water and diethy! ether and dried in vacuo at room temperature (yield > 90 %).
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Warning: n-BusNMnQOy is potentially explosive and must be treated with care!

Mn(O,CMe),.4H,0 (0.80 g, 3.3 mmol) and C;HsO,Cl (3.8 g, 25 mmol) were dissolved
in a solvent mixture comprising dry pyridine (3 ml) and absolute EtOH (25 ml). The resulting
solution was stirred while solid n-Bu,NMnO, (0.46 g, 1.3 mmol) was added in small portions
to give a brown-green homogeneous solution, from which the precipitation of a brown-green
product began amost immediately. The stirring was continued for 1 h and the product was | eft
undisturbed overnight in a refrigerator. The brown—green precipitate was filtered, washed co-
piously with cold EtOH, and dried in vacuo. Yield: 65 %; m.p.: 190 °C; Anal. Calcd. for
Ce2Ha4CieMNn3N,Oy3 (FW 1426.7): C, 52.14; H, 3.08; N, 3.92; Mn, 18.6 %. Found: C, 52.22;
H, 3.15; N, 3.99; Mn, 18.3 %. IR (selected data, KBr, cmr1): 540 (m), 715 (s), 1405 (s), 1595
(9), 2940 (m).

Preparation of [ Fe,MnO(C7H40,Cl)g(Py)3] NO3 (2)

A mixture of Fe(NOs);:9H,0O (1.08 g, 2.68 mmol) and Mn(NOs),.4H,O (0.34 g, 1.3
mmol), dissolved in 25 ml dry pyridine was refluxed for 10 min and NaC,H,0.Cl (2.0 g, 12
mmol) was added and the reflux continued for 5 h. The resulting deep brown solution was
allowed to cool and stored for 2 days at 20 °C. The black crystals were filtered off, washed
copiously with Et,O and dried in vacuo. Yield: 75 %; m.p.: 230 °C; Ana. Calcd. for
Cs7H3CieFeMNN4O46 (FW 1414.5): C, 48.35; H, 2.75; N, 3.95; Fe, 7.8; Mn, 4.3 %. Found: C,
48.95; H, 2.60; N, 3.82; Fe, 7.6; Mn, 4.1 %. IR (selected data, KBr, cm™Y): 434 (m), 549 (m),
715 (s), 1410 (s), 1598 (s), 2900 (m).

Preparation of [ Fe,CoO(C7H40,Cl)g(Py)3] (3)

A mixture of Fe(NO3)z9H,0 (1.08 g, 2.68 mmol) and Co(NOs),.6H,0O (0.39 g, 1.3
mmol), dissolved in 25 ml of dry pyridine was refluxed for 10 min and NaC;H,0.Cl (2.0 g, 12
mmol) was added and the reflux continued for 4 h. The resulting dark red solution was a-
lowed to cool and stored for 3 days at 20 °C. The brown crystals were filtered off, washed
copiously with Et,O and dried in vacuo. Yield: 70 %; m.p.: 185 °C. Anal. Calcd. for
Cs7H39Ci6CoFe,N3043 (FW 1356.6): C, 50.41; H, 2.87; N, 3.09; Fe, 8.2; Co, 4.3 %. Found: C,
50.59; H, 2.81; N, 3.20; Fe, 8.1; Co, 4.2 %. IR (selected data, KBr, cmrl): 440 (m), 543 (m),
710 (s), 1402 (s), 1600 (s), 2950 (m).

RESULTS AND DISCUSSION

The analytical data for the complexes are given in Table |. They arein close
agreement with the calculated data and strongly support the presence of trinuc-
lear metal complexes. Mixed-metal oxo-centered complexes were prepared from
metal nitrates and sodium p-chlorobenzoate in dry pyridine to obtain the expec-
ted products.

TABLE I. Anaytical data, color and melting point of the complexes 1-3
Found (Calcd.), %

Compound Color C H N M.p., °C
1 Brown-green 5222 (52.14)  3.15(3.08) 3.99 (3.92) 190
2 Deep-brown 48.95(48.35)  2.60 (2.75) 3.82(3.95) 230
3 Brown 50.59 (50.42) 2.81(2.87) 3.20(3.10) 185
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932 KHOSRAVI and YAZDANBAKHSH

Prior reports of the synthesis and properties of trinuclear oxo-centered Mn
complexes are few. The synthetic procedures almost invariably employed poly-
meric Mn(l11) acetate, which can be readily obtained from the oxidation of
Mn(O2CMe)2-4H,0 with KMnOg4 in hot glacia acetic acid.12 Reaction of this
material with an excess of aneutral donor group L led to discrete units of the for-
mulation [Mn3z0(02CMe)g(L)3]% As part of our continuing development of n-
-BugsNMnQ4 as a reagent for inorganic syntheses in non-agueous solvents, its use
for the synthesis of Mn3O-type complexes was explored and it was found to
work extremely well. The solvents of choice are EtOH and pyridine which ensure
solubility of al the reactants; the cleanest reactions are obtained when an excess
of carboxylic acid is also present, otherwise low yields or intractable brown gel-
-like precipitates result. The synthetic strategy was to react together particular ra-
tios of Mn(VI11):Mn(I1) to yield products in the intermediate metal oxidation state
range +2.67 to +3.00 characteristic of Mn30O units. However, it was noticed that
small changes in the Mn(VI1I):Mn(ll) ratio had no noticeable effect on the iden-
tity of the products or their yields. As was registered previously,13 redox reac-
tions involving solvent, atmospheric oxygen, or reagent impurities could com-
pensate for an excess or lack of Mn(ll), for example, over that required to yield
the preferred product. A Mn(VII):Mn(I1) ratio of 3.15:8.15 has now become the
routinely employed stoichiometry and has provided access to complex 1. This
ratio should, in theory, provide an average metal oxidation of +3.39 according to
Eq. (1) but cleanly leads instead to either Mnoy(11DMN(I1) species, or Mnz(l11)
Species:

3.15Mn’* + 8.15Mn2* — 11.30Mn3-3%+ Q)

IR Spectroscopy

The IR spectral data of the complexes are given in Table Il. The observed
vibrational frequencies, Vagym(COO) and vgm(COO), for the carboxylate ligand
support the presence of bridging coordinated carboxylates in all the complexes.
For the mixed-metal complexes, it appears from the carboxylate stretching fre-
guencies that al six ligands are approximately equivalent and they are best repre-
sented as bidentate bridges.14 For a new series of trinuclear mixed-metal com-
plexes, Cannon et al.2 assigned the IR spectra and identified the vibrational mo-
des of the central M 30 core. They found that the reduction in site geometry from
Dsh to Cyv lifted the degeneracy of the asymmetric M 30 stretches and two bands
were seen. In the IR spectrum of complex 2, strong bands at 1410 and 1598 cm1
were evident. They are attributed to the vg/m(COO) and vagym(COO) modes, res-
pectively. The difference (Av = vagym(COO) — 1vgym(COQ)) is 188 cm1.15 The
presence of ionic nitrate in this complex follows from the IR spectrum through
the appearance of a relatively weak band at 1380 cm2. For the identification of
the metal—oxygen bands of the M30 groups, the IR spectra in the range 800400
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cm1 were used. The strong band observed at 430-560 cmr2 s attributed to the
v(MoM’) vibration.16

TABLE Il. Selected IR bands (cnml) for the complexes 1-3

Compound Vagym(COO) Vgym(COO) v(M30) v(C—H) v(C—X)
1 1405 1595 540 2940 715
2 1410 1598 434-549 2900 715
3 1402 1600 440-543 2950 710

Electronic spectroscopy

The electronic spectra of the trinuclear complexes can be interpreted to a
good approximation in terms of the individual metal ions, together with ligand—
—metal charge transfer transitions. The electronic spectra of the complexes were
recorded in the range 50000-15000 cm—1 in dichloromethane solution. The spec-
tra of the mixed—metal complexes 2 and 3 show the characteristic bands provided
by both metal ions. The UV spectra of these complexes exhibited a strong band
in the region 42500 cm1, which is related to the (1 — =*) transitions of the py-
ridine (Py) ligand.1” The bands are shifted to higher energy when L = pyridine.
The electronic spectroscopy data are given in Table 111, which can be assigned
and characterized based on other literature.18

TABLE Il1. Diffuse reflectance spectra of complexes

Compound Transition T — 7, nm Transitiond — d, nm

1 244 470-530

2 247 459-574

3 254 440-558-677(sh)
CONCLUSIONS

In this study, three new oxo-centered basic p-chlorobenzoic bridging com-
plexes were prepared by the direct method of reaction between metal nitrate and
sodium p-chlorobenzoate. These compounds were characterized by elemental
analyses (CHN), atomic absorption spectroscopy, as well as by IR and electronic
spectroscopy. The IR spectra show two strong bands and the observed stretching
vibrations indicated the presence of a bridging coordination mode of carboxylic
ligand. In addition, for mixed-metal complexes, the atomic absorption data show
astatistical 2:1 disorder of iron and manganese or cobalt atoms, respectively.
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U3BOA

JOBUJABE N KAPAKTEPUCABE HOBUX OKCO-LUEHTPUPAHUX TPUHYKIJIIEAPHUX
KOMIUIEKCA CA MOCTOBHO BE3AHOM p-XJIOPBEH30EBOM KHNCEJIMHOM

IMAN KHOSRAVI 1 MOHAMMAD YAZDANBAKHSH
Department of Chemistry, Faculty of Science, Ferdowsi University of Mashhad, Mashhad, Iran

Tpu HOBa OKCO-LCHTPUpaHAa TpPUHYKJIEapHa KOMIUIEKCA, MELUIOBUTO-BAJICHTHH
[MnzO(C7H40,Cl)s(Py)3]Py (1) u nBa memosuro-meranna [Fe;MNO(C/H4O0,Cl)g(Py)s]NOs (2) u
[Fe,CoO(C;H40,Cl)(Py)3] (3) cy mobujeHa MUPEKTHOM pEaKIHjOM METAIHOT HHTpara W P-XJop-
OeH30€Be KHCEIMHE W OKapakTepucana einemeHtanHoM aHamuzoM (CHN), atomckom amcoprmuio-
HOM crieKTpockonujom u criekrpasiHoM (IR, enexrponckom) ananuzoM. OBO je HOBH THIT OKCO-MOC-
TOBHHX MELIOBUTO-METAIHHUX KOMIUIEKCA ca KapOOKCHUIIATHUM JIMT'AHIIOM P-XJIOpOCH30€BOM KHCE-
mumom. UV CIIeKTpH 0BHX KOMIUIEKCA HMajy jaky Tpaky y obmacti 42500 cmi? koja npumaza (t —
— 7*) mpena3uma nupUAMHCKOT Turanaa. |R crexrpu cagpike qBe jake Tpake BUOpalmja ncresama
yKa3yjyhu Ha MOCTOBHHM HaYMH KOOPAMHALKje KapOOKCHUIIATHOT JIMTAH/A.

(Ilpumubeno 25. asrycra 2009, pesuaupano 2. pedpyapa 2010)
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Synthesis and characterization of a tetraaza macrocyclic ligand
and itscobalt(I1), nickel(l11) and copper (I1) complexes
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Abstract: Co(l1), Ni(ll), and Cu(ll) complexes with a tetradentate nitrogen
donor [N4] macrocyclic ligand, viz. 6,15-dimethyl-8,17diphenyl-7,16-dihyd-
rodibenzo[b,i][1.4.8.11]tetraazacyclotetradecine, were synthesized. Their struc-
tures were determined based on elemental analyses, molar conductance and
magnetic susceptibility measurements, and IR, TH-NMR (ligand) and electronic
spectral  studies. Based on analytical and molar conductance data, the
complexes may be formulated as [M(L)Cl,] and [M’(L)]Cl, (where M = Co(Il)
and Cu(ll), and M’ = Ni(Il)) due to their non-electrolytic and 1:2 electrolytic
nature. Based on spectral studies, an octahedral geometry was assigned for the
Co(ll) complex, whereas square-planar and tetragonal geometry were proposed
for the Ni(ll) and Cu(ll) complexes, respectively. The synthesized ligand and
its complexes were screened for fungicidal activity against two pathogenic
fungi (i.e., Fusarium moniliformae and Rhizoctonia solani) to assess their
growth inhibiting potential.

Keywords:. tetraaza macrocycle; Co(ll), Ni(ll) and Cu(ll) complexes; charac-
terization.

INTRODUCTION

Transition metal complexes containing macrocycles are of considerable inte-
rest in terms of structural and coordination chemistry.l The chemical properties
of macrocyclic complexes can be tuned to force metal ions to adopt unusual co-
ordination geometries. Transition metal macrocyclic complexes have received
much attention as an active part of metalloenzymes? and as biomimetic model
compounds,3# due to their resemblance to natural proteins such as hemerythrin
and enzymes. Aza-type ligands appear very promising for potential use as anti-
fertile, antibacterial, and antifungal agents as well as due to their other biological
properties.>8 Transition metal complexes have received much attention as cata-

* Corresponding author. E-mail: schandra_00@yahoo.com; mnk02tyg@yahoo.co.in
doi: 10.2298/JSC090804069C
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936 CHANDRA, TYAGI and AGARWAL

lysts in oxidation and epoxidation processes.?10 Structural factors such as ligand
rigidity, the type of donor atoms and their disposition have been shown to play
significant roles in determining the binding features of macrocyclic ligands to-
ward metal ions.11.12 Due to the growing interest in macrocyclic ligands and
their transition metal complexes, the synthesis, spectroscopic characterization
and antifungal activities of Co(ll), Ni(Il), and Cu(ll) complexes with a 14-mem-
bered macrocyclic ligand, viz. 6,15-dimethyl-8,17-diphenyl-7,16-dihydrodiben-
zo[b,i][1.4.8.11]tetraazacyclotetradecine (L), are reported in this paper. The pre-
paration and structural formula of the ligand are shown in Fig. 1.

o o0
2
2 +
C,Hg CH, H N NH,

Benzoylacetone o-Phenylenediamine
Reflux 15-16h
pH 3-4
H,C CgHg
N N
N N
CgH; CH,

Fig. 1. Preparation and structural formula of the ligand.

EXPERIMENTAL

All the chemicals used were of anaytical grade and procured from Sigma-Aldrich
(USA) and Fluka (USA). The metal salts were purchased from E. Merck (Germany) and were
used as received.

Synthesis of the ligand

A hot ethanolic solution (20 ml) of benzoylacetone (3.24 g, 0.020 mol) and an ethanolic
solution (20 ml) of o-phenylenediamine (2.16 g, 0.020 mol) were mixed slowly under constant
stirring. This mixture was refluxed at 855 °C for 15-16 h in the presence of a few drops of
concentrated HCI (the pH was 3-4). On cooling, a yellow-coloured compound precipitated
out. This was filtered, washed with cold EtOH, and dried under vacuum over P4,Oq,. Yield:
=75 %; m.p. 196 °C. Anal. Calcd. for C3oHogN,4 (FW 468): C, 83.47; H, 6.08; N,13.91 %.
Found: C, 83.52; H, 5.95; N, 13.86 %.
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TETRAAZA MACROCYCLIC COMPLEXES 937

Synthesis of complexes

A hot ethanolic solution (20 ml) of the ligand (0.40 g, 0.0010 mol) and an ethanolic
solution (20 ml) of the required metal salt (CoCl,-6H,0, NiCl,-2H,0 or CuCl,-2H,0) (0.0010
mol) were mixed together under constant stirring. This reaction mixture was refluxed at 80-85
°C for 4 h. On cooling, the corresponding coloured complex separated out, which was filtered,
washed and recrystalized from 50 % ethanol and dried under vacuum over P4Oqq.

Physical measurements

The C and H contents were determined on a Carlo-Erba 1106 elemental analyzer (C. D.
R. 1. Lucknow, India). The N content of the complexes was determined using the Kjeldhal
method.13 The metal contents were determined by volumetric analysis.?* The molar conduc-
tance values were measured on an Elico (CM82T) conductivity bridge at 298 K in acetonitrile.
The magnetic susceptibility values were measured at room temperature on a Gouy balance
using CuSO,-5H,0 as the calibrant. Corrections for diamagnetism were realised using Pascal
constants.’> The H-NMR spectra were recorded on a Hitachi FT-NMR model R-600 spec-
trometer using CDCl5 as the solvent. The chemical shifts are given in ppm relative to tetra-
methylsilane. The IR spectra were recorded as KBr pellets on a FTIR Spectrum BX-II spec-
trophotometer. The electronic spectra were recorded in acetonitrile on a Shimadzu UV mini-
-1240 spectrophotometer. The EPR spectra of the complexes were recorded as polycrystalline
samples in acetonitrile solution, at liquid nitrogen temperature for Co(ll) and at room tem-
perature for the Cu(ll) complex using an E4 EPR spectrometer employing DPPH as the
g-marker.
Antifungal screening

The in vitro antifungal activities of the ligand and its complexes were tested against the
pathogenic fungi Fusarium moniliformae and Rhizoctonia solani using the food poison tech-
nique.16-20 The percent inhibition was measured according to the formula:

% Inhibition = 100(C-T)/C
where C and T are the radial diameter of the colony in the control and the treated, respec-
tively.
RESULTS AND DISCUSSION

Based on elemental analyses, the complexes were assigned the compositions
shown in Table I. The Co(Il) and Cu(ll) complexes were non-electrolytes with
conductance values of 8-12 S cm? mol—1 in acetonitrile. However, the molar con-
ductance value of the Ni(ll) complex in acetonitrile was 202 S cm? mol-1, indi-
cating a 1:2 electrolytic nature (the literature range in acetonitrile is 200-300 S
cm? mol—1).21 Thus, these complexes may be formulated as [M(L)Cl] and
[M’(L)]Cl5, where M = Co(ll) or Cu(ll) and M’ = Ni(ll), L = 6,15-dimethyl-
8,17-diphenyl-7,16-dihydrodibenzo[b,i][ 1.4.8.11]tetraazacycl otetradecine.

The TH-NMR spectrum of the ligand (L) gave no signal corresponding to
primary amine protons. This suggests the derivatization of carbonyl groups. A
multiplet in the d range 2.20-2.64 ppm may be attributed to the imine methyl and
methylene protons of benzoyl acetone (6H, CH3—C=N and 4H, N=C—CH>—C=N,
respectively). Another multiplet in the d range 7.28—-7.52 ppm is assigned to aro-
matic ring protons.22
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938 CHANDRA, TYAGI and AGARWAL

TABLE I. Yield, molar conductance (A4y;) in acetonitrile, elemental analysis data and some
physical properties of the prepared complexes (L = 6,15-dimethyl-8,17-diphenyl-7,16-
dihydrodibenzo[b,i]1.4.8.11][tetraazacycl otetradecine)

1 0,

Complex Ay 1 S em?* mol™ Colour '\ﬂg ' Yzzld v Foun((:zl (CaIcI(_ji.), % N

[Co(L)Cl] 8 Shiny 278 66 984 6443 478 034
CazHsCON,Cl, pink (9.87) (64.32) (4.69) (9.38)
[Ni(L)]Cl, 202 Shiny 292 71 983 6540 464 9.44
CaoHoaNiN,Cl, red (9.88) (65.34) (4.68) (9.39)
[Cu(L)Cl,] 12 Bluish 284 73 942 6362 462 932
CaoHosCUN,Cl, green (9.46) (63.83) (4.65) (9.30)

The IR spectrum of the free ligand exhibited no bands corresponding to a
free primary diamine or a free keto group. This suggests complete condensation
of the amino groups with the keto groups.23 The bands at 1594 and 1566 cm—1
were due to v(C=N) vibrations of the phenyl, and methyl, groups, respectively.
The strong and sharp absorption bands appearing in the regions 2800-3049 and
1402-1466 cm1 in the spectra of all of the complexes may be due to C-H
stretching and bending vibrations, respectively.24 On complexation, the position
of the v(C=N) band shifted by 18-34 cm! to lower wavenumbers. Thisindicates
coordination through the N atoms of the imine groups.2>

At room temperature, the Co(l1) and Cu(l1) complexes showed magnetic mo-
ments of 4.86 and 1.99 pg, corresponding to 3 and 1 unpaired electrons, respec-
tively, while the Ni(I1) complex was diamagnetic as expected for a square-planar
d8 system?26 (Tablell).

TABLE Il. Magnetic moments at room temperature (u;) and electronic spectral data of the
complexes (L = 6,15-dimethyl-8,17-diphenyl-7,16-dihydrodibenzo[b,i][1.4.8.11]tetraaza
cyclotetradecine)

Complex Heit | s Jmax | M e/ dm’ mol™ cm
[Co(L)CI,] 4.86 830 55

677 69

532 90
[Ni(L)]Cl, Diamagnetic 735 49

478 87

402 127
[Cu(L)Cly] 1.99 876 52

534 65

356 153

The electronic spectrum of the Co(ll) complex exhibited absorption bands at
830, 677 and 532 nm, which may be assigned to the transitions 4T19(F) -
- 4T2g(|:) (v, 4Tlg - 4A29 (v») and 4T;|_g(|:) - 4T29(P) (v3), respectively.2?
The Ni(Il) complex displayed an electronic spectrum with transitions at 735, 478
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and 402 nm. These bands may be assigned to the transitions 1A1g — TA4(G)
(v1), TA14(D) — 1B2g(G) (1») and 1A14(D) — 1Eg(G) (1), respectively.?® The
Cu(Il) complex displayed bands at 876 nm and 534 nm, which may be assigned
to the transitions 2B1g — 2A1g (dyey2 — d2) (1), 2B1g — 2Bog (dye—yz — dzy)
(). Thethird band at around 356 nm may be due to charge transfer2® (Table 1),
The EPR spectrum of the Co(l1) complex (Table I11) was recorded as a poly-
crystalline sample and in acetonitrile solution at liquid nitrogen temperature (77
K). In both cases, the g-values were ailmost identical. The large deviation in g va
lues from the free electron value (g = 2.0023) is due to a large angular momen-
tum contribution. The EPR spectrum of the Cu(Il) complex was recorded at 300
K as a polycrystalline sample and in acetonitrile solution, on the X-band at the
frequency of 9.3 GHz under a magnetic field strength 3400 G. The polycrystal-
line spectrum showed a well-resolved anisotropically broad signal. The analysis
of the spectra give g, 2.08-2.11 and g, 2.02-2.08 (Table II). Thetrend g, > g, >
> 2.0023 observed for the complex under study indicates that the unpaired elec-
tron is localized in the dy2_2 orbital of the Cu(ll) ion.30 Based on the spectral
studies, the following geometries may be suggested for the complexes (Fig. 2).

TABLE Ill. EPR spectral data of the complexes (L = 6,15-dimethyl-8,17-diphenyl-7,16-
dihydrodibenzo[b,i][1.4.8.11]tetraazacycl otetradecine)

Polycrystalline DM SO solution
Complex T/K
] 9L O ai dL
[Co(L)CI) 77 2.3387 2.0174 2.1245 2.3294 2.0052
[Cu(L)CIY] 298 2.1182 2.0269 2.0842 2.0834 2.0890

&
K &
HC = CeHg H,C GiHg
N N
S \M,/ a,
D s,
g %§ cH, CHs - on

& L
Fig. 2. Suggested geometries of the complexes, where M = Co(l1) and Cu(ll), and M’ = Ni.

Antifungal screening

The results of the antifungal screening showed that the tested complexes
exhibited higher activities than the ligand towards the inhibition of the test fungi
under the in vitro test conditions. The minimum inhibitory concentration (MIC)
of the test compounds against both fungi was 500 ppm, at which concentration
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940 CHANDRA, TYAGI and AGARWAL

100 % inhibition was observed. The compounds showed fungal inhibition in the
following order: benzoylacetone< o-phenylenediamine < L< Ni(ll) complex <
Cu(Il) complex < Co(ll) complex (Table 1V).

TABLE V. Fungicidal screening data of the ligand and complexes at 125 and 250 ppm
concentrations after 8 days at 30+2 °C (L = 6,15-dimethyl-8,17-diphenyl-7,16-dihydrodi-
benzo[b,i][1.4.8.11]tetraazacyclotetradecine)

Fungal inhibition, %

Compound F. moniliformae R. solani

125 250 125 250
Benzoylacetone 32 45 35 49
o-Phenylenediamine 47 59 52 61
L 54 66 56 70
[Co(L)CI) 67 82 71 83
[Ni(L)]Cl, 61 72 63 75
[Cu(L)CIy) 63 75 68 79
Standard (mancozeb) 82 84 85 86

CONCLUSIONS

The present study revealed octahedral, square-planar and tetragonal geomet-
ry for the Co(l1), Ni(ll) and Cu(ll) complexes, respectively. The ligand acts in a
tetradentate manner coordinating through four nitrogens of the azomethine groups
inan N N N N fashion. Moreover, the fungicidal data revealed that the com-
plexes were superior to the free ligand in the inhibition of the tested fungi. It is
proposed that concentration plays a vital role in increasing the degree of inhibi-
tion; the activity increased with increasing concentration of the complexes.

Acknowledgement. The authors are thankful to the DRDO, New Delhi for financia support.

U3BOJ

CHUHTE3A U KAPAKTEPUCAILE TETPAA3A MAKPOILIMKJIMUHOT JINTAHJIA
1 IbETOBUX KOBAJIT(I1)-, HUKJI(I1)- 1 BAKAP(I1)- KOMIUIEKCA

SULEKH CHANDRA, MONIKA TYAGI* 1 SWATI AGRAWAL?

lDepartment of Chemistry, Zakir Husain College (University of Delhi), JLN-Marg, New Delhi — 110002
u *Department of Chemistry, Motilal Nehru College(University of Delhi),
Benito Juarez Road, New Delhi — 110 021, India

Cunrernzosanu cy Co(l1), Ni(ll) u Cu(ll) kommutexcn ca MAKPOLUKITHYHAM JTUTAHIOM Ca TeT-
panentatauM a3otHuUM HoHOPOM (Ng), kao mro je 6,15-aumerin-8,17-andenmn-7,16quxuapoan-
6en3o([b,i][1.4.8.11]rerpaazanmknorerpajeut. huxoBe cTpykrype cy oapeleHe Ha OCHOBY ere-
MEHTaJHe aHaju3e, Mepera EIeKTPHYHE MOJapHE NPOBOMBUBOCTH M MArCHETHE CyCLENTHUOMI-
nocti, kao 1 WL, *H-NMR (iuramn) u exexTpoHcKuX crekrtapa. IlpemMa aHaluTHIKEM MOAAMA 1
MOJIapHO]j ENEKTPHYHOj MPOBOJBHUBOCTH, a 300I HHXOBE HECNCKTPOIUTHYKE MM 1:2 enektpo-
JUTUYKE TPUPOAE, KOMIUIeKeH Mory aa ce opmymumry kao [M(L)Cl,] u [M’(L)]Cl, (tme cy M =
Co(Il), Cu(Il) u M’ = Ni(ll)). Ha ocHoBy criekTpannux npoydasaia komiuiekcy Co(ll) mpunmcana
je okraemapcka reomerpuja, 1ok je 3a Ni(Il) u Cu(ll) npeaokeHa KBaapaTHO-IUIAHAPHA U TETPa-
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TETRAAZA MACROCY CLIC COMPLEXES 941

TOHaJHa TeoMeTpHja. MCIuTHBaHa je W aKTHBHOCT CHHTETH30BAHOT JIMTAHIa M HETOBUX KOMILIE-
Kaca mpema 1se natorene ripusuie (Fusarium moniliformae u Rhizoctonia solani) xa 6u ce ytBp-
JIUIIO BUXOBO HHXHOUTOPCKO JIEI0BAbE.

(Ipumsbeno 18. centembpa, pesuaupano 7. neremopa 2009)
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Cyclic conjugation in benzo-annelated triphenylenes
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Abstract: Cyclic conjugation in benzo-annelated triphenylenes was studied by
means of the energy effect (ef) and the n-electron content (EC) of the six-
-membered rings. A regularity that was earlier discovered in the case of
acenaphthylene and fluoranthene congeners is now shown to hold also for
benzo-annelated triphenylenes. Benzenoid rings that are annelated angularly
with regard to the central six-membered ring Z, of triphenylene increase the
intensity of the cyclic conjugation in Zy, whereas linearly annelated benzenoid
rings decrease the cyclic conjugation in Z,. The ef- and EC-values are strongly
correlated, yet in anon-linear manner.

Keywords. cyclic conjugation; energy effect of cyclic conjugation; triphenyl-
ene; benzo-annelated triphenylene.

INTRODUCTION

Whereas benzenoid hydrocarbons have been in the focus of interest of theo-
retical organic chemistry for almost a whole century,1-3 a systematic study of the
structurally closely related acenaphthylene and fluoranthene congeners have only
started quite recently.# (Recall that these latter polycyclic conjugated molecules
differ from benzenoids by possessing one five-membered ring). In a series of re-
cent works*14 various structure-property relations for acenaphthylenes and fluo-
ranthenes were established. The most remarkable of these seem to be the regula-
rities found for the intensity of cyclic conjugation in the five-membered ring:
benzenoid rings that are annelated angularly (resp. linearly) with regard to the
five-membered ring increase (resp. decrease) the intensity of the cyclic conju-
gation in it. These, so-called PCP- and linear rules, were first recognized within
studies of the energy effects (ef) of the individual rings,6-8.10 but were eventually
corroborated by several independent theoretical approaches.®12-14 |t was shown
that fully analogous regularities hold for acenaphthylene and fluoranthene ana-
logs, in which instead of a 5-membered ring, there is some other odd-membered
ring.15

* Corresponding author. E-mail: gutman@kg.ac.rs
# Serbian Chemical Society member.

doi: 10.2298/J5C091201068J
943
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944 JEREMIC, RADENKOVIC and GUTMAN

Bearing the above in mind, the obvious question that emerges is whether
there similar regularities exist also for ordinary benzenoid hydrocarbons. The aim
of this work was to provide an answer. In order to arrive at clear and conclusive
results, the class of benzo-annelated triphenylenes (cf. Fig. 1) was chosen for study.

Fig 1. Triphenylene (1) and some

1

2 3 4 i
of its benzo-annelated derivatives:
2—7 are examples of mono-, di-, tri-,
tetra-, penta-, and hexa-benzo anne-
lated species. There are 2, 7, 10, 7,
2, and 1 distinct, symmetry-non-
equivalent, mono-, di-, tri-, tetra-,
penta-, and hexa-benzo-triphenyl-

5 6 7

eneisomers, cf. Table 1.

TRIPHENYLENE AND ITS BENZO-ANNELATED DERIVATIVES

The reason for considering cyclic conjugation in triphenylene and its benzo-
-annelated derivatives is the following. First of all, the members of this class of
benzenoid hydrocarbons are stable, easy-to-synthesize compounds, most of which
have been known for a long time.16.17 All members of this class have a central
six-membered ring (denoted by Zg), surrounded by three digoint six-membered
rings. To these latter rings, one or more benzene rings are annelated, each either
in an angular or in alinear constellation with regard to Zg (cf. Fig. 2). In all ben-
zo-annelated triphenylenes, the manner in which the central ring Zg is attached to
its neighbors is exactly the same. Therefore, the very strong first-neighbor ef-
fects!8.19 on the cyclic conjugation in Zy are equal in all members of the class
considered, and thus may be disregarded.

Throughout this paper, an abbreviated naming of the benzo-annelated triphe-
nylenes is employed. In Fig. 3, it is shown how the carbon—carbon bonds of tri-
phenylene are labeled by a;—ag (for angular annelation), and by 1113 (for linear
annelation). Then, the structure of a benzo-annelated triphenylene is determined
by indicating the sites of annelation. For instance, compounds 2—7, depicted in
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CYCLIC CONJUGATION IN BENZO-ANNELATED TRIPHENYLENES 945

Fig. 1, are coded as aj, aray, 11123, ajaragls, ajarazasls and ajarazasasag, res-
pectively.

8 9 10
Fig. 2. Types of benzo-annelation: angular (8), linear (9), and geminal (10).

Fig. 3. Labeling of the sites of triphenylene used for denoting
its benzo-annel ated derivatives; for details, see text.

QUANTIFYING THE CYCLIC CONJUGATION IN A RING

A variety of theoretical methods has been proposed for assessing the inten-
sity of cyclic conjugation in individual rings of a polycyclic conjugated mole-
cule.12 |n this work, the molecular-orbital-based energy effect (ef) and the Ke-
kulé-structure-based n-el ectron content (EC) are applied. The former method was
conceived already in the 1970s20-22 and eventually much applied. For details of
the ef-method, see the review?23 and the recent works.6-8.10,14,15.24-28 The jdea of
using Kekulé structures for distributing the n-electrons of a polycyclic conjugated
molecule into its rings was suggested by Randi¢ and Balaban?® in 2004, and then
elaborated and applied in numerous papers.30-38 As will be seen in the subse-
guent section, in the case of benzo-annelated triphenylenes, the ef- and EC-values
are strongly correlated, which confirms that they measure one and the same phy-
sico-chemical property of the underlying rings.

NUMERICAL WORK

Using in-house software, the energy effects and n-electron contents of all six-membered
rings of triphenylene and all its benzo-annelated congeners were calculated. In Table | are
given the (for this study most important) ef- and EC-values of the central ring Z,. The nume-
rical values of the other energy effects and n-electron contents can be obtained from the
authors upon request.

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

2010 Copyright (CC) SCS




946 JEREMIC, RADENKOVIC and GUTMAN

TABLE I. Energy effects (ef) and n-electron contents (EC) of the central ring Z; of triphe-
nylene (1) and its benzo-annelated derivatives. The benzo-annelated species are labeled ac-
cording to Fig. 3

Molecule ef(Zo) EC(Zy)
1 0.0242 2.0000
a 0.0304 2.2857
Iy 0.0204 1.6923
aya, 0.0360 2.5000
aya3 0.0390 2.5909
a1y 0.0390 2.5909
a3 0.0389 2.5909
l1a3 0.0249 1.9500
l1a, 0.0249 1.9500
I, 0.0179 14211
a3 0.0466 2.8158
iy 0.0467 2.8158
2,835 0.0511 2.9143
2,835 0.0510 2.9143
a,al, 0.0289 21471
a3 0.0310 2.2258
ayauls 0.0310 2.2258
Aa3l3 0.0309 2.2258
lslg 0.0212 1.6552
l4l,l5 0.0161 1.1786
1838 0.0562 3.0455
a1a,8385 0.0616 3.1475
a1a,8385 0.0615 3.1475
a;aa485 0.0617 3.1475
a,,a3!5 0.0364 2.4340
a,a)l-85 0.0365 2.4340
aal4l5 0.0242 1.8367
2,838,385 0.0748 3.3832
Q18,8325 0.0432 2.6484
a12,a324858¢ 0.0910 3.6190

What first requires checking is whether the ef- and EC-values yield consistent results.
That this is indeed the case can be seen from Fig. 4; athough not linear, the correlation
between ef and EC is remarkably good and, of course, positive. This means that the (sta-
bilizing) energy effect of the cyclic conjugation is proportional to the amount of n-electronsin
the underlying ring. In other words, both ef and EC indicate to the same regularities for the
structure-dependency of cyclic conjugation in the central ring of triphenylene congeners; these
regularities are discussed in due detail in the subsequent section.

The correlation between the ef- and EC-values of the annelated benzenoid rings is shown
in Fig. 5. Here the data points lie on three nearly paralel lines, each line pertaining to one of
the three annelation modes shown in Fig. 2. Such a clustering of the data-points was expected,
in view of the results of earlier investigations.3>36
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Fig. 4. The energy effect (ef) of the central ring Z, of triphenylene congeners
vs. its t-electron content (EC).
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Figure 5. The energy effects (ef) of the annelated marginal rings of triphenylene congenersvs.
their electron contents (EC). The clustering of the data points reflects the three modes of
annelation (cf. Fig. 2): linear (lower line), angular (middle line), and geminal (upper line).
RESULTS AND DISCUSSION

The data collected in Table | clearly, and without a single exception, confirm
the validity of the following regularities.

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

2010 Copyright (CC) SCS

@080

EN MCG MDD



948 JEREMIC, RADENKOVIC and GUTMAN

Rule 1 (angular effect)

Six-membered rings annelated in an angular mode (cf. Fig. 2) increase both
the energy effect and the n-electron content of the central ring. The larger the
number of angularly annelated six-membered rings is, the greater are the ef- and
EC-values.

Examples. The ef-values of triphenylene and its a1, ajas, and ajazas deriva
tives are 0.0242, 0.0304, 0.0390, and 0.0511, respectively; the EC-values of the
same species are 2.0000, 2.2857, 2.5909, and 2.9143, respectively.

Rule 2 (linear effect)

Six-membered rings annelated in alinear mode (cf. Fig. 2) decrease both the
energy effect and the n-electron content of the central ring. The larger the number
of linearly annelated six-membered rings is, the smaller are the ef- and EC-
values.

Examples. The ef-values of triphenylene and its |y, 1112, and I1lol3 derivatives
are 0.0242, 0.0204, 0.0179, and 0.0161, respectively; the EC-values of the same
species are 2.0000, 1.6923, 1.4211, and 1.1786, respectively.

As a consequence of Rules 1 and 2, the minimal and maximal ef-values are
found for the I1l5l3 and ajasazayasag species, equal to 0.0161 and 0.0910, res-
pectively. The corresponding EC-values are 1.1786 and 3.6190, also minimal and
maximal.

Rule 3

The effect of a geminally annelation (cf. Fig. 2) is dlightly weaker than the
effect of two six-membered rings attached to different hexagons.

Examples. ef(ajap) = 0.0360 whereas ef(ajaz) = 0.0390; EC(ajap) = 2.5000
whereas EC(ayaz) = 2.5909, ef(ajaplz) = 0.0289 wheress ef(ajaglz) = 0.0310;
EC(ajapl3) = 2.1471 whereas EC(ajagl3) = 2.2258.

If an equal humber of angularly and linearly annelated marginal benzenoid
rings are present, then their effect on the cyclic conjugation roughly cancels out.
For example, ef(aslo) = 0.0249 and ef(ajanlsl3) = 0.0242, as compared with ef =
=0.0242 for the parent triphenylene. Similarly, EC(aol) = 1.9500 and EC(ajaplol3) =
=1.8367, which are nearly equal to EC = 2.0000 for triphenylene.

Rule 4 (isoarithmicity)

The energy effect and the n-electron content depend on the number of an-
gularly and linearly annelated benzenoid rings, but are insensitive to their actual
position. The respective ef-values are nearly equal, whereas the EC-values are
strictly equal.

Examples. ef(ajag) = 0.0390, ef(ajag) = 0.0390, ef(apaz) = 0.0389, and
EC(ajaz) = EC(ajag) = EC(apag) = 2.5909. Similarly, ef(ajasls) = 0.0310,
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ef(ajaygl3) = 0.0310, ef(araszlz) = 0.0309, and EC(ajaszl3) = EC(ajasl3) =
EC(azasl3) = 2.2258.

Additional examples illustrating the above Rules 1-4 can be envisaged by
inspecting the datain Table |. For more details on the concept of isoarithmicity,39
see arecent article.8

As afina remark, it should be mentioned that with present-day knowledge,
it can be seen that the results obtained in an earlier work,49 in which benzo-deri-
vatives of perylene were examined, are tantamount to Rule 1. In the time when
the work40 was created, this fact was been recognized.

Acknowledgement. The authors thank the Ministry of Science and Technological Deve-
lopment of the Republic of Serbia for partial support of this work, through Grant No.
144015G.

N3BOJI
UKJINYHA KOHJYTALINUJA ¥V BEH30-AHEJIMPAHUM TPUOEHUJIEHUMA

CBETJIAHA JEPEMWR, CJIABKO PAJIEHKOBWH 1 UBAH I'YTMAH
IpupooHo—maitiemaitiuuku paxyaitieii YHusep3auitieitia y Kpazyjesiyy

HuknnuHa KoHjyranuja y OeH30-aHeInpaHuM TpudeHIeHnMa IpoyJaBaHa je loMohy eHep-
rerckor edekra (f) u m-enexrporckor caapikaja (EC) mecrowranux mpcreHoBa. [Toka3aHo je na
jeaHa NpaBUIIHOCT, paHHUje OTKPHBEHA KO jequibeiba alleHa(THICHCKOT U (IyopaHTEeHCKOT THIIA,
BaXH M Y CITy4ajy aHeJInpaHux Tpr(eHIeHa: BeH3eHOUIHN IPCTEH KOjH je aHeTMPaH aHTyJIapHO y
OJIHOCY Ha IICHTPAJIHH LIECTOWIAHH MPCTeH Zo TpU(EHHICHA, M0jayaBa WHTCH3UTET IIHUKIMYHC
KOHjyranuje y Zo, 10K JIMHEapHO aHeIMPaHH OSH3CHOMIHU IPCTEH yMambyje UKINYHY KOHjyTalujy y
Zy. Habeno je ma moctoju mobpa xopenauja u3mel)y ef u EC, nako xopenauuja Huje TuHeapHa.

(Mpumsbeno 1. neriem6Gpa 2009)
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Abstract: The concentration of boron, an essential micronutrient for plants, pre-
sents a narrow range between deficiency and toxicity. In order to provide the
boron requirement for plants, and to avoid toxicity problems, boron compounds
are mixed with basic fertilizers. Sodium borate pentahydrate was used as a bo-
ron source. Ammonium orthophosphates fertilizers with boron were prepared
by neutralizing phosphoric acid with ammonia and addition of variable amounts
of sodium tetraborate pentahydrate to the reaction mixture at a NH3z:H3PO,
molar ratio of 1.5. The fertilizers obtained with boron contents ranging from
0.05 to 1 % (w/w) were fully characterized by chemical anaysis, thermal ana-
lysis, X-ray diffraction and infrared spectrophotometry. The studies showed that
up to 500 °C, regardless of the boron content, no significant changes concern-
ing thermal stability and nutritional properties occurred. Above 500 °C, an in-
crease of thermal stability with an increase of the boron content was observed.
X-Ray diffraction of a heat-treated sample containing 5 % (w/w) boron indi-
cated the appearance of boron orthophosphate, BPO,, as a new crystaline phase,
and the disappearance of the previous structures above 500 °C, which explains
the increase in thermal stability.

Keywords. sodium borate pentahydrate; fertilizer; micronutrient; diammonium
hydrogen phosphate; ammonium dihydrogen phosphate; boron orthophosphate.

INTRODUCTION

Boron is an essential micronutrient for all vascular plants. Boron deficiency
causes rapid biochemical, physiological and anatomical aberrations. It isvery im-
portant to maintain a continuous supply of boron for efficient agricultural pro-
duction.1~> Boron has restricted mobility in many plants and is freely mobile in
others. In the majority of plant species, the boron distribution between plant or-

* Corresponding author. E-mail: angela magda@gmail.com
doi: 10.2298/JSC090228064M
951
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gans indicates a restricted transport of boron. Thus, symptoms of boron defi-
ciency occur mainly in the growing organs of plants. On the other hand, boron is
highly mobile in some plants.6 For example, under similar soil conditions,
pistachio contains the highest boron concentration in the leaves and the lowest in
fruit and seeds (leaf 130, hull 33, shell 2 and kernel 1 ppm/dry product). This
indicates that boron is not transported from the leaves to the fruit and seeds. Un-
like pistachio, apple trees grown under same conditions have the highest boron
concentrations in the hull (51 ppm/dry product) and fruit (54 ppm/dry product),
and lower boron concentration in the leaves (41 ppm/dry product) and shell (34
ppm/dry product).

The concentration of boron in leaves of different ages on the same plant pro-
vides evidence of boron mability in plants. Thus, a higher boron concentration in
older (basal) leaves than younger (apical) leaves indicates a restricted transport of
boron. For example in tomato, the boron concentration (ppm/dry product) is 721
in basal leaves, 318 in middle and 94 in apical leaves. In contrast, higher boron
concentration in younger leaves indicates boron mobility. For example in apple
trees, boron concentration (ppm/dry product) in basal leaves is 50, middle leaves
56 and apical leaves 70.

Correction of boron deficiency is affected by boron mobility or immobility
in plants. Boron is applied directly to developing tissues, such as flowers, in or-
der to ensure an adequate boron supply during the time of their development. On
the other hand, foliar sprays can be applied to boron-mobile species at any time
when functional leaves are present. The applied boron corrects current defi-
ciencies, and assures boron supply to future developing flowers and fruit tissues.”

Boron is required in small amounts. In order to maintain the recommended
application rate, boron compounds are mixed with a basic fertilizer.38 A very ef-
ficient boron-containing fertilizer, boron phosphate, BPO4, when incorporated
into soil, slowly releases soluble boron over a period of time corresponding at
least to the critical uptake period of the usual crop. BPOg4 is not soluble in water;
hence, there is no possibility of rainfall washing it from the soil .°

In the present study, anmonium phosphates with a variable boron content
ranging from 0.1 to 1 % (w/w) were prepared by neutralizing phosphoric acid
with ammonia and introducing sodium borate pentahydrate in variable amounts
into the reaction mixture. In connection with a previous report,19 in order to ob-
tain heat-resistant fertilizers which undergo a minimum loss of ammonia, sodium
borate was added to the reaction mixture at 1.5 NH3:H3PO4 molar ratio. The pH
of the reaction mixture was proved to be the controlling parameter of the neutra-
lization process.19:11 Thus, the dependence of pH on the NH3:H3PO4 molar ratio
was monitored. In addition, a boron free sample was prepared under the same
conditions.
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The objective of the present study was to examine to what extent the thermal
and nutritive properties of boron-containing fertilizers are affected by changing
the amount of sodium borate pentahydrate added to the reaction mixture. Con-
sequently, the dried products were fully characterized by chemical anaysis, ther-
mal analysis, X-ray diffraction analysis and infrared spectroscopy. Another ob-
jective of the study was to investigate the possible formation of new chemical
compounds of boron with phosphates from the system. With this end in view, an
additional product containing alarger amount of boron (5 % w/w) was prepared.

EXPERIMENTAL

All employed reagents were of analytical grade. Volumes of 50 mL phosphoric acid,
43.5 % P,0s (obtained from Merck phosphoric acid, 64.47 % w/w P,Os, with a minimum pu-
rity of 99 % w/w) were neutralized with a 25 % ammonia solution (“Reactivul” — Bucuresti,
with a minimum purity of 99 %) under continuous stirring at 20 °C up to a pH of about 8.0.
Crystalline sodium tetraborate pentahydrate (Merck, with a minimum purity of 99.8 %
NaB4O7) was added in variable quantities to the reaction mixture at a 1.5 NH3:HzPO, molar
ratio. The fertilizers obtained were dried at 60 °C. During the neutralization process with the
addition of sodium tetraborate pentahydrate, the dependence of the pH of the reaction mass on
the molar ratio NH3:H3PO, was measured using a Denver instrument 250 pH-meter.

The P,Os content in the dried products was determined by gravimetric analysis.?2 The
gravimetric determination of phosphorus was accomplished by its precipitation as magnesium
ammonium phosphate hexahydrate MgNH4PO,4.6H,0 using a magnesium mixture as the pre-
cipitation reagent (55 g MgCl, + 70 g NH,Cl dissolved in 250 cm3 of a 10 % ammonia solu-
tion). The precipitate was converted by calcination at 1000 °C into magnesium pyrophosphate
Mg,P,0O; and weighed in that form. The nitrogen in the ammonia was determined by spectro-
photometric analysis in the presence of Nessler reagent (A = 425 nm)13 and the boron content
was determined by spectrophotometric analysis with Carmine Acid reagent (4 = 630 nm).14.15
UV—Vis Spectrawere recorded on a Cary 50 spectrophotometer.

Thermogravimetric, TG, and differential TG, DTG, curves were obtained on a computer
controlled Netzsch TG 209 apparatus with a K(NiCr—Ni) thermocouple, in an platinum cru-
cible, at alinear heating rate of 10 °C min'1, in the temperature range 20-990 °C, under a dy-
namic atmosphere (nitrogen, 5 mL min1), on samples of about 10 mg.

X-Ray powder diffraction patterns were recorded on a Bruker D8 Advance diffracto-
meter, in Bragg—Brentano geometry, with graphite monochromatized CuK-o (1 = 1.5418 A)
radiation.

The infrared spectra in KBr matrix were run on a Jasko 410 spectrophotometer in the
wave number range 4000-400 cm'l.,

The sample containing 5 % boron was calcined for 2 h at 500 °C in a Nabertherm oven
with a heating rate of 10 °C min1.

RESULTS AND DISCUSSION

The following samples were obtained through the neutralization of phos-
phoric acid with ammonia solution and sodium tetraborate pentahydrate addition
to the reaction system:

—sample 1, with 0.05 % boron;

—sample 2, with 0.1 % boron;
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—sample 3, with 0.5 % boron;

—sample 4, with 1 % boron;

—sample 5, with 5% boron and

—sample 6, without boron.

The boron content was expressed as g boron/100 g diammonium hydrogen
phosphate.

Dependency of the pH of the reaction system on the NH3:H3PO4 molar ratio

The pH of the reaction mixture was measured during the preparation of samp-
les 1-4. The dependency of the pH of the reaction mixture on the NH3:H3PO4
molar ratio is shown in Fig. 1.
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Fig. 1. Dependency of the pH on the NH3:H3PO, molar ratio during the synthesis of samples 1-4.

The curves shown in Fig. 1 have similar profiles. The pH values corres-
ponding to similar NH3:H3PO4 molar ratios were very similar for the 4 samples.
In order to distinguish the curves and to obtain a higher accuracy of the figure,
the experimental pH values corresponding to samples 2—4 were offset 0.5, 1, and
1.5 pH-units, respectively. Each curve has two inflection points corresponding to
completion of ammonium dihydrogen phosphate (ADP), and diammonium hyd-
rogen phosphate (DHP) formation. The experimental pH values and the NH3:
:H3PO4 molar ratio corresponding to the inflections points are given in Tablell.

The pH value and the NH3:H3PO4 molar ratio corresponding to the first
inflection point are similar for each neutralization curve. This was also the case
for the second inflection point. Consequently, up to alimit of 1 % B in the final
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product, the neutralization process was not significantly influenced by the addi-
tion of sodium tetraborate pentahydrate to the reaction mixture.

TABLE I. NH3:H3PO, molar ratio and pH values at the inflection points of the pH vs.
NH3:H3PO, molar ratio curves during the synthesis of samples 14

Sampl Inflection point 1 Inflection point 2

pe NH3:H;PO, molar ratio pH NH3:H;PO, molar ratio pH
1 1 3.56 184 6.40
2 1 3.66 184 6.40
3 1 3.67 182 6.33
4 1 3.68 1.85 6.53

Chemical composition

The chemical composition of samples 14 are givenin Table 1.

The N:P>Og mass ratio, corresponding to the samples 14, ranges from 0.38
to 0.39. Thus, in accordance with literature data, 101116 g DHP and ADP mixture
is obtained. The addition of sodium tetraborate up to a limit of 1% (w/w) boron
in the final product did not significantly change the content of macronutrients N
and P in the products obtained.

TABLE II. The chemical composition of samples 14
Sample P,Os Content, %  N-NH4 Content, %  Massratio N:P,Os Boron content, %

1 52.3 20 0.38 0.07
2 50.5 19.9 0.39 0.1
3 50.3 19 0.38 05
4 49.4 19.1 0.38 0.9
Thermal analysis

The thermogravimetric curves (TG and DTG) obtained by heating samples
1-4 from 20 to 990 °C at a heating rate of 10 °C min—1 are shown in Figs. 2-5,
respectively.

TG and DTG analysis showed that the thermal decomposition of sample 2—4
began at 30 °C and proceeded up to about 990 °C. The DTG curves showed four
processes associated with mass loss. Sample 1 was relatively stable up to 65 °C.
Above this temperature, thermal decomposition proceeded up to about 900 °C.
The mass losses of samples 1-4 and the corresponding temperature ranges are
shown in Table Il in comparison to similar data obtained by heating sample 6
(ammonium phosphate without boron) in the same temperature range.11

The first process with mass loss (samples 2—4), observed within the tempera-
ture range 3065 °C was assigned to the partial dehydration of sodium borate
pentahydrate; the mass loss increased with increasing boron content. No ammo-
nia was released; hence the nutritional properties of the obtained fertilizers were
not affected. Sample 1 was stable up to 65°C.
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Fig. 2. Thermal gravimetric curves (TG and DTG) of sample 1.
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Fig. 3. Thermal gravimetric curves (TG and DTG) of sample 2.

The second process with mass loss (samples 1-4) occurred from 65 °C up to
around 500 °C and developed in two stages. In the first stage, the mass loss was
assigned to DHP decomposition with ammonia release and ADP formation (reac-
tion (1)). In the second stage, the mass |oss was assigned to the decomposition of
ADP to ammonium metaphosphate, according to equations 2 and 3, which isin
agreement with literature data,17.18 and to the liberation of constitution water
during polycondensation processes.19.20 The TG curves showed continuous mass
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loss; thus, the processes occurred in a very complex manner, which could not be
separated into individual reactions:

(NH4)2HPO4 — NH4H2PO4 + NH3 (D]
2NH4H2PO4 — (NH4)2H2P>07 + HoO ()]
(NHg)2H2P20O7 — 2NH4PO3 + H>O 3
2NH4PO3 — P>0Os5 + 2NH3 + H>O (@]
100 H
90-
80 -0
o 70 5 970°C .
E» 60 p1G | i
50 -
40 L2
30+ TG
140°C
20

T T T T T T T T T T
0 200 400 600 800 1000
Temperature, °C

Fig. 4. Thermal gravimetric curves (TG and DTG) of sample 3.
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Fig. 5. Thermal gravimetric curves (TG and DTG) of sample 4.
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TABLE 3. Mass losses on heating for samples 14, 6
Temp. Mass Temp. Mass Temp. Mass Temp. Mass Fina

Sample range loss range loss range loss range loss residue
°C % °C % °C % °C % %

1 30-65 - 65470 39 470-725 28 725900 4.7 27

2 3065 0.13 65485 38 485-700 245 700935 85 27

3 3065 044 65465 40 465-560 42 730970 227 295

4 3065 0.87 65490 37 490-770 - 770990 14 44

6 30-65 — 65490 37 490-700 43 750-850 5 12.5

On the DTG curve of sample 1 (Fig. 2), an endothermic peak at about 250
°C appears, which could be assigned to the mass loss described by reaction (2),
which was particularly separated from the other processes.

Up to about 500 °C, the thermal behavior of samples 1-4 was not influenced
by the addition of sodium tetraborate. The boron-containing samples underwent
similar mass losses (ammonia nitrogen) within similar temperature ranges as those
for the boron-free sample 6.

Consequently, on processing the obtained fertilizers up to 500 °C, their nut-
ritional properties were not affected by the addition of boron, in comparison with
the ammonium phosphates without boron.

The third process with mass loss occurred in the temperature interval from
around 500 up to around 700 °C. The mass loss, assigned to sublimation of P>Os,
decreased with increasing content of boron. The mass loss of the boron-free
sample 6 within 490 and 700 °C was 43 %. Sample 1 lost 28 % mass between
470 and 725 °C, the mass loss of sample 2 within the temperature range 485700
°C was 24.5 %. Sample 3 lost only 4.2 % mass between 465 and 560 °C, while
between 560 and 730 °C no mass loss was registered. Sample 4 was stable within
490 and 770 °C, the decomposition processes were shifted towards higher tempe-
ratures.

The fourth process with mass loss occurred on further heating of samples 14
up to 990 °C. An increase of mass loss with increasing boron content was ob-
served. The mass loss was assigned to the decomposition of the polycondensation
products.19.20 The completion of the decomposition process was shifted towards
higher temperatures from sample 1 to sample 3. The decomposition of sample 4
was not completed at 990 °C.

Increasing the boron content resulted in an increase of the thermal stability
of the obtained fertilizers at temperatures above 500 °C.

X-Ray diffraction

The X-ray diffraction patterns of samples 1, 3 and 4 together with that of
sample 6 (ammonium phosphate without boron)11 for comparison are given in
Fig. 6.
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Fig. 6. X-Ray diffraction pattern of samples 1, 3, 4 and 6; m — (NH4),HPO,4; A—NH4H,PO,.

Two crystalline phases were detected in al the three boron-containing samp-
les: monoclynic diammonium hydrogen phosphate?l and tetragonal ammonium
dihydrogen phosphate.22

Regardless of the boron content, no new crystalline phases could be detected
by X-ray diffraction in any of the three samples. Therefore, ammonium phos-
phate with boron concentration of up to 1 % (w/w) may be utilized as fertilizers,
without any structural changes in comparison to the fertilizers without boron.

FTIR Analysis

The infrared spectrum of sample 4, having the maximum boron content in
the series, was compared with the spectrum of boron-free ammonium phosphates
(sample 6). The spectra are shown in Fig. 7.

According to literature data,23-2° the following four bands are observed in
the infrared spectrum of BPOy: 1085, 925, 615 and 550 cm—2. The IR spectrum
of sample 4 showed three absorption bands at 1080, 950 and 550 cm1, which
eventually could be assigned to the B—-O—P link, present in boron orthophosphate,
BPO,4. However, as can be seen, the IR spectrum of sample 4 was almost the
same as the IR spectrum of sample 6. This could be explained by the low concen-
tration of boron and by overlapping with the IR bands assigned to ammonium
phosphate. The difference spectrum between sample 6 and sample 4 was recorded
in order to emphasize the boron presence (spectrum 4, Fig. 7). Although a weak
band at around 933 cn1 appeared, the other three bands (1085, 615 and 550 cm1)
were not observed, which confirms the overlapping of the bands. In conclusion,
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no B—-O—P or B—P bonds that could eventually affect the assimilation boron by
plants were detected in the infrared spectrum of sample 4.
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Fig. 7. Infrared spectra: 1) sample 6; 2) sample 4; 3) sodium tetraborate;
4) sample 4 minus sample 6.

X-Ray diffraction and infrared spectrum of heat treated fertilizer

A possible explanation of the increase in thermal stability above 500 °C with
increasing boron content was the formation of a new chemical combination of
boron with the phosphates present in the system. In order to investigate the new
structure, product 5 with a higher boron content (5 %) was calcined at 500 °C.
The calcined product was investigated by X-ray diffraction and infrared spectros-
copy. The X-ray patterns are shown in Fig. 8.

The X-ray pattern after calcination at 500 °C indicated the disappearance of
the previous structures and the appearance of BPO,4 boron orthophosphate,26
which explains the increase of thermal stability with increasing boron content.24
In addition, the formation of BPO4 induced an improvement in the efficiency the
fertilizer.9.27

The infrared spectrum of product 5 is shown in Fig. 9.

The IR spectrum of sample 5 showed all the bands assigned to boron phos-
phate, slightly shifted towards higher frequencies, which confirms the XRD data.
In addition, some bands appeared, assigned as yas PO» (1276 cmr1),28 yg P-O-P
(766 cm1)29 and § PO, (511 cmr1)29 vibrations, characteristic of polyphos-
phates.

In conclusion, in addition to the already studied methods,®23.24 boron ortho-
phosphate may be obtained by calcination at 500 °C of the neutralization pro-
ducts of phosphoric acid with ammonia and addition of boron tetraborate to the
reaction system.
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Fig. 9. Infrared spectrum of the sample calcined at 500 °C.

CONCLUSIONS

The pH of the reaction mixture represents a control parameter which enables
the proper management of the neutralization process of phosphoric acid with am-
moniain presence of sodium tetraborate pentahydrate. Up to a concentration of 1 %
boron in the final product, the addition of sodium tetraborate did not significantly
influence the neutralization process.

Chemical analysis of the products obtained showed that the addition of so-
dium tetraborate up to a content of 1 % boron in the final product did not signi-
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ficantly change the nutritional properties of the fertilizers in respect to the content
of nitrogen and phosphorus.

Thermal analysis showed that up to 500 °C, regardless of boron content, no
significant differences in therma behavior of the boron-containing fertilizers in
comparison with the boron free-fertilizer were observed. The thermal stability of
the products obtained during their processing up to 500 °C was not changed. Mo-
reover, the products underwent similar mass losses (ammonia nitrogen); hence
their nutrition qualities were not atered. Above 500 °C, the thermal stability of
fertilizers increased with increasing boron content.

X-Ray diffraction analysis showed that no structural changes of the obtained
products occurred with increasing content of boron, compared with boron-free
ammonium phosphates.

The infrared spectra did not positively confirm the formation of new chemi-
cal compounds of boron with the phosphates present in the system.

In conclusion, the addition of sodium tetraborate pentahydrate to the reaction
mass of phosphoric acid with ammonia at a NH3:H3PO4 molar ratio equal to 5,
up to alimit of 1 % boron in the final products, did not result in any changes of
structure and nutritional properties of the obtained products compared with bo-
ron-free ammonium phosphates.

On calcination at 500 °C of a 5 % boron-containing fertilizer, boron phos-
phate, which is a quality fertilizer with high contents of boron and phosphorus
and a slow release of boron, was obtained.

U3BOJI

CUHTE3A 1 KAPAKTEPUCABLE AMOHUIYM-©OOCDPATHOI' BYEPUBA
CA JOJATKOM BOPA

ANGELA MAGDA?, RODICA PODE", CORNELIA MUNTEAN*, MIHAI MEDELEANU" 1 ALEXANDRU POPA?

1Faculty of Industrial Chemistry and Environmental Engineering, “ Politehnica” University of Timigoara,
Victoria Square No. 2, 300006 Timisoara, Romania u 2| nstitute of Chemi stry Timisoara of
Romanian Academy, M. Viteazul Ave, No. 24, 300223-Timisoara, Romania

Bop je jenan o OCHOBHHX MUKpO-HyTpUIMjeHara Onbaka, aly je IpeMa KOHICHTPAlHjH y3aH
omncer mmehy aedpunmurapHOCTH M TOKCHYHOCTH. Jla 61 ce 06e3benuna nmorpeda Ouipaka 3a 6opoM
1 n36erao npo0OsieM TOKCUYHOCTH, jeAniberha Oopa ce Meliajy ca ocHOBHUM [)yOprBoM. Y oBOM pa-
Iy je kKao u3Bop 6opa kopuinheH HaTpHjyM-00paT HeHTAXUAPAT; Y PEaKIHOHY CMEIIy ca MOJICKHM
omHocoM NH3:H3PO4 1,5 3a nobujame amonujym-opTodocdarHor hyoprsa HeyTpanusaimjom dhoc-
(bopHe KucenrHEe aMOHHUjaKOM, A0JaBaHe Cy MPOMEHJbUBE KOJIMYMHE HATPHjyM-TeTpabopar meHra-
xuzpara. hyopuso koje caapxu 0,05-1 % w/w Gopa MOTIIYHO je OKapaKTepHCaHO XEMHjCKOM aHa-
JIU30M, TEPMHUYKOM aHAIHA30M, ITUPpaKIjoM X-3paka W WHPPALPBEHOM CHEKTPOGOTOMETPH]OM.
HcnutuBama cy nokasana jaa jgo temmeparype 500 °C, 6e3 063upa Ha canpxaj 6opa, He Jonasu 10
3HAYajHUX MPOMEHA TEPMHUYKE CTAOMIIHOCTU M HyTPHU(HUKALMOHUX CBOjCTaBa, a H3HAA e nosehasa
ce TepMHUYKa CTaOMITHOCT ca moBehameM canpxaja 6opa. Judpakiuja X-3paka TEpPMHUKH TPETUPA-
HHX y30paka Koju cagpxe 5 % W/w Gopa, ykasana je Ha npucyctBo 6op-oprodocdara, BPO,4, xao
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HOBe KpucTanHe (ha3e W HecTajame MPETXOAHUX CTPYKTypa m3Haja temmepatype 500 °C, mro 00-
jammaBa noBehame TepMUYKE CTAOMITHOCTH.
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Singlet oxygen generation by higher fullerene-based colloids
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Abstract: In this paper, the results of the synthesis and characterization of
higher fullerene-based colloids is presented. The generation of singlet oxygen
102 (*Ag) by fullerene water-based colloids (nC60, nC70 and nC84) was in-
vestigated. It was found by electron paramagnetic resonance spectroscopy that
the generation of singlet oxygen was the highest by the nC84 colloid. The
amplitude of the electron paramagnetic resonance (EPR) signal was two orders
of magnitude higher than the amplitude of the EPR signals which originated
from nC60 and nC70. The surface morphology and the structure of the particles
of the water-based colloids were investigated by atomic force microscopy
(AFM). The AFM study showed that the average size of the nC60, nC70 and
nC84 were 200, 80 and 70 nm, respectively. In addition, the particle size dis-
tribution of the nC60, nC70 and nC84 colloids was determined by dynamic
light scattering (DL S) measurements.

Keywords: higher fullerene; colloid; electron paramagnetic resonance spectros-
copy; atomic force microscopy; dynamic light scattering.

INTRODUCTION

For more than 20 years, fullerenes have attracted the attention of researchers
from many different fields. Their application is possible in many areas (biomedi-
cine, electronics) because of their unique properties.1-6 Whereby, their photophy-
sical properties are the most interesting for medical applications. Pristine fullere-
nes, Cgo [60-11y] and Cyq [70-Dsy], effectively produce singlet oxygen (1Ag) by
absorbing light energy.” The photosensitized production of singlet oxygen in-
volves four steps: a) absorption of light; b) formation of the triplet state of the
photosensitizer; c) trapping of the triplet state by molecular oxygen; d) energy
transfer from the triplet state to molecular oxygen.8 In photodynamic therapy

* Corresponding author. E-mail: svetlanajovanovic@vincars
doi: 10.2298/JSC090617062J
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(PDT) of cancer, fullerenes could be used as photosensitizers.® Photodynamic
therapy (PDT) is one of the non-invasive treatments applicable with reduced side
effects for various types of tumors.10 Chemical modification by PEG of appro-
priate molecular weight and terminal structures enables water-insoluble Cgg to
dissolve in water and automatically accumulate in a tumor. The PDT effect of
Cs0-PEG-Gd was significant when light irradiation was performed 3 h or longer
after injection, whereas no effect was observed 1 h after injection.11

Biomedica applications demand fullerene in a water soluble form. Several
methods have been developed to disperse these otherwise hydrophobic carbon
compounds in water.12 There are different methods for creating colloidal nano-
crystalline fullerenes (nCgo, NC7g and nCgy).13-15 Variations such as the solvent
used, temperature, fullerene concentration and mixing regime affect the size,
structure and charge characteristics of fullerene-based colloids. Differences in
size, structure and surface chemistry of nCgp produced by various procedures
could have important implications for the interpretation of data from environ-
mental transport and toxicity studies.

In a previous study, it was shown that nCgq intercalated with different sol-
vents produce singlet oxygen at different rates.16 With regard to their capacity to
generate ROS and cause mitochondrial depolarization followed by necrotic cell
death, nCgg suspensions are ranked in the following order: THF/nCgg > EtOH/
InCgp > agua/nCgg. Mathematical modeling of singlet oxygen (1Ag) generation
indicates that the 1Ag—quenchi ng power (THF/NCgp < EtOH/NCgp < agua/nCgp) of
the solvent intercalated in the fullerene crystals determines their ability to pro-
duce ROS and cause cell damage.

In this study, singlet oxygen generation of fullerene-based colloids was in-
vestigated. The photophysical properties of higher fullerenes remain poorly un-
derstood, largely because of the challenge posed by multiple isomeric forms of
these compounds.17 Singlet oxygen was detected by electron paramagnetic reso-
nance (EPR) spectroscopy, following the formation of stable nitroxide radicals,
TEMPO (2,2,6,6-tetramethyl piperidine-1-oxy!).18 Using atomic force microscope
(AFM), individual particles and group of particles can be visualized and unlike
other microscopy techniques, AFM offers visualization in three dimensions.
Based on dynamic light scattering (DL S) analysis, it was found that the average
size of the higher fullerene colloidal particles was about 40 nm.

EXPERIMENTAL

C60 (99.9 % purity), C70 (99 % purity) and mixture of higher fullerenes (C84 (40 %),
C76 (20 %), C78 (20 %) and C70 (20 %) - further in the text C84) were purchased from MER
corporation, Tuscon, USA. The preparation procedure of nC60 and nC70 were described in
previous studies. 1619 Freshly distilled THF of HPLC purity (Carlo Elba, Milan, Italy) was
used as the solvent. During the preparation of nC84/THF, powder of the higher fullerenes was
added to THF at a concentration of 10 mg L1, The THF/C84 mixture was purged with nit-
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rogen to remove any dissolved oxygen and stored overnight in the dark while being con-
tinuously stirred to ensure a homogeneous mixture. The THF/C84 solution was then filtered
through a 0.5 um PTFE filter to remove any excess of solid material. An equal amount of
MilliQ water was then added to the THF/C84 filtrate at a rate of 1 L min't under continuous
stirring. The THF was removed from the solution using a rotary evaporator operated at 45 °C.
The concentrations of fullerene particles in water were determined from the absorption spec-
tra. The concentration of the THF/NC84 suspension was approximately 6 mg L-1.

Silicon was used as the substrate. The drop of fullerene-based colloids was deposited on
silicon substrates and dried in air. The morphology of the three different colloids was inves-
tigated by means of a Quesant AFM. A conventional Si cantilever was used for al measure-
ments under ambient conditions. Imaging was realized in the non-contact dynamic mode. In
this mode, the cantilever oscillates close to resonance and the tip only dlightly touches the
surfaces. All images were processed for better quality.

The particle size distributions of the C8, C7 and higher fullerene suspensions were
obtained using a Brookhaven Instruments light scattering system equipped with a BI-200SM
goniometer, a BI-9000AT correlator, a temperature controller and a Coherent INNOVA70C
argon-ion laser.

EPR Spectroscopy was used to monitor the generation of singlet oxygen in the aqueous
solutions. The EPR experiments were performed at room temperature using a Varian E-line
spectrometer operating at a nomina frequency of 9.5 GHz. A mixture containing 0.18 mL
TMP (Sigma) and different fullerene-based colloids with a concentration of 2 mg L1 was
thoroughly ultrasonicated and incubated at room temperature for 24 h. Aliquots (7 uL) of the
TMP-fullerene mixtures were then transferred into 3 mm i.d. quartz tubes and the Tempol
signa was analyzed by EPR. Quantification of the signals was realized by calculating the
mean value of the amplitudes of the EPR signals and the data are expressed in arbitrary units.

RESULTS AND DISCUSSION
Surface mor phology

In addition to yielding three-dimensional topographic images of investigated
objects, AFM has aso become an invaluable tool for studying important pro-
perties of a specimen.20 The surface morphology of the prepared fullerene-based
colloids deposited on freshly cleaned silicon substrates was observed by atomic
force microscopy. The size and shape of particles of the three different fullerene-
based colloids were determined by AFM. The colloids were diluted to a concen-
tration of approximately 0.1 mg L—1 to prevent agglomeration of particles during
the course of drying and to enable the detection of single particles. The AFM
images of the particles of the nCgg, NC7g and nCg4 colloids are presented in Figs.
la-1f. As can be observed from Fig. 1, the average sizes of the nCgg, NC7g and
NnCgy particles based on surface profile analysis were 200 nm, 80nm and 70 nm,
respectively.

Despite the precautions, the particles formed agglomerates on certain areas
of the silicon substrate. It is considered that most of the aggregates were formed
during drying but preformed aggregates, maintained by van der Waals attraction,
in the colloid are also possible.?! Brant et al. observed that aggregate formation
resembled a crystal growth process rather than undirected particle aggregation.22
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[

S 19080

Fig. 1. Top and 3D views of AFM images of C60, C70 and C84 particles, respectively.

Dynamic light scattering (DLS)

Dynamic light scattering measurements were performed to examine the par-
ticle size distribution of the three different fullerene-based colloids and the for-
mation of aggregates in the specimens. Based on data presented in Fig. 2, it could
be conclude that the sizes of most of the Cgg particles were between 100-150 nm.
The DLS measurements of the C7g and Cgy particles showed that the sizes were
approximately the same, between 40-50 nm. Less than 10 % of the Cg particles
had a diameter in the range from 80 to 100 nm. The mean lateral diameter mea-
sured by AFM were larger than the real mean diameters measured by DLS be-
cause of convolution of the tip.20
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Fig. 2. Particle size distribution of different fullerene particlesin the colloids:
(@) Co particles, (A) Cgp particles, (m)Cgy particles.

The results obtained by AFM measurements and by DLS for particle size
distribution were in a good agreement.

Electron paramagnetic resonance (EPR)

Electron paramagnetic resonance (EPR) is a non-optical technique in which
energy transfer between the intrinsic magnetism of an unpaired electron and an
external magnetic field is measured with a sensitive microwave detection system.
An EPR spectrum is recorded by measuring the strength of the microwave signa
when the magnetic field is swept over asmall range.23

The reaction of 1Ay with a stable molecule can generate a moderately long-
-lived free radical. In addition, 1Ag can react with a spin label, an organic mole-
cule with an unpaired electron. Determination of the structure of the adduct by
EPR provides an unambiguous identification. The spin label TEMP was employ-
ed as a spin label probe. The reaction of 1Ag with TEMP leads to the free radical
TEMPO.18

The results of EPR measurements of the three different fullerene-based col-
loids are presented in Fig. 3. In a previous study, it was established that singlet
oxygen was generated by nCgq.19 These experimental results were confirmed by
a theoretical model.16 In this study, generation of singlet oxygen by nCgs was
observed. The amplitude of EPR signal produced by nCgy is significantly higher
than the ones caused by nCgg and nC7q. This is for the first time that the gene-
ration of singlet oxygen by Cg, particles in an aqueous solution is shown. The ob-
served formation rates of Tempo were about two orders of magnitude faster for
NCg4 than for nCgg and nCrp.
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Fig. 3. EPR Spectra of the three different fullerene-based colloids:
(-++) NCeo, (-+--) NCr0 and (J) NCay.

Experimentally, seven Cgy isomers are formed in standard fullerene soot.24
Of these, the two most abundant isomers are D(1V) (ca. 50 %) and Dog(Il) (ca.
25 %). The triplet lifetime of Do(1V) Cgy is 640 us, which represents the second
longest time found to date among fullerenes. The triplet lifetimes of Cgg and Cog
in toluene at room temperature are 143 us and 11.8 ms, respectively.2S The ener-
gies of the lowest lying triplet states of Cgp and C7g are 1.62 and 1.54 eV, res-
pectively.26.27

Despite the fact that C7g has alonger triplet lifetime than Cgg, the present re-
sults demonstrate that NnCgp and NnC7g produce amost equal amounts of singlet
oxygen. One of the reasons for such behavior is the fact that C7g quenches singlet
oxygen much better than Cgo.28 According to literature data, the rates of singlet
oxygen quenching for Cgp and C7g are 6.1x104 L mol-1 s1 and 3x106 L mol—1
s1, respectively.29.30 Based on a theoretical model of singlet oxygen generation
by nCep and nCrq,16 the concentration of neutral oxygen inside nCgg and nC70is
in the range of 1014 to 1017 cm3, and nC7g produces only 5 % more singlet
oxygen than nCgp.

Booth et al. recently showed the presence of a peak at around 0.97 €V in the
emission spectrum of Cgsq{ D2(1V)}, which was assigned to luminescence emis-
sion to 1Ag molecular oxygen.3! According to measurement of energies, the low-
est lying triplet state of Do(1V) and Dyg(11) are 0.99 and 0.94 eV .31 No significant
emission from 1Ay was observed for Dog(I1).31 Up to now, it was considered that
the higher fullerenes produce a significantly lower amount of the reactive form of
molecular oxygen 105(1Ag) than Ceg and C7.32
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The extremely high generation of singlet oxygen by nCgs compared to nCgg
and nCyg could be, at the moment, explained by two facts. The first one is that
the total energy of the triplet state of excited Cgs{ Do(I1V)} is amost identical to
the excitation energy of neutral oxygen, 1.6 eV.31 Therefore, the process of ener-
gy transfer from Cg4 to neutral oxygen can proceed without collision with athird
body, necessary to take the excess of energy.

The second fact is that the area of the channelsin the unit cell of a Cgq hano-
crystal that permits diffusion of neutral oxygen within the unit cell is rather larger
than for the unit cell of Cgg or Cyq. It was reported that a face-centered cubic
structure was dominant for Cgg, C7g and Cgs.33-35 Zubov et al. assumed free ro-
tation of the nearly spherical fullerene molecules in the unit cells at room tempe-
rature.36

The distances, a, among the nearest fullerene molecules in a unit cell (Cgp,
C70 and Cgg) and the surface area of one channel between the fullerene mole-
cules in the unit cell are listed in Table I, from which it can be seen that the
distances between the Cgq molecules are the largest. Since there are six channels
per unit cell, the total surface area for the diffusion of neutral oxygen is 9 times
larger for Cgy than for Cgp.

TABLE |. Parameters of fullerene nanocrystals

Property Ceso Copo Cgy

a/nm 1.417 1.501 1.59

Surface area of one channel (x10™ m?) 0.431 0.4835 0.5425
CONCLUSIONS

In this work, the generation of singlet oxygen by a water-based nCg4 colloid
was demonstrated for the first time. The rate of singlet oxygen generation by the
nCgy colloid was two orders of magnitude higher than those of the nCgg and nC7g
colloid. Experimental conformation was obtained by EPR spectroscopy.
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U3BO [

CTBAPABE CUHIJIETHOI' KWCEOHUKA V BOAEHUM KOJIOUJIUMA BUIINX ®YJIEPEHA
CBETJIAHA I1. JOBAHOBUR', 30PAH M. MAPKOBUR', IVIIIKA H. KJIEVT?, BIAJIUMUP JI. TPAJKOBUR?,
BPAHKA C. BABI/ITI-CTOJI/ITll, MUPOCIJIAB 1. HPAMI/ITlAHI/IH1 u BUJbAHA M. TOJIOPOBUh MAPKOBHHR*

I Bunya” Uncimuitiyi 3a nykaeapre Hayke, i.ip. 522, 11001 Beozpad u >Mucuimiyii 3a Mukpobuoaozujy u

umyHonozujy, Meouyuncku gaxyaitieit, Ynusep3auitieii y beozpaoy, [p. Cyboiiuha 1, 11000 Beozpao

Y 0BOM pajly Cy NpHKa3aHH Pe3yJITaTH aHATM3E CHHTETHCAHUX (yIepeHCKuX Konouna. Pyie-
pern Cgo, Cyp 1 Cgy cy xopuinheHn 3a CHHTE3y BOJCHHX KOJOHIHHUX pacTBOpa. EJEKTpOHCKOM
rapamMarHeTHOM pe3oHaHTHOM crektpockonujoM (EPR) cenektrBHO je mpalieHO cTBapame CHHI-
JISTHOT KHCEOHHKa U yTBpheHo je na HajBeha KOIMYMHA CHHITIETHOT KHCCHUKA HACTaje Y KOJIOUIY
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NCgy. EPR curnan komonna NCgq MMa ABOCTpYKO Behy aMIUIMTYAy Yy OAHOCY Ha ammuutyae EPR
curHana xonouaa NCgy u NCyp. Mcnurana je cTpykTypa, OOJHMK M BETHMYMHA YECTHIA JOOMjEHHX
KoJonsia MUKpockornoMm aromckux cuia (AFM). Ha ocHoBy AFM ananu3a yTBpAWIH CMO 1a je
npoceuna Bennunna yectuia 200, 80 u 70 nm 3a dynepencke koioune NCgy, NCrg 1 NCgy peiom.
DLS mepemnma Takole cy ucrurane BeIWUMHE YeCTHIA M TOTBpheHu pesynratu gobujenn AFM
HCITHUTHBAKEM.

(TMpumsbeno 17. jyna 2009, pesnaupaso 26. anpuiaa 2010)
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Abstract: The aim of this work was to develop and validate a ssimple, efficient,
sensitive and selective method for the analysis of dissolution samples of me-
xiletine hydrochloride capsules by HPLC without the necessity of any time-
-consuming extraction, dilution or evaporation steps prior to drug assay. Sepa-
ration was performed isocratically on a 5 um LiChrospher 60, RP-Select B
column (250x4 mm ID) using the mobile phase buffer—acetonitrile (60:42, v/v)
at aflow rate of 1.2 mL minl and UV detection at 262 nm. The elution oc-
curred in less than 10 min. The assay was linear in the concentration range 50—
—300 pg mL-1 (r2 = 0.9998). The validation characteristics included accuracy,
precision, linearity, specificity, limits of detection and quantification, stability,
and robustness. Validation acceptance criteria were met in all cases (the percent
recoveries ranged between 100.01 and 101.68 %, RSD < 0.44 %). The method
could be used for the determination of mexiletine hydrochloride and for mo-
nitoring its concentration inin vitro dissolution studies.

Keywords: mexiletine hydrochloride; dissolution; method validation; HPLC.

INTRODUCTION

Mexiletine hydrochloride is an orally active class | anti-arrythmic agent. Che-
mically it is 1-methyl-2-(2,6-xylyloxy)-ethylamine hydrochloride (Fig. 1). Mexi-
letine hydrochloride has been shown to be effective in the suppression of induced
ventricular arrhythmias, including those induced by glycoside toxicity and coro-
nary artery ligation. It is available in capsule form.1

Mexiletine hydrochloride is a white powder, freely soluble in water and in
ethanol, slightly soluble in acetonitrile and practically insoluble in diethyl ether.2

* Corresponding author. E-mail: dmilenovic@actavis.rs
# Serbian Chemical Society member.
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OCH,CHCH3
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3 ®  *HCI

Fig. 1. Chemical structure of mexiletine hydrochloride.

Various analytical methods have been reported in the literature for the quan-
titative determination of mexiletine hydrochloride in human plasma or serum.
These methods are quite limited and typically involve a derivatization step.3~"
The literature on HPLC analysis of mexiletine hydrochloride in raw materials
and pharmaceutical preparations is rather poor.1.28-14 Due to their high sensi-
tivity and selectivity, analytical methods such as liquid chromatography were
previously reported to be used for the determination of active substances in dis-
solution samples,15-21

As is known, dissolution testing is a regular quality control procedure in
good manufacturing practice, and dissolution data are also a substantial para
meter for the evaluation of the bioavailability of drugs. The dissolution test has
emerged in the pharmaceutical field as a very important tool for the characte-
rization of the performance of a drug product. It provides measurements of the
biocavailability of a drug and can demonstrate bioequivalence from batch-to-batch
as well. In addition, dissolution is a requirement for regulatory approval for pro-
duct marketing. To the best of our knowledge there are only two references for
the determination of the amount of mexiletine hydrochloride dissolved from cap-
sules (derivative spectrophotometry and sequential injection method) during dis-
solution studies. 914

The aim of the present work was to develop and validate a simple, efficient,
sensitive and selective method for the analysis of dissolution samples of mexile-
tine hydrochloride capsules by HPLC. The analytical methods reported were va
lidated in terms of specificity, linearity, accuracy, precision, stability and robust-
ness.22

EXPERIMENTAL
Chemicals and reagents

Mexiletine hydrochloride, working certified standard, 100.39 % purity, was purchased
from Medichem S.A. (Barcelona, Spain). Acetonitrile (HPLC gradient grade) was purchased
from J. T. Baker (Deventer, Holland). Potassium dihydrogen phosphate and ortho-phosphoric
acid 85 %, suprapur, were purchased from Merck KgaA (Darmstadt, Germany). Purified wa-
ter was obtained using an Arium Laboratory Equipment (RO, UV) from Sartorius A.G. (Got-
tingen, Germany). The mobile phase was filtered through a 0.45 pm Sartorius membrane filter
(Gottingen, Germany). Capsules of mexiletine hydrochloride, containing 200 mg of active
substances, were obtained in-house and commercially.
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Equipment

The HPLC system consisted of a binary pump G1312A, an manual injector G1328A, a
thermostated column compartment G1316A and a UV detector G1314A, all 1100 Series, from
Agilent Technologies, which was controlled by HP Chemstation software (Waldbroon, Ger-
many). An Erweka DT700LH dissolution apparatus (USP I1) (Heusenstamm, Germany) was
used. The employed Transsonic 470/H ultrasonic bath was from Elma, (Singen, Germany).
The CP224S — OCE anaytical balance was from Sartorius A.G. (Gottingen, Germany); the
repeatability (standard deviation) of the balance: +0.0001 g.

Chromatographic conditions

Separation was achieved on a LiChrospher 60, RP-Select B column 250x4 mm, 5 pum
(Merck). The elution was isocratic at 1.2 mL min'! using a mobile phase of buffer — acetonit-
rile (60 : 42, v/v). The column temperature was maintained at 30 °C. The injection volume
was 20 pL with UV detection at 262 nm.

The buffer was prepared by dissolve 1.28 g dodecyl sodium sulfate and 4.00 g of anhyd-
rous sodium dihydrogen phosphate in 600 mL of water (pH 4.5).

Dissolution

A calibrated dissolution apparatus (USP I1) was used with the paddles turning at 50 rpm
and a bath temperature maintained at 37+0.5 °C. Nine hundred milliliter freshly prepared and
degassed water was used as the dissolution medium.®

Six capsules were evaluated for each tested drug product. Dissolution samples were col-
lected manually at 10, 15, 20, 30 and 45 min. At each time point, a 10 mL sample was
removed from each vessel and filtered through a filter (0.45 pum) into glass vials and analyzed
by HPLC.

The amount of mexiletine hydrochloride in the test samples was calculated, as
percentage dissolved, from the measured peak area for the test samples, which were compared
with the peak areafor a standard mexiletine hydrochloride solution.

Preparation standard solutions

Mexiletine hydrochloride stock solution | of 1 mg mL-1 was prepared in water using a
working certified standard, by accurately weighing the mexiletine hydrochloride standard
(approximately 25 mg) and transferring it into a 25 mL volumetric flask. Calibration standard
solutions were prepared by diluting the stock solution | (50-300 pg mL-1).

A system suitability standard solution, which contained 222 ug mL-1, was prepared by
measuring 22.2 mg mexiletine hydrochloride and diluting with purified water to 100 mL.

RESULTS AND DISCUSSION
Selection and optimization of analytical method

UV Spectrophotometry and HPLC are most commonly used for the analysis
of dissolution samples. UV is the more preferable choice when compared to
HPL C because of the time required for the analysis of the sample. In cases when
the interference is higher than 2 %, it is recommended to choose another wave-
length, second derivative, baseline subtraction or HPLC. Regarding interference
from excipients, sensitivity issues, automated system and regulatory agencies, an
HPL C method for the determination of mexiletine hydrochloride after dissolution
is recommended, especially if it has a short retention time.
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978 MILENOVIC and TODOROVIC

In order to obtain the best chromatographic conditions, the wavelength for
detection, the column and the mobile phase composition must be adequately se-
lected.

The starting point for the development of the assay of mexiletine hydrochlo-
ride were the chromatographic conditions given in the United States Pharmaco-
poeia (USP).® The USP method utilizes a mobile phase of MeOH and acetate
buffer (pH 4.8) (60:40, v/v), UV detection at 254 nm, column Purospher STAR
RP18e (250x4.6 mm, 5 pm) and a flow rate of 1 mL min—1. Aninitial attempt re-
sulted in an acceptable retention time (about 8 min), the USP tailing factor was
1.7, but there was interference from the body of the capsules (Fig. 2).
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Fig. 2. Chromatograms obtained from: a) the standard solution of mexiletine hydrochloride
(200 ug mL-1), b) excipient mixture and ¢) background sample, using
the initial chromatographic conditions.

In order to resolve this problem, the conditions set by the Japanese Pharma-
copoeia (UV detection at 210 nm, column 150x4 mm, packed with octyl-sila-
nized silica gel for liquid chromatography, about 7 um in particle diameter, mo-
bile phase buffer and acetonitrile (60:42, v/v)) were modified in terms of wave-
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length, buffer composition and column.2 A LiChrospher 60, RP Select B, 250x4
mm, 5 pum column was used at 30 °C with a mobile phase flowrate of 1.2 mL
min~1. A detection wavelength of 262 nm was selected for the analysis because
the drug has sufficient absorption and low quantities of mexiletine hydrochloride
may be detected correctly. Furthermore, the calibration curves obtained at 262 nm
show good linearity. Regarding the mobile phase, one buffer solution was with-
out an ion-pairing reagent, but every subsegquent phase (four in total), contained a
different ion-pairing reagent: sodium hexane sulfonate, sodium heptane sulfonate,
sodium octane sulfonate and dodecyl sodium sulfate, used in the same molar
quantity, respectively (0.004 mol L—1). The obtained results are given in Table .

TABLE I. Comparative data on the effect of the different ion-pairing reagents (concentration
of mexiletine hydrochloride was 200 ug mL ™)

Retention Capacity USP  Number  Width at
time, min  factor  Tailing of plates half height
Without an ion-pairing 2.756 0.826 1.843 1924 0.251 0.410
reagent

Sodium hexane sulfonate 2.898 0.845 1.775 3205 0.259 0.475
Sodium heptane sulfonate 3.021 0.923 1737 3237 0.261 0.477
Sodium octane sulfonate 3.455 1.200 1.598 4153 0.268 0.556
Sodium dodecy! sulfate 13.754 4.789 1168 12154 0.420 1.104

lon-pairing reagent Symmetry

In order to select the proper reagent, alkyl chain lengths must be taken into
consideration. The chain lengths enable selective separation of the analyte. The
longer the chain, the greater is the retention (about 14 minutes for dodecyl so-
dium sulfate), but the features of the peak are better (the USP tailing factor de-
creased from 1.8 for sodium hexane sulfonate to 1.2 for dodecyl sodium sulfate).

In order to obtain the shortest retention time with the best features of peak
and the highest efficiency, the quantity of dodecyl sodium sulfate and sodium di-
hydrogen phosphate were optimized. Finaly, the aforementioned composition of
the mobile phase, described in Experimental part was chosen as the mobile phase
(buffer—acetonitrile (60:42, v/v)). The retention time was about 9 min (USP tail-
ing factor 1.0, number of plates per column above 12000). When compared to
Japanese Pharmacopoeia, using the same flow (1.2 mL min-1) the retention time
was obviously shorter.

Taking into account the above-mentioned facts, peak characteristics and re-
tention time that is short enough, for further work, the method given in the Ex-
perimental Part was chosen (i.e., the method given in the Japanese Pharmaco-
poeia was modified concerning the employed wavelength, buffer composition
and column).
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Validation of the method

The method was validated according to the ICH guidelines (International
Conference on Harmonization).22 The following validation characteristics were
determined: specificity, linearity, accuracy, precision, limits of detection and quan-
tification, stability and robustness.

Suitability test. System suitability was determined from six replicate inject-
tions of the system suitability standard solution before sample analysis. Accord-
ing to the USP, the acceptance criteria are less than 2 % relative standard de-
viation (RSD) for the peak area, column efficiency (N) greater than 2000 column
plates and USP tailing factor less than 2.0. The system suitability test ensures the
validity of an analytical procedure. All critical parameters tested met the USP ac-
ceptance criteria. For this method, the RSD of the mean peak area was below
1.8 %, the mean USP tailing factor was 1.0 and N (column efficiency) was above
12000 plates per column.

Specificity. The specificity was evaluated by preparing a placebo sample of a
commercial formulation of capsules in their usual concentrations. The placebo
contained corn starch, silicon dioxide, magnesium stearate and body capsule. This
sample was transferred to a vessel with 900 mL of the dissolution medium and
stirred at 50 rpm using the paddle for 60 minutes (USP apparatus 1) at a tempe-
rature of 37 °C. Aliquots of this solution (10 mL) were filtered and analyzed by
HPLC.

The specificity analysis revealed that the developed HPLC method did not
suffer interference from the formulation excipients, since no other peak was re-
gistered at the retention time of mexiletine hydrochloride (Fig. 3).

Linearity. Standard calibration curves were prepared with six caibrators over
the mexiletine hydrochloride concentration range of 50-300 pg mL-1 (50, 100,
150, 200, 250, 300 pug mL—1), with triplicate determination at each level. The data
of peak area vs. drug concentration were treated by linear least square regression
analysis. Vaues of the slope, the intercept and the coefficient of determination of
the calibration curve for mexiletine hydrochloride are given in Table I1. The high
value of the coefficient of determination indicated good linearity.

Precision and accuracy. To test the precision and accuracy of the method,
solutions containing all excipients in amounts equivalent to one capsule were
spiked with a known amount of mexiletine hydrochloride. Taking into conside-
ration the excellent solubility of mexiletine hydrochloride in the dissolution me-
dia suggested by the USP, 80, 100 and 120 % were chosen as the three concen-
tration levels for the testing of the accuracy and precision. The determination of
mexiletine hydrochloride was realized six times under the same operating condi-
tions over a short period of time (assay working concentrations of 177.78, 222.22
and 266.66 pg mL—1 mexiletine hydrochloride, respectively). The precision and
accuracy of the chromatographic method, reported as RSD (%) and recovery (%),
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respectively, were assessed by estimating the repeatability of the results for six
replicate injections at three different concentration levels. The recovery, 95 %
confidence interval, and RSD values obtained per each level illustrated the good
precision and accuracy of the method (Table Ill).

254

mexiletine hydrochloride

E
L

Abs/ mAU
T T
R ——— ¥ 2 7]

o

IR

2 4 [ & 0
Time, min

i

20

Abs/ mAU

b)

4.006

[To=
I

od f\,/\\\’
v

Time, min
Fig. 3. Chromatograms obtained from: &) the standard solution of mexiletine hydrochloride
(222 ug mL-1) and b) excipient mixture, using the selected chromatographic conditions.

TABLE II. Linear regression data in the analysis of mexiletine hydrochloride

Statistical parameters Obtained values
Concentration range, pg mL™ 50.00-300.00
Regression eguation y = 1.1772x + 3.497
Coefficient of determination r? = 0.9998

a (y-intercept) 1.1772+0.243

b (slope) 3.497+0.472
S@) — error in intercept 0.74

S(b) —error in slope 0.02

The intermediate precision of the method was investigated by making ten
consecutive injections of a standard solution on two different days by different
analysts using two different HPLC instruments. On both days, the RSD values
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982 MILENOVIC and TODOROVIC

were calculated for the peak area responses obtained for the mexiletine hydro-
chloride peaks. The data obtained suggested that the method exhibited an accep-
table intermediate precision with less than 2.0 % RSD for the mexiletine hydro-
chloride standard solution (Table V).

TABLE Il1. Precision and accuracy results obtained for the drug product
Concentration level, % 95 % Confidence interval, % Recovery,% RSD /% (n=6)

80 101.47-101.89 101.68 0.26
100 99.66-100.36 100.01 0.44
120 100.29-100.73 100.51 0.27

TABLE V. Statistical parameters for the intermediate precision (n = 5) at mexiletine
hydrochloride concentration of 222 ug mL™

Statistical parameter Day 1 Day 2
Mean peak area, mAU 268.78 272,52
D 0.71 0.88
RSD / % 0.12 0.15

Limits of detection and quantification. The limits of detection (LOD) and
guantification (LOQ) were determined based on the standard deviation of the res-
ponse (y-intercept) and the slope of the calibration plot for low concentrations, in
accordance with ICH guidelines.22 The LOD and LOQ for mexiletine hydrochlo-
ride were 2.07 and 6.21 ug mL—1, respectively.

Sample stability. The stability of mexiletine hydrochloride in agueous solu-
tions was tested during a 15-day test period. All the samples were kept in the dark
at a temperature of +4 °C (in a refrigerator). All the samples were injected into
the appropriate HPLC system after 48 h, 7 days and 15 days against fresh stan-
dard solutions. No changes in the chromatographic response of the stored samp-
les were found and no additional peaks appeared when compared with chromato-
grams of the freshly prepared samples.

Robustness. The experimental results of the robustness study are summari-
zed in Table V. Critical chemical and instrumental chromatographic parameters,
such as the composition and flow rate of the mobile phase, the column tempera-
ture and the injection volume, were deliberately varied in the narrow range com-
pared to their optimal values. The peak areas obtained using mexiletine hydro-
chloride standard solution of 222 pug mL—1 confirmed the robustness of the HPLC
assay, since the obtained values were within the acceptance limits (95.0-105.0 %)
in all cases.

Analysis of marketed products. The validated method was used for the ana-
lysis of two mexiletine hydrochloride drug products. This included drug products
from two different manufacturers, as capsules with a dose strength of 200 mg,
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using the proposed method. The dissolution profiles of both products are pre-
sented in Fig. 4.

TABLE V. Robustness study of the HPL C assay

Chromatographic parameters Percent recovery**+SD
Optimal conditions’ 99.32+0.7
Variation of the mobile phase flow rate, mL min™
1.0 98.51+0.6
14 98.32+1.9
Variation of the buffer : acetonitrileratio, v/iv

58:44 99.65+0.2

62:40 99.54+1.1
Variation of the injection volume, pL

18 98.99+1.2

22 100.20+0.4
Variation of column temperature, °C

28 100.22+0.4

32 100.35+0.8

®Percent recovery according to the calibration curve obtained under optimal conditions (mean of three injections +
+ standard deviation); Peach sample contained 222 pg mL™ (100 % concentration level); “for the experimental
details, see chromatographic conditions in the Experimental part

100 -

80 4

3

[« PROD.A|
|—=—PROD. B

Release, %

0 T T T T 1
0 10 20 30 40 50
Time, min
Fig. 4. Dissolution profile of capsule products A and B.

The two capsule products (products A and B) showed a similar dissolution
profile with over 85 % dissolution within 15 min (similarity factor fo = 85). The
dissolution profiles were compared by the calculated similarity factor (f,) derived
using the following equation:14

1 -05
f, =50xlog 100[1+ (;)Ztn:l(ﬂ -T; )2} (1)
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984 MILENOVIC and TODOROVIC

where n is the number of time points, R; the dissolution value of the reference
batch at time t and T; is the dissolution value of the test batch at timet. Generally,
fo values greater than 50 (50-100) indicate similarity of the compared dissolution
profiles. The USP acceptance limits for the dissolution of mexiletine capsules
were not less than 80 % of the labeled amount in 30 min.

CONCLUSIONS

A simple and efficient HPLC method was developed and found to be accu-
rate, precise and linear across the analytical range. The method was suitable for
the determination of mexiletine hydrochloride in dissolution samples. The me-
thods may be used to assess the quality of commercialy available mexiletine
hydrochloride drug products. In addition, a significant advantage of the method is
that no additional pretreatment of the samplesis required prior to the measuring
step, thus accelerating the quality control process. An overall duration of the ana
lysis of less than 11 min was achieved (including sample preparation). The me-
thod was used successfully to evaluate the dissolution profiles of two marketed
drug products.

N3BOJI

PA3BOJ U [TPUMEHA BAJIMJUPAHE HPLC METO/IE 3A AHAJIN3Y JUCOJIYIIMOHUX
Y30PAKA MEKCUJIETUH-XUAPOXJIOPUJIA U3 KAIICYJIA

JIPATAH M. MUJIEHOBUR" 11 30PAH B. TOI[OPOBI/ITl2

1430pasme-Actavis’, Odemere ananuiiuuxoz passoja, Lenitiap 3a Hcilipaxusarve u Pazsoj, Baajkosa 199, 16000
Jleckosay u 2Texnonowxu akyaitiein, YHusepauitiei y Huwy, byaesap ocaobobera 124, 16000 Jleckosay,

[usb oBor paja je 6HO Pa3sBUTH U BATHIMPATH jeJHOCTABHY, e(hUKACHY, OCETJBHBY H CEJICK-
THBHY METOJy 38 aHAJIM3y y30paka MEKCHJICTHH-XHIPOXJIOPHIA JOOHjCHUX PacTBapambeM aKTHBHE
cyncranie u3 kancyna nmomohy HPLC 6e3 mperxomse noceGHe mpumpeme y3opaka (eKcTpakiuje,
pasbnaxuBama, ynapasama, uti.). Cenapanuja je u3seaena ca 5 um LiChrospher 60, RP-Select B
komoHOM (250x4 mm, 5 um), ca mobunHOM (hazom mydep—anerorutpin (60:42, B/B) H30KpaTCKUM
enyupameM 3a Mame o1 10 min ca mporokom ox 1,2 mL min™. V3opuu cy gerekroBaHu Ha 262
nM. JIMHEapHOCT je MCHMTaHa Y KOHLEHTpAluoHoM moapy4jy ox 50-300 ug mL? (r? = 0,9998).
BanuaiuoHe KapakKTepHCTHKE YKIbY4UYjy TAYHOCT, HPELU3HOCT, IMHEAPHOCT, CIEeHU(pUIHOCT, JH-
MHTE ACTEKIHUje ¥ KBaHTH(HUKOBamka, CTabMIIHOCT M pOOYCTHOCT. BaluaaoH! KpUTEPHjyMH TIPHU-
XBaTJFMBOCTH Cy TIOCTUTHYTH y CBUM Cliy4dajeBuma (peroBepy BpeaHoct ce kpehe y oncery ox 100,01
1o 101,68 %, RSD < 0,44 %). Metoja ce MOXKe KOPHCTHTH 32 OipehUBambe aKTUBHE CYIICTAHIIE Y
y30pLIMMa HAKOH PacTBapamba MEKCHUIETHH-XUIPOXJIOPHA U3 KaTcya.

(Ipumsbero 28. jyna 2009, pesuaupano 16. Gpebpyapa 2010)
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Abstract: Understanding of how the properties and performance of nitrate ester
plasticized polyether (NEPE) propellants relate to microstructure is compli-
cated by numerous components that have different characteristics. One ap-
proach to aleviating these complications is to observe a microstructure that has
lost one or several components. This article examines the dissolution process,
mass loss and change of the ion concentration of propellants in acid and alkali
solutions. A scanning electron microscope was used to observe the dissolved
residua of the propellants. The results revealed that the main constituents of
NEPE propellant have different dissolving properties in solutions of HCl and
KOH. By monitoring the dissolution process of NEPE propellant in HCl and
KOH solutions, it was found that the microstructure of the propellant is gene-
raly compact and the polymer binder not only binds all the other components,
but also protects the inner part of the propellant in solution.

Keywords: NEPE propellants; microstructure; interfaces; scanning electron mic-
roscope (SEM); swelling.

INTRODUCTION

Nitrate ester plasticized polyether (NEPE) propellants are high-energetic
composite solid propellants that use a polyether, such as polyethylene glycol
(PEG) or an ethylene oxide-tetrahydrofuran co-polyether, as a polymeric binder,
and mixed nitrates (BG), usually 1,2,4-butanetriol trinitrate nitrate (BTTN) and
nitroglycerin (NG), as plasticizer. Large amounts of solid particles, such as alu-
minum powder (Al), octogen or cyclotetramethylene-tetranitramine (HMX) and
ammonium perchlorate (AP) are contained in the propellants.1.2 This type of pro-
pellant integrates the advantages of double-base propellants and composite pro-
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988 Lveal.

pellants, and adds excellent low temperature mechanical properties. Therefore,
this type has been studied extensively and applied broadly in many countries
since it was first developed in the USA in the 1970s.34 However, the micro-
structure of the propellant, which decisively affects its performance, has not been
clearly studied.>~7 To obtain more energy or decrease the sensitivity of a NEPE
propellant, it is necessary to obtain detailed characteristics of the microstructure
of the propellant in advance. An NEPE propellant is a kind of composite con-
taining many components. Through the study of solution processes and the spe-
ciaty in different solvents, the state of different materials in the composite can be
deduced. This is another way to obtain knowledge about the structural characters
of a composite besides direct observation. Based on a former study concerning
the microstructure and dissolution differences of a NEPE propellant in water and
trichloromethane,8 the present article sequentially studies the dissolution diffe-
rences of the propellant in HCl and KOH solutions and examines the dissolution
peculiarities of different components of the propellant. Through these studies, it
was expected that the microstructures of the propellant could be understood more
thoroughly.

EXPERIMENTAL

The main constituents of the studied solid propellant, which was taken from a rocket,
were PEG, BG, Al, HMX and AP in the approximate mass percentages 6-9, 15-21, 19, 43
and 8, respectively. The content of the other auxiliary agents, such as the crosslinking agent,
was about 1-2 %.

The HCI and KOH employed in the dissolution experiments were analytically pure re-
agents. All the water used in the present study was distilled water.

The concentrations of NH#*, Al3* and AlO,™ in the HCI and KOH solutions were mea-
sured using a Metrohm 761 Compact lon Chromatograph (1C) (Switzerland) and Varion Vis-
ta-MPX inductively coupled plasma-atomic emission spectrometer (ICPES) (USA).

The microstructure of the NEPE was observed using a Hitachi S-4500 scanning electron
microscope (SEM) (Japan). The samples were sprayed with gold for 5 min before observation.

RESULTS AND DISCUSSION
Solubility of the NEPE propellant in HCI

Concentrated HCI (36.5 %) (10 ml) was diluted with water (40 ml) in a bea-
ker; five NEPE propellant samples, each about 2 mmx2 mmx1 mm, were put into
the diluted HCI. Five days later, the samples had broken up into a powder. A
translucent film had appeared on the bottoms of the beakers. Some small bubbles
were observed in the film and small dust-like particles floated on the surface of
the solutions. The powders were observed with the SEM; the morphology is
shown in Fig. 1. For comparison, the SEM microphotograph of original NEPE
propellant is presented in Fig. 2.8

Comparing Figs. 1 and 2, it is apparent that only solid particles were stacked
in Fig. 1, while a film covered aimost all the solid particles in Fig. 2. This phe-
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nomenon can be attributed to the fact that the polymer binder in the NEPE pro-
pellants broke down into small molecules, such as ethylene glycal, in the HCI so-
lution. After the polymer chains had decomposed into fragments, the solid par-
ticles, such as AP, HMX and Al, which had been bonded by the chains, fell to
pieces and then became powder. The dust particles on the solution surface may
be very small solid particles that had a relatively large specific surface area.
These small particles collected together and floated on the liquid surface because
they were subjected to strong surface tension. To confirm this deduction, some
Al powder was put into dilute HCI. A little Al powder floated on the surface even
after vigorous shaking, which validates the above supposition. The solid com-
ponent HMX is a chemically stable material that generally does not react with
dilute HCI or KOH at normal temperatures.® The AP and Al particles can react
with dilute HCI and dissolve into the solution: 1011

NH4ClO4 + HCI — NH4Cl + HCIO4 (D]
Al>O3 + HCl — AICI3 + HO 2
Al + HCl — AICI3 + H» 3

Fig. 1. SEM Image of the NEPE propellant
9um powder treated with HCI solution.

Fig. 2. SEM Image of the untreated NEPE
propellant.
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However, the quantity of these two reagents was large and the reactions are
slow. As a result, at the end of the experiment, some of the AP and Al particles
remained. For this reason, Fig. 1 shows small balls (Al), particles with a scraggy
surface (AP) and numerous middle-size particles (HMX).8 The densities of the
liquid plasticizers NG and BTTN are both greater than water. In addition, the
plasticizers both are barely dissolved in water and HCI, hence they formed a
translucent film at the bottom of the beakers. As some components react with
HCIl and produce gases such as H,, some mini bubbles appeared in the film.

Information about the mass loss of a composite material in solution will re-
flect to some extent the microstructure of the composite, especially when the
components have specific solubility in different solutions. The mass |loss experi-
ment with NEPE propellants in dilute HCl was performed as follows:

1. The propellant was cut into samples about 2 mmx1.5 mmx1 mm, weighed,
and put into 5 weighing bottles.

2. Fiveml 0.042 mol L—1 HCI was put into each bottle.

3. The solution was poured out from each bottle after a certain interval.

4. The bottles with their remaining solution were dried at 30 °C for 24 h.

5. The residues were weighed and the mass losses were calculated and the
results are shown in Fig. 3.

12

10+

Mass loss, %

Y T T T T T T T T T 1
0 20 40 60 80 100

Time, min

Fig. 3. Massloss curve of the NEPE propellant soaked in dilute HCI.

From the mass loss curve in Fig. 3, it can be seen that at the initial stage
(about 0-10 min) the propellant dissolved very quickly. During the second period
(about 10-50 min), the dissolution slowed. Finally, after about 50 min, amost no
components were dissolving. Considering the previous solubility of the compo-
nents NEPE propellants in more concentrated HCI, the reason for the mass loss
curve may be that when the small propellant particles are put into dilute HCI, the
AP and Al on the surface dissolve quickly, but the polymer binder reacts with the
HCIl very slowly. About 10 minutes later, the inner AP and Al begin to dissolve,
but the outer binder forms a protective covering that blocked the reaction of the
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inner AP and Al with the HCI; hence the mass loss became slower and slower.
By the end of the process, the dissolution reached a balance.

To examine the solubility of large NEPE propellant samplesin dilute HCI, a
9.7 mmx10 mmx10.5 mm propellant cube was put into 500 ml 0.042 mol L-1
HCI solution. The solution was stirred continuously and 1 ml aliquots were taken
at intervals to measure, using the IC and ICPES, the concentration of NH4* and
AlI3* in the solution. The results are shown in Fig. 4.

0.0084 —m—NH
0.007{ —e— A"
0.006
0.005

" and Aly, mol/L

<

0.004 +

0.003 4

0.002 4

0.001
.

0.000 el . : . J . .
0 20 40 60 80 100 120 140

Time, h
Fig. 4. Curves of the change in the concentrations of NH,* and AI3* in dilute HCI with time.

Concentration of NH

From Fig. 4, it is apparent that the curve of NH4" concentration increased
rapidly because the AP readily dissolved in the HCI solution. After the outer AP
had dissolved, the rate of increase of the NH4* concentration slowed, illustrating
that the polymer binder in the outer part blocked the HCI solution from entering
the propellant. In contrast, the curve of the Al3* concentration in Fig. 4 can be di-
vided into three stages. During the first stage (about 0-20 h), the increase of the
Al3* concentration was slow. The reason may be that there was an oxide film on
the Al surface, which reacted with HCI slowly and protected the inner Al. Thus,
after the oxide film had been dissolved, the inner Al reacted rapidly with the HCI.
As a result, the concentration of Al3* increased very rapidly in the second stage
(about 20-50 h). After the AP and Al in the surface layer of the propellants had
dissolved, the polymer binder reacted with the dilute HCI very slowly and be-
came a protective cover to the inner contents. The binder cover blocked the pene-
tration of HCI into the propellant; for this reason, at the third stage (after about 50
h), the concentration of both Al3* and NH4* increased slower and slower.

Solubility of the NEPE propellant in KOH solution

Similar to the experiment of NEPE propellants dissolved in HCI, a 2 mmx2
mmx1 mm NEPE propellant sample was put into 0.022 mol L—1 KOH solution.
The sample floated in the solution just under the surface of the liquid. About 24 h
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later, a corner of the sample appeared to swell, and some mini blobs appeared on
the sample. Four days later, the outer layer of the sample became tranducent, like
a gel. The color of the solution became yellowish. Six days later, the whole
sample had swelled, and some mini pores could be observed on the surface of the
sample. Some particles were suspended in the solution and the yellowish color
deepened. After fourteen days, the sample was taken out, dried, and observed by
SEM. The results are shown in Fig. 5.

Fig. 5. SEM images of the NEPE propellant
soaked in KOH solution, a) surface of the
sample; b) interior of the sample.

The propellant sample may have a relatively strong surface tension in aka-
line solutions, hence the sample floated in the solution near the surface. Initially,
the polymer binder absorbed water and swelled, and then it reacted slowly with
the KOH. This was the cause of the swell. A few polymer binders appeared on
the surface, as shown in the SEM image (Fig. 5a). Both Al and its oxide film
Al>03 can react with KOH and then dissolve in the solution:

Al5,03 + KOH — KAIO, + H,0 (4)
Al + KOH + HoO — KAIO + Ho 5)
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Finally, the reactions created a flock of Al(OH)3 sedimentation. These sus-
pensions in solution caused the sight amount of ball-like Al that can be seen in
Fig. 5a. HMX and AP are crystals and perhaps react with KOH very slowly; hen-
ce, after the grey Al had disappeared, the outer sample became translucent. It can
be seen from Fig. 5athat many big scraggy particles (AP) and small, smooth par-
ticles (HMX) appeared on the image.8 Due to the swell and the dissolution of
some components, mini pores became visible on the surface of the sample. The
plasticizers BTTN and NG are yellow oil-like liquids. They hardly dissolve in a
dilute alkali solution at normal temperature, hence the solution did not immedia-
tely become yellowish. However, over along time period, the plasticizer dissol-
ved a little and then the solution became yellow. Comparing Figs. 5a and 5b, the
difference is apparent in that there are more polymer binders and ball-like Al in
Fig. 5b, athough the sample plumped. Thus, it can be concluded that the Al
components reacted with difficulty with KOH under these conditions.

The mass loss experiment of the NEPE propellant in KOH was performed in
exactly the same manner as that in HCI. The results are shown in Fig. 6.

124
104

Mass loss, %

0 T T T T T T T T T T T T T 1
0 20 40 60 80 100 120 140

Time, min

Fig. 6. Mass loss curve of the NEPE propellant soaked in KOH solution.

From the mass loss curve presented in Fig. 6, the dissolution process can be
described as follows. when the small particles of propellants were soaked in
KOH solution, the AP and Al on the surface layer of propellants promptly began
to dissolve, hence the initial mass loss (about 0—20 min) was fast. Then during
the following period (about 20-75 min) the dissolution proceeded more and more
slowly. The possible reason was that the amount of AP and Al on the surface
layer decreased on the one hand and the outer polymer binder blocked the KOH
solution from entering the propellant on the other. However, because the propel-
lant solution appeared to swell in KOH during the last period (after 75 min), the
inner AP and Al began to dissolve again. The mass loss increased during the third

stage.
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The solubility of a cube of NEPE propellant (10 mmx10 mmx10 mm) in
KOH solution was also examined in the same manner as in HCI. The change of
the concentrations of NH,* and AlO,~ are shown in Fig. 7.

% 0.030
E - - -
e 0.025 m—AlO, )
% ' T . .777 N]—I4+
=
§ 0.020
=)
< 0.0154
S
]
E 00104
g o
3 0.005+
=] .
5
0000 l l T T T T
0 20 40 60 %0 -
Time, h

Fig. 7. Curve of the changes in the concentration of NH,* and
AlO, in KOH solution with time.

Comparing Fig. 4 and Fig. 7, the change of the NH4* concentration was
different. The curve of the concentration of NH4* in Fig. 7 is smooth and shows
almost no major changes, while in Fig. 4, the curve changes abruptly during the
initial stage, which illustrates that AP isalittle difficult to dissolve in KOH. Ano-
ther reason may be related to the swell of the sample, which alowed relatively
greater contact between AP and the KOH solution. Thus, the amount of AP
reacting with KOH changed little. The curve of AlO,™ concentration in Fig. 7 is
not like that of AI3* in Fig. 4; it israther like that of NH4* in Fig. 4. This may be
attributed to the fact that the oxide film on the surface of the Al particles reacted
more easily than the inner Al with KOH. For this reason, the concentration of
AlO>~ increased faster during the initial 20 hthan it did later.

CONCLUSIONS

From the results obtained in this study, the following conclusions can be
drawn.

i) The NEPE propellant disaggregates in concentrated HCI. In contrast, it
swellsin aKOH environment, which leads to aloosening of the microstructure.

ii) The polymer binder does not react easily with HCl or KOH, and it forms
a protective layer around the inner AP and Al particles. Hence the binder in the
outer layer resultsin the interior of the propellant retaining an intact structure.

iii) The AP particles dissolve easily in dilute HCl or KOH solutions, while
the Al powder has a better solubility in KOH solution than in HCI. The reason
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may be that the oxide film on the Al surface is easier to remove in KOH solution
than in HCI. The dissolution of the two materials would destroy the structure of
the propellant.

iv) The dissolution mechanism of AP is different for big cubes of propellants
in HCl and KOH. The swell of the propellant in KOH may be the main reason.
More knowledge about the microstructure of the propellants may be obtained by
comparing the solubilities of NEPE propellantsin HCl and KOH.

Acknowledgements. This work was supported by the China Post-doctor Science Foun-
dation (No. 20060390431).

U3BOJ

AHAJIM3A MUKPOCTPYKTYPE EKCIIJIIO3VUBA HA BA3U HUTPATHUX ECTAPA
TINTACTUO®HNKOBAHUX ITOJIMETPUMA U TPETUPAHUX PACTBOPVIMA HCI 1 KOH

YONG LIU™2, LUOXIN WANG®, XINLIN TUO?, SONGNIAN LI* u WEIMIN YANG"
1College of Mechanical and Electrical Engineering, Beijing University of Chemical Technology, Beijing
100029 2Department of Chemical Engineering, Tsinghua University, Beijing 100084 u SWuhan Uni versity of
Science and Engineering, Key Laboratory of Green Processing and Funcitional Textiles of New Textile
Materials, Ministry of Education, Wuhan 430073, China

PasymeBame yTHIaja MUKPOCTPYKTYpE Ha CBOjCTBA M MPHMEHY KOMITO3UTHHX CKCIUIO3HMBa Ha
0a3u HUTpaTHUX ectapa miactudukoBanux nomuerpuma (NEPE) je Beoma koMmuimkoBaHo jep ce
€acToje 01 BEIUKOT Opoja KOMIIOHEHTH Pa3InYUTHX KapaKTepHCTUKA. JeaH 0/ HAYMHA Jia ce Ioje-
JTHOCTABH IIOCTYINAK H3y4aBarba MUKPOCTPYKTYPE je 1a c€ YKJIOHH je/IHa MM BUILC KOMIIOHCHTH U3
KOMIIO3UTa. Y OBOM pajy je mpuKaszaH mocrymnak pactBapamba NEPE KOMMO3HTHHX €KCIUIO3WBA,
npahieH TyOMTKOM Mace Kao M MPOMEHOM KOHIICHTpAILje joHa y Kucenoj u 0a3Hoj cpenunu. Cke-
Hupajyha enekrtpoHcka Mukpockornuja (SEM) je kopumrhena 3a aHanu3y MHKPOCTPYKTYpe Y pac-
TBOPY MPEOCTAJIOr KOMIO3UTA. Pe3ynTaTy Cy Mokas3aid jia ce OCHOBHE KOMIIOHEHTE KOMIO3HTHUX
€KCIUIO3MBA PA3IHYUTO PACTBAPAjy y KHCENO0j U 0a3HOj CpeAMHU. AHAIN30M IpoLieca pacTBapama
NEPE xomnosutaux excrutosuBa y HCl u KOH pactBoprma je mokazaHo ja je cTpyKTypa KOMIIO-
3UTa YIJIABHOM KOMIIaKTHA U Jia yJiora MOJMMEPHOI Be3MBa HHUjE CaMo Jia MOBE3yje KOMIIOHEHTEe
KOMIIO3UTa Beh U J]a INTUTH YHYTpAIllbe JeNI0BE YECTHIA Y PACTBOPY.

(Mpumsbero 9. okroGpa 2009, pesuaupano 19. janyapa 2010)

REFERENCES

1. T.H.Zhang, Y.L.Bai, S. Y. Wang, P. D. Liu, Propellants Explos. Pyrotech. 28 (2003) 37

2. G. A. Butcher, AIAA 90-2524, AIAA/SAE/ASME/ASEE 26" Joint Propulsion Con-
ference, Florida, CA, USA, 1990, p. 125

3. S. W. Beckwith, H. B. Carroll, J. Spacecr. Rockets 22 (1985) 156

4. F. T.Chen, Y. Q. Duo, S. G. Luo, Y. J. Luo, H. M. Tan, Propellants Explos. Pyrotech. 28

(2003) 7

F. Xu, N. Aravas, P. Sofronis, J. Mech. Phys. Solids 56 (2008) 2050

. A. H. Lepie, A. Adicoff, J. Appl. Polym. Sci. 18 (1974) 2165

R. Manjari, L. P. Pandureng, U. |. Somasundaran, T. Sriram, J. Appl. Polym. <ci. 51

(1994) 435

8. Y.Liu,L.X.Wang, X. L. Tuo, S. N. Li, J. Serb. Chem. Soc. 75 (2010) 369

No o

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

2010 Copyright (CC) SCS

EN MCG MDD



996 Lveal.

9. T. S. Ren, Chemistry and industry technology of nitramines and nitric acid ester
explosive, Weapon Industry Press, Beijing, 1994, p. 1

10. L. Meda, G. Marra, L. Gafetti, S. Inchingalo, F. Severini, L. D. Luca, Compos. SCi.
Technol. 65 (2005) 769

11. L. Meda, G. Marra, L. Galfetti, F. Severini, L. D. Luca, Mater. Sci. Eng. C 27 (2007)
1393.

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

2010 Copyright (CC) SCS




Journal of
the Serbian
Chemical Society

JSCS-info@shd.org.rs « www.shd.org.rs/JSCS
J. Serb. Chem. Soc. 75 (7) 997-1003 (2010) UDC 547.21:536.423.1

JSCS-4025 Note

.““w\-[m.\'ﬂldu

NOTE
Reliable prediction of heat of vaporization of n-alkanesat 298.15 K
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Abstract: A reliable model for the prediction of the heat of vaporization for
n-alkanes at 298.15 K with the number of carbon atoms and normal boiling
point as the only input parameters is recommended. The new model is com-
pared with other literature models and was found to give the best results with
absolute mean percentage deviation of 0.81 % and maximum absolute percen-
tage deviation of 2.93 %.

Keywords:. heat of vaporization; n-alkanes; prediction; model.

INTRODUCTION

The heat of vaporization, or enthalpy of vaporization, is the difference be-
tween the enthalpy of a saturated vapor and that of a saturated liquid at the same
pressure and temperature. Heats of vaporization at the temperature T = 298.15 K,
AHy 298, are essential parameters in thermodynamic studies. In many calculations
associated with process design and simulation, it is necessary to known the phy-
sical and thermodynamic properties of pure compounds, including their heat of
vaporization. The accurate prediction of the heat of vaporization AHy 2g9g for hyd-
rocarbon fluidsis of particular interest in the petroleum industry.

The objective of this work was to develop areliable predictive model for the
estimation of the heat of vaporization AHy 29g of n-alkanes.

EXISTING MODELS

Many prediction models for the heat of vaporization have been proposed in
the past. The majority of these models are applicable only at T = 298.15 K, or to
a specific group of compounds. Most of the later ones are applicable only to n-al-
kanes. In these models, the critical temperature, T, critical pressure, pg, triple
point temperature, Ti, hormal boiling point, Tp, and heat of vaporization at the

* Corresponding author. E-mail: dule@tmf.bg.ac.rs
doi: 10.2298/J5C091123067J
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normal boiling point, AHyp, as well as molar weight, M, and number of carbon
atoms, ng, are the input parameters.

NEW MODEL

Experimental values for many of the above-mentioned input parameters for
higher n-alkanes are non-existent. However, experimental normal boiling point,
Ty, isusually aknown and areliable parameter.

The experimental calorimetric heat of vaporization data for n-alkanes at
298.15 K and the experimental normal boiling points used are listed in Table .

TABLE |. Experimental data

Compound Ne T/ K AHy exp / Imolt Ref.
Pentane 5 309.2 26423.1 1
26427.0 2
26217.7 3
26870.0 4
26628.0 5
Hexane 6 341.9 31550.0 6
31568.5 7
30993.6 8
31545.5 1
Heptane 7 371.6 36580.0 6
36542.4 1
36547.0 9
36610.0 4
Octane 8 398.8 41470.0 6
41528.9 10
41478.8 1
41616.8 11
40988.8 12
41491.2 13
41449.3 13
41491.2 14
41340.0 15
41491.2 16
Nonane 9 424.0 46431.6 1
46420.0 4
Decane 10 447.3 51380.4 10
51358.8 1
50241.6 12
50116.0 12
51288.3 13
51037.1 13
50702.1 13
50576.5 13
50450.9 13
51380.0 17
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TABLE I. Continued

Compound Ne Tp/ K AH, exp / IJmolt Ref.
Decane 51390.0 18
51360.0 19
Undecane 11 469.1 56471.6 10
56312.5 13
56019.4 13
55935.6 13
55475.1 13
55768.2 13
55517.0 13
56440.0 17
56770.0 20
Dodecane 12 489.1 61780.0 21
61336.6 22
59536.3 12
60876.1 13
60499.3 13
60457.4 13
60331.8 13
61270.0 18
Tridecane 13 508.6 66402.6 22
Tetradecane 14 526.7 71133.7 22
68998.5 12
68789.9 12
68705.4 12
70463.8 13
70338.2 13
69668.3 13
69584.6 13
71008.1 23
Pentadecane 15 543.8 76241.6 22
76800.0 24
Hexadecane 16 560.0 81433.3 22
81400.0 24
67993.6% 12
70673.2% 12
79716.7 13
78711.8 13
79591.1 13
78586.2 13
80700.0 25
80600.0 20
Heptadecane 17 575.2 86080.6 22
86500.0 24
Octadecane 18 589.9 91400.0 24
Nonadecane 19 603.0 96400.0 24
Eicosane 20 617.0 101800.0 24
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TABLE I. Continued

Compound Ne Tp/K AH, exp / IJmolt Ref.
Heneicosane 21 629.7 109400.0% 24
106800.0 26
Docosane 22 641.8 115600.0% 24
111900.0 26
Tricosane 23 653.2 120500.0% 24
117000.0 26
Tetracosane 24 664.5 125600.0% 24
121900.0 26
Pentacosane 25 675.1 126900.0 24
126800.0 26
Hexacosane 26 685.0 139100.0° 24
131700.0 26
Heptacosane 27 695.4 145100.0° 24
135600.0 26
Octacosane 28 704.8 151400.0° 24
141900.0 26
Nonacosane 29 714.0 147100.0 26
Triacontane 30 722.9 162900.0% 24
152300.0 26
Hentriacontane 31 732.2° 157300.0 27
Dotriacontane 32 740.2 162500.0 27
Tritriacontane 33 748.5° 167600.0 27
Tetratriacontane 34 756.0 172700.0 27
Pentatriacontane 35 763.2 178100.0 27
Hexatriacontane 36 771.0 182900.0 27
Heptatriacontane 37 778.0 187600.0 27
Octatriacontane 38 785.0 192700.0 27

®Not used in the correlation; Pestimated by the Kreglewski—-Gamba—Soave—Pellegrini method™°

Datafrom Table | were used for the development of areliable predictive mo-
del for the estimation of the heat of vaporization, AHy 298, of n-alkanes:

AH, sgg[J/mol] = 5684.27 + 5295.41n; —17.2732T,, 1)

RESULTS AND DISCUSSION

The estimation capability of the new model was compared with that of other
models and the results are presented in Table II. The absolute mean percent de-
viation is defined as:

N
Pa = (100/ N)Z‘(AH v,208,exp — AHy 208 ca )/AH v,298,exp‘ (2

i=
The maximum absolute percent deviations are listed in the last column of

Table II. The results presented in Table I indicate that the new model is the best
predictive model for heat of vaporization of n-alkanes at 298.15 K.
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Table II. Comparison of the Models

Model Input parameters Pa / %0 Prax | %0
Dunkel® GC? 7.66 14.83
Laidler-Lovering-Nor-McCurdy** GC 1.25 3.09
Klages® T, 14.47 48.23
Klages-Wadst™ T 10.99 4354
Abramzon® GC 2.57 6.91
Wall-Flynn-Straus® Ne 7.43 27.38
Morawetz Ne 0.87 3.78
M &nsson-Sellers-Stridh-Sunner® N 0.92 3.68
Ducros-Gruson-Sannier®®* GC 0.95 3.47
Chickos-Hyman-Ladon-Liebman 1 N 3.83 7.03
Chickos-Hyman-L adon-Liebman 1% nc 2.89 6.67
Guthrie-Taylor 1 GC 1.06 317
Guthrie-Taylor 11* GC 1.51 5.06
Constantinou-Gani*® GC 3.19 10.65
Chickos-Wilson?* Ne 3.55 10.43
Marano-Holder*® Ne 0.92 357
Phillips" M 10.58 26.46
Marrero-Gani®® GC 1.12 347
Chickos-Hanshaw?’ Ne 0.92 4.22
K ol ské&-Ruzicka-Gani* GC 2.56 8.23
This model n, Tb 0.81 2.93

3Group contributions

CONCLUSIONS

The experimental values of the heat of vaporization of n-alkanes at 298.15
K, together with appropriate literature predictive models are reviewed in this
work. A new reliable predictive model with two input parameters was developed.
The obtained results indicate that the model with only two input parameters, one
structural (nc) and one property (Ty,) parameter, gave a more reliable prediction of
the heat of vaporization than the model with only one input parameter.

Acknowledgement. The authors gratefully acknowledge the financial support received
from the Research Fund of the Ministry of Science and Technological Development of the
Republic of Serbia and the Faculty of Technology and Metallurgy, University of Belgrade
(project No 142064).

NOMENCLATURE
Ne Number of carbon atom
M Molar weight, g mol-1
T; Triple point temperature, K
Te Critical temperature, K
Pec Critical pressure, bar
w Acentric factor

AH,,  Heat of vaporization at normal boiling point, J mol-1
AH, 208 Heat of vaporization at 298.15 K, Jmol*
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Pav

Prmax

Number of data points
Absolute mean percent deviation, %
Maximum absolute percent deviation, %

M3BOJ

MOY3AAH MOJEJI 3A ITPEJICKA3VBAIGE TOIIJNIOTE
VICTIAPABAIA n-AJIKAHA HA 298,15 K

JOBAH /1. JOBAHOBUR u JIYIIAH K. 'PO3JJAHUh
Texnoaowko—meimianypuiku axyaitiein, Ynusepauitieii y beozpaoy, Kapuezujesa 4, 11000 Beozpao

Y oBom pany HnpeajioKeH je noys3JaaH MOZA€ 3a MPOLUEHY BPEAHOCTU TOIUIOTE HCIapaBamba

n-ankaxa Ha Temrepatypu 298,15 K ca 6pojeM yribeHUKOBUX aToMa M HOPMATHOM TEMIICPaTypoM
KJby4ama, Kao jeIuHHM NOTpeOHMM BpegHoctuMma. [Ipemnoxkennm monen ymopeheH je ca moc-
tojehuM oxrosapajyhum monenuma M 1ao je HajOOJbe, KaKO Cpelbe MPOLEHTYaTHO OACTYHame

0,81

Coo~No WD

PR RRRRRRERRE
©o~NoOh~wbdPE

20.
21.

22.
23.

24.

%, Tako U HajMakby BPEAHOCT MaKCHMAITHOT MPOLEHTyaIHOT oAcTynama 2,93 %.

(Mpumsbeno 23. HoemGpa 2009, peuaupano 3. mapra 2010)
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Abstract: A simulation experiment was used to study the interaction of river
water with different soils (arable land, orchards, meadows, pastures and fo-
restland). The results obtained by sequential extraction before and after the si-
mulation experiment were compared in order to determine the substrates of the
heavy metals in inundated land and to evaluate their mobility. Samples of
various soils were collected from the region of the future accumulation Lake
Bogovina (Serbia) and analysed for ten elements using AAS, GFAAS and ICP.
Investigation of the nature of the association of heavy metals and the identifi-
cation of their substrates were provided by a five-step sequential extraction.
Correlation analysis was used as a method for the determination of the subs-
trates for heavy metals. The good correlation among the microelements and
certain macroelements indicated the substrates of the microelements. Man-
ganese and iron had a good correlation with most of the microelements. Cal-
cium had only a few correlations with some microelements. Some elements,
such as nickel and cadmium, had one substrate before and another after the
simulation experiment.

Keywords. zinc; heavy metals, accumulation lake; sequential extraction; inun-
dated soil.

INTRODUCTION

Geochemistry of heavy metals is very important for the prediction of their
behaviour in ecosystems, especially for their mobility and sorption processes.1—
The mobility of microelements may be affected by different factors, such as:
changes in pH and ionic strength.6-9 The action of microorganisms could contri-
bute to a change in the environment and to an increased accessibility of metal ions.

* Corresponding author. E-mail: djpetrovic@vin.bg.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/JSC090217061P
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The aim of this work was to define the mechanisms that control the geoche-
mical and ecochemical behaviour of heavy metals in the future accumulation Lake
Bogovina (Serbia). The future accumulation Bogovinais near RTB (Mining and
Melting Corporation — Bor) which discharged large amounts of heavy metals and,
therefore, it isimportant to study the distribution of heavy metals and other para-
meters in the inundated land that could be important for the quality of water. An
investigation of the nature of the associations of heavy metals and the identify-
cation of their substrates could contribute to an evaluation of possible mobile-
zations'911 of heavy metals from future inundated land. The combination of a
simulation experiment with sequential extraction was used in order to determine
the substrates of heavy metals and evaluate their mobility. The method is new
and was recently used in a study of the accumulation Lake Rovni.12 Special atte-
ntion was given to zinc, which was relatively abundant and significant amounts
were found in various phases of the applied sequential extraction.12

Water circulates through different type of soils such as sediments, water de-
posits, arable lands, forestlands, meadows, etc. In such environments, microele-
ments could be attached in several ways: non-specific (adsorbed), attached to car-
bonates by co-precipitation and sorbed on iron and manganese oxides.13 Micro-
elements could be incorporated in the silica matrix, bonded to clay or bonded to
organics (especially in arable land).1415

Substrates could be sources of microelements (heavy metals) and therefore
contribute to environmental pollution. They could associate and release microele-
ments depending of the conditions. Microelements can change or degrade subs-
trates, which can result in the release of microelements in inundate water. The
mobility of microelements is influenced by different factors, such as change of
pH, redox potential and the effect of microorganisms that can change the envi-
ronment and the mobility of elements.6-°

At the end of 80's, many authors used a combination of different extraction
mediato study soil samples. Very soon thereafter, they adopted a division of pha-
ses connected with the applied extraction means using extractants with suitable
chemica properties that fulfilled the criteria of efficiency and selectivity.16.17
Since then, the method was adopted and changed by different authors.18-23

Sequentia extraction was chosen as a suitable method. By successive extrac-
tion of soil samples with different mediums, the extraction of a specific fraction
of heavy metals was possible. Special attention was dedicated to mobile fractions
of heavy metals, as they were the most interesting and the most important from
ecochemical aspects.

One of the most common divisions of phases for sequential extraction is the
following:

Sorptive (adsorptive and ion exchange) phase. This phase is used in order to
estimate the maximal quantity of sorbed ions that a geological material can re-

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

2010 Copyright (CC) SCS




MOBILITY OF HEAVY METALS FROM INUNDATED LAND 1007

lease without the visible decomposition of any mineral phase. Neutral solutions
of salts (NH40Ac, MgCl,, CaCly, BaClo, KNOg3, etc.) are usualy used for this
extraction phase. Their concentrations (and ionic strengths) must be sufficiently
high to initiate complete ion exchange and desorption from all substrates.

“Easily reducible” phase. Weak reduction means, for example, hydroxyl-
amine is used for the selective reduction (solvent) of manganese oxy-hydrates
and the most mobile fraction of amorphous iron oxides. All the microelements
co-precipitated with these oxides will be detected in the solution.

“Moderate reducible” phase. For amorphous iron oxides, some stronger re-
duction agents are used, i.e., oxalic acid, sodium dithionite and similar.

Organic-sulphide phase. The distinguishing of the organic and sulphide me-
tal fraction in a geological material is one of the disadvantages of sequential ex-
traction. This problem is still not resolved. Pure nitric acid, or its combination
with other acids, is a very effective means but it leads to a noticeable decompo-
sition of silicate material. The usage of the hydrogen peroxide is acceptable at
higher temperatures and low pH (about 2).

Residual phase. This is the least interesting phase from the ecochemical
viewpoint as it includes silicate and oxide materials as well as incorporated metal
ions, i.e., in natural conditions, this fraction cannot be mobilized from the geo-
logical material. Concentrated mineral acids and their mixtures are usually used
for the decomposition of this crystal matrix.

EXPERIMENTAL

Soil samples

The future accumulation Bogovina will inundate 5.32 km? of land and the volume of the
lake will be 77 millions m3; the River Crni Timok will fill the accumulation. The sampling
locations are shown in Fig. 1.

Fig. 1. Shape of the future Lake “Bogovina’ with the sampling locations marked.
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The soil of the future accumulation Bogovina differs considerably due to land exploit-
ation2 (Table ). During the sampling, special care was given to the percent distribution and
additionally to the area pattern. Hence, the samples were taken from three locations of arable
land, three locations of forestland and one location each of pastures, meadows and orchard.
Furthermore, one sample was taken from suspended detritus.

TABLE |. The percent of different soils types of the future accumulation “Bogovina’

Land use Percent Number of samples Label of samples
Arable land 30.1 3 1,38
Orchards 27 1 4
Meadows 16.8 1 7
Pastures 155 1 6
Forestland 24.6 3 2,59

Due to the dangerous atmospheric accumulation of heavy metals emitted by the large
smelting corporation RTB Bor and their possible deposition on the land, it was decided to
remove the surface layer of the basin (30 cm in depth). Therefore, samples were taken from
the depths: 30-40, 40-50 and 50-60 cm. All samples were denoted by Arabic numbers from 1
to 9, while the samples from a depth of 30-40 cm were marked as A, from 40-50 cm as B and
from 50-60 cm as C. Thus, the complete set of samples was. 1A, 1B, 1C, 2A, 2B,...,.9A, 9B
and 9C. The studied suspended detritus layer was denoted as M.

One portion of each soil sample was subjected to sequential extraction in five phases.
Another portion of each sample was left in contact with river water (simulation experiment)
and then another sequential extraction was performed.

Smulation experiment

The simulation experiment was realised according to a previously described procedure.12
Each sample was transferred into a 10-L cylindrical plastic vessel and left in contact with 8 L
of river water. The experiment was performed at 5-8 °C. The height of the soil was 10 cm and
the height of the water column was 30 cm in all vessels. Small aiquots (100 cm®) were pi-
petted from the middle of water column each week. The experiment lasted eight weeks and
the dependence of emission, pH, O,, P, Mn, Ntotal, NH,*, NO,” and NO5™ on contact time
were monitored.?* For all experiments, the microelements were determined as well as their
possible substrates.

Procedure for sequential extraction

The five-step procedure developed by Tessierl” and Policl® was used to define the frac-
tions of trace metals. Sequentia extraction could provide information about the association of
microelements with appropriate substrates. In addition, this analysis was complemented by
experiments in which the processes at the bottom of the future lake were simulated. Fur-
thermore, the sequential extraction performed after the simulation experiment could provide
important data about the activity of microorganisms, re-absorption processes and co-preci-
pitation of microelements on the available substrates. The solid/solution ratios were 1:45. The
summarized procedure is shown in Table 1.

Instrumental methods of analyses

All filtrates obtained in the simulation experiment and in the sequential extraction were
analyzed by the appropriate technique. Flame AAS was used for the determination of Cu, Ni,

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

2010 Copyright (CC) SCS

@080

EN MCG MDD



MOBILITY OF HEAVY METALS FROM INUNDATED LAND 1009

Fe, Pb, Mn, Co, Mg, Ca, K, Na, Cd and Cr (Perkin Elmer — A100). ICP was used for the
determination Si and Al (ICP-ARL3410). Flow injection (cold vapour) was used for the
determination of Hg (quartz tube, SnCl, as the reductant, Ar as carrier gas) (Perkin Elmer —
FIMS100).

TABLE Il. The sequential extraction procedure

No. Phase Reagents, conditions, time
1  Exchangeable 1M CH3;COONH,, pH 7,2h
2 Bound to carbonates and easily 0.6 M HCl, pH 4, 0.1 M NH,OH-and HCl,
reducible pH 2,12 h
3 Moderately reducible 0.2M (NH,),C,0, and 0.2 M H,C,0O4, pH 3, 7 h
4 Organic-sulphide HNO;, pH 2, 30 % H,0,, 85 °C, 3h,
3.2 M CH3;COONHy, 30 min
5 Residual 6M HCI, 85°C,9h

RESULTS AND DISCUSSION

The results obtained by the sequential extractions were grouped by phases
for each element. The content of each element was determined before and after
the simulation experiment and then the results were compared.

The most common elements are shown in Table Il1, and these elements re-
present substrates that associate many microelements.

TABLE IIl. The most common elements (in ppm)

Phase
Element | T m IV v
Ca 5001300 75-1400 - Z Z
Mg 520 4-14 - 2.4-30 15-150
Fe - 15-45 110-340 1-6.1 25330
Mn _ 515 _ 42-206
Al - 834 31-204 - 203-1830
S - 319 2591 - -
K - - - - 31-226

The results obtained in this study could be interpreted in two ways. The first
is a comparison of the results before and after the simulation experiments and the
other is to correlate the microelements with possible substrates or microelements
with other microelements (Table l11).

The changes of the concentrations of zinc before and after the simulation
experiment are shown in Fig. 2.

Zinc was associated with manganese and iron oxy-hydroxides (high concen-
tration of zinc in the third phase). The concentrations before and after the simu-
lation experiment were similar. The only exception was in the fourth phase,
where the amount of zinc after the simulation experiments was severa times
higher than before. Similar results were obtained by other authors.25.26
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Fig. 2. Concentrations of zinc in all phases (I-V) before and after the simulation experiment.

A huge amount of nickel was incorporated in the mineral matrix. Similar
guantities were associated in the first three phases (sorptive, easily reducible and
moderate reducible). There was no nickel in the organic phase. In addition, after
simulation experiment, increased concentrations were found in the sorptive and
carbonate phase. These results indicate the contribution of biological processesin
the release of nickel.

The results of the first and second phase of the extraction implied that cad-
mium was partially sorbed on carbonates. The higher concentration found in the
second phase samples after the simulation experiment in could be attributed to
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the change in pH. These results were compatible with the results obtained for the
inundation area of the accumulation Lake Rovni near Valjevo (Serbia). In addi-
tion, the results in the third phase were outside the detection limit.

There was no lead extracted in first phase and there was only a small amount
extracted in the second phase (only in the pastureland). Small amounts of lead
were also found in the fourth and fifth phase of the extraction, mostly in the fo-
rest samples. High amount of lead in the third phase implied that this metal was
associated with manganese/iron oxy-hydroxides.2” There was good compatibility
with the results obtained for the accumulation Lake Rovni, except that after the Si-
mulation experiment, there were no increases of lead in the second phase. The same
conclusion was reached that manganese oxides were the main substrate for lead.6

Cobalt was found in al extraction phases with the exception of the organic
phase. Biological processes were noticed in the second phase, as the release of
cobalt was several times higher after the simulation experiment.

Small amounts of mercury were found in some samples. They were closed to
the limit of detection by the employed method (0.8 ppb).

Based on a comparison of the results obtained before and after the simu-
lation experiments, some conclusions could be drawn: the action of microorga-
nisms could significantly influence the release of microelements; the changes in
pH could also be the result of the release of microelements; the release of man-
ganese and iron as substrates could affect the release of microelements associated
with them and organic substances and sulphides could play an important role in
the binding of microelements.

Hydroxylamine hydrochloride and hydrochloric acid were used in the second
phase of the sequential extraction. Silica matrices are often attacked in this ex-
traction procedure and low concentrations of aluminium and silicon could be ex-
tracted in this phase.

Due to the existence of several oxides of some microelements, it is some-
times difficult to dissolve them and destroy the minera matrices. Furthermore,
these oxides often have different solubility. This was the case with two types of
manganese oxides. Hydrated and amorphous oxides of manganese are readily so-
luble. On the other hand, the dissolution of crystalline manganese(IV) oxide is
slow and depends of the period of the action of the reducing agent.28

Based on the results of the sequential analysis, it was not always possible to
differentiate microelements bound to iron oxides and manganese oxides. How-
ever, the use of correlation analysis could increase the reliability of the conclu-
sions. Correlation analysis could provide information on whether the microele-
ments in the third phase were associated with iron or manganese oxide. It could
also be helpful in distinguishing the microelements associated with carbonates of
calcium and magnesium. In the fifth phase correlation analysis, it could help in
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the differentiation of the associations of microelements with clay and silica mat-
rices.

The concentration of each microelement was correlated with the concen-
tration of corresponding elements in possible substrates. Calcium and magnesium
represent carbonates as substrates. Iron and manganese represent their oxides.
Aluminium and silica represent clay and mineral matrices.

Nickel had a positive correlation with Ca (NilCall, r = 0.81900; p = 0.000)
and negative one with Mn (NilMnll, r = -0.6429; p = 0.013). After the smulation
experiment, it was apparent that it had positive correlations with Ca (Nill/2Cal/2,
r =0.64467; p = 0.024), Al (Nill/2All/2, r = 0.68182; p = 0.015; Nilll/2All/2, r =
= 0.73490; p = 0.010) and Mg (Nilll/2MglIV/2, r = 0.65074; p = 0.030), while the
correlations with Mn were negative (Nil/2MnV/2, r = —-0.7429; p = 0.006).

The concentrations of cadmium in the samples were very low and correla-
tions were found only in the second phase. Positive correlations were found with
Caand Mg (CdlICall, r = 0.98424; p = 0.18; CdIIMgll, r = 0.97055; p = 0.000;
CdlIMglV, r = 0.83649; p = 0.005) and negative ones with Fe (CdllFel, r =
=-0.7785; p = 0.005) and Mn (CdlIMnll, r =-0.7209).

Positive correlations of cobalt with Mn (ColMnll, r = 0.99988; p = 0.000;
CollMnll, r = 0.77840; p = 0.001; ColIMnlll, r = 0.82430; p = 0.000; ColVMnIV,
r = 0.78722; p = 0.0012), S (ColSilV, r = 0.86515; p = 0.000; CollISilll r =
= 0.67939; p = 0.021) and Al (CollAllV, r =0.78278; p = 0.001; ColllAIV, r =
=0.67642; p = 0.022) were registered, as well as negative ones with Mg (ColMgl,
r =-0.8831; p = 0.020; ColMgll, r =-0.8815; p = 0.020; ColMgllIl, r =-0.8425;
p = 0.035).

Correlation analysis for lead was not performed, as the concentrations found
in sediments were too low.

Correlations of zinc with other elements are shown in Fig. 3. There are two
types of correlation diagrams. before and after the simulation experiments. These
diagrams differ slightly, which could be the consequence of the activities of mic-
roorganisms at the bottom of the lake.

Positive correlations of zinc with Si (ZnlISill, r = 0.67490; p = 0.001,
ZnllISill, r = 0.66781; p = 0.000), Al (ZnllAlll, r = 0.69583; p = 0.000; ZnVAII,
r = 0.64197; p = 0.000), Mn (ZnllIMnlll, r = 0.63930; p = 0.000; ZnIVMnIV,
r =0.73287; p = 0.000) and Fe (ZnVFeV, r = 0.64472; p = 0.000) were found. A
negative correlation of zinc with Ca (ZnllCall, r = -0.6503; p = 0.001) was
found. It could be concluded that zinc was bound to or sorbed on manganese and
iron oxy-hydroxides but that it was also built in the silicate matrix. The negative
correlation with Ca could imply that only a small amount of zinc was associated
with carbonates.

Correlation diagrams obtained after the ssmulation experiment are shown in
Fig. 4.
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Fig. 3. Correlation diagrams before the simulation experiment: &) Zn in the second phase vs.
Al in the second phase; b) Zn in the second phase vs. Si in the second phase; ¢) Zn in the se-
cond phase vs. Cain the second phase; d) Zn in the third phase vs. Si in the third phase; €) Zn
in the third phase vs. Mn in the third phase; f) Zn in the fourth phase vs. Mn in the fourth
phase; g) Zn in the fifth phase vs. Al in the first phase and
h) Zn in the fifth phase vs. iron in the fifth phase).
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Fig. 4. Correlation diagrams after the simulation experiment: @) Zn in thefirst phasevs. Al in

the first phase; b) Zn in thefirst phase vs. Fe in the first phase; c) Zn in the third phase vs. Al

in thefirst phase; d) Znin the fourth phase vs. Al in the first phase; €) Zn in the fourth phase
vs. Mg in the fourth phase and f) Zn in the fourth phase vs. Mn in the fifth phase.

After the ssmulation experiment, there were some positive correlations be-
tween Zn and Al (Znl/2Al1/2, r = 0.65675; p = 0.000; Znll1/2Al1/2, r = 0.66619;
p = 0.000; ZnIVAII/2, r = 0.70264; p = 0.000), Fe (Znl/2Fel/2, r = 0.73110; p =
= 0.000) and Mg (ZnlV/2MgIV/2, r = 0.69312; p = 0.000), and a negative cor-
relation with Mn (ZnlV/2MnV/2, r =-0.7421; p = 0.000).

Based on results presented in Figs. 3 and 4, it could be concluded that after
the ssimulation experiment, zinc was associated only in the silica and clay matri-
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ces (Figs. 4a—4d). The negative correlation with manganese (Fig. 4f) implied that
microorganisms acted on the redox cycles of manganese.

Low concentrations of lead were found in the extracts. Thisis in accordance
with the theory that lead can be efficiently removed from water.2829 |ead was
not correlated with any of the examined elements.

Nickel was extracted in the first, second and third phase of the sequentia ex-
traction before the simulation experiment and in the first and second phase after
the simulation experiments. Similar results were obtained for the correlation ana-
lysis before and after the simulation experiments. Before the simulation experi-
ments, most of the nickel was associated with calcium, but after it was associated
with calcium and magnesium. The correlations of nickel with manganese were
negative. There were better correlations after the simulation experiments then be-
fore it. The results of correlation analysis were in accordance with results ob-
tained by sequential extraction. The main conclusion is that sequential extrac-
tions have good selectivity for nickel. These results also indicated that the main
substrates for nickel are carbonates and that there were no associations with iron
and manganese oxides.

Small amounts of cadmium were extracted in second phase and only in afew
samples. These results showed that cadmium was associated with carbonates be-
fore the simulation experiments. After the simulation experiments, the amounts
associated with carbonates were smaller. Obviously, the action of microorga
nisms resulted in the release of cadmium. Cadmium had positive correlations
with calcium and magnesium but negative with iron and manganese. After the si-
mulation experiments, there were no significant correlations. There was good
agreement of the results obtained by sequential extraction with the correlation ana
lysis. It could be concluded that cadmium was associated with carbonates, with
No associations existing with iron and manganese.

Cobalt was found in the first, third and fifth phase of the sequential extrac-
tions. These results indicated that cobalt was associated with iron or manganese
oxides but that it was also incorporated in the silicate matrices and clays. The re-
sults of the correlation analysis aso indicated that cobalt was non-specifically
sorbed on different substrates. Good correlation was found for cobalt with man-
ganese and aluminium. Moreover, after the simulation experiments, good corre-
lations were found for cobalt with calcium, magnesium, iron, silicon and alumi-
nium. Analysis of these results indicated that cobalt was an easily removable ele-
ment that could be reabsorbed after the primary dissolution. Manganese oxides
and clay were the substrates of cobalt before the simulation experiment and they
were replaced with carbonates and mineral matrices afterwards. The explanation
for such behaviour could be very complicated and it might involve different ad-
sorptivity of the substrates and the activity of microorganisms.
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Zinc, the element to which special attention was paid in this study, was ex-
tracted in the third and fifth phases before the simulation experiments. After the
simulation experiments, zinc was extracted in the fourth and fifth phases. These
results show that zinc was associated with iron oxides and possibly with manga-
nese(1V) oxide. It was also incorporated in silicate and clay matrices. Correlation
analysis resolved the doubt about the association of zinc in the second and third
phase because there were only positive correlation of zinc with silicon, alumi-
nium and iron before the simulation experiments. In addition, there was a nega-
tive correlation between zinc and calcium. After the smulation experiments, there
was a positive correlation of zinc with magnesium, iron and aluminium. The cor-
relation with manganese was negative. These results confirmed that carbonates
were not a substrate for zinc. The doubt about the oxides in third phase of the
extraction was clarified by the negative correlation of zinc with manganese.
Therefore, iron oxide was a substrate for zinc.

CONCLUSIONS

A combination of double sequential extraction with correlation analysis was
found to be useful for the prediction of substrates of heavy metals.

Most of the heavy metals were sorbed on the most abundant substrates.
Some of them migrated easily from the solid phase to water. The results of the
presented study indicated that changes in pH intensified the dissolution of most
microelements, such as nickel, cadmium and lead. The increase in the concen-
trations of cobalt and zinc was not affected by changes of pH, as they were not
associated with carbonates.

Changesin redox potential affected higher concentrations of nickel and zinc,
as they were associated with manganese and iron oxy-hydrates.

Only small quantities of some elements (Ni, Co) were non-specifically bound
and they could be released by changing the ionic strength.

The magjor processes in inundated land could be dissolution as a result of
changes in ionic strength, redox potential or pH. The activity of microorganisms
could also play an important role in the dissolution processes. Co-precipitation from
water to another substrate could also occur. From the comparison of results for
zinc before and after the simulation experiment, it could be concluded that before
the ssimulation experiments the main substrates were iron and manganese oxides
and after the organic substances because of the activity microorganisms.

These results are important for the provision of good quality water in the fu-
ture accumulation Lake Bogovina (Serbia).
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U3BOA

CUMVYJIALIMOHU EKCIIEPUMEHT KAO METOJ/IA 3A TIPOYYABAKBE MOBMJIHOCTU
TEIIKMNX METAJIA U3 ITOTOIJBEHOI" 3EMJBMUIITA

‘BOKUIIA [IETPOBUR', MAPUJA TOJIOPOBIRZ, IPATAH MAHOJJIOBUR? 1 BOJMH JI. KPCMAHOBUR?

I Bunua™ Hucimuimiyin sa nykaeapre nayxe, Jabopaiiopuja 3a paduousoimioie, ii. iip. 522, 11 001Beozpad u
2Xemujcku paxyaitieiss, Yrnusepauiieii y beozpdy, L.iip. 51, 11158 Beozpao 118, [TAK: 105305

CHUMyJallMoHu oriie]] je ynoTpeOsbeH 3a MpoyyaBame MHTEPAKLMje PEeYHEe BOIE Ca PasjInyH-
THM 3embriITeM (opaHuie, BONbALH, JINBa/IC, MAIIKHALM U IIyMCKO 3eMibHInTe). Pesyratn no6u-
jEHH CEKBCHIIMJaJHOM EKCTPAKIMjOM IPe ¥ MOCIe CUMYJIAIIMOHOT eKCIIepUMeHTa yropeluBanu cy
Kako O¥ ce OAPEANIH CYIICTPATH TEUIKUX METalla y HOTOIBECHOM 3EMJBHIITY M IPOLICHUIIA BbUXOBa
MOOHMIHOCT. Y30pLH Pa3InYUTHX €KOXEMHjCKUX THIOBA 3€MJBHIITA, KOjH Cy y3€TH y PErHOHy Oy-
nyher akymysamuonor jesepa borosuna (CpOuja), MCIMTHBAaHH Cy Ha JeceT enemeHara momohy
AAS, GFAAS u ICP. CekBeHnujanHa eKCTpakija y net (aza npuMemneHa je 3a HCIUTHBABE MPH-
pojie acouyjanuje TEIWKUX MeTala U UAeHTH(HUKALN]y BUX0BUX cyncrpara. Kopenaiuona ananusa
je ynotpebsbeHa 3a onpehuBame cyncTpara TeIKux Metana. JJoopa kopenanuja u3mel)y Mukpoerne-
MeHara U onpeleHnX MakpoeleMeHaTa ykasyje Ha lbUXoBe cyncrpare. BehuHa MukpoeneMenara je
MoKa3uBaja J00py Kopesaiujy ca MaHraHoM U raoskhem. CamMo HEKH 0J] MUKpOeJIeMeHaTa Cy HMa-
1 1o0py Kopenanujy ca KauqujyMoM. LIMHK 1 KaAMHUjyM cy UMajH jelaH CYIICTpar mpe, a APYTH
HOCJIe CUMYJIAIIHOHOT OrJIesa.

(Mpumsseno 17. pebpyapa 2009, pesumupano 4. maja 2010)
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