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Antiproliferative activity of NCI-DTP glutarimide derivatives.
An alignment independent 3D QSAR study
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(Received 2 December 2009, revised 25 January 2010)

Abstract: Alignment-free, three dimensional structure—activity relationships
(3D QSAR) of the antiproliferative potency of twenty-two glutarimide-con-
taining compounds, taken from National Cancer Institute Developmental the-
rapeutics Program database, toward eight representative human tumour cell
lines are reported. The descriptors used in the QSAR study were derived from
GRID molecular interaction fields. The obtained models readily detect struc-
tural motifs positively or negatively correlated with the potency of the studied
compounds toward each cell line. In this way, the pharmacophoric pattern
required for high potency of compounds is reported. This pattern can serve as
guidance for the design and syntheses of novel congeners, planned to be tested
toward human tumour cell lines.

Keywords. glutarimides; antiproliferative agents; alignment-independent 3D
QSAR; GRIND descriptors.

INTRODUCTION

Nitrogen-containing heterocyclic systems having different pharmacological
activities are widespread among akaloids. Five- and six-membered cyclic imide
derivatives are a valuable group of bioactive compounds, which act as androgen
receptor antagonists, anti-inflammatory agents, anxiolytics, antivirals, antibacte-
rias, and tumour suppressing agents.! These compounds rarely occur in natural
sources and most of them are made synthetically.

Cancer may affect people at all ages, animals or even plants; it causes about
13 % of al human deaths. Consequently, huge efforts are being made in the
search for and exploration of new antitumour agents. In light of the present re-

* Corresponding author. E-mail; jelenadj @agrif.bg.ac.rs
# Serbian Chemical Society member.
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1168 POPOVIC-DJORDJEVIC et al.

cession in the world and the reduction of financing in R&D, all pharmaceutical
companies retain the development of antitumour agents as top priority projects.

Some naturally occurring glutarimides, such as sesbanimides, cycloheximi-
de, and streptimidone, were investigated as antibiotics during the 60—70s of the
last century. Later, it was discovered that they act as very potent cytotoxic
agents.2:3 Recent research in the field of human medicine shows that cyclohex-
imide increases the cytotoxic effect of the recombinant human tumour necrosis
factor-a (tHUTNF-a) to nasopharyngeal carcinoma cells (NPC).4 The structurally
related streptimidone derivative, 9-methylstreptimidone (9-MS), exerts signifi-
cant inhibitory activity to the cancer and inflammatory cells activated nuclear
factor-xB (NF-xB).>

The non-steroidal aromatase inhibitor aminoglutethimide is used for the treat-
ment of Cushing’s syndrome and hormone-sensitive metastatic breast cancer.’.8
Estrone derivatives with the D-ring replaced with the glutarimide ring have
shown potent inhibition of steroid sulphatase, an enzyme which isinvolved in the
pathway of the development of hormone-dependent breast tumours (HDBT).9
2-Phenylamino-imidazo[4,5-h]isoquinolin-9-ones, inhibitors of kinase p56 (Ick)
in T-cells, were recently reported as potential therapeutic agents in the treatment
of different autoimmune diseases.10

The GRIND, alignment independent, interpretable and efficient to compute
descriptors derived from GRID molecular interaction fields, was proved relevant
in diverse structure—activity relationship studies. The GRIND was used for struc-
ture—activity relationships in receptors or enzymes, the classification of large struc-
turally diverse datasets by pharmacophore similarity and virtual screening.1l Re-
garding the antiproliferative activity of organic compounds, the structure-based
rationalization of the mechanism of action of antitumour drugs on NCI-DTP
screening data was reported,12 together with case studies of potent antiprolife-
rative imidazolium derivatives!3 and histone deacetylase inhibitors.14

Continuing our interest in glutarimide derivatives,1® a structure—activity stu-
dy is reported herein on the antiproliferative activity of a set of glutarimide-con-
taining compounds (1-22) toward K562 (leukaemia), AS49ATCC (non-small
cell lung), mame-3M (melanoma), COLO205 (colon), UO31 (renal), U251
(CNS), IGROV1 (ovarian), and MFC-7 (breast) human tumour cell lines; which
are described in the text as models A—H, respectively. Data were taken from the
US National Cancer Institute (NCI) Developmental Therapeutics Program 60
human tumours cell line screen database (NCI60).16 The results obtained in this
study could be a guidance for the design of novel congeners with expected anti-
proliferative activity. To the best of our knowledge, structure—activity relation-
ships of the antiproliferative potency of glutarimide derivatives cannot be found
in the literature.
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SAR OF ANTIPROLIFERATIVE GLUTARIMIDE DERIVATIVES 1169

RESULTS AND DISCUSSION

Aimed at finding the pharmacophoric pattern of glutarimide derivatives res-
ponsible for their significant antiproliferative activity, alignment-independent 3D
QSAR models for the potency of 1-22 toward representative cell lines were ob-
tained. The criteria for the selection of the compounds are given in the Experi-
mental. Within each category, the cell line towards which most of the glutarimide
derivatives exert activity were chosen. The structures and classification of the
compounds are given in Table .

Methodol ogy

The program Pentaclel’ uses alignment independent descriptors derived
from GRID18 molecular interaction fields (MIF). A more negative value of GRID
MIF for any used probe corresponds to a more favourabl e interaction between the

TABLE I. Structures of 1-22 used in the models

Class No: Structure Compound No.
I
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1170 POPOVI¢-DJORDJEVIC et al.

TABLE I. Continued

Class No: Structure Compound No.
v R R =-0OC(O)Me 7
g R=-OH 8
o N o
V R1 R= —CHchz—Pyr 9
Rl =-0-Me
R=H- 10
R, =-0-Me
R=Me- 11
R, =-0O-Me
R =n-Bu- 12
Rl =-0—n-Bu
R =n-Bu- 13
¢} ’I‘ O Rl = —O—CHchz—Wr
R R=-O-CH,CH,—Pip 14
R,=-0O0-Me
R =-NH, 15
R, =-0O-Me
VI R 16
N NG
' OH 0]
[e] H [¢] 17
— NG
' OH (o]
VI RL R =—-C(0)O—-Bu 18

VI R1 NO, 19
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SAR OF ANTIPROLIFERATIVE GLUTARIMIDE DERIVATIVES 1171

TABLE I. Continued

Class No: Structure Compound No.
IX R1 R=Ph- 20
rj\l\ t-Bu
o7y o /_/=§;§
R .
R;="¢, °
R=Ph- 21
t-Bu
HO
R= \\
HO

X R 22

probe (e.g., hydrogen bond donor, hydrogen bond acceptor, hydrophobic) and a
molecule for which the GRID MIF was calculated. By calculating MIFs for dif-
ferent GRID probes around the molecule and extracting the most relevant re-
gions, afingerprint of areceptor to which a small molecule could fit well can be
obtained. These regions show favourable energy of interaction and represent po-
sitions where groups of a potential receptor would interact favourably with a li-
gand. Such an MIF pattern can be described as the virtual receptor site (VRS).
Each GRIND descriptor consists of two nodes extracted from MIFs and encodes
their energy product and spatia distance. GRIND variables represent geometrical
relationships between relevant pharmacophore points around the studied mole-
cules, which are invariable with respect to the position of the molecule in space
and their alignment. The derivation of GRIND descriptors includes the following
steps: 1) computing a set of MIF around the studied molecules, ii) filtering the
MIF, to extract the most relevant regions that define the VRS and iii) encoding
the VRS into the GRIND variables. GRIND variables can be used for compa-
rison of molecules and their classification within sets of structurally diverse en-
tities and the Pentacle program uses principal component analysis (PCA) for this
type of analysis. A dependent variable (e.g., biological activity) can be correlated
to GRIND descriptors (as independent variables) obtained on a set of molecules
by partial least square analysis (PLS). The most intensive bars in the PLS plots
have the highest impact on the model. Bars having positive values on the y scale
represent variables positively correlated with activity, while those having nega-
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1172 POPOVIC-DJORDJEVIC et al.

tive values on y scale are negatively correlated with activity. Within each block
(auto or cross-correlograms, which correspond to pairs of nodes of the same or a
different probe, respectively) variables are arranged from left to right on the x
scale of the plot according to ascending distance between their nodes. In addition
to the spatial arrangement of molecules and nodes encoded in the GRIND vari-
ables, each node of each variable exerts a specific energy of interaction with a
target molecule. Therefore, the strength of the interaction between a respective
GRID prabe in a particular node and the molecules are presented as well as the
spatial positions of the VRS regions.

The NCI60 anticancer drug screenlé was developed in the late 1980s, and
was quickly recognized as a rich source of information concerning the mecha-
nisms of growth inhibition and tumour-cell kill. Recently, its role has evolved to
that of a service screen supporting the cancer research community.

Sructure-activity relationship

The potencies of compounds, given as p(Glsg), the negative logarithm of the
molar concentration that induces a 50 % reduction of the respective cell growth,
are given in Table I-S in the Supplementary material. Eight models were built.
All the studied compounds (1-22) exhibited a similar order of potency towards
each cell line, as can be seen from Table I-S, and the intercorrelation matrix of
the p(Glsg) values for al the studied cell lines (Table XV-S). As al the obtained
models were similar in their important parts, a detailed description of the model
on the antiproliferative potency of 1-22 towards the K562 cell line is given and
explained. For the other cell lines, the partial least square coefficient plots, sta-
tistical data, and the expression of variables for each compound are given in the
supplementary material in tabular format.

The variables of the models positively or negatively correlated with activity
readily detected the structural motifs of compounds 1-22 that contribute to po-
tency. The smaller molecules were more potent towards all the studied cell lines.
Molecules containing both the glutarimide moiety and a HBA, mainly the hyd-
roxyl group, on a spatial distance of ~11 A expressed higher potency. On the con-
trary, larger molecules and those with bulky substituents at a distance of ~20 A
from the glutarimide moiety were significantly less potent. The characteristic PLS
plot obtained with 4 latent variables (LV) for the K562 model is givenin Fig. 1d.

— All the described structural motifs of the compounds important for the
antiproliferative potency are anchored to the glutarimide moiety that comprises
HBA, HBD, and hydrophobic parts.

— Two hydrophobic moieties, one of which is associated with alkyl part of
the glutarimide ring and the other with the distal (8.32—8.64 A) & systems of the
molecules, are negatively correlated with the potency of the compounds — vari-
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SAR OF ANTIPROLIFERATIVE GLUTARIMIDE DERIVATIVES 1173

able DRY-DRY 26 (Fig 1a). Accordingly, this variable is not expressed for the
most potent 22.

— Compounds that comprise two HBD groups at a distance of ~11 A exert
higher potencies. One HBD is always glutarimide, -NH—, while the other is hyd-
roxyl group, positioned at the topological distance of five bonds for 22, or at the
methylene bridge for 1-3 (Table 1), as given by the variable O-O 111, Fig. 1b.

a)

o-0111
N1-N1 205
\‘ 0-N1 590 O-TIP 638
J.ﬁ.ll h . |

-0.05 M’ ‘

| DRY-DRY 26

| 0-TIP 672
0.20] TIRSTIE: 290 N1-TIP 746

DRY-DRY 0O-0 Ni-N1 TIP-TIP DRY-O DRY-N1 DRY-TIP ONi O-TIP Ni-TIP

e)

&

Fig. 1. Examples of variables that have a high impact on the model, associated with
compounds: a) variable DRY-DRY 26 for 21; b) variable O-O 111 for 22; c) variable N1-N1
205 for 3; d) 4 LV PLS coefficient plot for the K562 model; €) variable TIP-TIP 290 for 16;
f) variable O-TIP 672 for 21; g) variable N1-TIP 746 for 10.
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1174 POPOVIC-DJORDJEVIC et al.

— Two HBA groups at a distance of ~16.8 A are the next structural motif
positively correlated with activity, as given by variable N1-N1 205, Fig. 1c. This
variable exists only for compounds of class V and compounds 1 and 3, which
belong to the most potent class I. For compounds of class V, one HBA is aways
glutarimide >C=0 and the other is an alkoxy group, except for compound 13,
which is more potent than the other members of this class. In this point, the mo-
del recognized the HBA of the pyrrolidino substituent in place of the akoxy
group of the other compounds within class V. In 1 and 3 (class I), the other HBA
isthe distal —OH or the carbonyl oxygen of the methyl ester, respectively.

— All structural motifs, as described above, that have a significant impact on
the models emphasize that all highly potent molecules bear similar spatially po-
sitioned HBD—-HBD and HBA-HBA combinations, as exemplified in Figs. 1b
and 1c.

— The bulkier compounds exhibited a lower potency (p(Glsg) < 6), as can be
seen from the variable TIP-TIP 290, Fig. 1e. The glutarimide ring distal from
bulky substituents, i.e., a terminal methyl or t-butyl group; or the glutarimido-
naphthyl moiety (classes VI, VIII and I X, respectively), negatively influences the
potency. Molecules of the most potent classes (I and X) and some less potent mo-
lecules from classes |11 and 1V lack bulky substituents distal from the glutarimide
moiety.

— Similar information encoded in variables that have the highest positive im-
pact on the model (O-O 111, N1-N1 205) could be obtained from the additional
variables O-N1 590 and O-TIP 638, respectively. Therefore, HBA and HBD of
molecules positioned at a spatial distance of ~16.8 A significantly contribute to
the potency. The variable O-N1 590 is expressed for the potent 1 and 3 (class 1),
aswell asfor 10 and 15 (class V), see Table VII-S. Implicitly, compounds from
class V that have similarly positioned HBA and HBD as in compounds of class |
but arigid backbone exhibit lower potencies. Together with this, structural motifs
comprising HBD at ~7.2 A from the non-polar part of the molecules contribute to
the potency.

— Variables O-TIP 672 and N1-TIP 746 offer similar information as the va
riable TIP-TIP 290. Those variables show that compounds having bulky sub-
stituents (T1P) distal from the glutarimide moiety (O or N1) have lower potency.

The structural differences between the most and the least potent compounds
can be clearly seen from Pentacle heatmaps (see the experimental for an expla-
nation of matrix representation of correlograms). The heatmaps for the whole set
(1-22) are presented in Fig. 2. The compounds are arranged by decreasing po-
tencies, from top to bottom. A distinct band of O-O correlograms exists for the
most potent compounds (yellow framed), which is consistent with the signifi-
cance of the OO variables that have a strong positive impact on the model. For
the other compounds, the regions of the same correlograms are less popul ated.
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SAR OF ANTIPROLIFERATIVE GLUTARIMIDE DERIVATIVES 1175

Fig. 2. Matrix-like representa-
tion (heatmaps) of the auto- and
cross-correlograms of 1-22.

| -

| k ||
718 9] 10 4 | EdhdIRA G IRBERE,
(@ (b)

Fig. 3. Auto- and cross-correlograms of compounds a) 22 and b) 11, labelled as follows: 1
DRY-DRY, 2 0-O, 3N1-N1, 4 TIP-TIP, 5 DRY-0, 6 DRY—-N1,
7 DRY-TIP, 8 0-N1, 9 O-TIPand 10 N1-TIP.

Together with this, the bands of the TIP-TIP correlograms are broader for the
larger, less potent compounds; while the band of the N1-TIP block is narrower
for the most potent compounds (framed green), which is consistent with the des-
cription of the N1-TIP variables that describe larger node-node distances, and
has a high negative impact on potency in all models. As an additional illustration,
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1176 POPOVIC-DJORDJEVIC et al.

al auto- and cross-correlograms for the most (22), and one of the least potent
(11) compounds are given in Figs. 3a and 3b, respectively. Comparing the most
important differences in the pattern of the most 22 and less potent 11, it is evident
that the less active compound lacks two HBD (empty OO block (2)) and the lar-
ger strong peaks in the TIP-TIP block (4) are positioned to the right with respect
to the same block of 22. Additionally, there is significantly larger distance be-
tween one HBA and the distal part of molecule in the less potent 11 than in 22, as
shown by the strong peaks in the N1-TIP block (10), positioned to the right for
11 compared to 22.

To summarize the observations mentioned above, two plots are presented in
Fig. 4 in which the potency of the compounds (p(Glsg)) is plotted vs. the mole-
cular volume and vs. the distance between the glutarimide moiety and the distal
HBA or HBD. A clear separation of the most potent compounds was achieved in
thisway.

9.0

8.5] o2 a5] 922
8.0 Q3 804 k3
7.5 * B 75{ Gk
2 * ]
= 7.0 g 70] 2
] - ]
g 65 5 65
- [ 6.0
= 6.0 g 6
g T *
4 a o =]
% 5.5 12 o &
o 50- o 0]
° T Q
4.5 o 0“ e .8 it WL g
e o o 4.0
404 o °
T T T T T 35 T T T T T
200 250 300 350 400 450 6 8 10 12 14
Volume, A’ Distance, A

@ (b)

Fig. 4. a) p(Glsg) vs. volume of 1-22. The compounds are coloured according to their
increasing potencies, in the following order: purple—pink—green—orange. b) p(Glsp) vs.
HBA/HBD distance, given as. HBD-HBD of the compounds associated to
the variable O—O 111 (orange spheres) and HBA—HBA of the compounds
associated to the variable N1-N1 205 (green stars).

EXPERIMENTAL

The NCI-DTP Database was searched for structures comprising the glutarimide moiety
(substructure query as SMILES notation: O=C1CCCC(=0)N1). All compounds that matched
the query were saved (1-22) and their potency expressed as p(Glsg) against: leukaemia K562
(A); non small cell lung A549ATCC (B); colon COLO205 (C); CNS U251 (D); melanoma
malme-3M (E); ovarian IGROV1 (F); rena UO-31 (G) and breast MCF-7 (H) tumour cell
lines extracted. SMILES Notation of 1-22 was converted to 3D by CORINA.19 Each initial
3D structure was imported in VegaZZ20 and twenty conformations that represent local minima
were obtained by conformational search on the MM level (MMFF94s force field),2! using the
Boltzmann jump algorithm in AMMP.22 Each conformation of each compound was mini-
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SAR OF ANTIPROLIFERATIVE GLUTARIMIDE DERIVATIVES 1177

mized by the semi-empirical molecular orbital PM6 method,? using implicit solvation in
water (COSMO) to root mean square gradient of 0.01; by MOPAC2009.24 The obtained con-
formation of each compound that had the lowest heat of formation (implied the most stable
one) were chosen for model building. All molecules were treated in their neutral form.

For alignment-free 3D QSAR analysis, the molecules were submitted to Pentacle.l’” The
molecular interaction fields were computed using the built-in GRID program,i® with a grid
resolution of 0.4 A. AMANDA algorithms were used for the extraction of hot spots (nodes)
from the obtained MIFs (discretization); the distances and relative position of the nodes were
described by maximum auto and cross-correlation (MACC2) (encoding). For details, see the
original reference.l” Five principal components/latent variables were used for the initial prin-
cipal component analysis (PCA) and partia least square (PLS) model. Selection of the vari-
ables was realised by one cycle of factorial fractional design (FFD) for the models A—H. Vali-
dation of the models was performed by cross validation using four groups of approximately
the same size in which the objects are assigned randomly. The final models were obtained
with 3 or 4 latent variables (LV).

A detailed explanation of auto- and cross-correlogram in the ALMOND program can be
found in the original reference?® and the program manual available from the Molecular Dis-
covery web site. Exactly the same correlograms can be found in Pentacle, with the option of a
matrix-like presentation of the auto- and cross-correlograms for all compounds, named heat-
maps, as depicted in Fig. 2. In the matrix-like representation, every row represents a single
compound and every column a single variable. The values of the variables are colour-coded
fromred (low value) to blue (high value).

Details of the procedure for the determination of Glsy values can be found at: http://
/ldtp.nci.nih.gov/branches/btb/ivclsp.html and in the literature.2

CONCLUSIONS

It can be concluded that, generaly, smaller molecules are more potent to-
wards al studied cell lines. Molecules containing the glutarimide moiety at a
distance ~11 A, or 5 topological bonds, to a HBA (mainly hydroxyl group) ex-
press higher potencies. On the contrary, larger molecules and those with bulky
substituents at a distance ~20 A from the glutarimide moiety are significantly less
potent. In addition, it was noticed that within a subset having a favourable phar-
macophore pattern, as described above, molecules possessing a flexible backbone
(classes | and X) are more potent than rigid tetracyclic molecules (class V).
These conclusions will be guidance for the selection of compounds previously
prepared for in vitro antitumour screening; as well as for the design and synthe-
ses of novel compounds that could express significant potency towards dediffe-
rentiated human cells.

SUPPLEMENTARY MATERIAL

Associated with this article; p(Glgp) values for 1-22 towards cell lines A-H, PCA
models, PLS models, PLS plots, structural motifs associated with important variable for the
cell line models A—H, association of variables with 1-22 for cell line models A—H and the
intercorrelation matrix of p(Glsy) values for al the reported cell lines are available electro-
nically from http://www.shd.org.rs/JSCS/, or from the corresponding author on request.
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AHTUITPOJIN®EPATUBHA AKTUBHOCT I'VNTYTAPUMUJIHUX JEPUBATA U3 BA3E
MMOOATAKA HALITMOHAJIHOI' MHCTUTYTA 3A PAK, CA/L. 31 OJHOC CTPYKTYPE 1
AKTHMBHOCTHU HE3ABHUCAH O IIOPABHABABA MOJIEKVYJIA

JEJIEHA B. [IOIIOBUA-BOPBEBUR’, JbUJbAHA U. IOLUEH-MUROBUR?,
WBAH O. JYPAHUR? u BPAHKO J. I[PAKYJII/IT13

"Momoipuspeonu gpaxyaitieins, Ynusepsuiiei y beozpady, Hemarura 6, 11080 Beozpad, *Xemujcicu dpaxyaitieid,
Ynusepsuitiei y beozpaoy, Citiyoeniucku wwipz 12—16, 11000 beozpad u 31/[chﬁumyu7 3a Xemujy, exHoa02ujy u
metiianypaujy — Llenttiap 3a xemujy, Ynusep3auiteii y beozpady, Hbezowesa 12, 11000 Beozpao

V TeKCTy je OIMcaH OJJHOC CTPYKTYpPE U aHTHIIPOIU(EepaTHBHE aKTHBHOCTH 22 TIIyTAPUMHUIHA
JIepUBaTa IpeMa ocaM PEMpPE3CHTATHBHUX JIMHUja XyMaHHX TyMmopa. Ilofany o CTPYKTypH jeau-
BCHa U HUXOBOj aKTUBHOCTH Cy Ipey3eTH u3 0ase moparaxa Harponannor MHCTUTYTa 3a pak,
CAJ. JeckpurropH, He3aBUCHH Of nopaBHaBama Mosekyna (GRIND-2), kopuuihiern y mpoy-
YyaBarby OJHOCA CTPYKTYpe M aKTUBHOCTH Cy f00HjeHn yrnorpebom nporpama GRID. Monenu jacHo
NIpUKa3yjy CTPYKTYpHE €JIEMEHTE jelNiberha KOjH Ce IO3UTHBHO WM HEraTHBHO KOPEIHIy ca
OnonomkoMm akrusHommhy. @apmakodopHa cimka nodujeHa n3 monena he 6utm kopumheHa 3a
[UIAHUPAahe HOBHX aHAJIOra KOjH caJipyKe TITyTAPUMUIHU HPCTEH U 3a Koje ce ouyekyje jaa hie moka-
3aTH 3Ha4YajHy aHTUIPOIH(EpaTHBHY aKTUBHOCT.

(Mpumsseno 2. reuembpa 2009, pesuaupano 25. janyapa 2010)
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Antiproliferative activity of NCI-DTP glutarimide derivatives.
An alignment independent 3D QSAR study
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J. Serb. Chem. Soc. 75 (9) (2010) 1167-1179

An aignment-free three dimensiona structure-activity relationships (3D
QSAR) of the antiproliferative potency of twenty-two glutarimide-containing
compounds towards eight representative human tumour cell lines are reported.
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S2 POPOVIC-DJORDJEVIC et al.

TABLE I-S. p(Glgg) Vauesfor 1-22 towards: K562 (leukaemia), A549 (non-small cell lung),
malme-3M (melanoma), COL 0205 (colon), UO31 (renal), U251 (CNS), IGROV 1 (ovarian),
and MFC 7 (breast) human tumour cell lines

Model
Cmpd. 4 NSC_A B C D E F G H
No. NO kse2 asao “9L uzst MAME GROVL UO-31MFCO?

1 I 39147 7510 7.290 7419 7505 7.263 7534 7.260 7.421
2 185 7277 7437 7453 7220 7.051 7274 7542 |/
3 32743 8.000 8000 8.000 8.000 8.000 8.000 8.000 8.000
4 Il 636355 4.562 4.342 4347 [ 4.450 4193 4561 /
5 636351 4.000 4.000 4.000 / 4.000 4.000 4.077

6 [ 622730 4564 4.500 4.660 / 4.552 4491 4.688
7 IV 645461 4.252 4.000 4.000 4.232  4.000 4.000 4.000
8 645462 4.538 4.000 4.434 4.000 4.034 4.014 4.000
9 V 655763 4.691 / 4753 4358 4.770 4350 4.747

~ Y~~~ ~

10 653947 4599 4.000 4.000 4.000 4.000 4000 4.010 /

11 656924 4.000 4.000 4.000 4.120 4.000 4.000 4.000 4.000
12 671764 5.196 / 4.037 4.000 4.000 4.000 4.000 4.000
13 671765 5.760 5108 5.717 5259 5.410 4803 5.337 5.248
14 655764 4.236 / 4,000 4.000 4.242 4000 4.080 /

15 655766 4.487 / 4.000 4.000 4.000 4000 4.137 |/

16 VI 66645 4.363 4.290 4.467 4462 4795 4702 4311 4561
17 248958 4.688 4.667 4.767 4.506 / 4721 4.697 4.677
18 VIl 677677 4521 4.517 / 4689 4.703 4641 4567 4.701
19 VIII 679266 4.766 4.256 5.019 5.007 4.696 5268 5.353 4.525
20 IX 679109 4.709 / 4682 4.827 4.730 4705 4.780 4.714
21 677755 4.267 4.171 / 4253 4.184 4.000 4.117 4.355
22 X 355461 8.618 8550 8534 8561 8545 8417 8.691 8.572

@Datanot available

TABLE I1-S. PCA models for K562 and IGROV 1. SSX — Percentage of the X sum of squares;
SSXgce — accumulative percentage of the X sum of squares; VarX — percentage of the X
variance; VarXgac — accumul ative percentage of the X variance

K562 IGROV1

Comp. SX S VarX  VarXge SX SXg  VarX  VarXee
1 3895 3895 3582 3582 4158 4158 3855 3855
2 1348 5243 1147 4729 1485 5643 1313  51.68
3 814 6057 653 5382 829 6472 695 5864
4 644 6701 522 5904 632 7104 535 6399
5 528 7229 436 6340 415 7519 318  67.17
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TABLE 111-S. PCA models for A549atcc and COL0O205. SSX — Percentage of the X sum of
squares; SSXacc — accumulative percentage of the X sum of squares; Var X — percentage of the
X variance; VarXggc — accumul ative percentage of the X variance

A549atcc COL 0205

Comp. SSX SSXaee  VarX  VarXy,. SSX SSXaee  VarX  VarXye.
1 33.04 3304 2846 2846 4350 4350 4026  40.26
2 1813 5117 1556 4402 1565 5915 1393 5420
3 10.36  61.53 8.41 54.42 8.55 67.70 7.26 61.46
4 7.89 69.43 6.55 58.97 6.56 74.26 5.72 67.18
5 5.03 74.46 3.58 62.54 4.24 78.50 3.40 70.58

TABLE 1V-S. PCA models for U251 and malme-3M. SSX — Percentage of the X sum of
sguares, SSXgec — accumulative percentage of the X sum of sguares; VarX — percentage of the
X variance; VarXgac — accumulative percentage of the X variance

U251 malme-3M
SSX SXaee  VarX  VarXy,, SX SSXaee  VarX  VarXy.
1 48.48 48.48 45.36 45.36 41.93 41.93 38.77 38.77
2 10.59 59.08 8.45 53.81 14.20 56.13 12.32 51.09
3 8.73 67.80 7.36 61.17 8.77 64.90 7.41 58.50
4
5

Comp.

525 73.05 3.95 65.12 6.39 71.28 5.37 63.87
4.59 77.64 3.66 68.78 4.37 75.65 3.40 67.27

TABLE V-S. PCA models for UO31 and MFC-7. SSX — Percentage of the X sum of squares;
SSXacc — accumulative percentage of the X sum of sguares; VarX — percentage of the X
variance; VarXggc — accumulative percentage of the X variance

com UO3L MFC-7
P 77X SXpe VarX  VarXge SX S  VarX  VarXee
1 4158 4158 3855 3855 5466 5466 5005  50.05

2 14.85 56.43 13.13 51.68 12.96 67.62 10.25 60.30
3 8.29 64.72 6.95 58.64 7.14 74.77 4.83 65.13
4 6.32 71.04 5.35 63.99 6.17 80.94 4.72 69.85
5 4.15 75.19 3.18 67.17 4.56 85.50 3.34 73.19

TABLE VI-S. PLS models. SSX — Percentage of the X sum of squares; SSX,.. — accumulative
percentage of the X sum of squares, SDEP — standard deviation of error of the predictions;
R2 — coefficient of determination; R2,.. — accumulative coefficient of determination; Q% —
accumul ative squared predictive correlation coefficient

Comp. SSX SX,.  SDEC  SDEP R Rce Qe
K562 for 1-22

1 3713 37.13 0.97 1.19 0.47 0.47 0.21

2 1346 50.59 0.46 0.86 0.41 0.88 0.59

3 7.84 58.43 0.34 0.84 0.05 0.93 0.60

4 6.83 65.26 0.23 0.87 0.04 0.97 0.58
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TABLE VI-S. Continued

Comp. SSX SSXaee SDEC SDEP R2 R2c Q%cc
IGROV1 for 1-22
1 40.22 40.22 0.99 1.20 0.50 0.50 0.26
2 9.26 49.48 0.58 1.04 0.33 0.83 0.44
3 5.80 55.28 0.34 1.05 0.11 0.94 0.43
4 11.50 66.78 0.24 1.09 0.03 0.97 0.40
A549atcc for 1-22
1 26.22 26.22 0.84 1.10 0.70 0.70 0.49
2 17.88 44.10 0.42 0.83 0.22 0.93 0.71
3 13.57 57.66 0.33 0.80 0.03 0.95 0.73
4 7.01 64.68 0.21 0.83 0.03 0.98 0.71
COL 0205 for 1-22
1 41.69 41.69 1.02 1.25 0.50 0.50 0.25
2 10.05 51.74 0.57 1.06 0.35 0.85 0.46
3 6.10 57.84 0.37 1.06 0.09 0.94 0.46
4 11.53 69.37 0.26 1.10 0.03 0.97 0.42
U251 for 1-22
1 50.04 50.04 1.00 1.22 0.53 0.53 0.30
2 12.58 62.62 0.48 0.83 0.36 0.89 0.68
3 3.91 66.54 0.26 0.82 0.08 0.97 0.69
4 6.36 72.90 0.18 0.81 0.02 0.98 0.70
mame-3M for 1-22
1 44.02 44.02 0.92 1.09 0.55 0.55 0.38
2 16.48 60.50 0.54 0.78 0.29 0.85 0.69
3 6.74 67.24 0.39 0.82 0.07 0.92 0.65
4 5.07 72.31 0.26 0.85 0.05 0.96 0.62
U031 for 1-22
1 45.69 45.69 1.03 1.22 0.47 0.47 0.26
2 12.35 58.04 0.62 0.92 0.34 0.81 0.57
3 7.45 65.49 0.45 0.93 0.09 0.90 0.56
4 4.85 70.34 0.31 0.97 0.06 0.95 0.52
MFC-7 for 1-22
1 52.12 52.12 1.06 1.34 0.54 0.54 0.25
2 14.50 66.62 0.57 1.10 0.33 0.86 0.49
3 5.32 71.94 0.23 1.15 0.11 0.98 0.45
4 427 76.21 0.09 1.14 0.02 1.00 0.46
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TABLE VII-S. Leukaemia K-562

Probe
block

Variable
No.

mpact

Distance :
A Regions

DRY-
DRY

N1-N1

TIP-TIP

O-N1

O-TIP

O-TIP

26

111

205

290

590

638

672

832864  —CH,—of glutarimide ring and: alky! part of
cyclohexanone ring (1), phenyl (11, 111, V),
double bond of ring B dodecahydrophenan-
threne system (1V), conjugated double bonds
(V1), oxybenzyl group (VI1), glutarimide na-
phthyl moiety (VI11), substituted cyclo-
hexanone or cyclohexanal ring (1X).
10.88-11.20  Glutarimide (NH) hydrogen and: hydroxyl
group on — (CH,),— bridge (1), hydroxyl group
(VI1), —OH group on 1,3-dioxane ring (X),
amino group (111)
16.32-16.64 Glutarimide >C=0 and: ester group (1),
oxygen of alkoxy substituents or
tertiary-N (13) (V)
18.80-19.20 Length of molecule: substituent on
glutarimide ring and alkoxy group on
benzenering (V)
N-Phenyl and t-butyl group on cyclohexanone
or cyclohexanol ring (1X)
Glutarimide ring and terminal
methy! group (V1)
Glutarimide ring and glutarimide
naphthyl moiety (VIII)
16.64-16.96 Glutarimide (NH) hydrogen (10) or N-amino
group (15) and methoxy group (V)
Glutarimide (NH) hydrogen and ester group
(3) or t-hydroxyl group and glutarimide (NH)
hydrogen (1) (1)
7.04-7.36 t-Hydroxyl group and glutarimide ring (X)
Hydroxyl group of — (CH,),— bridge and
glutarimide ring (1), N-phenyl group (1X)
Glutarimide (NH) hydrogen and: cyano
groups (I1), aminopheny! group (I11),
t-butyl group (VI1), ethyl group (VIII)
Amino glutarimide group and carbonyls of
glutarimide group (V)
Hydroxyl group and glutarimide ring (V1)
17.92-18.24 Glutarimide (NH) hydrogen and methyl
ester group (1), nitro group (V111), methyl-
ene oxybenzyl group (VII), ester group
(IV), termina double bond (V1)
p-Hydroxy! group and N-pheny! group (1X)
N-Amino group and methoxy group (V)
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TABLE VII-S. Continued

Probe Variable Impact Distance Reqions
block No. P A €9
N1-TIP 746 - 16.96-17.28  Glutarimide >C=0 and: ester group (I, 1V),

n-heptyl group (I11), terminal double bond
or terminal methyl group (V1), methylene
oxybenzy! group (VI11), naphthyl moiety
(VI1), t-butyl group (20)
Glutarimide >C=0 or N-glutarimide
substituents and alkoxy substituent (V)
Hydroxy! group and N-pheny! (21) (1X)

TABLE VIII-S. Non-small cell lung cancer A549

Probe Variable Imoact Distance Regions

block No. P A €9

o0 88 + 10.80-11.20  Glutarimide (NH) hydrogen and: hydroxy!l

group on 1,3-dioxane ring (X), hydroxyl group
of — (CH,),— bridge (I, VI), amino group (I11)

N1-N1 163 + 16.40-16.80  Glutarimide >C=0 and: ester group (3) or

t-hydroxyl group (1) (1), alkoxy substituent
(10, 11) or t-N (13) (V)
TIP-TIP 231 - 19.20-19.60 Length of molecule: substituent on
glutarimide ring and alkoxy groups (V)
N-phenyl and t-butyl group (1X)
Glutarimide ring and termina methyl group
(17) or terminal double bond (16) (VI)
Glutarimide ring and aminonaphthyl
moiety (VIII)

O-TIP 511 + 9.20-9.60 t-Hydroxyl group and glutarimide ring (X)
Hydroxyl group of — (CH,),— bridge and
glutarimide ring (1), N-pheny! group (1X)

Glutarimide (NH) hydrogen and: cyano
groups (5) or Cl-phenyl (4) (1), t-butyl
group (VI1), ethyl group (VIII)
Aminophenyl group and n-heptyl group (111)
Hydroxyl group and glutarimide ring (V1)

O-TIP 521 - 13.20-13.60 Hydroxy! group and ester group (3),
glutarimide (NH) hydrogen and o-methy!|

group (2), t-hydroxyl group and
glutarimidering (1) (1)
Aminophenyl group and glutarimide ring (I11)
Hydroxyl group and: glutarimide ring (8) or
glutarimide (NH) hydrogen and ring D (7) (1V)
Hydroxy! group and terminal double bond (16)
or terminal methyl group (17) (V1),
N-phenyl group (1X)
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TABLE VIII-S. Continued

Probe Variable Impact Distance Reqions
block No. P A 9
O-TIP 521 - 13.20-13.60 Glutarimide (NH) hydrogen and benzy! ring

(VII), naphthyl moiety (VI11)
glutarimide (NH) hydrogen and furan ring (X)

N1-TIP 595 - 18.40-18.80  Glutarimide >C=0 and: ester group (I, 1V),
terminal double bond or terminal methyl
group (VI), amino naphthyl moiety (VI11)
Hydroxyl group and N-phenyl group (1X)

t-Nitrogen and N-butyl group (13) or amino and
methoxy group (11) (V)

TABLE IX-S. Melanoma malme-3M

Probe Variable Impact Distance Reqions
block No. P A 9
o0 87 + 10.40-10.80  Glutarimide (NH) hydrogen and: hydroxy!

group of |(CH,),— bridge (1), amino group (I11),
hydroxy! group (V1), t-hydroxyl group (X)
N1-N1 163 + 16.40-16.80 Oxygen of glutarimide group and: (C=0) of
ester group (3) or t-hydroxy!l group (1) (1)
Oxygen of glutarimide group and
methoxy group (10, 11, 12) (V)
N-Amino group and methoxy group (15) (V)
tert-N of glutarimide ring substituents and
methoxy group (9, 14) or glutarimide
oxygen (13) (V)
TIP-TIP 231 - 19.20-19.60 N-Substituent on glutarimide ring and
substituents on benzene ring (V)
Glutarimide ring and terminal double bond (V1)
Glutarimide ring and amino naphthy!|
moiety (VIII)
N-Phenyl and t-butyl group (1X)
O-TIP 510 + 8.80-9.20 Hydroxy! group of -(CH,),— bridge and
glutarimidering (I, X)
Glutarimide (NH) hydrogen and aminophenyl
group (I11), cyano groups (1), t-butyl group
(VI1), ethyl group (VIII)
Hydroxyl group and glutarimide ring (V1)
Hydroxyl group of -(CH,),— bridge and
t-butyl group (1X)
O-TIP 533 - 18.00-18.40 Glutarimide (NH) hydrogen and: ester group
(1, V), termina double bond (V1), benzyl
group (VI1), aminophenyl group (VIII)
Amino group hydrogen and methoxy group (V)
Hydroxyl group and N-phenyl group (1X)
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TABLE X-S. Colon COLO205

Probe block Va,:llgble I mpact D'St;n ce Regions
DRY-DRY 21 - 8.40-8.80 —CH,— of — (CH,),— bridge and p-methyl group

(3) or «(CH,)— groups of the glutarimide ring
and cycloalkyl groups (1, 2, respectively) (1)
Aromatic moiety and: cyano groups (I1),
n-heptyl group (I11)
Glutarimide ring and double bond
of ring C (1V)
—(CH,)— Groups of glutarimide ring and
aromatic moiety (V), conjugated double
bonds (V1), cycloalkyl groups (1X),
glutarimide naphthyl moiety (V1I1)
o0 88 + 10.80-11.20 Glutarimide (NH) hydrogen and: hydroxyl
group on —(CH,),— bridge (1), amino group
(11), hydroxyl group (V1), 1,3-dioxane ring (X)
N1-N1 163 + 16.40-16.80 Glutarimide >C=0 and: ester group (3) or
t-hydroxy! group (1) (1), akoxy group (10, 11,
12, 15), pyrrolidine nitrogen (13) (V)
Alkoxy group and pyrrolidine nitrogen (14) or
piperidine nitrogen (9) (V)
TIP-TIP 231 — 19.20-19.60 N-Glutarimide ring substituents and
alkoxy group (V)
Glutarimide ring and termina methyl group
or terminal double bond (V1)
Glutarimide ring and glutarimide naphthyl
moiety (VIII)
N-Phenyl group and t-butyl group (1X)
O-TIP 532 — 17.60-18.00 t-Hydroxyl group and glutarimide ring (X)
Hydroxy! group of -(CH,),— bridge and
glutarimide ring (1), N-pheny! group (1X)
Glutarimide (NH) hydrogen and: t-butyl group
(), ester group (1V), akoxy group (10) (V),
terminal methyl group or terminal double
bond (V1), amino group (VIII)
N-Amino group and alkoxy group (V)
N1-TIP 596 — 18.80-19.20 Glutarimide >C=0 and ester group (I, IV),
butoxy group (12) (V), termina methyl
group or terminal double bond (V1),
amino naphthyl moiety (V111)
Pyrrolidine nitrogen and N-alkyl group (13)
V),
Piperidine nitrogen and alkoxy group (14) (V)
Methoxy oxygen and pyrrolidinering (9) (V)
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TABLE XI-S. Renal UO31

Probe
block

Variable Impact Distance Regions
No. P A €

00

N1-N1

TIP-TIP

O-N1

O-TIP

N1-TIP

88 + 10.80-11.20 Glutarimide (NH) hydrogen and: hydroxyl
group on —(CH,),— bridge (1), amino group
(1), hydroxyl group (V1), 1,3-dioxane ring (X)
160 + 15.20-15.60 Glutarimide >C=0 and: ester group (3) or
hydroxy! group (2) (1), ester group (1V),
t-hydroxy! group (1X), >C=0 of glutarimide
naphthyl moiety (VII1I)
Alkoxy group and: glutarimide >C=0 (10, 11,
12, 13, 15) or piperidine N (14) or
pyrrolidine N (9) (V)
231 - 19.20-19.60 Length of molecule: substituent on glutarimide
ring and substituent on benzene ring (V)
Glutarimide ring and terminal methyl group
(V1), aminonaphthyl moiety (VIII)
N-Phenyl and t-butyl group (1X)
464 - 14.60-15.20 t-Hydroxyl group and glutarimide
oxygen (I, IX)
N-Amino hydrogen and methoxy group (15)
or glutarimide (NH) hydrogen and
methoxy group (10) (V)
Glutarimide (NH) hydrogen and ester group (7)
or hydroxyl group and glutarimide (NH)
oxygen (8) (1V), keto group (VI)
521 - 13.20-13.60  Hydroxyl group of |(CH,)— bridge and ester
group (3), t-hydroxyl group and glutarimide
ring (1), glutarimide (NH) hydrogen and
o-Megroup (2) ()
Amino group and glutarimide ring (I11)
Glutarimide (NH) hydrogen and: ring C (7) or
hydroxy! group and glutarimide ring (8) (1V),
benzy! group (VI1), naphthyl moiety (VII1),
substituted pyrrolidine ring (X)
N-Amino group and benzenering (V)
Hydroxy! group and: terminal double bond
or terminal Me group (V1)
Hydroxy! group of -(CH,),— bridge
and aromatic ring (1X)
595 - 18.40-18.80 Glutarimide (NH) hydrogen and ester group (1)
t-Hydroxyl and N-pheny! group (1X)
Glutarimide >C=0 and: nitro group (V1I1),
terminal methyl group or double bond (VI),
alkoxy group (11, 12) (V)
Pyrrolidine N and n-butyl (13) (V) or
methoxy group (9)
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TABLE XII-S. CNS U251

Probe Variable Impact Distance Reqions
block No. P A 9
o0 88 + 10.80-11.20  Glutarimide (NH) hydrogen and: hydroxyl

group on —-CH,),— bridge (1), hydroxy! group
(V1), 1,3-dioxane ring (X)
N1-N1 163 + 15.60-16.00  Glutarimide >C=0 and: ester group (3) or
t-hydroxy! group (2) (1), pyrrolidine N (13) (V)
Alkoxy group and: glutarimide >C=0 (10, 11,
12, 15) or piperidine N (14) or
pyrrolidine N (9) (V)
TIP-TIP 231 - 19.20-19.60 Length of molecule: N-substituent and alkoxy
substituent (V)
Glutarimide >C=0 and: t-Me or double bond
(V1), nitro group (VIII)
N-Phenyl and t-butyl group (1X)
O-N1 464 - 14.80-15.20 t-Hydroxyl group and glutarimide oxygen (1)
Glutarimide (NH) hydrogen and ester group (7)
or hydroxyl group and glutarimide
>C=0(8) (1V)
N-Amino hydrogen and methoxy group (15)
or glutarimide (NH) hydrogen and
methoxy (10) (V)
Glutarimide (NH) hydrogen and
keto group (VI)
Hydroxy! group and glutarimide oxygen (1X)
8.40-8.80 t-Hydroxyl group and glutarimide ring (X),
hydroxy! group on |(CH),— bridge and
glutarimidering (I, V1)
Glutarimide (NH) hydrogen and t-butyl group
(VI), ethyl group (VIII)
Hydroxyl group of |CH,)— bridge and
aromatic ring (1X)
13.20-13.60 Glutarimide (NH) hydrogen and substituted
pyrrolidinering (X)
t-OH and glutarimide ring (1), or glutarimide
(NH) hydrogen and o-Me (2), or hydroxyl
and ester group (3) (1)
Glutarimide (NH) hydrogen and ring C (7)
or hydroxyl and glutarimide ring (8) (1V)
N-Amino group and aromatic ring (V)
Hydroxyl group and terminal methyl group
or terminal double bond (V1)
Glutarimide (NH) hydrogen and benzyl ring
(VII), naphthyl moiety (VI11)
Hydroxyl group on HCH,),— bridge and
aromatic ring (1X)

O-TIP 509

+

O-TIP 521
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TABLE XI1I-S. Ovarian IGROV1

Probe Variable Impact Distance Reqions
block No. P A 9
o0 88 + 10.80-11.20  Glutarimide (NH) hydrogen and: hydroxyl

group on 1,3-dioxanering (X), hydroxyl group
of «(CH,)— bridge (l), hydroxyl group (V1),
amino group hydrogens (I11)
N1-N1 163 + 16.40-16.80  Glutarimide >C=0 and: ester (C=0) group
(3) or t-hydroxyl group (2) (1), or
t-nitrogen (13) (V)
Alkoxy group and: glutarimide >C=0 (10, 11,
12, 15), piperidine N (14), pyrrolidine N (9) or
glutarimide >C=0 and pyrrolidine N (13) (V)
TIP-TIP 231 - 19.20-19.60 Length of molecule: substituent on glutarimide
ring and alkoxy group (V)
Glutarimide ring and terminal methyl group
(17) or terminal double bond (16) (V1)
Glutarimide ring and aminonaphthyl
moiety (VIII)
N-Phenyl and t-butyl group (1X)
O-TIP 511 + 9.20-9.60 Hydroxy! group of -(CH,),— bridge and
glutarimide ring (1), N-pheny! group (1X)
Glutarimide (NH) hydrogen and: cyano groups
(5) or Cl-phenyl (4) (I1), t-butyl ester group
(VI1), ethyl group (VIII)
Aminophenyl group and n-heptyl group (111)
Hydroxyl group and glutarimide ring (V1)
t-Hydroxyl group and glutarimide ring (X)
O-TIP 532 - 17.60-18.00 Glutarimide (NH) hydrogen and methyl ester
group (I, 1V), terminal methyl group or terminal
double bond (VI), methylene oxy-benzyl
group (VI1), nitro group (VIII)
N-Amino and alkoxy group (V)
t-Hydroxyl group and N-phenyl group (1X)
N1-TIP 594 - 18.00-18.40  Glutarimide >C=0 and: ester group (I, 1V),
terminal double bond or terminal methyl
group (V1), aminonaphthyl moiety (VII1),
oxybenzy! group (V1)
Hydroxyl group and N-phenyl group (1X)
Glutarimide >C=0 and alkoxy group (10, 11,
12, 15) or t-nitrogen and: alkoxy (9, 14),
N-alkyl group (13) (V)
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TABLE XIV-S. Breast MFC7

Probe Variable Impact Distance Reqions
block No. P A 9
o0 90 + 11.60-12.00 Glutarimide (NH) hydrogen AND: t-hydroxyl
group (1), 1,3-dioxane ring (X)
N1-N1 165 + 17.20-17.60 Glutarimide >C=0 and: ester (C=0) (1),
pyrrolidine N (V)
TIP-TIP 231 - 19.20-19.60 N-Alkyl and alkoxy group (V)
Length of molecule: glutarimide ring and:
double bond or termina methyl group (V1),
aminonaphthyl moiety (VI1I1)
N-Phenyl and t-butyl group (V1)
O-TIP 521 - 13.20-13.60 Hydroxy! group on «CH,),— bridge and
methy! ester (3) or glutarimide >C=0 and
t-OH group (2) (1)

Hydroxyl group and terminal methyl group
or double bond (V1)

Glutarimide (NH) hydrogen and oxybenzyl ring
(VII), naphthyl moiety (VII1)
Hydroxyl group on «CH,),— bridge and
aromatic ring (1X)

N1-TIP 590 - 16.40-16.80 t-OH or ester carbonyl and glutarimide
ring (1, 3, respectively) (1)
Glutarimide oxygen and: alkoxy group (11, 12)
(V), termina methyl group or double bond
(V1), benzyl ring (V11), aminonaphthyl
moiety (VII1), t-butyl group (20) (1X)
t-OH and aromatic ring (21) (1X)
Alkoxy and N-alkyl group (13) (V)

I DRYDRY26 B O0se

I co111 I N1NT163

I N1N1205 H TIPTIP231
[ TIPTIP2S0 10TIP511

I OTIPE38 ; 3 I OTIP521

Akl 4 [ IN1TIP595

K562 A549
Fig. 8-S. Association of variables with 1-22 for the model on the studied cell lines.
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I 0087
[ NIN1163
. TIPTIP231
[ OTIP511
I OTIP532

N 0088
[ N1N1160
I TIPTIP231
[ OTIP521
I N1TIPSSS

IGROV1 MFC-7

[ DRYDRY21

[ 0088
[ NIN1163
I TIPTIP231
[T oTIPS09
I N1TIPS21

I 0090
[ NIN1165
. TIPTIP231
[ OTIP521
I N1TIP590

Fig. 8-S. Association of variables with 1-22 for the model on the studied cell lines

(continued).
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TABLE XV-S. Intercorrelation matrix of p(Glsp) values for 1-22
Non-small Colon

. CNS Ovarian Renal Breast
Leukaemia cell lung  cancer Cancer Malelano;na cancer  cancer cancer
K-562 cancer COLO- Malme-3M
A549 205 U251 IGROV1 UO-31 MFC-7
Leukaemia 1
K-562
Non-small cell  0.988 1
lung cancer
A549
Colon cancer 0.976 0.989 1
COL 0205
CNS cancer 0.972 0.991 0.991 1
U251
Melanoma 0.971 0.992 0.992 0.992 1
mame-3M
Ovarian cancer  0.962 0.982 0.985 0.993 0.986 1
IGROV1
Renal cancer 0.969 0.985 0.992 0.992 0.988 0.989 1
UO-31

Breast cancer 0.971 0.998 0992 0994  0.997 0983 0985 1
MFC-7
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Acetic acid-promoted condensation of o-phenylenediamine with
aldehydesinto 2-aryl-1-(arylmethyl)-1H-benzimidazoles
under microwave irradiation
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Abstract: An efficient and simple procedure was developed for the green syn-
thesis of various 2-aryl-1-(arylmethyl)-1H-benzimidazoles in high yields by ace-
tic acid-promoted condensation of o-phenylenediamine with aldehydes in air
under microwave irradiation and transition metal catalyst-free conditions.

Keywords: 2-aryl-1-(arylmethyl)-1H-benzimidazoles; o-phenylenediamine; ade-
hydes; microwave irradiation, acetic acid.

INTRODUCTION

The benzimidazole nucleus is of significant importance in medicina che-
mistry and many benzimidazole-containing compounds exhibit important biolo-
gical activities, i.e., as selective neuropeptide YY1 receptor antagonists, 14 5-li-
poxygenase inhibitors for use as novel anti-allergic agents,® factor Xa (FXa) in-
hibitors,® poly (ADP-ribose) polymerase (PARP) inhibitors,” and as human cyto-
megalovirus (HCMV) inhibitors.8 In addition, several substituted benzimidazole
derivatives have been recently reported to have commercia applications in vete-
rinarian medicine, i.e., as anthelmintic agents, and in diverse human therapeutic
areas, such as treatment of ulcers and as antihistaminic.® In the light of the affi-
nity they display towards a variety of enzymes and protein receptors, medicinal
chemists would certainly classify them as “privileged sub-structures’ for drug de-
sign.10 Therefore, the clinical significance of this class of compounds stimulated
interest in the synthesis of novel ring systems agents, with retention of the core
imidazole moiety.

Traditionally, the synthesis of benzimidazoles involves the condensation of
o-phenylenediamine with aldehydes 1113 and carboxylic acids or their deriva-

* Corresponding author. E-mail: azarifar@basu.ac.ir
doi: 10.2298/JSC090901096A
1181
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tives (nitriles, amidates, orthoesters) under harsh dehydrating conditions.14-20
Benzimidazoles have also been prepared on a solid-phase to provide a combi-
natorial approach.2122 The most popular strategies for their synthesis utilize o-
nitroanilines as intermediates or resort to direct N-alkylation of an unsubstituted
benzimidazole.23 A number of synthetic methods that involve intermediate o-nit-
roanilines have evolved to include the synthesis of benzimidazoles on solid sup-
ports.24-29 Another reported approach to these compounds is the reaction of
o-phenylenediamine with aldehydes in the presence of catalysts under various
reaction conditions.30-41 Recently, a one-pot, solvent-free synthesis of biolo-
gicaly active benzimidazole derivatives using a simple grinding method,42 and
another under heterogeneous catalysis of amberlite |R-12043 have been reported.

RESULTS AND DISCUSSION

In continuation of previously reported research on the use of acetic
acid in various transformations,446 herein, a very simple and selective
synthesis of 2-aryl-1-(arylmethyl)-1H-benzimidazoles 2a—m by acetic acid-
-promoted condensation of o-phenylenediamine with aldehydes 1a—m both under
microwave irradiation and conventional thermal heating in air is reported (Sche-
me 1, Tablel).

NH2 N N
AcOH /O, (ain
+ RCHo ———TeBB | \>— R« | \>— R
MW (50 °C)
NH2 N N

or reflux (80 °C) L |

1a-m 2a-m 3j H

R
Scheme 1. The synthesis of the title compounds.

The structural elucidations of the products were based on their spectra (IR,
1H- and 13C-NMR and mass) data as given below.

1-Benzyl-2-phenyl-1H-benzimidazole (2a). IR (KBr, cm—1): 3031 (C-H
stretching of aromatic ring), 2926 (C—H stretching of aliphatic), 1594 (C=N
stretching of imidazole ring), 1549, 1502, 1549, 1448 (C=C stretching of aro-
matic ring), 1371 (C-N stretching of imidazole ring). 1H-NMR (90 MHz, CDCl3,
o/ ppm): 5.34 (2H, s, -CH»-), 7.02-7.28 (15H, m, Ar—H). 13C-NMR (22.5 MHz,
CDCl3, ¢ / ppm): 47.80, 110.32, 119.41, 122.23, 125.72, 127.31, 128.46, 128.78,
128.80, 129.42, 135.51, 135.84, 142.62, 149.82 (C=N), 153.70. MS (n/2): 284
(M7).

1-(4-Methylbenzyl)-2-(4-methyl phenyl)-1H-benzimidazole (2b). IR (KBr, cnrl):
3024 (C—H stretching of aromatic ring), 2930 (C-H stretching of aliphatic), 1623
(C=N dtretching of imidazole ring), 1520, 1488 (C=C stretching of aromatic
ring), 1284 (C-N stretching of imidazole ring). 1H-NMR (90 MHz, CDCl3, & /
/ ppm): 2.45 (3H, s, CH3), 2.51 (3H, s, CH3), 5.53 (2H, s, -CH>-), 7.10-7.95
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(12H, m, Ar-H). 13C-NMR (22.5 MHz, CDCl3, 6 / ppm): 21.0, 21.3, 48.2, 110.3,
119.7, 1225, 122.7, 125.7, 127.0, 128.9, 129.3, 129.5, 133.2, 136.1, 137.4,
139.8, 143.1, 154.2 (C=N). MS (m/2): 312 (M*).

TABLE I. Acetic acid-promoted synthesis of 2-aryl-1-(arylmethyl)-1H-benzimidazoles

a L p PR YN M.p., °C
Product R Time’, min  Yield™, % Found Reported
2a CeHs 25 (4) 92 (97) 132-134 132%
2b 4-MeCgH,4 60 (6) 64 (82) 126-128 126%
2c 4-MeOCgH, 30(5) 90 (96) 130-131 131%
2d 2-MeOCgH, 40 (5) 80 (95) 154-155 151%
2e 4-HOCgH, 30(7) 60 (85) 250-253 254-256""
2f 2-HOCgH, 35(8) 58 (78) 205-208 207-208*
29 4-CICgH, 30(6) 82 (85) 138-140 137%
2h 2-CICeH,4 50 (8) 70 (80) 158-159 155%
2i 4-Me,NCgH, 35(5) 92 (98) 254-256 252%
2j 2-Furyl 50 (5) 70 (75)° 96-98 96*
2k 4-CNCgH, 20 (4) 92 (95) 190-191 187-188"
2l 4-NO,CgH, 35 (6) 68 (86) 119-120 118%
2m 2-NO,CsH4 35(8) 52 (75) 169-170 168-170%

#The products were characterized by their physical properties and spectral analysis and compared with authen-
tic samples; “the reaction times and yields obtained using microwave irradiation are shown in the parenthesis;
Cyield isolated; dthe product 3j was isolated in 20 (thermal) and 25 % (microwave irradiation) yields. M.p.
122-124 °C (lit.:* 120 °C)

1-(4-Methoxybenzyl)-2-(4-methoxyphenyl)- 1H-benzimidazole (2¢). IR (KBr,
cmr1): 3030 (C-H stretching of aromatic ring), 2932 (C—H stretching of alipha-
tic), 1609 (C=N stretching of imidazole ring), 1538, 1460 (C=C stretching of aro-
matic ring), 1244 (C-N stretching of imidazole ring). 1H-NMR (90 Mz, CDCl3,
o / ppm): 3.79 (3H, s, OCH3), 3.89 (3H, s, OCH3), 5.34 (2H, s, -CH>-), 6.92—
—7.78 (12H, m, Ar-H). 13C-NMR (22.5 MHz, CDCl3, 6 / ppm): 47.8, 55.2, 55.3,
110.3, 114.2, 114.4, 119.6, 122.5, 122.7, 127.2, 128.4, 130.6, 136.1, 143.2, 154.0
(C=N), 159.1, 160.9. MS (m/2): 344 (M*).

1-(2-Methoxybenzyl)- 2-(2-methoxyphenyl)-1H-benzimidazole (2d). IR (KBr,
cm1): 3063 (C—H stretching of aromatic ring), 2961 (C—H stretching of alipha-
tic), 1600 (C=N stretching of imidazole ring), 1583, 1454 (C=C stretching of aro-
matic ring), 1258 (C-N stretching of imidazole ring); 1H-NMR (90 MHz, CDCl3,
o / ppm): 3.46 (3H, s, OCH3), 3.64 (3H, s, OCH3), 5.21 (2H, s, -CH»>-), 6.64—
—7.81 (12H, m, Ar—H). 13C-NMR (22.5 MHz, CDCl3, § / ppm): 43.2, 55.0, 55.1,
109.8, 110.5, 110.6, 119.7, 120.2, 120.6, 121.8, 122.3, 124.3, 127.4, 128.2,
131.3,132.1, 135.3, 143.1, 152.4 (C=N), 156.3, 157.3. MS (m/2): 344 (M*).

4-{[ 2-(4-Hydr oxyphenyl!)-1H-benz midazol - 1-yl] methyl }phenol (2€). IR (KBr,
cm1): 3348 (O-H stretching of phenyl ring), 3002 (C—H stretching of aromatic
ring), 2925 (C-H stretching of aliphatic), 1597 (C=N stretching of imidazole
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ring), 1515, 1412 (C=C stretching of aromatic ring), 1266 (C—N stretching of
imidazole ring). 1H-NMR (90 MHz, DMSO-dg, J / ppm): 5.32 (2H, s, -CH>),
6.78-7.80 (12H, m, Ar—H), 9.33 (1H, brs, OH), 9.89 (1H, brs, OH). MS (nV2):
316 (M™).

2-{[2-(2-Hydroxyphenyl)-1H-benzimidazol - 1-yl] methyl }phenol (2f). IR (KBr,
cm1): 3384 (O-H stretching of phenyl ring), 3010 (C—H stretching of aromatic
ring), 2910 (C—H stretching of aliphatic), 1600 (C=N stretching of imidazole
ring), 1460, 1425 (C=C stretching of aromatic ring), 1298 (C—N stretching of
imidazole ring). 1H-NMR (90 MHz, DMSO-dg, 6 / ppm): 5.58 (2H, s, -CH>-),
6.18-7.34 (12H, m, Ar—H), 9.48 (1H, brs, OH), 10.04 (1H, brs, OH). MS (nV2):
316 (M™).

1-(4-Chlorobenzyl)-2-(4-chlorophenyl)-1H-benzimidazole (2g). IR (KBr,
cmr1): 3050 (C—H stretching of aromatic ring), 2920 (C-H stretching of ali-
phatic), 1546 (C=N stretching of imidazole ring), 1522, 1441 (C=C stretching of
aromatic ring), 1346 (C-N stretching of imidazole ring). 1H-NMR (90 MHz,
CDCl3, 6 / ppm): 5.49 (2H, s, -CH>-), 7.14-8.19 (12H, m, Ar-H). 13C-NMR
(22.5 MHz, CDCl3, o / ppm): 47.6, 110.3, 120.1, 123.2, 123.4, 127.2, 128.4,
129.1, 129.2, 130.3, 133.7, 134.6, 135.7, 136.2, 142.9, 152.8 (C=N); MS (m/2):
353 (M™).

1-(2-Chlorobenzyl)-2-(2-chlorophenyl)-1H-benzimidazole (2h). IR (KBr,
cmr1): 3059 (C—H stretching of aromatic ring), 2924 (C—H stretching of alipha-
tic), 1612 (C=N stretching of imidazole ring), 1512, 1418 (C=C stretching of aro-
matic ring), 1396 (C-N stretching of imidazole ring). 1H-NMR (90 MHz, CDCl3,
5/ ppm): 5.33 (2H, s, -CH»>-), 6.57-7.85 (12H, m, Ar-H). 13C-NMR (22.5 MHz,
CDCl3, o / ppm): 45.6, 110.4, 120.3, 122.4, 123.3, 126.7, 127.0, 127.6, 128.8,
1294, 129.3, 129.7, 131.2, 132.1, 132.3, 133.2, 134.1, 134.6, 142.8, 151.3
(C=N). MS (m/2): 353 (M*).

1-[4-(Dimethylamino)benzyl] - 2-[ 4-(dimethylamino) phenyl] - 1H-benzimidazol e
(2i). IR (KBr, cm1): 3029 (C-H stretching of aromatic ring), 2912 (C-H
stretching of aiphatic), 1590 (C=N stretching of imidazole ring), 1520, 1412
(C=C stretching of aromatic ring), 1348 (C-N stretching of imidazole ring). 1H-
-NMR (90 MHz, CDCl3, ¢ / ppm): 2.84 (6H, s, NMey), 2.92 (6H, s, NMey), 5.42
(2H, s, -CH»>-), 6.68-7.03 (12H, m, Ar-H). 13C-NMR (22.5 MHz, CDCl3, J /
/ ppm): 40.1, 40.4, 48.0, 110.4, 111.6, 112.6, 117.0, 119.1, 122.2, 124.2, 126.7,
130.3, 136.2, 143.0, 149.8, 151.1 (C=N), 155.2. MS (nV2): 370 (M™).

2-(2-Furyl)-1-(2-furylmethyl)-1H-benzimidazole (2j). IR (KBr, cm1): 3020
(C—H stretching of aromatic ring), 2925 (C-H stretching of aliphatic), 1577
(C=N stretching of imidazole ring), 1512, 1470 (C=C stretching of aromatic
ring), 1328 (C—N stretching of imidazole ring), 1248 (C-O stretching of furyl
ring). 1H-NMR (90 MHz, CDCl3, J / ppm): 5.60 (2H, s, -CH»-), 6.21-7.60
(10H, m, Ar—H). 13C-NMR (22.5 MHz, DMSO-dg, 6 / ppm): 41.6, 108.2, 109.8,
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110.0, 1104, 112.0, 112.8, 119.7, 122.8, 123.2, 135.3, 142.5, 142.9, 143.7,
145.3, 149.5 (C=N). MS (m/2): 264 (M™).

4-{[ 2-(4-Cyanophenyl)-1H-benzimidazol-1-yl] methyl}benzonitrile  (2k). IR
(KBr, cmr1): 3061 (C—H stretching of aromatic ring), 2912 (C-H stretching of
aliphatic), 2227 (C-N stretching of phenyl ring) 1608 (C=N stretching of imi-
dazole ring), 1504, 1478, 1457 (C=C stretching of aromatic ring), 1386 (C—N
stretching of imidazole ring). 1H-NMR (90 MHz, CDCl3, 6 / ppm): 5.49 (2H, s,
—CHy-), 7.21-7.72 (12H, m, Ar-H); 13C-NMR (22.5 MHz, CDClzg, § / ppm):
48.0, 110.2, 111.1, 112.3, 113.7, 117.9, 120.6, 123.5, 124.2, 126.6, 129.6, 132.5,
133.0, 134.1, 135.9, 141.1, 143.1, 151.7 (C=N). MS (m/2): 334 (M*).

1-(4-Nitrobenzyl)-2-(4-nitrophenyl)-1H-benzimidazole (21). IR (KBr, cm1):
3075 (C-H stretching of aromatic ring), 2926 (C—H stretching of aliphatic), 1614
(C=N stretching of imidazole ring), 1526, 1350 (-NO, stretching of aromatic
ring), 1507, 1445 (C=C stretching of aromatic ring), 1390 (C—N stretching of
imidazole ring). 1H-NMR (90 MHz, CDCl3, ¢ / ppm): 5.50 (2H, s, -CH»-), 7.22—
—8.37 (12H, m, Ar-H). 13C-NMR (22.5 MHz, CDCl3, ¢ / ppm): 47.8, 110.2,
120.5, 123.6, 124.0, 124.5, 124.7, 126.6, 130.1, 135.6, 135.8, 142.5, 143.0,
147.5, 1485, 151.2 (C=N); MS (m/2): 374 (M*).

1-(2-Nitrobenzyl)-2-(2-nitrophenyl)-1H-benzimidazole (2m). IR (KBr, cnl):
3085 (C—H stretching of aromatic ring), 2964 (C-H stretching of aliphatic), 1611
(C=N stretching of imidazole ring), 1529, 1347 (—NO- stretching of aromatic
ring), 1576, 1459, 1433 (C=C stretching of aromatic ring), 1314 (C—N stretching
of imidazole ring). IH-NMR (90 MHz, CDCl3, § / ppm): 5.56 (2H, s,
—CHy-), 6.59-7.64 (12H, m, Ar-H). 13C-NMR (22.5 MHz, CDCl3, § / ppm):
45.6, 110.2, 120.3, 123.0, 123.6, 124.8, 125.0, 125.5, 128.2, 128.7, 131.4, 131.8,
133.2,134.1, 134.6, 143.0, 146.5, 148.7, 149.6 (C=N); MS (m/2): 374 (M*).

The H- and 13C-NMR spectra of the obtained products are in full conso-
nance with benzimidazole structures and their melting points are in agreement
with those reported,13 (Table 1). It was observed that the reactions performed
under microwave irradiation were brought to completion in 4-12 min at the 60 %
power level. When these reactions were performed under reflux condition at 80
°C for the same time, lower yields of products were obtained, as givenin Tablel.

A possible mechanism proposed for these reactions is depicted in Scheme 2.
This mechanism probably involves an initial acetic acid-promoted condensation
of o-phenylenediamine with aldehydes 1a—m to yield a di-imine intermediate A
followed by cyclization to the 2-aryl-1-(arylmethyl)-1H-benzimidazoles 2a—m
through the intermediate B (path a). In order to confirm the involvement of the
diarylidene-o-phenylenediamine (A) as an intermediate, dibenzylidene-o-phenyl-
enediamine was prepared separately by the reaction of o-phenylenediamine with
two equimolar amounts of benzaldehyde in AcOH at 100 °C after 20 min. Mic-
rowave irradiation of purely separated dibenzylidene-o-phenylenediamine as a
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test compound in acetic acid under the same conditions as used for the reactions
resulted merely in the formation of 1-benzyl-2-phenyl-1H-benzimidazole (2a).
This can be indicative that the reaction probably occurs via path a, with the
formation of A, followed by 1,3-hydride transfer, according to previous sugges-
tions.32:364147 However, the formation of 2-(2-furyl)benzimidazole 3j in minor
yield in the case of furylaldehyde (Table I) can be explained possibly through
path b involving the formation of dihydrobenzimidazole C intermediate followed
by dehydrative oxidation in air to yield 2-arylbenzimidazole 3, as suggested by
Xiangming8 and Zelenin et al 49 A direct oxidative condensation of aldoses with
diamines using molecular iodine in AcOH has already been reported for an im-
proved synthesis of aldo-benzimidazoles and aldo-naphthimidazoles, which sup-
ports the observations in this work.%0 It is important to emphasize that, when
these reactions were conducted under nitrogen atmosphere, no formation of com-
pound 3 was detected and compounds 2a—m were isolated as the sole productsin
dightly improved yields. This ratifies the role of air in partial oxidation of the
intermediate C to provide 1H-benzimidazole 3j.

(cat) Hicat)

&

Hi
I
N

R N N
® et patha ® - R -AcOH A\
° — - ~— ®, —_— R
)|\ N R N N
[B] \ \\
2a-m R
NH, i'
N N
AcOH/O;, (ain A\
NH, L R — R
N
|

path b N
|

€1 H 35 H

Scheme 2. The suggested mechanism for the formation of the title compounds.

¢

EXPERIMENTAL

Solvents, reagents, and chemical materials were obtained from Aldrich and Merck and
purified prior to use. Melting points were determined in open capillary tubes in a Stuart SMP3
apparatus and are uncorrected. Nuclear magnetic resonance spectra were recorded on a JEOL
FX 90Q using tetramethylsilane (TMS) as the internal standard. Infrared spectra were re-
corded on a Perkin Elmer GX FT IR spectrometer (KBr pellets). The microwave-assisted re-
actions were conducted in a Milstone CombiChem microwave synthesizer. In al irradiation ex-
periments, rotation of rotor, irradiation time, temperature and power were monitored with the
“Easy Wave' software package. Benzimidazoles were characterized based on their melting
points and IR, *H- and 13C-NMR spectral data, which were compared with reported data 323341
General procedure for the synthesis of 2-aryl-1-(arylmethyl)-1H-benz midazoles (2a—m)
under microwave irradiation and thermal conditions

A mixture of o-phenylenediamine (0.11 g, 1.0 mmol) and adehyde 1 (2.0 mmol) dis-
solved in glacial acetic acid (10 ml) was capped and irradiated in a Milstone CombiChem
microwave synthesizer for the appropriate time at 50 °C (Table ). The progress of the reac-
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tion was monitored by intermittent rapid cooling of the mixture to r.t. every one minute and
analyzing by TLC (n-hexane/ethyl acetate, 2:8). After complete conversion of the substrate as
indicated by TLC analysis, the solvent was evaporated under reduced pressure to leave the
products 2a—m (and 3j), which were recrystallized from EtOH (96 %) (Table ). Similarly, in
a separate set of experiments, these reactions were all repeated in acetic acid under reflux con-
dition at 80 °C (Table1). Their melting points and yields are summarized in Tablel.

CONCLUSIONS

In conclusion, the present work offers a simple procedure promoted by inex-
pensive and non-toxic glacial acetic acid as an efficient methodology for the syn-
thesis of 2-aryl-1-(arylmethyl)-1H-benzimidazoles via condensation of aromatic
aldehydes with o-phenylenediamine both under microwave irradiation and con-
ventional thermal heating. A mild, manipulatable procedure, eco-friendly and
green aspects avoiding hazardous solvents, shorter reaction times and high yields
of the products are the advantages of this method.

Acknowledgment. We wish to thank the research council of Bu-Ali Sina University, Ha-
madan, Iran, for financial support to carry out this research.

U3BO [
KOHAEH3ALINJA o-OEHWIEHIUAMUHA U AJIJAEXUJIA 10 2-APWJI-1-(APUJIIMETWI)-

-1H-BEH3UMUIA3OJIA V ITIPUCYCTBY CUPRETHE KMCEJIMHE
I10J] YCIIOBUMA MUKPOTAJIACHOI 3PAYEHA

DAVOOD AZARIFAR!, MOJGAN PIRHAYATIY, BEHROOZ MALEKI?,
MEHRANGIZ SANGINABADI* u RAZIEH NEJAT YAMI?
1Faculty of Chemistry, Bu-Ali Sna University, Hamadan-65178 u 2Department of Chemistry,
Sabzevar Tarbiat Moallem University, Sabzevar-397, Iran

Pa3Bujen je jenHocrtaBaH, eduKacaH M EKOJOIIKH INPUXBATJBMB MOCTYNAK 33 CHHTE3y pa3-
IMYUTUX 2-apui-1-(apunmeriin)-1H-6eH3nMuiasona, KOHICH3ALUHjOM o-(QeHUICHIMAMUHA U aj-
JeXu/ia y IPUCYCTBY CUpheTHE KMCEIMHE MO yCIOBHMa MUKPOTAJIaCHOT 03paurBama 6e3 HHepTHE
aTMocdepe 1 IpUcycTBa MpelasHUX MeTalla Kao KaTajiki3aTopa.

(Ipumsseno 1. cenremGpa 2009, pesuaupano 30. anpuna 2010)
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Abstract: The interaction of the Schiff base (K[HL]) with herring sperm DNA
was studied by UV—Vis absorption, fluorescence and viscosity methods in a
physiological pH environment (pH 7.40), where the Schiff base was derived
from vanillin and L-tryptophan. A binding ratio of nK[HL]:nDNA = 5:1 and an
apparent molar absorption coefficient of g K[HL]-DNA) = 4.98x10° L mol-1 cm1
were confirmed by the mole ratio method. The binding constants of Kg©(301
K) =1.94 x10° L mol-1 and Kg®(310 K) = 1.09x10° L-mol-1 were obtained by
the double reciprocal method. Thermodynamic parameters suggest that the
interaction between K[HL] and DNA is driven mainly by enthalpy. Combined
with Scatchard methods and viscosity methods, the results indicate the pre-
sence of intercalation and groove binding between K[HL] and DNA.

Keywords: vanillin; L-tryptophan; Schiff base; herring sperm DNA; interaction.

INTRODUCTION

The numerous hitherto performed biological experiments suggest that DNA
is the primary intracdlular target of an anticancer complex because the
interaction between this molecule and DNA can cause DNA damage in cancer
cells, blocking the division of cancer cells and resulting in cell death.1.2 Ge-
nerally, there are three modes for reversible binding of molecules with double-
helix DNA in a non-covalent way: i) electrostatic interaction — electrostatic
attractions with the anionic sugar-phosphate backbone of DNA, ii) groove bind-
ing—interactions with the DNA groove and iii) intercalation between the base
pairs. Depending on the structural features of both the molecules and DNA, many
molecules show more than a single interaction mode with DNA .3

* Corresponding author. E-mail: xmwang_xkd@yahoo.com.cn
doi: 10.2298/J5C100128107Z
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A Schiff base is obtained by the condensation reaction between an aldehyde
and an amine. They have recently received considerable attention due to their
good performance in coordination chemistry, unique anti-bacterial, anti-cancer,
and other physical activities 45 In particular, Schiff base complexes obtained
from amino acids are finding applications in the understanding of many bioche-
mical reactions in vivo. An amino acid is a kind of important biological ligand,
which contains several N and O atoms. Cancerous cells have a much greater de-
mand for amino acids than norma cells. Hence, amino acid Schiff base may
deliver an anti-cancer base to cancerous cells, thereby increasing the selectivity
of anti-cancer cells.”

L-Tryptophan (Trp) is an essentia amino acid which is required for the
biosynthesis of proteins. It is important in nitrogen balance and the maintenance
of muscle mass and body weight in humans.8

In this study, a Schiff base containing an azomethine group was prepared by
the condensation of vanillin with L-tryptophan, and then the interaction of the
Schiff base with DNA was investigated systematically by spectroscopy and vis-
cosity approaches. A series of thermodynamic parameters and binding constants
were also obtained. The results are helpful to understand the interaction modes
between the amino acid Schiff base and DNA.

EXPERIMENTAL
Apparatus

Carbon, hydrogen and nitrogen were obtained using a Vario El Cube instrument. The IR
spectra (400-4000 cmrl) were recorded as KBr pellets on a Spectrum One FTIR spectropho-
tometer. The absorption spectra were measured on an UV-210 spectrophotometer. The fluo-
rescence spectra were recorded with a FL-4500 spectrofluorometer. The pH was measured
using a pHS-2C digital pH-meter with a combined glass-calomel electrode.

Materials

Herring sperm DNA (hsDNA) was purchased from Sigma Biological Co. and used as
received. The purity of the DNA was checked by monitoring the ratio of the absorbance at
260 and 280 nm. The ratio was 1.89, indicating that the DNA was free from protein.® The
DNA was dissolved in doubly distilled deionized water with 50 mM NaCl and dialyzed for 48
h against a buffer solution at 4 °C. The concentration of the hsDNA stock solution was
determined according to the absorbance at 260 nm using an extinction coefficients of 6600 L
mol-t cm™.

A tris-HCI buffer (pH 7.40) was used to control the pH of the reaction system. All of the
samples were dissolved in the Tris-HCI buffer. L-Tryptophan was purchased from the Chen-
gdu-China Kelong Chemical Plant (A.R.). Vanillin was purchased from the Xian-China Che-
mical Plant (A.R.). Acridine orange (AO) was purchased from the Shanghai-China Medicine
Chemical Plant (A.R.). Other reagents were of at least analytical grade and were used without
further purification.
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Preparation of K[HL]

The Schiff base (K[HL]) derived from vanillin and L-tryptophan was prepared using a
method similar to one given in the literature.19 To a solution of vanillin (0.18 g, 1.2 mmol) in
MeOH (10 cm3), L-tryptophan (0.20 g, 1.0 mmol) in MeOH (15 cmd) containing KOH (0.056
0, 1.0 mmol) was added. The obtained solution was then magnetically stirred for 5 h at 50-60
°C on awater bath. The volume of the obtained brownish red solution was reduced in vacuo
using a rotary evaporator and then washed with absolute ethanol. After standing for several
days, black crystals formed. Anhydrous diethyl ether was added to wash the black crystals and
they were then dried in vacuo for 2 h.

Absorption spectral measurements

A solution (3 mL) containing an appropriate concentration of K[HL] in 1.0 cm quartz
cells was titrated by successive additions of a certain concentration of DNA stock solution.
The titration was performed manually using a micro-injector. Each addition was 10 pL to
avoid a change in the volume. Appropriate blanks corresponding to the buffer were used as
the reference. The absorption spectrawere measured 5 min after each addition.

Fluorescence spectral measurements

A solution (3 mL) containing an appropriate concentration of K[HL]-DNA in 1.0 cm
quartz cells was titrated using a stock solution of AO and a solution (3.0 mL) containing an
appropriate concentration of AO-DNA in 1.0 cm quartz cells was titrated using a stock so-
lution of K[HL]. The titrations were performed manually using a micro-injector. Each addi-
tion was 10 pL to avoid a change in the volume. The widths of both the excitation dlit and the
emission slit were set at 5.0 nm; and the excitation wavelength was set at 411.7 nm. The fluo-
rescence emission spectrawere measured 5 min after each addition.

Viscosity measurements

The viscosity experiments were realized using a viscometer which was immersed in a
water-bath thermostated at room temperature. Different amounts of K[HL] were then added
into the viscometer to give different values of c(K[HL]) while keeping the DNA concentration
constant. The flow times of the samples were repeatedly measured with an accuracy of £0.2 s
using a digital stopwatch. Each point value was the average of at least three time measure-
ments. The data are presented as (4/50) Y3 versus c(K[HL]), where # and 7 are the viscosity of
DNA in the presence and absence of the Schiff base, respectively.

RESULTS AND DISCUSSION

The IR spectrum of the black crystals of the synthesized Schiff base dis-
played clearly a strong band at 1627 cm! that can be assigned to the v(C=N)
azomethine stretching vibration. The symmetric carboxyl stretching vgm(COO” )
and the asymmetric carboxyl stretching vagm(COO") were at 1390 and 1593 cm™*
respectively. The IR spectrum also showed a broad band at 3398 cm™, which can
be attributed to the stretching vibration of the —-OH group.1! This |nd|cates that a
water molecule was present in the Schiff base.

Anal. Calcd. for C1gH17N204K -2H50: C, 55.34; H, 4.13; N, 6.80 %. Found:
C, 55.91; H, 4.58; N, 6.61 %.

From the above results, the structure of K[HL] can be deduced (Scheme 1).
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Absorption spectral studies

The binding of small molecules to DNA is classically characterized through
absorption titrations.12 Generally, a red shift (or blue shift) and hypochromic (or
hyperchromic) effect are observed in the absorption spectra of small molecules if
they intercalate with DNA.

HO K

N
HsCO 7
\ Scheme 1. Structure of the Schiff base

N (KIHL]).

UV—Vis absorption spectra were obtained by titration of a K[HL] solution
with increasing concentrations of DNA (Fig. 1). In the absence of DNA, the UV—
—Vis spectrum of K[HL] is characterized by three transitions: two higher energy
absorptions bands at 213 and 280 nm; and a lower energy absorption band at 340
nm. With increasing concentration of DNA, the intensity of both the 213 and 280
nm absorbance peaks gradually increased, but the intensity of the 340 nm peak
decreased. |sochromatic points were obtained at 317 and 375 nm.
1.60+
1.40
1.20 1
1.00
0.80-
0.60
0.40

Absorbance

0.20-
0.00] -
200 250 300 350 400

Fig. 1. Absorption spectra of K[HL] in different concentration of DNA (pH 7.40); for curve
1-21, ¢(K[HL]) = 1.00x10° mol L1, c(DNA) = 0.00, 0.02, 0.04, 0.06, 0.08,
0.10, 0.12, 0.14, 0.16, 0.18, 0.20, 0.22, 0.24, 0.26, 0.28, 0.30, 0.32,
0.34, 0.36, 0.38 and 0.40x10" mol L1, respectively.

A hypochromic effect and isosbestic points are evidence of DNA-interca-
lation.1314 The absorption spectra of K[HL] in the presence of DNA showed
hypochromicity and isochromatic points, indicating the presence of intercalation
between K[HL] and DNA.
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In order to determine the stoichiometry for the formation of the K[HL]-
—DNA complex, the mole ratio method®> was applied to the pesk 213 nm. The
mole ratio plots of DNA with K[HL] are shown in Fig. 2. The binding ratio of the
complex was obtained: nkjHL]:Npna = 5:1. According to the Lambert—Beer law:
A = ¢bc, where A is the absorbance of K[HL]-DNA, ¢ is the apparent molar
absorption coefficient of K[HL]-DNA and c is the concentration of K|HL]-DNA.
The apparent molar absorption coefficient of K[HL]-DNA was ¢ = 4.98x10° L
mol—1 cmL,

1,60+
1.40
1.20
]
§ 1.00-
o
3 080
<«
0.60
0.40 , .
Fig. 2. Moleratio plots of K[HL]-DNA
0.20 : : : : : intrissHCI buffer (pH 7.40); c(K[HL]) =
0.0 0.1 0.2 0.3 0.4 =1.00x10"° mol L1; ¢(DNA) =
Cona S =6.00x105 mol L1, 2 = 213 nm.

Double reciprocal method

In order to determine the interaction between K[HL] and DNA, the binding
constant was determined. The absorption relationship between the complex and
DNA was expressed by the double reciprocal equation:16-18

V(Ao —A) = UAg + L(KAoCDNA) )
where Ag and A are the absorbances of K[HL] in the absence and in the presence
of DNA, respectively. K is the binding constant between K[HL] and DNA and
CDNA isthe concentration of DNA.

The double reciprocal plots of 1/(Ag — A) versus 1/cpya Were linear at 28 °C
and 37 °C and the binding constants were calculated from the ratio of the in-
tercept on the vertical (Fig. 3): Kg©(301 K) = 1.94x10° L mol—1, Kg®(310 K) =
= 1.09x105 L mol-1. The above observed values are smaller than those of clas-
sical intercalators (ethidium—DNA,1° 7x107 L mol-1; proflavin-DNA,20 4.1x10°
L mol-1).

To obtain a detailed view of the interaction, the approach of parsing the free
energy into component terms is a powerful and insightful method. The enthal py
change (AH) is considered as 0 for asmall change of temperature.21 The standard
molar reaction enthalpy (AfH»®), K€ and T are estimated from the following
relationship:
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In K2®/K1® = -AHR® (UT>-UT9)/R 2

where K1© and K,© are the standard binding constant of K[HL] and DNA at 28
and 37 °C, respectively, T1 is 301.15 K, T2 is 310.15 K. A{H,® is the standard
molar reaction enthalpy. Then A{Hy,© is —49.7 kJ mol—L. This result shows that

the binding of K[HL] to DNA is exothermic.
14+

124 = 37°C
°« 28°C
10-
<. s
<
s g4
44
2_
0+ Fig. 3. Double reciprocal plots of
T . y y y ' K[HL]-DNA in tris-HCI buffer
0 1 20 30 40 50 (pH 7.40) at 28 and 37 °C;
(1/c,,,,)/10 molL c(K[HL]) = 1.00x105 mol L-1.

The standard molar reaction Gibbs free energy (A/Gn,®) and the standard
molar reaction entropy (A;Sy,°) are estimated from the following relationships:

AGm® = AtHm® = TAS® 3

AGy® =-RT InK® 4

where T is 301.15 K; K€ is the standard binding constant of K[HL] and DNA at
28 °C. A{G,© is-30.5 kJ mol—! and A;Sy,© is —63.8 J mol-1 K-1. The negative
Gibbs free energy value indicates that the reaction between K[HL] and DNA is
possible. The negative entropy value indicates that the degree of freedom of
K[HL] is decreased after the binding, and that the DNA conformational freedom
is also reduced upon K[HL]-DNA binding. It is obvious that the process of in-
teraction of K[HL] and DNA is energetically highly favorable at room tempe-
rature and the binding reaction is driven mainly by enthal py.22

Fluorescence measurements using Acridine Orange as a probe

Fluorescence is very useful method to investigate the interaction between
small molecules and DNA. The fluorescence of DNA is weak, hence the utili-
zation of fluorescence probes enables the study of interaction between small
molecules and DNA. Acridine orange (AO) is a kind of cationic dye. Due to its
planar aromatic chromophore, it can insert between two adjacent base pairsin a
DNA helix.
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The emission spectra of K[HL] bound to DNA in the absence and the pre-
sence of AO are given in Fig. 4. There was a significant increase in the fluores-
cence intensity and ared shift in the emission wavelength from 527 to 533 nm as
aresult of AO insertion between the base pairs of DNA.

If K[HL] has the same binding mode with DNA as AO, there will be compe-
tition between AO and the complex with DNA. Hence, the fluorescence spectrum
will be changed.23 The emission spectra of AO bound to DNA in the absence and
the presence of K[HL] are given in Fig. 5. It could be seen that the fluorescence
intensity of DNA-AO was efficiently quenched. This phenomenon suggested
that K[HL] substituted for AO in the DNA-AO system, which led to a large de-
crease in the emission intensity of the DNA-AO system.

50
401
2 301
7]
g Fig. 4. Emission spectra of K[HL]—
£ 204 —DNA in different concentrations
of AO (pH 7.40; /e = 411.7 nm);
10 from curve 1-16, cpnya = 2.00x10°
mol L1, cao = 0.00, 0.02, 0.04,
0 0.06, 0.08, 0.10, 0.12, 0.14, 0.16,
- 0.18, 0.20, 0.22, 0.24, 0.26, 0.28,
450 500 550 600 650 and 0.30x104 mol L1,

Anm respectively.

Fig. 5. Emission spectra of DNA—
—AOQ in different concentrations of
K[HL] (pH 7.40; Ae = 411.7 nm);
from curve 1-16, Cpna-ao =
= 2.00%10°° mol L1, cpi = 0.00,
0.01, 0.02, 0.03, 0.04, 0.05, 0.06,
: : : , 0.07, 0.08, 0.09, 0.10, 0.11, 0.12,
450 500 550 600 650  0.13,0.14 and 0.15x103 mol L1,

Alnm respectively.

Intensity

From the changes in the emission spectra of Figs. 4 and 5, it can be seen that
the competition between AO and K[HL] for DNA was remarkable. As the inter-
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action between AO and DNA is intercalation, then the presence of intercalation
between K[HL] and DNA is basically confirmed.24

Scatchard method

The binding mode between small molecules with DNA can be determined
using the Scatchard procedure.25 The Scatchard Equation expresses the binding
of DNA-AOQ in the presence of K[HL].

rao/cao =K(n-rao) ©)
where rao is moles of AO bound per mole of DNA, cao is the molar concentra-
tion of free AO, n is binding site multiplicity per class of binding sites and K is
the association binding constant of AO with DNA. Generally, if K[HL] interacts
with DNA by the intercalation mode, the value of n remains constant and that of
K changes in the Scatchard plot. If K[HL] interacts with DNA by a non-inter-
calation binding mode involving groove binding or e ectrostatic interaction, the
value of K remains constant and that of n changes in the Scatchard plot. If K[HL]
interacts with DNA by a mix binding mode containing non-intercalation and in-
tercalation modes, the values of both n and K change in the Scatchard plot.26

Different concentrations of K[HL] (R; = ckjHL)/cona = 0.00, 0.15, 0.30 and
0.45) were used. In order to investigate the effects of electrostatic binding on the
interaction between K[HL] and DNA, two groups of experiments with and
without the addition of NaCl as a contrast were performed. The influence of
NaCl, which is not an anionic quencher of DNA, on K[HL]-AO-DNA comes
only from ionic strength.2” From the Scatchard plots, the values of K and n were
obtained. The results are shownin Tablel.

TABLE |. Datafrom the Scatchard Equation for the interaction between K[HL] and DNA

Curve R NaCl mass% Scatchard K/L mol™ n

a 0.00 5.00 3.86x10°—1.81x10"r oo 1.81x10’ 0.0212
0 5.12x10°-3.42%10"r no 3.42x10" 0.0145

b 0.15 5.00 5.47x10°-2.67%10"r no 2.67x10’ 0.0215
0 3.91x10°-2.64%10"r oo 2.64x10’ 0.0148

c 0.30 5.00 7.55%10°—2.60%10°r a0 2.60x10’ 0.0290
0 4.30x10°-2.43%107r oo 2.43x10’ 0.0176

d 0.45 5.00 5.48x10°—1.75%10"r oo 1.75%10’ 0.0303
0 3.97x10°-2.23x107r 50 2.23x10’ 0.0178

As can be seen from Table I, the values of both n and K changed with the
different concentrations of K[HL]. The variation of the parameters n and K
suggested a mixed interaction between K[HL] and DNA. Generaly, if nis re-
duced in the presence of NaCl, electrostatic interaction are indicated,28 but if nis
increased, the existence of groove interactions in the K[HL]-DNA system is in-
dicated. Thus, the results suggest the presence of intercalation and groove bind-
ing of K[HL] to DNA.
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Viscosity method

In the absence of crystallographic structural data, hydrodynamic measure-
ments, being sensitive to length change, are regarded as the most critical tests for
a binding mode! in solution.29 To further clarify the interaction between K[HL]
and DNA, viscosity measurements were performed.

A classical intercalation mode is known to cause a significant increase in the
viscosity of a DNA solution, as the presence of an intercalator forces the effected
base-pairs away from each other, thereby causing unwinding the double helix and
the lengthening by a given amount of DNA. In contrast, a partial intercalation
mode could bend (or kink) the DNA helix and reduce its effective length and,
concomitantly, its viscosity. Non-intercalation binding causes no obvious
increase in DNA viscosity.29.30

The values of the relative specific viscosity (1/70)Y3 (where 5o and 7 are the
specific viscosity contributions of DNA in the absence and in the presence of the
K[HL], respectively) were plotted against ckqi (Fig. 6). In this study, the rela-
tive viscosity of the DNA increased dightly with increasing amounts of the K[HL],
but the increase was not as pronounced as those observed for the classical in-
tercalator ethidium bromide.3! This might be due to the lengthening of the DNA
double helix resulting from partial intercalation. This conclusion is in agreement
with the other above-mentioned studies.

1.004 -
1.003 -
SE-*
E- 1.002
1.001 4 /
' " Fig. 6. Effect of increasing
1.000{ e—" amounts of K[HL] on the
T & . 7 relativeviscosities of DNA
0 2 4 i 81 10 12 at 25 °C; cpna =
Gy 10 "mol-L =1.00x104 mol L1,
CONCLUSIONS

The Schiff base (K[HL]) derived from vanillin and L-tryptophan was syn-
thesized. The interaction of the Schiff base with hsDNA was studied by UV—Vis
absorption, fluorescence and viscosity methods. The obtained results suggest the
presence of intercalation and groove binding between K[HL] and DNA. The
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1200 ZHANG, WANG and DING

internal molecular structure of L-tryptophan, which contains an aromatic indole
ring plane, enables K[HL] to insert into the DNA molecule. The information ob-
tained from this work could be helpful to the understanding of the mechanism of
the interaction of small molecules with nucleic acids, and should be useful in the
development of potential probes of DNA structure and conformation.

Acknowledgments. This work was supported by National Natural Science Foundation of
China (No. 30572254) and the Postgraduate Innovation Foundation of the Southwest Univer-
sity of Science and Technology. We are grateful for the instrumental support of the Analytical
and Testing Center of the Southwest University of Science and Technology.

M3BOJ

HWHTEPAKIIMJA USMEBY TPUIITOOAH-BAHWIINH LINPOOBE BA3E 1
JHK 13 CIIEPME XAPUHI'E

YAN ZHANG, XINGMING WANG" u LISHENG DING?

1Department of Chemistry, School of Materials Science and Engineering, Southwest University of Science and
Technology, Mianyang 621010 u 2Chengdu Ingtitute of Biology, Chinese Academy of Sciences,
Chengdu 610041, P. R. China

Uurepakumja [ugose 6aze (K[HL]) ca THK u3 cnepme xapuHre je mpoy4aBaHa oapehusa-
wem UV-Vis ancoprimje, quiyopeciierimje u Buckosurera y ¢pusuosomkum yciuosuma pH (pH 7,40).
[Iudosa 6a3a je cuHTeTHCaHa O] BaHWIMHA U L-Tpunrodana. MoJeKysu Cy pearoBaid y OJHOCY
Nk[HL-Nona = 5:1. M3MepeHr MOJICKH alncOPILUOHU KOC(PULHJEHT, EK[HL]-DNA = 4,98x10° L mol™
cm?, je motBphen metomoM Monckux omHoca. KoncranTe BesmBama, Kg®(301 K) = 1,94x10° L
mol ™ u Kg®(310 K) =1,09x10° L mol?, ¢y nobujene aBocTpykoM peLpumnpodroM MerozoM. Tep-
MOJIMHAMHYKA Meperba yKa3syjy na je uarepakuuja usmelhy K[HL] u JTHK 3aBucHa ox enranmnuje. ¥
koMOuHanuju ca CKauapI0BOM METOJOM M METO/IOM MEpPEHa BHCKO3HUTETa, PE3YJITATH yKa3yjy Ha
Be3MBamke HHTEPKANIALMjOM U npeko Opaszae uzmely K[HL] 3a DNA.

(Mpumubeno 28. jaryapa, pepuaupato 31. mapra 2010)
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Molecular weight dependent antistaphylococcal activities of
oligomer g/polymer s synthesized from 3-aminopyridine

CAHIT AKGUL* and MEHMET YILDIRIM

Department of Chemistry, Faculty of Sciences and Arts, Canakkale Onsekiz Mart
University, Terzioglu Campus, Canakkale, Turkey
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Abstract: The main aim of this study was to investigate the relationship be-
tween molecular weight and the antistaphylococcal activity of oligomers/po-
lymers synthesized from 3-aminopyridine. Different oligomers/polymers were
synthesized from 3-aminopyridine by changing the oxidative polycondensation
reaction conditions. They were characterized by size exclusion chromatography
and their antibacterial activities were compared by employing standardized
susceptibility assays. The obtained experimenta results demonstrated that 3-
aminopyridine had no antistaphylococcal activity. However, as a result of
polymerization, strong antistaphylococcal activity was obtained. Oligomers/po-
lymers synthesized from 3-aminopyridine had varying degrees of antistaphy-
lococcal activity and the maximum activity was obtained from relatively very
short oligomers. It was therefore concluded that polymerization of 3-amino-
pyridine is required for antistaphylococcal activity and strength of this activity
depends on the molecular weights of the synthesized molecules.

Keywords: antibacterial; 3-aminopyridine; oligomer; Staphyl ococcus aureus.

INTRODUCTION

Saphylococcus aureus is one of the bacterial strains that can cause serious
infections. Whilst severa antibiotics, including penicillin, methicillin and van-
comycin, have been successfully employed to eradicate S aureus infections,
bacterial resistance against common antibiotics has increased dramatically over
the past few decades. Thus, the need for the discovery and development of novel
antibacterial agents is of paramount importance. The basic mechanisms of anti-
bacterial action include inhibition of cell wall synthesis, inhibition of protein
synthesis, alteration of the cell membrane, inhibition of nucleic acid synthesis
and antimetabolite activity.2 Bacteria cell wall and membrane structures are the

* Corresponding author. E-mail: cahitakgul @yahoo.com
doi: 10.2298/JSC100201104A
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main targets of severa commercial antibiotics.3 However, intracellular bacterial
components also carry the potential to be promising targets for antimicrobial
compounds.# The search for novel antibacterial agents and new targets for anti-
microbial agents will undoubtedly continue to be among the priorities of re-
searchersin the future.

Synthetic polymeric materials have been widely utilized for multiple pur-
poses, including the exploitation of their in vivo and in vitro antimicrobia acti-
vities.56 Since many properties of polymers are dependent on their molecular
weight, it is reasonable to think that their antibacterial activities can also be mo-
lecular weight dependent.” In a previous study, it was shown that oligo-3-amino-
pyridine has strong antibacterial activity against gram positive bacterial species.8
This observation led to the notion that the bioactivity might be molecular weight
dependent. Thus, in this study, novel oligomers/polymers were prepared from 3-
-aminopyridine by changing oxidative polycondensation reaction conditions and
their molecular weights determined using chromatographic techniques. Then, the
antibacterial activities of these monomers/oligomers/polymers were comparati-
vely analyzed to determine whether the bioactivity was molecular weight de-
pendent.

EXPERIMENTAL
Materials

Blank, gentamicin and vancomycin discs were obtained from Oxoid Ltd. (Basingstoke, UK)
Mueller—Hinton broth, Muedler—Hinton agar (MHA), 3-aminopyridine, KOH and CH;COOH
were supplied by Merck KGaA (Darmstadt, Germany) and were used as received. The dime-
thylformamide (DMFHPLC grade) used for the size exclusion chromatography was from
Merck. A 30 % agueous solution of sodium hypochlorite (NaOCI) was supplied by Paksoy
Chemical Co. (Turkey).

Bacterial strains

Gram-positive S aureus (ATCC 25923) from the Refik Saydam National Public Health
Agency, Ankara, Turkey, was used as a representative strain.

Synthesis of oligomers/polymers from 3-aminopyridine

3-Aminopyridine (AP) was converted into its oligomer/polymer derivatives (OAP) through
oxidative polycondensation (OP) reactions in an aqueous alkaline or acid medium using
NaOCl (30 %) as the oxidant, as described in the literature (Scheme 1).° The polymerizations
were performed in 250 mL three-necked round-bottom flasks which were fitted with a con-
denser, thermometer and magnetic stirrer. Alkaline and acid media were realized using
aqueous solutions of KOH and CH3;COOH, respectively. The polymerizations performed in
acid medium were terminated via neutralization by the addition of 1 M aqueous KOH solution
and the oligomers/polymers were precipitated. In addition, OAP-1, which was synthesized in
alkaline medium, was precipitated in the reaction medium without neutralization. The oligo-
mer/polymer syntheses were performed under different reaction conditions to obtain com-
pounds of various molecular weights (Tablel).
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Scheme 1. Oxidative polycondensation reaction of 3-aminopyridine.

TABLE |. Experimental conditions of the oxidative polymerization reactions and the results
of the size exclusion chromatography (SEC) of the oligomers and polymers synthesized from
3-aminopyridine (monomer and oxidant concentrations used in the experiments. [AP]p =
=0.266 mol L1 and [NaOCl]o = 0.120 mol L)

Compound t/°C Timeh Media M Mw PDI Yield, %
OAP-1 25 1 akaline® 700 1950 2.79 69
OAP-2 25 1 acid® 1450 2500 1.72 65
OAP-3 90 1 acid 37000 59350 1.60 54
OAP-4 25 5 acid 16400 18500 1.13 59

3([KOH]o = 0.0625 mol L1 \[CHsCOOH], = 1.131 mol L1
Molecular weight determination of the oligomers/polymers

The number average molecular weight (M,)), weight average molecular weight (M,,) and
polydispersity index (PDI) were determined by the size exclusion chromatography (SEC)
technique (Shimadzu) at 25 °C. For the SEC investigations, an SGX (100 A and 7 nm diame-
ter loading material) 3.3 mm i.d.x300 mm column was used; eluent: DMF (0.4 mL mind),
polystyrene standards were used for calibration. A refractive index detector (RID) was used to
analyze the products.

Antibacterial susceptibility testing using disc diffusion assay

The oligomers/polymers synthesized from 3-aminopyridine were dissolved in DM SO to
obtain a concentration of 100 pg per 20 uL and 100 g per disc were used in the disc dif-
fusion assay.10 Briefly, the microorganisms were grown on MHA plates and then 3 mL of
MHB was inoculated with 3 well separated colonies for each strain. After incubation at 37 °C,
the concentrations of suspensions were adjusted to 108 cells mL-1. Each bacterial suspension
was spread over the surface of the MHA using sterile cotton swabs. 100 ug per 20 uL of the
chemicals were pipetted onto filter paper disks (6 mm in diameter). The discs were then
placed onto the inoculated agar surface. After keeping at room temperature for ~30 min, the
plates were incubated at 37 °C for 20 h. Discs containing gentamicin (10 pg) and vancomycin
(30 ng) were included as the positive controls and DM SO-only (20 pL) the negative control.
The results are expressed as the diameter of inhibition zones and the presented values are the
average of three separate experiments.

Determination of the minimum inhibitory concentration (MI1C)

The broth macrodilution assay was performed, as recommended by NCCLS, to deter-
mine the minimum inhibitory concentration (MIC).11 Bacterial strains were cultured overnight
at 37 °C and suspended in MHB to obtain a final inoculum density of 10° cells mL-1 and 0.5
mL of this suspension was added to 0.5 mL of susceptibility test broth containing serial 2-fold
dilutions of the chemicals. Two tubes were also included to check the sterility of the media.
All the tubes were incubated at 37 °C for 20 h. The MIC was considered as the |owest
concentration at which the chemical prevented visible bacterial growth.
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RESULTS AND DISCUSSION

It was demonstrated in this study that the average molecular weights of the
synthesized oligomers depended on the employed reaction conditions. These ob-
servations were similar to those of previous studies reporting that many factors,
such as temperature, reaction time, initial concentration of monomer, acidic or
basic medium and the oxidant type, can affect the yields of oxidative polymeri-
zation reactions.12 The polymerization conditions and the size exclusion chroma-
tography (SEC) results calculated from the chromatograms are given in Table I,
from which it can be seen that oligomers with different molecular weights were
obtained in the four different sets of employed reaction conditions. These values
clearly show that when the alkaline medium was used, the average molecular
weight of the OAP was relatively low (see Table |, OAP-1). However, when the
acid medium was used under the same conditions, such as monomer and oxidant
concentrations, temperature, and the reaction time, the average molecular weight
was clearly higher. When the temperature was increased from 25 to 90 °C, with
the other conditions being constant, the number average molecular weight (My,)
and weight average molecular weight (Myy) values increased from 1450 and 2500
to 37000 and 59350 g mol—1, respectively (see Table I, OAP-2 and OAP-3).
However, when the temperature and other conditions were constant but the reac-
tion time was increased from one to five hours, the My, and M,y values increased
from 1450 and 2500 to 16400 and 18500 g mol~1, respectively (see Table |, OAP-2
and OAP-4). All other reaction conditions are summarized in Tablel.

The antibacterial activities of the synthesized oligomers/polymers were as-
sessed using the standard disc diffusion assay and broth macrodilution assay. The
results of these assays are summarized in Table II. Neither 3-aminopyridine (AP)
monomer itself nor its relatively longer oligomers or polymers showed any anti-
bacterial activity against S. aureus. In a previous study, a smaller oligomer of 3-
-aminopyridine (OAP) was synthesized, characterized and the M, My, and poly-
dispersity index (PDI) values were found to be 250 and 800 g mol—1 and 3.20,
respectively.® When 50 g of this OAP was used, the inhibition zone was 17 mm
in the disc diffusion assay and the MIC was found to be 25 ng mL—1 in broth
macrodilution assay.8 These values for this oligomer were included in Table I
just for comparison. No inhibition of bacterial growth was observed in cultures
containing 3-AP, OAP-2, OAP-3, OAP-4 at concentrations of up to 1 mg mL—1
(Table 11). When all these molecular weight values of the previous and the cur-
rent study and the corresponding antibacterial activities of the oligomers/poly-
mers are considered, it can easily be seen that the maximum antibacterial activity
was obtained with relatively very short oligomers synthesized from 3-amino-
pyridine. It can imply that short oligomers of 3-aminopyridine can easily diffuse
into bacterial cells and show their antibacterial activities inside the cell. On the
contrary, since relatively longer oligomers and polymers of 3-aminopyridine
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cannot cross the cell wall and/or cell membrane structures of bacterial cells, they
cannot inhibit bacterial growth under similar growth conditions. The requirement
of polymerization of 3-aminopyridine for this antistaphylococcal activity could
entail that its oligomers can mimic some intracellular components. However, the
exact inhibitory mechanism remains to be elucidated and requires much more
detailed investigations.

TABLE Il. Antibacteria activities of oligomers/polymers synthesized from 3-aminopyridine

Compound Diameter of inhibition zone®, mm MIC/ugmL™
3-AP NI -

OAP 17 25
OAP-1 13 100
OAP-2 NI -
OAP-3 NI -
OAP-4 NI -
Gentamicin (10 pg) 19

Vancomycin (30 ug) 17

DMSO (20 uL) NI

AIncludes the diameter of the disc (6 mm) and 100 pg disc was usedbfor each compound. Values are average of
three separate experiments. NI: No zone of inhibition was observed; “no inhibition of bacterial growth with con-
centrationsup to 1 mg mL"1

CONCLUSIONS

From all these experimental results, it can be concluded that polymerization
is required for 3-aminopyridine to possess antistaphylococcal activity. The anti-
bacterial activity of the oligomers/polymers synthesized from 3-aminopyridine
are molecular weight dependent and the maximum antibacterial activity was
supplied by relatively, very short oligomers. In addition, the molecular structures
and properties of short oligomers can be thought essential for antibacterial
activity to be exhibited, since 3-aminopyridine monomer itself has no inhibitory
effect on bacteria growth.
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3ABUCHOCT AHTUCTA®UJIOKOKHE AKTUBHOCTHU OJIMI'OMEPA U IIOJINMMEPA
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b oBe cryauje je Ouo 1a ucnuTa Bely u3Mel)y MoJeKyJICcKe TeKHHE U aHTHCTA(HIOKOKHE
aKTHBHOCTH OJIUTOMEPa M MOJIMMEPa CHHTETHCAHUX O[] 3-aMHHONMPHINHA. Pasnuunt onuromepu
U TIOJIMMEPH CY CHHTETHCAHH 0] 3-aMHHOIMPHU/IMHA TPOMEHOM YCJIOBA PEaKIHje OKCHAATHBHE I10-
nukoHaeH3aluje. OKapakTeprucaHH Cy rei XpomarorpadujoM, a aHTHOAKTEPHjCKE aKTHBHOCTH CYy
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ynopehuBaHe CTaHAApAHUM TECTOBUMA. EKCIIEpHMEHTAIIHN pe3yJITaTH Cy MOKa3alu Aa 3-aMHHOIIH-
pUaMH HeMa aHTUCTA(WIOKOKHY akTUBHOCT. Ca Ipyre cTpaHe, HOJIMMEPHU3AIHjOM CE CTHYE jaka
aKTUBHOCT. OJNIMroMepH M MOJIMMEPH CY UMaJM Pa3JIMYUTy aKTHBHOCT M Hajjauy Cy MCIIOJbHIM pe-
JIATUBHO KPaTKH OJIMTOMEPH. 3aKJbYUEHO je Jia je MoJMMepH3anuja 3-aMUHOIMPUINHA HEOIX0AHa
3a MMOCTH3akhe aHTUCTAQUIIOKOKHE aKTHBHOCTH U Ja Ta aKTUBHOCT 3aBHCH OJ] MOJICKYJICKE TEXKUHE

CHUHTETHUCAHUX MOJICKYJIA.
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Abstract: In the reaction of ZnCl, with tacrine hydrochloride in water novel
tetracoordinated (C13H15N5),[ZNnCl4]-H,O complex was obtained and charac-
terized by elemental analysis, molar conductivity and X-ray analysis. The com-
plex crystallizes in the space group P—1 of the triclinic crystal system. The
structure contains two crystallographically different molecules of protonated
tacrine present as counter cations, the [ZnCl4]% complex anion and one water
solvent molecule. The counter cations dlightly differ in the puckering of the
cyclohexene ring. The molecules of protonated tacrine are involved in different
intermolecular hydrogen bonds. In the crystal, the hydrogen bonding generates
a 3D assembly. In the crystal, &t---m stacking interactions between the rings of
protonated tacrine were evidenced. The [ZnCl,]% complex anion has a dis-
torted tetrahedral geometry. Three out of the four Cl atoms are involved in
intermolecular hydrogen bonding. The intermolecular H-bond interactions in-
volving the Cl atoms affect the Zn—Cl bond lengths.

Keywords:. Zinc; tacrine; X-ray analysis.

INTRODUCTION

Alzheimer’s disease (AD) is alate-onset and the most common form of de-
mentia affecting one in ten people over the age of 65 and one out of every two
people over the age of 80. Symptoms include memory loss, anxiety, aggression,
delusion, disorientation and loss of intellectual facilities, including cognition and
eventually loss of physiological functions due to the advancing dementia.l Both
genetic and environmental factors are implicated in its devel opment.2

* Corresponding author. E-mail: kka@chem.bg.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/JSC100302059M
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The major hypothesis as to the cause of AD relates to the deposition in the
brain of a peptide termed S-amyloid (AB).1 #Amyloid fragments can polymerize
to form what are referred to as “plagues’.3

It is well known that the brain contains large amounts of metals (Cu(ll),
Zn(11) and Fe(111)).4 High levels of zinc, copper and iron are constitutively found
in the neocortical regions which are most prone to AD pathology.2 Although
Zn(I1), Cu(l1) and Fe(l11) play important roles in cortical physiology, only Cu(Il)
and Zn(I1) are released during neurotransmission.4® These metal ions interact
with the amyloid precursor protein (APP) and AB.58 Recently, research of cop-
per/zinc chelators as inhibitors of AR accumulation was initiated.9.10

It is well known that many neurotransmitter systems are implicated in the
etiology of AD; acholinergic deficit having been clearly established. In addition,
there is a decrease of choline acetyltransferase activity.2 In the last two decades,
various cholinergic drugs, primarily inhibitors of the enzyme acetylcholineste-
rase, such as tacrine, donepezil, rivastigmin and galantamin, are used in the medi-
cal treatment of AD patients.11.12 Tacrine is a drug that is used to treat the
symptoms of mild to moderate Alzheimer’s disease. The drug retards the break-
down of acetylcholine; hence, it can build up and have a greater effect. It can
improve thinking ability in some patients with AD. Bearing in mind that tacrine
(Scheme 1) iswidely used in the treatment of AD and that zinc is related to AD,
it was considered interesting to investigate the possibilities of coordination of
tacrine with Zn(l1).

NH,

N

/
N Scheme 1. Structure of tacrine.

EXPERIMENTAL
&/ntheSiS of (C13H 15N2)2[ ZnC|4] Hzo (1)

A solution of 0.068 g (0.50 mmol) ZnCl, in 5 cm? of water was added to a suspension of
0.234 g (1.0 mmoal) tacrine hydrochloride (C;3H14N,-HCI) in 15 cm? acetonitrile-water (9:1).
The mixture was refluxed for 2.5 h (60 °C). The resulting solution was cooled to room tem-
perature and after 16 h, awhite microcrystalline product was obtained.

a’ntheﬂls of C13H14N2'2H20 (2)

An analogous reaction was performed using Na,[Zn(OH),] and tacrine hydrochloride
whereby tacrine dihydrate was obtained. Yield: 40%.
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Physical measurements

Elemental analyses were performed using an Elemental Vario EL I1I microanalyser. The
molar conductivity of an agueous solution of the complex (1.0x10-3 mol dm3) was measured
at room temperature on a Jenway-4009 digital conductivity meter.

X-Ray analysis

The single crystal X-ray data for compound 1 were collected on an Enraf-Nonius CAD-4
diffractometer!3 using Mo Ke radiation (A4 = 0.71073 A) and @/26 scans in the 1.74 to 26.00°
@ range. The cell constants and an orientation matrix for data collection, obtained from 24
centered reflections in the 6 range 12.01 to 15.81° corresponded to a triclinic cell. The data
were corrected for Lorentz and polarization effects.14 The crystal structure was solved by di-
rect methods!® and difference Fourier methods, and refined on F2 by the full-matrix least-
-square method.16 All six hydrogen atoms bonded to nitrogen atoms (N1a, N1b, N2a and N2b)
as well as the two H atoms from the water molecule were taken from the AF map and refined
isotropically. This treatment of H atoms resulted in unrealistically short X—H distances for
some of the X—H (X = O,N) bonds. Dueto this, all H atoms were included in the refinement at
their geometrically calculated positions and treated with a riding model. Anisotropic displa-
cement parameters were refined for al non-hydrogen atoms. PLATON,1718, WinGX,19
PARST,2 ORTEPII12! and Mercury?? software were used for the preparation of the crystal-
lographic materials for publication.

RESULTS AND DISCUSSION

Compound 1 was obtained in the reaction of agueous solutions of ZnCl, and
tacrine hydrochloride in the molar ratio 1:2 (yield: 142 mg (45 %)).

Elemental analysis of compound 1. C, 49.77, H, 5.50, N, 8.98 % corresponds
to CoeH32ClI4N4OZn (FW = 623.77); Cacd.: C, 50.04; H, 5.18; N 8.98 %. The
result of the molar conductivity of compound 1 (Ay = 252 Q* cm? mol™ (H,0,
1.0x10® mol dm™®) isin agreement with a 2:1 electrolyte type.

Compound 2 was obtained by the same procedure as employed for 1 but
starting from Nap[Zn(OH)4]. Elemental analysis of 2 showed it to be tacrine
which had crystallized as the dihydrate. Ana. Calcd. for Ci3H1gNO,: (FW =
234.3): C, 66.64; H, 6.02; N 11.96 %. Found: C, 66.28, H, 5.50, N, 12.05 %.

Crystal data of 1. CogH3oCl4N4OZn; crystal system, triclinic; space group,
P—1; unit cell dimensions: a=9.972(3) A, b=11.843(3) A, c=12.626(3) A, a=
= 76.61(2)°, B = 72.32(3)°, = 87.10(3)°, V = 1381.7(6) A3; Z = 2; pc = 1.499
mg m=3; u = 1.303 mm1; reflections collected, 5750; independent reflections,
5421 (Rt = 0.0218); final Rindices (I > 24(1)), R1 = 0.0647, wR2 = 0.1629 (for
325 refined parameters); goodness-of-fit, 0.978.

The results of the single crystal X-ray analysis of 1 revealed that in the re-
action of ZnCl» with tacrine, the more stable tetrachlorozincate(ll) complex was
obtained in which protonated tacrine (C13H15N2*) serves as a counter cation
(Fig. 1). This is the first structure of a typical complex compound with proto-
nated tacrine as a counter ion. Only two crystal structures. (C13H15N>Cl-H-20,
CSD refcode GICMEKO1, and Cq3H15N2o[B(Ph)4]-CH3CN, CSD refcode
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GOLFIW), containing protonated tacrine (C13H15N2%) were found in the Camb-
ridge Structural Database (CSD).23 Both of them are structures of salts of proto-
nated tacrine. In the crystal structures of C13H15N>Cl-H>0 (GICMEK01)24 and
C13H15N2[B(Ph)4]-CH3CN (GOLFIW),2 two and four C-atoms in the cyclohe-
xenyl ring, respectively, are disordered. In the crystal structure of compound 1,
positional disorder was not observed. The crystal structure of 1 contains two dif-
ferent molecules of protonated tacrine (C13H15N>™), present as counter cations,
and [ZnCly)2-, as a complex anion, i.e., two crystallographically independent
molecules of protonated tacrine (C13H15N>") and a[ZnCl4]2~ complex anion are
in an asymmetric unit. There is also one molecule of crystal water in the asym-
metric unit.

o

Fig. 1. The molecular geometry and atom labeling scheme of (C13H15N>5)2[ZNnCl 4] H50 (1).
Selected bond distances (A): Zn-CI(1) = 2.282(2), Zn-Cl(2) = 2.232(2), Zn-CI(3) = 2.293(2),
Zn-Cl(4) = 2.273(2) and angles (°): Cl(2)—-zn—Cl(4) = 109.13(7), Cl(2)-zn—CI(1) =
=114.97(7), Cl(4)-Zn-Cl(1) = 109.57(7), Cl(2)-Zn—CI(3) = 111.49(7),
Cl(4)—Zn—ClI(3) = 105.54(7), Cl(1)-Zn—CI(3) = 105.70(7).

The cation molecules (labeled as A and B) are comparable in terms of con-
formational and geometrical parameters (bond lengths and angles) except in the
position of the C(12) atom (from the C(12)H» group) that is out of plane in the
case of the protonated tacrine A. The displacement from the mean plane of the
C(8)—C(9)—C(10)—C(11)«C13) fragment in the case of C(12a) is 0.58(1) A (in
the case of the protonated tacrine B, such a displacement is not significant,
0.02(1) A for the C(12b) atom). Two molecules of protonated tacrine (A and B)
form different H-bonds (Table |, Fig. 2). The most obvious difference is in the
case of the pyridinium nitrogen [N(2)], which in molecule A forms a hydrogen
bond with a water oxygen atom, while in molecule B it forms a weak H-bond
with a chloride from [ZnCl4]2~. In addition, the amino group of cation A actsas a

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

2010 Copyright (CC) SCS




COMPLEX SALT OF Zn(I1) AND TACRINE 1213

single hydrogen bond donor, while that of cation B acts as a double hydrogen
bond donor (vide infra). The solvent water molecule [O(1w)] serves as a double
donor (to ClI(3) and CI(3) at —x+2,~y+2,—2) and a single acceptor which is com-
mon for a water molecule. The chloride atoms (CI(3) and CI(3) at —x+2,~y+2,—2)
help in completing the water rings around the centre of inversion a 0 0 0. The
system of H-bond interactions spreads in three-dimensions. In the crystal pack-
ing, m-stacking interactions between the rings of protonated tacrine molecules
occur. For example, the mean planes of the pyridinium rings are approximately
parallel and they are at a distance of about 3.5 A from each other. The cation mo-
lecules are stacked in the ---A—A-B-B-A-A—-- order (Fig. 2).

TABLE I. The geometry of hydrogen bonding and selected intermolecular interactions (A and
°, respectively) for compound 1. Symmetry codes: i) x,y,z ii) x-1y,z iii) —x+1,~y+1,-Z;
iV) =X+2,~y+2,—7; V) —x+1,~y+1,-z+1; vi) x,y-1,z

D—H--A D—H D--A H-A D—H-A
N(2b)—H(2n2)--CI(1) 0.86 3.318(5) 2.49 162
N(1b)—H(1b)--Cl(1)" 0.86 3.483(5) 2.70 153
N(1b)—H(2b)---CI(3)" 0.86 3.433(6) 2.66 149
O(1w)—H(1w)--CI(3)' 0.85 3.279(5) 2.45 163
O(1w)-H(2w)--CI(3)" 0.85 3.379(5) 259 155
N(la)-H(2a)--Cl(4)" 0.86 3.260(6) 2.44 161
N(2a)—H(1n2)--O(1w)" 0.86 2.772(6) 1.91 175

For the sake of comparison, the contacts surrounding the cations A and B in
the present compound,

C13H15N2Cl-H,0 (GICMEK01)24 and
C13H15N2[B(Ph)4]-CH3CN (GOLFIW)25
are depicted in Figs. 3-6, respectively.

In two of the analyzed structures of protonated tacrine (cation B and
GICMEKO0L1), both hydrogen atoms from the amino group are involved in hyd-
rogen bonding with chloride atoms. In the case of cation A, only one amine hyd-
rogen is involved in NH---Cl hydrogen bonding. In the former cases, the inter-
molecular N—H---Cl bonds are more bent and weaker than in the latter one. In the
crystal structure of C13H15No[B(Ph)4]-CH3CN (GOLFIW), one amine hydrogen
is directional towards the phenyl group at the symmetry position 1-x, 1-y, 1-z
This hydrogen is engaged in weak N—H--- (Ph) hydrogen bonding. The shortest
N—H---C distance is 2.75 A. In all the analyzed structures, the amino group is
nearly coplanar with the aromatic ring system. The dihedral angle between the
plane defined by the amino group and the plane defined by the aromatic ring sys-
tem range from 1.6(6) to 8.6(3)°. The pyridinium nitrogen serves as a single hyd-
rogen bond donor in the observed structures. The D—H---X angles of the two-
-centre hydrogen bonds involving pyridinium nitrogen are in the range 162-175°.
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Fig. 2. The packing diagrams show intermolecular hydrogen bonding and
n-stacking interactions in the crystal of (1).
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crig
CATION “B”
CATION “A” Fig. 4. Theintermolecular contacts involving
Fig. 3. Theintermolecular contactsinvolving  the functional groups of cation B. Symmetry
the functional groups of cation A. Symmetry codes: i) x, Y, Z ii) x-1, Y, Z
codes: v) —x+1, —y+1, —z+1; vi) X, y-1, . i) —>x+1, -y+1, -z
cig, o
2 X 57 A 15501 550“249 A
H13" WwH12
[ N2
N1
O 174GH11g ¥
g 01 Fig. 5. The intermolecular contacts involving
A, the functional groups of the cation in
e GICMEKO1. Symmetry code: 3/2—x; /2 +;
GICMEKO1 V2-z

The interesting characteristics of the structure are the differences in Zn—Cl
bond lengths in the [ZnCl4]2~ anion: Zn—Cl(2), 2.232(2); Zn-Cl(4), 2.273(2);
Zn—Cl(1) 2.282(2) and Zn—CI(3) 2.293(2) A. The difference between the longest
[Zn-CI(3)] and the shortest bond [Zn—CI(2)] is 0.06 A. The differences in bond
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lengths are the result of various H-bonds in which the Cl atoms participate. The
CI(3), CI(1) and CI(4) atoms serve as triple, double and single hydrogen bond
acceptor, respectively, while the CI(2) atom does not form any H-bond. The Zn-Cl
bond length increases with increasing the number of hydrogen bonds in which
the Cl atom is involved. The tetrahedral coordination geometry around the Zn
atom is distorted with Cl-Zn—Cl coordination angles in the range from 105.54(7)
to 114.97(7)°. These structural differences could also be explained by intermole-
cular interactions with involvement of the Cl atoms.

2.77A.;2.75A

¥ 171°¥H43 ©
. :2.00A

1 ;
. - Fig. 6. The intermolecular contacts involving the func-
GOLFIW tional groups of the cation in GOLFIW.

CONCLUSIONS

The (C13H15N2)2[ZNnCly4]-H,O complex of distorted tetrahedral geometry
was obtained in the reaction of ZnCl, with tacrine hydrochloride. The contacts
surrounding the cations in the present structure and in the structures of
C13H15N2Cl-H2024 and Cq3H15N5[B(Ph)4]-CHsCN2® reported elsewhere have
been analyzed in detail. The prominent structural feature of [ZnCl4]2— is the va-
riation in the Zn—Cl bond lengths. The Zn—Cl bond length increases with increas-
ing the number of intermolecular hydrogen bonds that involve the ligand atom.

Supplementary data. Cambridge Crystallographic Data Center, CCDC No. 695064, con-
tains the supplementary crystallographic data for this paper. These data can be obtained free
of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the CCDC, 12 Union
Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033; e-mail: deposit@ccdc.cam.ac.uk).
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M3BOJ

CHUHTE3A U KPUCTAJIHA CTPYKTVYPA 1,2,3,4-TETPAXUIPO-9-AMNHOAKPUNH-
-TETPAXJIOPOLIMHKATA(Il) MOHOXUAPATA

BEHAHA V. MUO/JIPAT OBl/lT11, JPAT'OJbYB JOBAHOBI/I”ﬁZ, T'OPAH A. BOT, }1AHOBI/IT13,
JIPATAHA MI/ITI/ITl1 n KATAPUHA AH,IIJEJ'IKOBI/I'B:L

! Xemujcxu paxyaiie, Yuusepauitieini y Beozpady, ii. iip. 158, 11001 Beozpad, *Kamedpa 3a ucxpany u 6oimanuy,
Qaxyaitieii gemepunapcre meduyune, Ynusepuiteii y beozpaoy, byaesap ocaobobersa 18, beozpad u SUnc-
ity Bunua, Jlabopaitiopuja 3a iieopujcky uuky u puauxy konoenzosare maitiepuje, . ip. 522, 11001 Beozpao

V peaxuuju ZnCl; ca TakpHH-XUIPOXJIOPUIOM Y BOIH, T0OUjEH je HOBU TETPAKOOPAUHOBAHU
(C13H15N2)2[ZNnCl4)-Ho0 komIuieke koju je okapakTeprcaH momMohy eleMeHTaIHe aHAIIM3e, Moap-
HE HPOBOJJBUBOCTH M PEHITCHCKE CTPYKTypHE aHanu3e. KOMIUIEKC KpHCTaiMIile y MPOCTOPHO]
rpynu P—1 TpUKIMHUYHOT KPUCTAIHOT cucTeMa. CTpYKTypa CaApiKu Ba KpUCTaIorpadCcKu pasiiu-
YHUTa MOJIEKYJIa IIPOTOHOBAHOT TaKpHHA KOjH Cy MPUCYTHH Kao KOHTpa-KaTjoHH, [ZNCly] % KoMILIe-
KCHU aHjOH M MOJIEKYJI KPUCTAJIHE BOJe. MOJIEKy/IU KaTjoHa ce HE3HATHO Pas3iIMKyjy y CTElleHy Ha-
Oupama [UKIOXEKCEHOBOT IIPCTeHA. MOJIEKYJIH IPOTOHOBAHOT TAKPHHA CY YKJbYUYCHH y Pa3IUYHTE
HMHTEPMOJICKYJICKE BOJOHHYHE Be3e. ITHTEPMOJIEKYJICKO BOJOHHYHO BE3UBAMKE Yy KPUCTAILy TCHEPH-
e 3/] MOJIeKyJICKH CKYII; 7+ MHTEPaKIfje n3Mel)y MpcTeHoBa MPOTOHOBAHOT TAKPUHA CY TPUMe-
heHe y kpucraiy. [ZnCl4? uma JMCTOProBaHy TeTpaenapcky reomerpujy. Tpu ox wernpu Cl
aToMa Cy yKJbyYeHa Yy HHTEPMOJICKYJCKE BOJOHMYHE Be3e. VHTEpMOJIEKyJICKEe BOJAOHWYHE HH-
Tepakije kKoje ykibyuyjy Cl atome yrudy Ha nyxuny Zn—Cl esa.

(TMpumsbeno 2. Mapta, peBuaupano 26. anpuna 2010)
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Synthesis, crystal structure of and DFT calculations on
bisglycinato-big p-(hydr oxymethyl)pyridine]nickel(I1)
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Shandong, 266042, P. R. China
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Abstract: A new Ni(ll) complex of bisglycinato-big]p-(hydroxylmethyl)py-
ridine] was synthesized and characterized by elemental analysis, IR, UV-Vis
spectroscopy and X-ray single crystal diffraction analysis. The thermal stability
of the title complex was also determined. The complex adopts a distorted octa-
hedral geometry and possesses inversion symmetry with the Ni(ll) ion as the
center of inversion. Density function theory (DFT) calculations of the structure,
electronic absorption spectra, €lectron structure and natural population analysis
(NPA) at the BSLYP/LANL2DZ level of theory were performed. The predicted
geometric parameters and electronic spectra were compared with the experi-
mental values and they supported each other. The NPA results indicate that the
electronic transitions were mainly derived from the contribution of an intra-li-
gand (IL) transition, a ligand-to-metal charge transfer (LMCT) transition and a
d-d transition. The electron structure calculations suggest that the central Ni(Il)
ion uses its 4s and 3d orbitals to form covalent bonds with coordinated N and O
atoms. The calculated bond orders are also consistent with the thermal decom-
position results. Based on vibrational analysis, the thermodynamic properties of
the title complex were predicted and the correlative equations between these
thermodynamic properties and temperature are a so reported.

Keywords. amino acid complex; crystal structure; electronic spectra; DFT cal-
culation; thermal stahility.

INTRODUCTION

Recently, there isincreasing interest in the realization of small and robust ar-
tificial DNA hydrolytic agents for their potential applications not only in mole-
cular biology, but also in the development of new drugs.1=3 Within these artifi-
cia nucleases, several examples of synthetic systems based on amino acid metal

* Corresponding author. E-mail: zhaopusu@163.com
doi: 10.2298/J5C091028101Z
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complexes, which promote the hydrolysis of nucleic acids or of model phosphate
esters, have been reported.46 When the artificial nucleases establish interactions
with DNA, metals are able to interact (covalently or not) with DNA through the
electron-donating DNA bases and phosphate groups, thereby establishing either
inter- or intra-strand interactions, while the coordinated groups in metal comp-
lexes contribute specific abilities, i.e., intercalation, hydrogen bonding, electro-
static interaction, leading to a global effect.1.7 On the other hand, nickel is an im-
portant trace element in organisms, which could promote the absorption of iron,
the growth of erythrocyte and the synthesis of amino-enzyme in the body. It may
also be a structural stabilizing agent of DNA and RNA.8 Generally speaking, the
Ni(l1) ion frequently adopts coordination numbers of 4 or 69 and the coordination
mode of Ni(Il) depends on the structure of ligand, solvent and reaction condi-
tions. Among these, the ligand plays a decisive role and determines not only the
molecular structure of the complex, but also the aggregation fashion of the coor-
dinated supermolecule.10.11 Herein, a new Ni(Il) complex with the amino acid
bi sglycinato-big[ p-(hydroxylmethyl)pyridine], in which the glycine exists as a bi-
dentate chelating ligand and the complex adopts a distorted octahedral geometry,
is reported. Density function theory (DFT) calculation results for the complex are
also reported and compared with the experimental data. It is hoped that this re-
port will provide useful structural information for the further study of the title
compound with DNA.

EXPERIMENTAL
Physical measurements

Elemental analyses for carbon, hydrogen and nitrogen were performed by a Perkin-El-
mer 240C elemental analyzer. The electronic absorption spectra were recorded on a Shimadzu
UV 3100 spectrophotometer in acetonitrile solution. Therma gravimetric (TG) analysis was
realized on an SDTAS851e instrument (Mettler Toledo AG, Columbus, OH, USA) using
samples of ca 10 mg under nitrogen (150 mL min'Y) at a heating rate of 20 °C min'L.

Synthesis

All chemicals were obtained from a commercial source and used without further puri-
fication.

Freshly synthesized Ni(OH), (0.93 g, 10 mmol), p-(hydroxymethyl)pyridine (2.18 g,
20.0 mmol) and glycine (1.5 g, 20 mmol) were mixed in water (50 mL) under stirring and the
mixture was refluxed for 2 h. The resulting dark green solution was filtered and the filtrate
was evaporated at room temperature. A dark green solid appeared which was separated by fil-
tration. Yield: 68.2 % (2.9 g). Crystals suitable for X-ray structure determination were ob-
tained by slowly evaporating an acetonitrile solution of the compound in air. Anal. Calcd. for
CiH2N4NiOg: C, 45.20; H, 5.22; N, 13.18 %. Found: C, 45.14; H, 5.41; N, 13.01 %. IR
(KBr, cml): 3274(s), 2933 (s), 1586(s), 1499(s), 1393(s), 1350(m), 1302(m), 1225(mm),
1130(s), 1057(s), 1017(m), 949(m), 898(m), 809(m), 722(m), 663(m), 590(m), 517(m).
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Crystallographic data collection and solution of the structure

A summary of the key crystallographic information is given in Table I. The diffraction
data were collected on an Enraf-Nonius CAD-4 diffractometer with graphite-monochromated
Mo-Ka radiation (A = 0.71073 A, T = 293 K). The technique used was w-scan with the limits
1.89 to 27.01°. The structure of the title compound was solved by direct methods and refined
by least squares on F2 using the SHEL X TL12 software package. All non-hydrogen atoms were
anisotropically refined. The hydrogen atom positions were fixed geometrically at calculated
distances and alowed to ride on the parent carbon atoms. The final conventional R = 0.0426
and Rw = 0.0906 for 1791 reflections with | > 2¢(l) using the weighting scheme, w =
= 1/(c?(F¢?) + (0.0187P)2 + 0.9868P, where P = (F2 + 2F%)/3. The molecular graphics were
plotted using SHELXTL software. Atomic scattering factors and anomalous dispersion cor-
rections were taken from the International Tables for X-ray Crystallography.13

TABLE |. Summary of crystallographic results for the title compound

Empirical formula CgH11NoNig 5003
Formula weight 212.54
Temperature, K 273(2)
Wavelength, A 0.71073
Crystal system, space group Monoclinic, P21/c
Unit cell dimensions, A a=12.931(3)
b =5.6360(11), 5= 123.35(2)°

c = 14.476(6)
Volume, A3 881.3(5)
Z (calculated density, Mg/m®) 4 (1.602)
Absorption coefficient, mm™ 1.144
F(000) 444
6 range for data collection, © 1.89-27.01

Limiting indices
Reflections collected/unique
Refinement method
Datalrestraints/parameters
Goodness-of-fit on F?

Final Rindices (1>20 (1))
Rindices (all data)

-16<h<6,-7<k<7,-18<1<18
3906/1837 (R.;= 0.0204)
Full-matrix |east-squares on F2
1837/0/132
1.271
R; = 0.0426, wR, =0.0906
R; =0.0439, wR, = 0.0912

Largest diffraction peak and hole, A 0.312 and -0.324

Computational methods

The initial molecular geometry was optimized using MM+ molecular modeling and
semi-empirical AM1 methods (HY PERCHEM 6.0, Hypercube, Ont., Canada).14 Then, DFT
calculations with a hybrid functional B3LYP at the basis set LANL2DZ were performed by
the Berny method?® with the Gaussian 03 software package.1® The calculated vibrational fre-
guencies ascertained that the structure was stable (no imaginary frequencies). Based on the
optimized geometry and using time-dependent density functional theory (TD-DFT)"19 me-
thods, the electronic spectra of the title compound were predicted. Natural population analyses
(NPA)20 were also performed based on the optimized geometry.

All calculations were performed on a Dell PE 2850 server and a Pentium 1V computer
using the default convergence criteria.
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RESULTS AND DISCUSSION
Crystal structure of the title compound

A displacement ellipsoid plot with the numbering scheme for the title com-
pound is shown in Fig. 1. A perspective view of the crystal packing in the unit
cell isshown in Fig. 2. Selected bond lengths and bond angles obtained by X-ray
analysisarelisted in Table I, together with the calculated bond parameters.

Fig. 2. Packing diagram of the unit cell along the b-axial direction for the title compound.

The crystal structure of the title complex is composed of two discrete mono-
meric molecules of [(CsH4NCH>0H)2(CHoNH>COO)oNi(I1)]. The central nick-
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el(11) ion is coordinated by two glycinato anions and two p-(hydroxymethy!)pyri-
dine ligands with the Ni(Il) ion as the center of inversion. The NiN4O» core has a
distorted octahedral geometry. The basal plane is formed by two oxygen atoms
and two nitrogen atoms from the two glycinato anions and the chelating angle of
N(1)—Ni(1)-O(2) is 81.08(9)°. The axial sites are occupied by two nitrogen atoms
of the pyridyl rings from the two p-(hydroxymethyl)pyridine ligands. The bond
length of Ni(1)-N(1) (2.162(2) A) is slightly longer than that of Ni(1)-N(2)
(2.075(2)A), with both corresponding to those in other six-coordinated nickel(11)
complexes.21.22 The bond length of Ni(1)-O(2) is 2.063(19) A, which is slightly
longer than those in the above-cited structures (2.044(2) and 2.045(3) A). All the
bond lengths and bond angles in the p-(hydroxymethyl)pyridine ligand are within
the normal range. The dihedral angle between the pyridine plane and the mean
plane formed by atoms constituting the five-membered chelate ring is 86.72(1)°.

TABLE Il. Selected geometric parameters from X-ray analysis and theoretical calculations at
the B3BLYP/LANL2DZ level of theory for the title compound

Bond length, A
Bond Experimental  Calculated | Bond Experimental  Calculated
Ni(1)-O(2) 2.063(19) 1.880 N(1)-C(1) 1.333(4) 1.356
Ni(1)-N(2) 2.075(2) 1.975 N(1)-C(5) 1.338(4) 1.356
Ni(1)-N(2A) 2.075(2) 1.975 N(2)-C(7) 1.471(4) 1.481
Ni(1)-N(1A) 2.162(2) 1.951 C(1)-C(2) 1.386(4) 1.398
Ni(1)-N(2) 2.162(2) 1.951 C(3)-C(4) 1.383(4) 1.408
0O(1)—-C(6) 1.402(4) 1.455 C(3)-C(6) 1.498(4) 1.514
0(2)-C(8) 1.263(3) 1.362 C(4)—C(5) 1.371(4) 1.401
0O(3)—C(8) 1.249(3) 1.245 C(7)—C(8) 1.519(4) 1.539
Bond angle, °

Bonds Experimental Calculated| Bonds Experimental Calculated
0(2)-Ni(1)-N(2) 81.08(9) 86.61 | C(1)-N(1)-C(5) 116.4(2) 12034
O(2A)—Ni(1)-N(2)  98.92(9) 93.39 | N(1)-C(1)-C(2 123.6(3) 120.95
O(2)-Ni(1)-N(2A)  98.92(9) 93.39 | C(3)-C(2-C(1) 119.5(3) 119.79
O(2A)-Ni(1)-N(2A) 81.08(9) 86.61 | C(2-C(3)-C(6) 122.9(3) 120.35
O(2)—Ni(1)-N(1) 90.96(8) 89.22 | C(5)-C(4)-C(3) 119.9(3) 119.38
N(2)-Ni(1)-N(2) 89.73(9) 88.04 | O(1)-C(6)-C(3) 110.6(3) 108.48
N(2A)-Ni(1)-N(1)  90.27(9) 91.96 | N(2)-C(7)-C(8) 111.5(2)  110.00
C(8)-O(2)—Ni(1) 114.66(18)  115.68 | O(2)—C(8)-C(7) 117.9(2) 113.79

In the crystal lattice, there are three types of hydrogen bonds and some weak
intermolecular interactions (C—H---Y, Y = 0)2324 (see Table I11), which enable
the molecules to form three-dimensional (3D) networks and stabilize the crystal
structure.
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TABLE Il1. Intermolecular hydrogen bonds and C—H---O supramol ecul ar interactions

D—H---A Symmetry on A D--A Length, A «D—H--A Angleg, °
N(2)-H(1)---O(2) X, 1+y, z 3.0633 167.42
O(1)-H(1A)--O(3) 1+x, Y2-y, 1/2+z 2.7312 161.99
N(2)-H(2)---O(3) X, Y2+y, 1/2—z 3.0631 151.30
C(1)-H(1B)--0O(2) =X, 1~y, 1z 3.0879 116.96
C(2-H(2B)---0O(1) - 2.7468 100.53
C(5)-H(5A)---0(2) - 3.0562 116.61

Optimized geometry

The optimized geometry possesses inversion symmetry and the Ni(ll) is the
center of inversion. A comparison of the theoretical and experimental values in
Table Il shows that most of the optimized bond lengths are slightly longer than
those in the crystal structure and that larger differences mainly occur on the Ni(Il)
ion. The largest difference in bond length is 0.211 A for Ni(1)-N(1) and the larg-
est difference in bond angle is 5.53° for the angles around the Ni(ll) ion, such as
the bond angles O(2)-Ni(1)-N(2) and O(2A)—Ni(1)-N(2). The reason may be
that the theoretical calculations consider isolated molecules in gaseous phase at 0
K while the experimenta results belong to molecules in the solid phase. In the
crystal state, the close packing of all the molecules and the existence of a crystal
field result in the geometric parameters of the molecules differing from those found
by calculations. On the other hand, those intermolecular hydrogen bonds and
C-H---O supramolecular interactions in the crystal lattice may also lead to some
differences in the bond lengths and bond angles between the experimental and
predicted values. In spite of these differences, the Ni(ll) ion in the optimized geo-
metry still adopts a distorted octahedral coordination geometry and p-(hydroxy-
methyl)pyridine groups of the molecule represent a good approximation with the
crystal structure. Based on the optimized geometry and natural population anal-
ysis (NPA), the electronic spectrum and thermodynamic properties of the title
compound were cal culated.

Electronic absorption spectra and electronic structure

The electronic absorption spectrum of the title compound in acetonitrile so-
lution exhibits four bands. The two sharp peaks at 210 and 253 nm are ascribed
to intraligand transitions between the glycinato anions and the p-(hydroxy-
methyl)pyridine groups, while the broad peak from 360 to 385 nm is assigned to
charge transfer transitions from the low-energy n* orbital of the ligand to the d
orbitals of the nickel (I1) ion (LMCT).25 The fourth broad band in the range of
540-556 nm arises from d—d transitions of Ni(ll), which may be taken as
evidence for octahedral Ni(ll) complexes.2® The DT-DFT electronic spectra
caculations show that there are also four electronic transition bands which
correspond to the experimental data. The two sharp predicted peaks are at 210 nm
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(oscillator strength: 0.3454) and 238 nm (oscillator strength: 0.2610), respec-
tively, and the band at 238 nm is blue shifted compared with the experimental
value of 253 nm. The third broad band falls in the range of 300 to 370 nm with
the biggest oscillator strength being 0.0401 at 342 nm, which has some blue
shifts comparing with the experimental values of 360-385 nm. The fourth peak is
from 470 to 520 nm with the largest oscillator strength of 0.0575 at 513 nm. This
peak is located in the visible light range and is also blue shifted compared with
the experimental data of 550—700 nm. The experimental and cal culated electronic
absorption spectra are shown in Fig. 3. Detailed experimental electronic absorp-
tion spectral values and the TD-DFT calculated ones, together with the detailed
electronic transition modes, are given in Table I1V. The reasons for the discre-
pancy between the experimental values and theoretical predictions may be as
follows: TD-DFT approach is based on the random-phase approximation (RPA)
method,26:27 which provides an aternative to the computationally demanding
multirefrence configuration interaction methods in the study of excited states.
The TD-DFT calculations do not evauate the spin-orbit splitting; the values are
averaged. Here, in this paper, the objective was to evaluate the electronic struc-
ture by direct electronic excitations. Only singlet—singlet transitions are consi-
dered in these quasi-relativistic calculations. In addition, the role of the solvent
effect of acetonitrile solution is not included in the theoretical calculations.
Natural population analyses indicate that the frontier molecular orbitals are main-

Experiment

210 TD-DFT
238

1
<
Intensity

1

i 1 300370
1 47020
1 360-385 540-556

| T T T T | T T T T | T 1
200 400 600
Wavelength, nm ‘Wavelength, nm

€) (b)
Fig. 3. Experimental (a) and calculated (b) electronic absorption spectra.
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ly composed of d and p atomic orbitals, hence the above electronic transitions are
mainly derived from the contribution of an intraligand (IL) transition, ligand-to-
metal charge transfer (LMCT) transitions and d—d transitions. Some frontier
molecular orbital stereographs for the title compound are shown in Fig. 4, from
which it can be seen that the electron cloud distributions in the frontier molecular
obitals support the above electronic transition models.

TABLE 1V. Experimental and theoretical electronic absorption spectra values

Experimental Calculated (TD-DFT)
Wavelength, Electronic Wavelength, Oscillator Electronic transition modes
nm transition modes| nm strength
210 Intraligand | 210 0.3454 104(HOMO-1) —»108 (LUMO+2)
253 transition 238 0.2610 105(HOMO) —109 (LUMO+3)
360-385 LMCT 300-370 0.0401 at 103 (HOMO-2) —
342 nm —107 (LUMO+1)
540-556 d-d 470-520 0.0575at 102 (HOMO-3) —106 (LUMO)
513 nm

PERY AT GEY %
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Fig. 4. Some frontier molecular orbital stereographs for the title compound.

The electronic structure of the title compound was calculated. The cal culated
natural population analysis charge and the natural electron configuration for the
central Ni(1) ion and the coordinated N and O atoms arelisted in Table V.

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

2010 Copyright (CC) SCS




EXPERIMENTS AND CALCULATIONS ON AMINO ACID NICKEL COMPLEX 1227

TABLE V. Natural population charge and natural electron configuration of the title compound

Atom Net charge Electron configuration

Ni(1) 1.22770 [core]4S( 0.27)3d( 8.46)4p( 0.01)4d( 0.01)5p( 0.03)
N(1) and N(1A) —-0.48689 [core]2s( 1.34)2p( 4.12)3p( 0.02)

N(2) and N(2A) -0.87140 [core]2s( 1.56)2p( 4.29)3p( 0.02)

0O(2) and O(2A) —0.73609 [core]2s( 1.76)2p( 4.96)3p( 0.01)

From Table V, it can be seen that the net charge on the Ni(1) ion is +1.22770,
deviating from +2. The net charges on the coordinated N atoms range from
—0.48689 to —0.87140 and the net charges on the coordinated O atoms are both
—0.73609, showing that these atoms transfer parts of their electrons to the centra
Ni(1) ion and then covalent bonds are formed. On the other hand, from the natu-
ral electron configuration, for the Ni(1) ion, the electron number of 4s (0.27) is
larger than zero, the electron number of 3d (8.26) is larger than 8 and those of 4p,
4d and 5p are so small that can be neglected. These data suggest that the Ni(1)
ion uses its 4s and 3d orbitals to form covalent bonds with the N and O atoms.
While for the coordinated N and O atoms, the electron number of the 2s orbital
ranges from 1.34 to 1.76 and can be ascribed to lone pair electrons.28 The 2p or-
bital falls in the range of 4.12-4.96. Thus, it can be concluded that the coordi-
nated N and O atoms form covalent bonds with the Ni(1) ion having 2p orbitals.

Thermal property analysis and the bond order

The thermal gravimetric curve of the title compound is given in Fig. 5, from
which it can be seen that the decomposition of the title compound is accompa-
nied by two mass-loss processes, the first one from 220 to 280 °C and the second
one from 300 to 420 °C. During the first weight-loss process, the mass loss is
49.96 %, which can be assigned to the breakage of the Ni(1)-N(1) and Ni(1)—
N(1A) bonds and the decomposition of the p-(hydroxymethyl)pyridine
groups (Calcd. 51.35 %). After 300 °C, the second decomposition step accom-
panied by a weight loss of 34.62 % occurs, which is assigned to the scission of
the Ni(1)-O(2), Ni(1)-N(2), Ni(1)-O(2A) and Ni(1)-N(2A) bonds and the loss
of two glycinato anions (Calcd. 34.84 %). The residue of the decomposition
(15.42 %) is Ni (Calcd. 13.81 %). These experimental facts reveal that the Ni(1)—
—N(2) and Ni(1)-N(1A) bonds are weaker than the Ni(1)-O(2), Ni(1)—O(2A),
Ni(1)-N(2) and Ni(1)-N(2A) bonds. Theoretical calculations at the B3LYP/
/LANL2DZ level of theory show that the bond orders of the Ni(1)-N(1) and
Ni(1)-N(1A) bonds are both 0.0973. The bond orders of the Ni(1)-O(2) and
Ni(1)-O(2A) bonds are both 0.2770 and the bond orders of the Ni(1)-N(2) and
Ni(1)-N(2A) bonds are both 0.3692. It is obvious that thermal analysis of the
title compound proved the theoretical predictions to be correct. In other words,
the theoretical calculations support the experimental facts.
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Fig. 5. Therma gravimetric curve of the title compound.

Thermodynamic properties

Based on vibrational analysis at the BALYP/LANL2DZ level and statistical
thermodynamics, the standard thermodynamic functions: heat capacities (Cop,m),
entropies (S'y) and enthalpies (H%y), were obtained and are listed in Table VI.
The scale factor for frequencies is 0.96, which is a typical value for the B3LYP
method.

TABLE VI. Thermodynamic properties of the title compound at different temperatures at the
B3LYP/LANL2DZ level

T/K C%m/ I mol K™ Sl Imol K™ H®, / kJ-mol™
200.0 320.0 620.1 37.27
300.0 444.3 7735 75.51
400.0 558.0 917.3 125.8
500.0 6519 1052 186.4
600.0 726.6 1178 255.5
700.0 786.2 1295 3313
800.0 834.6 1403 4124

From Table VI, it can be observed that the standard heat capacities, entropies
and enthalpies increase at any temperature ranging from 200.0 to 800.0 K be-
cause the intensities of molecular vibration increase with increasing temperature.

The correlative equations between these thermodynamic properties and tem-
peratures are as follows:
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Cop,m = 17.407+ 1.675T — 8.196x104T2, R2 = 0.9999
S'm = 287.124 + 1.756T — 4.521x10-4T2, R2 = 0.99999
HO%, = —22.348 + 0.204T + 4.270x104T2, R2 = 0.9998

These equations will be helpful for the further studies of the title compound.
For instance, when the interaction between the title compound and another
compound is investigated, the thermodynamic properties C’ym, Hm and S,
could be obtained from these equations and then used to calculate the change of
Gibbs free energy of the reaction, which will assist in the judgement of the
spontaneity of the reaction.

Supplementary material. CCDC — 649102 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge at http://www.ccdc.cam.ac.uk/
/contg/retrieving.html or from the Cambridge Crystallographic Data Centre (CCDC), 12 Union
Road, Cambridge CB2 1EZ, UK (fax: +44(0)1222-336033; e-mail: deposit@ccdc.cam.ac.uk).
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U3BOJ

CHUHTE3A, KPUCTAJIHA CTPYKTYPA U DFT U3PAUYHABATbA 3A BUCTJIMLIMHATO-
-BUC[p-(XUAPOKCUMETWI)TUPUANH]-HUKAJI(I1)

PU SU ZHAO', JE SONG', RONG CHANG SHANGGUAN® 1 FANG FANG JIAN?

1Jiangsu Key Laboratory for Chemistry of Low-Dimensional Materials, Huaiyin Normal University, Huaian,
Jiangsu, 223300 u 2New Materials and Function Coordination Chemistry Laboratory, Qingdao University
of Science and Technology, Qingdao Shandong, 266042, P. R. China

CHHTETO30BaH je HOBH OucrimuuHato-ouc[p-(xuapoxkcumerwt)nupuans]-uukan(ll) xom-
wiekc. [Topen eneMeHTapHEe MUKpOAHAJIN3e, 38 KapaKTepu3alijy OBOI' KOMILIEKCa yIOTPeOJbeHH Cy
IR u UV-Vis criexTpu, kao u kpucranHa audpakunona anaiamusa nomohy X-3paka. Oxpelena je
TepMHUYKa CTAOMITHOCT MoOMBEHOT KoMIulekca. HaljeHo je ma xomImiekc mMa AUCTOProBaHY OKTa-
enpacky reoMetpujy u uHBep3uony ocy cumerpuje ca Ni(ll) jonom y uentpy uuBepsuje. CTpyk-
Typa KOMIUICKCA IOTBpeHa je Ha OCHOBY TEOPHMjCKHMX M3pauyHaBama IPUMEHOM MeTroze (yHK-
uuoHanHuX ryctiuHa (DFT u3pauyHaBama), €IEKTPOHCKUX AlCOPIIHOHKUX CIICKTapa, CJICKTPOHCKE
crpykrype 1 NPA anamuse 3a B3LYP/LANL2DZ teopujcku creneH. IIpeaBuljeHn reOMETpHjCKH
rapamMeTpu U eJEKTPOHCKH CIEKTPHU Cy Y CarfJacHOCTH ca OAroBapajyiiuM eKCIepHMEeHTATHUM
BpenHoctuMa. Jlooujern NPA mapameTpn yka3yjy l1a eIeKTPOHCKH MPETa3H YyIIIaBHOM JIEpUBUPAjY
of mornpuHoca uHTpanuranaHux (L) npenasa, mpenasa KOju MOTHYY O JIMTaHA-MeETal TpaHchepa
naenekrpucama (LMCT) u d—d npenasa. M3pauyHaBama eleKTPOHCKE CTPYKTYpE yKasyjy Ja [eH-
tpastau Ni(ll) jon kopuctu 4s u 3d opGurasne 3a rpaljeme KoBaneHTHHX Be3a ca jgoHopckum N u O
aromunMa. M3padyHare BpeIHOCTH Iy)XKHHA Be3a Cy Takole, y CarjlaCHOCTH ca pesyJiraTHMa
JI0OMBEHHUM Ha OCHOBY TEPMHUYKE JICKOMITO3UIIMje KoMIuiekca. Ha OCHOBY BHOpalMOHHX aHajn3a
npeasuljene cy tepmomuHamutke ocodoune nodusenor Ni(ll) xommiekca u mare cy KopenaTuBHe
jeAHauyrHe Koje MoBe3yjy OBe TEPMOAMHAMHYKE OCOOMHE ca TEeMIIEPaTypOM.

(MTpumsseno 28. okrodpa 2009, peBuaupano 12. janyapa 2010)
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Synthesis, complexation, spectral, antibacterial and antifungal
activity of 2,4-dihydroxy-5-[(E)-phenyldiazenyl]benzaldehyde
oxime

MUKERREM KURTOGLU*

Department of Chemistry, Kahramanmaray Siitcli /mam University,
Kahramanmaras, 46050, Turkey

(Received 18 November, revised 22 December 2009)

Abstract: A new substituted salicylaldoxime ligand containing an azo (—N=N-)
group, 2,4-dihydroxy-5-[(E)-phenyldiazenyl]benzaldehyde oxime (Hssalox)
(2), was synthesized by the reaction of 2,4-dihydroxy-5-[(E)-phenyldiaze-
nyl]benzaldehyde (1) with hydroxylamine in ethanolic solution at room tem-
perature. Mononuclear complexes of (Hssalox) (2), a bidentate hydroxyal-
doxime ligand, were synthesized by reaction with nickel(l1), cobalt(l1) and cop-
per(ll) chloride salts. The complexes, [Ni(H,saox)s] (3), [Cu(H,salox)s] (4)
and [Co(Hosalox),] (5) were characterized by elemental analyses (C, H, N),
conductivity measurements and infrared and electronic spectral studies. The
IH-NMR spectrum of the Hssalox (2) ligand was also recorded. The mono-
nuclear Ni(ll), Co(Il) and Cu(ll) complexes of the ligand, (Hssalox), have a
metal:ligand ratio of 1:2 and the ligand coordinates through the N and O atoms,
as is the case with most hydroxyaldoximes. The molar conductivities in DMF
solution indicate the non-electrolytic nature of the metal chelates. The antimic-
robial activities of the ligand and its metal complexes were estimated for eight
bacteria, i.e., Escherichia coli, Saphylococcus aureus, Klebsiella pneumoniae,
Mycobacterium smegmatis, Pseudomonas aeruginosa, Enterococcus cloacae,
Bacillus megaterium and Micrococcus luteus and three fungi, i.e., Kluyvero-
myces fragilis, Rhodotorula rubra and Saccharomyces cerevisiae.

Keywords. azo; azomethine; oxime; metal complexes.

INTRODUCTION

In recent years, the chemistry of coordination compounds has shown a rapid
development in diverse disciplines as a result of the possible use of these new
compounds in biological applications. Transition metal complexes with potential
biological activity are the focus of extensive investigations. Oximes and azo dyes
have often been used as chelating ligands in the field of coordination chemistry

* mkurtoglu@ksu.edu.tr
doi: 10.2298/J5C091118102K
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and their metal complexes have been of great interest for many years. The biolo-
gical importance of oximes and their complexes is very well known.! Different
oximes and their metal complexes have shown notable bioactivity as chelating
therapeutics, as drugs, as inhibitors of enzymes and as intermediates in the bio-
synthesis of nitrogen oxides.2:3 Transition metal complexes with o-hydroxy aro-
matic oximes have attracted much attention as they exist as cis and trans geo-
metrical isomers. Copper complexes are known to assume trans structures while
cobalt complexes have cis structures.4

The presence of mildly acidic hydroxyl groups and slightly basic nitrogen
atoms makes vic-dioximes amphoteric ligands, which form square-planar, squa-
re-pyramida or octahedral complexes with transition metal ions such as Ni(ll),
Co(Il) and Cu(ll) as the central atom.®

NH, N+
T e S - Ol
! —
NE o

HO OH

Fig. 1. The synthesis reaction of the substituted salicylaldoxime ligand; i) NaNO,/HCl,
ii) 2,4-dihydroxybenzaldehyde AND iii) hydroxylammoniumchloride.

In previous papers, the synthesis and characterization of new ligands and
their various transition metal complexes were reported.6-8 Due to the importance
of azo-oxime compounds and in continuance of interest in the syntheses of azo
and oxime compounds, the synthesis and spectral properties of a new azo-oxime
compound and its metal complexes are reported herein. The proposed structure of
the ligand is shown in Fig. 1. '"H-NMR, IR and UV—Vis data and elemental
analyses results of the azo-oxime compounds are presented.

EXPERIMENTAL
Materials and measurements
All chemicals used in the syntheses were of reagent grade and used without further
purification. All solvents were of reagent grade and purified according to the standard proce-
dure. Carbon, hydrogen and nitrogen elemental analyses were performed with a model Leco
CHNS 932 elementa analyzer. The IR spectra were obtained as KBr discs (4000-400 cm)
using a Shimadzu 8300 FTIR spectrophotometer. The electronic spectra were obtained in
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DMF on a Shimadzu UV-160 A spectrophotometer. The TH-NMR spectra were recorded on a
Bruker Ultrashield 300 MHz FT-NMR spectrometer.
2,4-Dihydroxy-5-[ (E)-phenyl diazenyl] benzaldehyde, a-sal (1)

Aniline (0.093 g, 1.0 mmol) was cooled to 0 °C and hydrochloric acid (35.5 %, 0.4 mL)
was added. When the mixture had attained room temperature, it was stirred for complete
solubilization. The solution was again cooled to 0 °C and NaNO, (crystals) (70 mg, 1.0 mmol)
was added in 2 min. The suspension was stirred with a glass rod until a deep yellow preci-
pitate was formed (10 min). To this suspension, ice (ca. 10 mg) was added in small pieces and
the mixture was poured into a suspension of 2,4-dihydroxybenzaldehyde (128 mg, 1.0 mmol)
and CH3COONa (ca. 3 g) in EtOH (35 mL) at 0 °C. The color changed within a few minutes
from blue to red. After 15 min stirring, aqueous sodium carbonate (20 %, 50 mL) was added
at 0 °C and the solution was allowed to warm to room temperature and then extracted three
times with EtOH (3x50 mL). The combined organic layers were washed with water, dried
over Na,SO, and the solvent was evaporated under vacuum. Anal. Calcd. for Ci3H19N,O3
(FW 242.23): C, 64.46, H, 4.16; N, 11.56 %. Found: C, 64.35; H, 4.24; N, 11.69 %. IR (KBr
disc, cm): 3422 (O-H), 3062 (Ar—C-H), 1700 (C=0), 1385 (-N=N-). 1H-NMR (300 MHz,
DMSO-dg, 6 / ppm): 10.20 (OH), 9.95 (CHO), 7.45-7.60 (Ar-H). Ay / Q1 cm? molL: 11.
Synthesis of 2,4-dihydroxy-5-[ (E)-phenyl diazenyl] benzal dehyde oxime (Hzsalox) (2)

The oxime ligand was prepared by the reaction of hydroxylammonium chloride
(NH,OH-HCI) with 2,4-dihydroxy-5-[ (E)-phenyldiazenyl]benzaldehyde. NH,OH-HCI (0.50 g,
7.2 mmol) and asal (1.215 g, 5.0 mmol) were taken in MeOH. The resulting mixture was
neutralized with a few drops of 1 M NaOH solution and refluxed for 4-5 h. The precipitated
compound was filtered, washed with cold MeOH and dried under vacuum.

Synthesis of [Ni(H,salox),] (3)

A solution of Hssalox (0.257 mg, 1.0 mmol) in EtOH (25 mL) was added drop-wise to a
solution of NiCl,-6H,0 (0.12 g, 0.50 mmol) in EtOH (20 mL) at room temperature under air.
The brown solution (pH 8) was stirred for 3 h, during which time it went darker and a dark
green solid was formed. The solid was filtered and washed with cold EtOH and dried under
vacuum.

Synthesis of [ Cu(H,salox),] (4)

This dark green complex was prepared by a procedure similar to that employed for the
synthesis of [Ni(Hzsalox),] but using CuCl,-2H,0 (0.086 g, 0.50 mmol) instead of NiCl,-6H0.
Synthesis of [ Co(H,salox),] (5)

Cobalt(Il) chloride hexahydrate (0.12 g, 0.50 mmol) in 10 mL of EtOH was added to a
hot EtOH solution of Hzsalox (1:2 molar ratio). The mixture was stirred for 5 h at room tem-

perature with air bubbling, giving a reddish brown precipitate. The precipitate was collected
by filtration, washed with cold EtOH, then Et,O and dried in a desiccator.

Antibacterial and antifungal activities

The new salicylaldoxime derivative ligand and its metal complexes were evaluated for
both their in vitro antibacterial activity against Escherichia coli, Saphylococcus aureus, Kle-
bsiella pneumoniae, Mycobacterium smegmatis, Pseudomonas aeruginosa, Enterococcus clo-
acae, Bacillus megaterium and Micrococcus luteus and their in vitro antifungal activity
against Kluyveromyces fragilis, Rhodotorula rubra and Saccharomyces cerevisiae by the disc
diffusion method.®
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RESULTS AND DISCUSSION
Synthesis

2,4-Dihydroxy-5-[ (E)-phenyldiazenyl]benzal dehyde oxime (Hzsalox) was
prepared by the reaction of 2,4-dihydroxy-5-[(E)-phenyldiazenyl]benzaldehyde
with hydroxylamine hydrochloride in EtOH at room temperature. The product of
the condensation reaction of 2,4-dihydroxy-5-[(E)-phenyldiazenyl]benzal dehyde
with hydroxylamine hydrochloride is depicted in Fig. 1. The new oxime ligand,
2,4-dihydroxy-5-[(E)-phenyldiazenyl]benzaldehyde oxime (Hssalox), gave
mononuclear complexes (Fig. 2) with Ni(Il), Co(Il) and Cu(ll) asfollows:

2H3salox + MX2-nH20 — M(Hosalox), + 2HX + nH20

where Hasalox: 2,4-dihydroxy-5-[ (E)-phenyldiazenyl]benzaldehyde oxime; M:

Ni(l1), Co(l1) or Cu(ll); X: Cl; n: 6 or 2.

Fig. 2. The proposed structure of the metal complexes of the
substituted salicylaldoxime ligand.

Analytic and spectral data of the ligand and its complexes

2,4-Dihydroxy-5-[ (E)-phenyldiazenyl] benzaldehyde oxime (Hzsalox) (2).
Yield: 0.61 g (48 %); m.p.: 165 °C. Anal. Calcd. for C13H11N303 (FW: 257.25):
C, 60.70, H, 4.31; N, 16.33 %. Found: C, 60.49; H, 4.11; N, 16.47 %. IR (KB,
cm1): 3434 (O-H), 3135 (N-H), 3037 (Ar-C-H), 1716 (O-H---0), 1639 (C=N),
1385 (-N=N-), 960 (N-O). IH-NMR (300 MHz, DMSO-dg, 6 / ppm): 14.15
(C=N-OH), 10.20 (OH), 8.55 (-CHO), 7.45-7.60 (Ar—H), 6.42 (N-H); UV-Vis
(DMF) (Amax / nm): 287, 348, 421. Ay / 1 cm2 mol-1: 14.

[Ni(Hosalox)o] (3). Yield: 0.25 g (89 %); m.p. > 250 °C; Anal. Calcd. for
CoeH20N6NiOg (FW: 571.17): C, 54.67, H, 3.53; N, 14.71; Ni, 10.28 %. Found:
C, 54.49; H, 3.61; N, 14.62; Ni, 10.36 %. IR (KBr, cm1): 3384 (O-H), 3049
(Ar—-C-H), 1710 (OH---0), 1629 (C=N), 1389 (-N=N-), 935 (N-0), 524 (Ni-O),
418 (Ni-N); UV-Vis(DMPF) (Amax / nm): 275, 340, 440, 647; Ay / L c? mol—L: 21,

[Cu(Hosalox)o] (4). Yield: 0.20 g (69 %); m.p.: > 250 °C; Anal. Calcd. for
CogH20NeCuOg (FW: 576.02): C, 54.21, H, 3.50; N, 14.59; Cu, 11.01 %. Found:
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C, 54.34; H, 3.41; N, 14.63; Cu, 11.25 %. IR (KBr, cmr1): 3448.5 (O-H), 3058
(Ar—C—H), 1716 (O-H--0), 1632 (C=N), 1385 (-N=N-), 939 (N-0), 511 (Cu-0),
424 (Cu-N). UV-Vis(DMPF) (Amax / nm): 276, 326, 430, 501, 514. Ay / L a2 mol—L: 19,

[Co(Hzsalox)s] (5). Yield: 0.18 g (64 %); m.p.: >250 °C. Anal. Calcd. for
CosH2oNsC00g (FW: 571.41): C, 54.65, H, 3.53; N, 14.71; Co, 10.31 %. Found:
C, 54.47; H, 3.63; N, 14.60; Co, 10,39 %. IR (KBr, cm1): 3383 (O-H), 3049
(Ar—C—H), 1720 (O-H--0), 1631 (C=N), 1386 (-N=N-), 941 (N-0O), 526 (Co-O),
437 (Co-N). UV-Vis(DMF) (Amax / nm): 279, 345, 436, 598, 661. A / L c? mol—L: 23,

The experimental results of the elemental analyses of the synthesized ligand
and its metal chelates are in good agreement with theoretical expectations. The
elemental analyses of the complexes indicate that the metaligand ratios were
1:2 in the [M(Hgsalox)o] [M = Ni(ll), Co(Il), or Cu(ll)], metal complexes. The
level of impurity in the products was checked by TLC. The synthesized ligand
and its mononuclear complexes were soluble in water giving stable solutions at
room temperature. The low conductances of the chelates support the non-elec-
trolytic nature of the metal complexes. Single crystals of the new oxime ligand
and its transition metal chelates could not be isolated from any organic solution,
thus, no definite structures could be described. However, the analytical and spec-
troscopic data enables possible structures, as shown in Figs. 1 and 2, to be pre-
dicted.

Spectral characterization

The 1H-NMR data recorded in DMSO-dg provided further evidence for the
structural characteristics of the oxime ligand. The 1H-NMR spectrum of the a-sal
compound displayed the presence of a broad singlet signal due to the hydrogen of
aldehyde group at 9.95 ppm, which is lower field shifted to 8.55 ppm in the
spectrum of the aldoxime ligand through the oximation reaction.10 The spectrum
of the Hasalox ligand exhibited multiplet signals at 7.45-7.60 ppm due to aro-
matic protons.11 The strong signals appearing in the chemical shift ranges 6.42—
—6.45 ppm can be attributed to the hydrogen of the -NH of the keto structure
(Fig. 3). In addition, the spectrum of the ligand Hssalox showed a singlet signal at
10.20 ppm due to the hydrogen of the —OH group. The 1H-NMR spectrum of the
ligand exhibited a signal at 14.20 ppm, which can be attributed to the hydrogen
bonded OH proton of the hydroxyimino group.

The electronic spectra of the complexes in 10-3 M DMF solutions at room
temperature were recorded. The electronic spectra can often provide quick and
reliable information about the ligand arrangement in transition metal complexes.
The electronic spectra of the ligand and its metal complexes in DMF showed 3-5
absorption bands between 275 and 661 nm. The ligand showed absorption bands
at 421, 348 and 287 nm. These bands are assigned to then — n* and 1 — n*
transitions, respectively.12 The electronic absorption spectrum of the [Ni(Hosalox)o]
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complex showed weak bands at 647 and 440 nm, which are assigned to the
TA19 — 1B1g and 1A1g — 1Ay transitions, respectively. A d® metal ion, Ni(ll)
exhibits a preference for square planar geometry with oxime complexes. The de-
crease in the intensities of the transitions indicated coordination to the nitrogen
atoms. The band at 340 nm is due to the charge-transfer transition and that at 275
nm isdueto n — w* transitions. The [Cu(Hosalox)o] complex exhibited bands at
514 and 501 nm, which can be assigned to d — d transitions, while absorption
band at 430 nm is assignable to the charge-transfer transition. The bands at 326
and 276 nm are assigned to the n — * and n — t* transitions, respectively. The
electronic absorption spectrum of the Co(ll) complex showed weak bands at 661
and 598 nm, which can be assigned to the d — d transitions 2Byy — 2Eq and
1A1g — 1B1g. This agrees with square-planar geometry.13 The band at 436 nm is
due to the charge-transfer transition, and the bands at 345 and 279 nm are as-
signed to the n — * and m — ©* transitions, respectively. The suggested struc-
tural formulae of the metal-oxime complexes under investigation are givenin Fig. 2.

HO OH (e} OH
Neo o NH o
SN - “N
H H

Fig. 3. Tautomerism in the a-sal compound.

The IR spectra of the free ligand and metal complexes were recorded in the
range 4000-400 and 400-100 cmL. The infrared spectrum of the substituted
salicylaldoxime ligand showed strong and broad bands due to the hydrogen-
bonded phenolic OH at o-position in the region 30002800 cmL. It also exhi-
bited two separate OH bands due to the oxime OH at 3237 and 3137 cm1 and
phenolic OH at 3400 cmL. The IR spectrum of the ligand showed a broad band
between 3200 and 3450 cm~1, which can be attributed to the phenolic OH group.
The IR spectra provide valuable information regarding the nature of the func-
tional group attached to the metal atom. The medium bands observed in the
1646-1620 cm1 frequency ranges in the complexes were assigned to the v(C=N)
mode. The shift of the v(C=N) vibration in all the complexes to a lower fre-
guency suggests that the nitrogen atom of the ring contributes to the complex-
ation. The lower v(C=N) frequency also indicates stronger M—N bonding. In the
IR spectra of the complexes, a band was observed between 430 and 460 cm 1,
which is attributed to v(M—N) stretching vibrations.14 Another band appeared be-
tween 660 and 672 cm~1, which is assigned to the interaction of the phenolic
oxygen to the metal atom, i.e., the stretching vibrations M-0).
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Biological activity

The antibacterial and antifungal activity of the new compounds were tested
using the disc diffusion method.1® The antibacterial and antifungal activities of
the compounds against eight bacteria, namely E. coli, S aureus, K. pneumoniae,
M. smegmatis, P. aeruginosa, E. cloacae, B. megaterium and M. luteus, and three
fungi, namely K. fragilis, R rubra and S cerevisiae, are presented in Tablel.

TABLE I. Antimicrobia effects of the synthesized compounds, asal (1), Hssaox (2),
[Ni(Hzsalox),] (3), [Cu(Hzsalox),] (4) and [Co(H,salox),] (5); concentration: 2000 ppm; 50 pl
well-1; 50 mL/disc (A — E. coli, B — S aureus, C — K. pneumoniae, D — M. smegmatis, E — P.
aeruginosa, F — E. cloacae, G — B. megaterium, H — M. luteus, | — K. fragilis, J— R. rubra,
K —S cerevisiae)

Diameter of inhibition zone, mm

Compound Bacteria Fungi

A B C D E F G H [ J K
asa (1) 8 9 8 8 - 7 7 9 8 - 11
Hassalox (2) - - - - - - - - - - 16
[Ni(Hpsalox),] (3) — - - - - - - - - - 8
[Cu(H,salox),) (4) — 7 - 8 - - - - - - 12
[Co(H,salox),] (B) — - - - - - - - - 8 18

The results showed that the bidentate ligand exhibited activity against none
of the tested species of bacteria, E. coli, S. aureus, K. pneumoniae, M. smegmatis,
P. aeruginosa, E. cloacae, B. megaterium and M. luteus, nor against the fungi K.
fragilis and R. rubra. The Hssalox ligand (2) had the highest effect against the
fungus S cerevisiae. The results indicate that the [Ni(Hosalox)o] chelate (3)
showed no activity except against S. cerevisiae under identical experimental con-
ditions. However, the Cu(ll) metal chelate of the ligand (4) showed low effects
against S. aureus and M. smegmatis bacteria and S. cerevisiae fungus. The
[Co(Hzsalox),] chelate (5) had the highest activity against S. cerevisiae fungus,
but it had low activity against R. rubra fungus. The complex has no activity against
the other bacteria and fungi. The variation in the activity of the different metal
complexes against the different microorganisms depends either on the impermea-
bility of the cells of the microbes or differences in the ribosomes in the microbial
cells 10,16

CONCLUSIONS

In this study, a phenolic oxime ligand, 2,4-dihydroxy-5-[(E)-phenyldiaze-
nyl]benzaldehyde oxime (Fig. 1), derived from 2,4-dihydroxy-5-[(E)-phenyldiaz-
enyl]benzaldehyde and hydroxylamine in EtOH, and some of its transition metal
complexes were prepared. The analytical data and the spectroscopic studies sug-
gested that the complexes had the general formula [M(Hosalox)2], where M is ni-
ckel(Il), cobalt(ll) or copper(ll). The molar conductance measurements of the
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complexes showed their non-electrolytic nature. According to the UV—-Vis and
IR data of the phenylazo linked oxime ligand, Hzsalox (2) was coordinated to the
metal ion through the oxime nitrogen and oxygen atom of the hydroxyl group in
salicyladehyde.

Based on the obtained results, the structure of the coordination compounds
under investigation can be formulated asin Fig. 2.

U3BOA

CHUHTE3A, KOMITJIEKCHUPATSE, CITIEKTPAJTHA, AHTUBAKTEPUICKA 1
AHTU®YHTAJTHA AKTUBHOCT OKCUMA 2,4-TUXUJIPOKCH-5-[(E)-
-OEHWIIUA3EHIIT BEH3AJJIEXUIA

M. KURTOGLU
Department of Chemistry, Kahramanmaras Siitcii /mam University, Kahramanmarasg, 46050, Turkey

V peakunju mmely 2,4-nuxunpoxcu-5-[(E)-dennnauazennn|Oen3angexnia 1 XuAPOKCHI-
aM{Ha Y €TaHOJIHOM PacTBOPY Ha COOHOj TEMIEPAaTyPH CHHTETU30BaH je OKCUM 2,4-TUXHPOKCH-5-
-[(E)-bennnnuazenmn] 6ensannexuna (Hzsalox) (2). Oaj nauranz je ynotpeOJbeH 38 CHHTE3y MOHO-
aykieapuux Ni(ll), Co(I1) u Cu(ll) kommekca y kojuma je HzSalOX nurana GuaeHTaTHO KOOpAHU-
HOBaH 3a HCIUTHBaHE joHe Merana. 3a kapakrepusaujy [Ni(Hpsalox),] (3), [Cu(Hzsalox),] (4) u
[Co(Hzsalox),] (5) kommiekca yrnoTpebsbeHe Cy pa3inuuTe TeXHHKE, Kao To cy eneMeHTanHa (C,
H u N) ananusa, KOHIyKTOMETPHjCKa Meperba, HH(pa-IpBEHa U EIESKTPOHCKA AIlICOPIIIHOHA CIIeK-
Tpockonuja. Taxolje, y oBoM pazy npukasas je n “H-NMR cnekrap HaSalox (2) smranzma. V uci-
tuauM Ni(ll), Co(Il) u Cu(ll) kommiekcuma HsSalox (2) nurann je koopaurosan npeko N u O
JOHOPCKHX aToMa, TIpU YeMy Cy 3a jelaH jOH MeTajla KOOpJWHOBaHa [Ba JIMTaHjaa. AHTHOaKTe-
pujcka akTUBHOCT HiSalox mwranma w oxrosapajyhux KoMIUIeKca MeTaia MCIMTBaHA je Ha 0caM
BpcTa Oakrepuja, kao mro cy: Escherichia coli, Staphylococcus aureus, Klebsiella pneumoniae,
Mycaobacterium smegmatis, Pseudomonas aeruginosa, Enterococcus cloacae, Bacillus megaterium
u Micrococcus luteus. ITopex Tora, HCINTHBaHA je aHTH(YHrala aKTUBHOCT Ha TPU BPCTE IJbHBA U
to: Micrococcus luteus, Rhodotorula rubra u Saccharomyces cerevisiae.

(Mpumibero 18. HoseMOpa, peBuaupano 22. neuemopa 2009)
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Diradical character of some fluoranthenes
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Abstract: It is shown that some Kekuléan fluoranthenes are diradicals and that
their ground state is a triplet. In the energetically less favorable singlet state,
these hydrocarbons aso exhibit pronounced diradical character. The diradical
character y of the compounds under investigation was estimated using the un-
restricted symmetry-broken (yPUHF) and complete active space (YNOON) me-
thods. It was found that the yPUHF values better reproduce the diradical cha-
racter of the investigated hydrocarbons. It was shown that singly occupied
molecular orbital (SOMO) and SOMO-1 of a diradical structure occupy diffe-
rent parts of space with a small shared region, resulting in a spin density
distribution over the entire molecule. The spatial diradical distribution in the
singlet diradical structures was examined by inspecting the HOMOs and
LUMOs for o and B spin electrons. It was shown that the a-HOMO and the
B-LUMO (as well as the B-HOMO and the a-LUMO) occupy practically the
same part of space. In this way, there are no unpaired electrons in a singlet
diradical structure, yet two of them occupy different parts of space, thus allow-
ing the -electrons to delocalize.

Keywords: fluoranthenes; diradical; singlet diradical; triplet diradical; unres-
tricted symmetry-broken method; complete active space calculation.

INTRODUCTION

Density functional theory calculations of large systems sometimes produce
energetically quasi-degenerate orbitals that cause a static correlation effect. Al-
though computationally demanding, the complete active space (CAS) method isa
straightforward way to include a correction of the static correlation. One of the
aternatives to decrease the computational costs is the unrestricted symmetry-bro-
ken method, which allows a spin-symmetry breaking and approximates the static
correlation correction by splitting oo and 3 electrons into two different orbitals. In

* Corresponding author. E-mail: mark@kg.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/JSC100419080M
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1242 MARKOVIC et al.

the symmetry-broken method, a singlet spin state with strong static correlation is
expressed as asinglet diradical.

A singlet diradical can be defined as a molecular species that has all elec-
trons paired, but a pair of these electrons occupies different parts of space with a
small shared region. The ground state of such speciesis asinglet, yet they exhibit
diradical character. On the other hand, a pure diradical is a molecular species
with two electrons occupying two degenerate, or nearly degenerate, molecular or-
bitals. We are interested in the usual case when thisdiradical isin atriplet ground
state. In this paper, we are concerned with Kekuléan diradical hydrocarbons, i.e.,
hydrocarbons for which at least one Kekulé structural formula can be written.

The electronic structure of singlet diradicals with Kekulé structures has at-
tracted much attention.1-14 Experimental and theoretical methods were used to
investigate the diradical character of Chichibabin’s hydrocarbon,! substituted fluo-
ranthenes,3 linear polyacenes47.9.14 phenalenyl-based hydrocarbons,>6:811-13
and zethrenes.10 On the other hand, the question whether Kekuléan system can
exist in atriplet ground state has been less thoroughly examined. An assumption
that a sufficiently small HOMO-LUMO gap should allow the promotion of an
electron to produce a diradical resulted in cyclohepta]def]fluorenel® and nonace-
ne and higher linear polyacenes!®-18 being proposed as possible representatives
of triplet Kekuléan hydrocarbons. However, cyclohepta]def]fluorene has never
been synthesized. In addition, Bendikov et al. showed that the RB3LYP wave
function becomes unstable for polyacenes as small as hexacene, and all higher
polyacenes,# implying that the calculated energies for singlet states are unrealis-
tically high. They performed reoptimization applying the unrestricted symmetry-
-broken method and showed that higher polyacenes exist in a singlet state with a
large amount of diradical character. In agreement with the findings of Bendikov
et al., high level ab initio calculations showed that the ground state of linear po-
lyacenes is a singlet for all chain lengths from naphthalene to dodecacene.® Fur-
thermore, the assumptions that anthracene-2,3-dimethylene,1° cyclopenta[a]cyc-
lopenta[i]anthracene,20 as well as pleiadene and benzopleiadene?l—24 are triplet
Kekuléan hydrocarbons have never been confirmed.

The only Kekuléan hydrocarbon the triplet state of which has been con-
firmed experimentally is 2,2-dimethyl-2H-dibenzo[cd,K]fluoranthene (6 in Fig.
1).3.25 The compound was generated photochemically and examined spectrosco-
picaly in acryogenic matrix and in solution using nanosecond laser flash photo-
lysis. On the basis of gpectroscopic measurements, trapping experiments and DFT
calculations, the singlet—triplet gap of 6 was estimated to be 3.3-5.4 kJ/mol in
favor of the triplet. It is worth mentioning that the DFT calculation was actually
performed on a relative of 6 (the compound in which — for the sake of compu-
tational feasibility — the methyl groups of 6 were replaced with H atoms).

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

2010 Copyright (CC) SCS




TRIPLET FLUORANTHENES 1243

In a series of recent papers,26-35 we studied various n-€lectron properties of
fluoranthenes were studied including also their Kekulé structures.33.34 Based on
the observations made in,33:34 some triplet-ground-state Kekuléan fluoranthenes
were recognized.35

Fluoranthenes are polycyclic conjugated hydrocarbons consisting of two
benzenoid units joined through a five-membered ring.26 Interest in nonalternant
polycyclic compounds of this kind has recently greatly increased, after the disco-
very that these compounds are formed from benzenoid hydrocarbons in flash va-
cuum pyrolysis experiments.36.37 As fluoranthenes are Kekuléan hydrocarbons,
one would expect asinglet ground state for them. Surprisingly, DFT calculations
revealed that some fluoranthenes are diradicals, implying that their triplet ground
state is energetically more favorable in comparison to the singlet state. In addi-
tion, their singlet ground state possesses a significant amount of diradical charac-
ter. This phenomenon was explained by the tendency of the investigated molecu-
les to delocalize their w-€electrons. This leads to aromatic stabilization, which is
stronger than the destabilization caused by the unpaired electrons.

In thiswork, some additional fluoranthene diradicals are reported. The triplet
hydrocarbon 6 and the well-defined singlet fluorantheno[8,9-b]triphenylene (7 in
Fig. 1) were included in the investigation. The diradical character of the fluoran-
thenes under investigation is discussed in detail.

COMPUTATIONAL METHODS

All calculations were performed with the Gaussian 03W, version 6.1, program pack-
age,38 at the B3LY P/6-311G(d,p) level of theory.3%40 The frequency calculations showed that
the examined structures have no imaginary vibrational frequencies. The hydrocarbons were
calculated in their singlet and triplet states using the restricted and unrestricted schemes for
closed-shell and open-shell calculations, respectively.

The singlet diradical character of the investigated hydrocarbons was estimated using two
approaches. In the first approach, a CASSCF(6,6) method in the RB3LY P/6-311G(d,p) opti-
mized geometry was used. The diradical index yYNOON was determined according to the
NOON (natural orbital occupation number) analysis,*! i.e., based on the occupation number
(n) of the LUMO, resulting from the CAS calculation. In the second approach, a symmetry-
broken UB3LY P/6-311G(d,p) method along with geometry optimization was applied. The
diradical index yPUHF, related to the HOMO and LUMO for singlet states, is defined by the
weight of the doubly-excited configuration in the multi-configurational MC-SCF theory, and
isformally expressed in the case of the spin-projected UHF (PUHF) theory as;1042.43

)

Yeure =1-
PUHF 1472

where T is the orbital overlap between the corresponding orbital pairs, and can be calculated
using the occupation numbers of UHF natural orbitals:

n -Nn
T= HOMO2 LUMO (2)
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The applicability of both approaches was tested based on the results for singlet fluo-
ranthene 7 and compound 6, the triplet state of which has been confirmed experimentally.325

RESULTS AND DISCUSSION

The optimized geometries of the investigated fluoranthenes are presented in
Fig. 1. The molecules 4 and 7 are planar, whereas in 6 only the two methyl
groups deviate from planarity. The other investigated molecules afford non-pla-
nar geometries, due to the repulsion of the hydrogen atoms located on the oppo-
site sides of the bays. The results of this research are summarized in Tablel.
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Fig. 1. Optimized geometries of triplet (1-6) and singlet (7) fluoranthenes.

As expected, the application of the symmetry-broken method to the triplet 6
led to a negative singlet—triplet gap, whereby the calculated va ue perfectly matched
the experimental estimation. In the case of 7, the singlet—triplet gap was positive.
In addition, there was no energy lowering (AEps_cs = 0.0 kJymal) or invoked
structural changes, in comparison to the closed-shell calculation. These findings
are in harmony with the fact that 7 is a singlet Kekuléan hydrocarbon. All these
facts confirm the applicability of the unrestricted symmetry-broken method to the
hydrocarbons under investigation. According to the values for AET-OS and
AEOS-CS in Table I, hydrocarbons 1-6 are pure diradicals, the less favorable
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singlet states of which are best described by the unrestricted symmetry-broken
method, and show pronounced diradical character.

TABLE I. Difference in the total energy (kJ mol1) between the open-shell symmetry-broken
singlet and the closed-shell RB3LYP solution (AEOS-CS), singlet—triplet gap (AET-OS),
NnLUMO and diradica character y (%), calculated using the NOON and PUHF approaches,
and the orbital overlap T

nLUMO nLUMO

Compound  AEpscs’ AEr.o8 yNOON T  yPUHF
(NOON) (PUHF)
1 —37.3% —16.5%® 0.431 43 0.979 0.021 9%
2 -36.5% -16.1% 0.495 50 0.955  0.045 a1
3 -125 -10.9 0.175 18 0.943  0.057 89
4 -239 -17.7 0.085 8 0.890 0.110 78
5 —5.4% —5.2% 0.128 13 0.785 0.215 59
6 —32.6% —7.5% 0412 41 0.925 0.075 85
7 0.0 192.4 0.083 8 0293  0.707 6

@0pen shell singlet energy minus RB3LY P singlet energy; Ptriplet energy minus open shell singlet energy

The diradical character of the investigated compounds is numerically expres-
sed by means of the yYNOON and yPUHF values (Table 1). It is worth pointing
out that both approaches assume that the diradical index ranges from 0 % for the
closed-shell state to 100 % for the pure diradical state. Taking into account that
1-6 are pure diradicals, the YNOON values are relatively low. In addition, the va-
lue for the singlet hydrocarbon 7 (8 %) is identical to that for the triplet fluo-
ranthene 4. On the other hand, the yPUHF value for 7 (6 %) is negligible in com-
parison to the significantly higher yPUHF values for triplet hydrocarbons. In ad-
dition, the orbital overlap T decreases with increasing diradical character. It turns
out that, in spite of the simplicity of the scheme using theunrestricted natural
orbitals (UNOs), it successfully reproduces the diradical character of the
investigated molecul es.

The unpaired electrons reside in the delocalized singly occupied molecular
orbitals (SOMOs) of each diradical. As anillustration, the SOMO, SOMO-1, and
spin density map for triplet 1 (1T) are presented in Fig. 2. The SOMO and
SOMO-1 are dmost degenerate (—0.173 and —0.182 eV). Obviously, SOMO and
SOMO-1 occupy different parts of space with a small shared region, resulting in
aspin density distribution over the entire molecule.

The spatial diradical distribution in the singlet diradical structures was exa-
mined by inspecting the HOMOs and LUMOs for the o. and 3 spin electrons. The
frontier orbitals for the oo and B spin electrons of triplet 1 and singlet 7, calculated
using the unrestricted symmetry-broken method (10S and 70S), are depicted in
Figs. 3 and 4, respectively. A remarkable feature of Fig. 3 is that the a-HOMO
and B-LUMO of 10S occupy practically the same part of space, involving appro-
ximately 0.51+0.49 electrons. The same situation was found in the case of the 3-
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Fig. 2. SOMO (a), SOMO-1 (b),
and spin density map (c) for 1T. In
the spin density map, the blue and
red regions indicate the highest
and lowest spin density values,
respectively. In the grayscale pre-
sentation the dark regions indicate
the highest spin density values.

B-LUMO a-LUMO
Fig. 3. Frontier orbitals for 10S.

-HOMO and a-LUMO. In this way, there are no unpaired electrons in 10S, yet
two of them occupy different parts of space, thus alowing the n-electrons to de-
localize. The situation is quite different in 70S (Fig. 4). Here, the o-HOMO and
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TRIPLET FLUORANTHENES 1247

B-HOMO, as well as the a-LUMO and B-LUMO, are of amost identical shapes.
Thus, the HOMO and LUMO are occupied with 1.71 and 0.29 electrons, respec-
tively. In addition, there is a noticeable shared region between the HOMO and
LUMO, which isin agreement with the high T value for 7 (Table I). The frontier
orbitals for the oo and B spin electrons clearly reflect the triplet and singlet nature

of the compounds 1 and 7.

{;,J !

%

;vd .

a-HOMO a-LUMO
Fig. 4. Frontier orbitals for 70S. The shapes of the B-HOMO and B-LUMO
are amost identical to those of the a-HOMO and a-LUMO.

CONCLUSIONS

The unrestricted symmetry-broken method was applied to the triplet 2,2-di-
methyl-2H-dibenzo[ cd,k]fluoranthene (6) and the singlet fluorantheno[8,9-bjtri-
phenylene (7). The excellent agreement with the experimental results confirms
the applicability of the symmetry-broken method to the Kekuléan fluoranthenes
1-5. Thetriplet ground state of 1-6 was confirmed by the negative singlet-triplet
gap values. These compounds tend to delocalize their n-electrons and thus they
take up diradical structures. Even in the singlet state, these Kekuléan hydro-car-
bons show a pronounced diradical character, and their structures are best pre-
sented with those of singlet diradicals. Such structures provide a possibility for an
electron pair to occupy different parts of space and allows for the achievement of
aromatic stabilization. The diradical index ynoon is not in good agreement with
the diradical character of the investigated molecules. On the other hand, ypynE
successfully reproduces the diradical character of the investigated molecules.
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U3BO [
JUPAJIMKAJICKU KAPAKTEP HEKHNX ®JIYOPAHTEHA

CBETJIAHA MAPKOBUR, JEJIEHA BYPBEBUR, CBETJIAHA JEPEMUK u UBAH 'YTMAH
IIpupoono-maitiemaiiiuixu gaxyaitiein, Ynueepsuiteii y Kpazyjesuy, Kpazyjesay

IMokazaHo je na cy Heku (IIyOpaHTCHH JMPAIUKaHd, Tj. a je HbUXOBO OCHOBHO CTame TPH-
wieTHO. M y eHepreTCKH HEMOBOJbHUjEM CHHIJICTHOM CTamy OBH YTJbOBOJOHHUIIHM [I0OKA3yjy H3PasUT
JMPATIUKAICKH KapakTep. J[MpaauKaicKku KapakTep HCIUTUBAHUX jEAUIbEEha MPOICHEH je momMohy
unrestricted symmetry-broken (Ypunr) 1 complete active space (Ynoon) Metoaa. Hahero je na Ypunr
BPEIHOCTH YCIECIIHHjE PENPOAYKY]y THUPaIUKAICKH KapaKTep HCIIUTUBAHUX YIriboBOAOHKKA. [Toka-
3aH0 je 1a SOMO u SOMO-1 op6urane 3a AUPAIUKAICKY CTPYKTYPY 3ay3UMajy pas3InduTe JeJI0BE
[POCTOpa ca MajJoOM 3ajeJHUYKOM PETHjoM, IITO PE3yJITHPA PACIOACIOM CIIMHCKE T'yCTHHE MPEKO
esior MoJiekyna. [IpocTopHa JupaauKalicka pacrojena y CHHITIETHO-AUPAJUKAICKUM CTPYKTypa-
Ma je ucrmurana Ha ocHoBy o6nuka HOMO u LUMO opOurana 3a enekrpone o u 3 criuHa. Ilo-
kaszaHo je n1a 0-HOMO u B-LUMO (kao u B-HOMO u 0-LUMO) 3ay3umajy npakKTHYHO HCTH J€O
npocropa. Ha oBaj HauMH, y CHHIJIETHOM JUpaIUKaly HeMa HECIIAPeHUX eJICKTPOHA, alli [[Ba eJIeK-
TPOHA UIAK 3ay3MMajy PasIHYKTe JEIOBE MPOCTOPa, ITo OMOoryhapa JAeMoKaIu3alijy T-eIeKTPOHa.

(Mpumsbeno 19. anpuia, pesuaupano 18. maja 2010)
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A study of thermally activated M g—Fe layered double
hydroxides as potential environmental catalysts
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Abstract: Layered double hydroxides (LDHs) and mixed oxides derived after
thermal decomposition of LDHs with different Mg—Fe contents were inves-
tigated. These materials were chosen because of the possibility to tailor their
various properties, such as ion-exchange capability, redox and acid—base and
surface area. Layered double hydroxides, [Mg;.,Fe(OH)5] (COg3),o-mH-0 (where
X presents the content of trivalent ions, x = M(II1)/(M(I1) + M(111)) were syn-
thesized using the low supersaturation precipitation method. The influence of
different Mg/Fe ratios on the structure and surface properties of the LDH and
derived mixed oxides was investigated in correlation to their catalytic pro-
perties in the chosen test reaction (Fischer—Tropsch synthesis). It was deter-
mined that the presence of active sites in the mixed oxides is influenced by the
structural properties of the initial LDH and by the presence of additiona Fe
phases. Furthermore, a synthesis outside the optimal range for the synthesis of
single phase LDHs leads to the formation of metastable, multiphase systems
with specific characteristics and active sites.

Keywords. Mg—-Fe-LDHSs; hydrotalcite; anionic clays, Mg—Fe mixed oxides;
Fischer—Tropsch reaction.

INTRODUCTION

In recent years, many investigations have been focused on the development
of low-cost heterogeneous materials with basic characteristics that could be used
in reactions for industrial purposes. Layered double hydroxides, LDHSs, are anio-
nic claysthat are also known as hydrotalcite-like materials
(IM(I1) 1M (HT1)x(OH) 2P (Ayyn) "~ mH20),
where x represents the content of trivalent ions, x = M(I11)/[M(I1) + M(lI1) and
A™ is the anion. LDHs are formed by isomorphic substitution of octahedrally
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doi: 10.2298/J5C100115092H
# Serbian Chemical Society member.
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coordinated M(Il) cations in brucite-like layers with trivalent cations. The posi-
tive charge is compensated by hydrated anions located in the interlayer space to-
gether with water forming the layered structure. The properties of LDHs and of
thermally derived mixed oxides can be tailored by variation of the M(l1), M(l11)
cations and interlayer ions and different M(I1)/M(I11) ratios, resulting in their
wide application as acid-base and redox catalysts, catalyst supports, anion ex-
changers, adsorbents etc. The synthesis of single-phase LDHs is narrowed to the
range 0.2 < x < 0.33.12 The influence of the extent of M(I11) substitution (within
and outside the optimal range), on surface properties of LDHs and derived mixed
oxides and their efficiency as catalysts in the Fischer—Tropsch test reaction were
investigated. The conversion of syngas (CO + Ho mixtures) to a range of hydro-
carbons using Fischer—Tropsch synthesis (FTS) is currently of increasing interest
in the scientific field. The FTS products are complex mixtures of organic com-
pounds that depend on the catalysts employed, as well as on the operating condi-
tions. Therefore, selectivity of catalysts towards the desired products is of great
importance. Magnesium was chosen as the M(l1) ion, because of its basic proper-
ties, and iron as the active M(I11) ion, because of its reductive characteristics and
its ability to form specific active sites in the layered structure required for cata-
lytic application.3

EXPERIMENTAL

Layered double hydroxides were synthesized using the low supersaturation co-precipi-
tation method at constant pH with different Mg:Fe ratios and x in the range 0.15-0.7. Precur-
sors with different Mg:Fe atomic ratios were prepared using agueous solution of Mg
(NO3)»6H,0 and Fe(NO3)3-9H,0 continuously (4 cm3 minl) added at constant pH (ca.
9.6-9.9) maintained by simultaneous addition of Na,CO5; and NaOH solution. The products of
the precipitation were calcined for 5 hin air at 500 °C.

Structural analysis (XRD) of LDH and mixed oxide samples was investigated with a
Siemens D500 X-ray diffractometer (Cu Ko radiation, A = 0.154 nm, 45 kV, 25 mA) in the 26
range from 3 to 63°. The texture of mixed oxides was evaluated by low temperature nitrogen
sorption at —196 °C using a Micromeritics ASAP 2010 instrument.

The investigation was oriented to the selectivity of the synthesized samples because their
selectivity towards particular hydrocarbons is of essential importance in evaluating their
potential in the overall activity in FTS. Selectivity tests were performed in a tubular reactor.
The catalysts were activated by reduction treatment with a pure hydrogen flow of 20 ml min-1
for 2 h at 350 °C. The gas flow was adjusted by mass flow controllers with the H,:CO ratio of
2:1. The entire reactor system was placed inside a furnace at a temperature of 375 °C. Reac-
tion products were analyzed using a gas chromatograph, HP 5890, Series Il, equipped with
TCD and FID detectors. The selectivity of the prepared catalysts was calculated using the
following formula (S—selectivity, F —detector response factor, x —desired product, nC —

number of C atomsin the product; A — value of the surface under the peak):

Z ( Fproduct nCproduct Aproduct )

@
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THERMALLY ACTIVATED Mg—Fe LAYERED DOUBLE HYDROXIDES 1253

RESULTS AND DISCUSSION

All the synthesized samples showed X-ray diffraction patterns that are typi-
cal for layered double hydroxides,14 but asingle LDH crystalline phase structure
was observed only in the samples with x values of 0.15 and 0.3, Fig. 1. The sample
with the lowest amount of Fe (x = 0.15) showed broad XRD lines, indicating a
less ordered structure. Outside this composition range, x from 0.5 to 0.7, the XRD
peaks typical for LDH decreased linearly with increasing amount of Fe in samp-
les, corresponding to a lower crystallinity and a less ordered structure. Another
crystaline Fe phase (goethite, FeO(OH)) was observed in the sample with an x
value of 0.5. The typical XRD patterns for this additional Fe phase were not
detected in the sample with the highest amount of Fe (x = 0.7), probably due to
the low intensity of the peaks and the signal response noise, but its presence was
also assumed in this sample.

70004

J * *
6000 / \__“JL‘"M
5000 _ LDH-85Mg-15Fe
40001 /\‘ ‘j\‘ Mw\‘ ,\\./\

LDH-70Mg-30Fe
3000

WKWWMM
20001 LDH-50Mg-50Fe

1000

Intensity, a.u.

LDH-30Mg-70Fe

0+— : : : . . : : . :

5 15 25 35 45 55 65
26/°

Fig. 1. XRD Patterns of all the synthesized LDH samples (% — LDH; + — goethite).

The lattice parameters. basal spacing dg=d(003), cation—cation distance
ap = 2d(110) and parameter cg = 3d(003) are presented in Fig. 2. The d(110)
reflection is independent of the kind of layer stacking and can be utilized for the
calculation of the parameter a, whereas the d(003) reflection, the true ¢ parame-
ter, depends on the layer stacking sequence.1 With increasing amount of Fein the
sample, a decrease in the lattice parameters, indicating a decrease in the interla-
yer distance and a higher attraction between the negatively charged hydroxide la-
yers and the anions present in the interlayers, was also reported elsewhere.>

The XRD analysis of al the samples after thermal treatment showed diffrac-
tion peaks typical for mixed oxides with a regular, dense-packed, cubic, NaCl-
-type oxygen lattice, shown in Fig. 3. A collapse of the layered structure leading
to the formation of mixed oxides after calcination was observed in all samples.
The intensity of the XRD peaks decreased with increasing iron content in the
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samples and with increasing deviation from the optimal range for the single-pha-
se synthesis. The XRD analysis of the samples synthesized with a content of Fe
higher than the mentioned optimal range revealed additional phases of hematite
(Fex03) and spinel (MgFexO4).6 The intensity of the characteristic additional
phase signals increased with increasing Fe content in the samples, indicating also
higher amounts of these phases in the samples with x = 0.7. This aso confirms
the mentioned assumption about the presence of the additional Fe phase in the
original LDH sample.
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—o—¢ 0.3125
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Fig. 2. The influence of the chemical composition of the LDH on the lattice parameters.
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Fig. 3. XRD Patterns of the samples after thermal treatment (% — mixed oxides;

0 — hematite, X —spinel).

The structural parameter ag as a function of the amount of Fe in the sample
is presented in Fig. 4, from which it can be seen that the values for ag decreased
with increasing amount of Fein the samples.
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0.4230 \ —ma,
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ao/ nm
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015 030 045 060 075 Fig. 4. Structural parameters of the
X mixed oxides.

The surface area of the as-synthesized LDH samples and after the thermal
and reduction treatment, as well as the influence of the amount of iron in the
samples is shown in Fig. 5. The increase of the surface area after thermal treat-
ment for samples with x = 0.15 and 0.3 is due to the formation of smaller meso-
pores.” The presence of additional phases in samples with x = 0.5 and 0.7 nega-
tively influences the development of surface area after calcination. A smaller de-
crease in the surface area was detected for the sample x = 0.5, which contained
lower amounts of additiona phases. The LDH sample with the highest iron con-
tent (x=0.7) had the highest surface area that significantly decreased after cal-
cination. This drastic fall was due to the lowest amount of carbonate in the LDH
interlayers in this sample and the formation of additional crystalline phases iden-
tified by XRD analysis.

250
O LDH-Mg-Fe .
1 ®m MO-Mg-Fe
200] ® H-Mg-Fe

—IOD
= 150 J
= : "
“ |
=}
100+
m]
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Fig. 5. Surface area of the LDH, de-
50+ . . . . . B rived mixed oxides and mixed oxi-
01 02 03 04 05 06 0.7 desafterreductionindependenceon
X the Fe content.
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The surface area of the mixed oxides after reduction was lower than the sur-
face area of the mixed oxides after calcination, Fig. 5, most likely due to the for-
mation of new phases after the reduction.

The selectivity of all samples towards C4 and Cs products at 375 °C and a
H>:CO ratio of 2:1 is presented in Fig. 6. The sample with the lowest iron con-
tent, having the highest basicity compared to the other samples, exhibited the
highest selectivity. These results are in agreement with literature data, where it
was observed that with increasing MgO content in the sample, the selectivity of
the Fe-catalysts in the FT reaction also increased.8

20+
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] / O oo o-CH.

v a /‘\AO~A~A\‘/A\ AL 512
"
54 a4

A
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Fig. 6. Selectivity of all samplestowards C, and Cs products at
375 °C at an H,:CO ratio of 2:1.

The sample synthesized in the optimal range for single-phase LDH synthesis
(70 Mg—30 Fe) exhibited low selectivity towards C4-compounds, while selectivity
towards Cs-compounds was not detected. The very low selectivity of this sample
is probably due to its stable structure, as observed by XRD analysis, which is not
desirable for catalytic application. Both of the samples 50 Mg-50 Fe and 30 Mg—
—70 Fe exhibited selectivity towards C4- and Cs-compounds. The sample with
the highest Fe content showed selectivity towards Cs-compounds after 5 min of
the reaction, whereas selectivity for the 50 Mg-50 Fe sample towards Cg-com-
pounds was detected after 40 min.

CONCLUSIONS

The synthesis of Mg—Fe layered double hydroxides outside the optimal ran-
ge for a single LDH phase resulted in the formation of complex, multiphase,
layered double hydroxides, which gave metastable phases of oxides after thermal
treatment. These mixed oxides enabled the development of active sites on the
surface contributing to their catalytic performance. The reduction of mixed oxi-
des before their application in the Fischer—Tropsch reaction decreased the surface
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area, most likely due to the formation of new phases. All the samples synthesized
outside the optimal range for a single LDH phase showed higher selectivity to-
wards the chosen products compared to the samples synthesized within the opti-
mal range. The sample with the lowest iron content having the highest basicity
compared to other samples exhibited the highest selectivity in the FT reaction.
The stable structure of the sample synthesized in the optimal range disenabled the
formation of active sites and confirmed the positive effect of metastable struc-
tures on catalytic properties. Such results open up a new route for the synthesis of
LDHswith desired properties for application in certain catalytic reactions.
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N3BOJI

UCIIUTUBABE TEPMUYKU AKTUBUPAHUX Mg-Fe JIBOCTPYKUX CJIIOJEBUTUX
XUAPOKCUIA KAO ITIOTEHITUJAJTHUX KATAJIU3ATOPA
YV 3AHITUTH X KUBOTHE OKOJIMHE

MUWJINLA C. XAJITHABEB-KOCTUR, TATJAHA J. BYJIUh u PAJIMUJIA I1. MAPUHKOBUR-HEAYUVH
Texnoaowrxu gaxyaitiein, Ynueepsuineiwi y Hosom Caoy, Bya. yapaJlazapa 1, 21000 Hosu Cao

WcnutuBanu cy qBoCcTpyKH cinojeButu xuapokcuan (LDHS) ca pasmuuntum caapxajem Mg—
—Fe u MeoBUTH OKCHAN KOjH Cy HACTAlHM BHHXOBOM TEPMHUYKOM pPasrpaimoM. J[BOCTpyKH clioje-
BUTH xuzapokcuan [Mgy4Fe(OH);](COs)y>mMHL0, e je X yaeo TpOBaeHTHHX aHjoHa, X =
= M>H)/(M(I1) + M(I11)) curTeTHcanu Cy KONPELMUIMTALMOHOM METOAOM Maje mpe3aculieHOCTH.
WsBpmiena je kapakTepu3aldja MEMIOBHTHX OKcuaa Hactanmux u3 LDHS, xao um HeTpermpanux
LDHs, wucnutiBameM Kpuctajgorpadcke CTPYKType, TEPMHUYKHX KapaKTepHCTHKA, TEKCType,
KHCEeN0—0a3HUX KapaKTeprCTHKa U Mopdoioruje. [Ipoyuasad je yTuiaj pasmaautor ogaoca Mg/Fe
Ha CTPYKTYpHE, MOBPIIMHCKE W KHceno—OasHe kapakrepuctuke LDHS M BHXOBHX MEIIOBHTHX
OKCHJa y KOpelalHji ca KaTAIUTHYKUM KapaKTepHcTHkama y ofgabpaHoj tect peakuuju (Fischer—
Tropsch cunresa). YrBpheHo je ma cTpykTypHe Kapakrepuctuke mnosiasHor LDH, mpucycrtBo
nonatHux (dasza Fe u kuceno—Oa3He KapaKTEpPUCTHKE YTHYY HA IPHUCYCTBO aKTHBHHX LIEHTAapa KOJ|
CBHUX MELIOBUTHX OKCHZA, Ka0 M Jia CHHTE3a BaH ONTHUMAJHOI Olcera 3a aodujame jenHodasHux
LDHS noBomu 10 ¢opmupama MeracTabHIHUX, BHIIE(pAa3HHUX CHUCTEMa Ca CHeHUPHIHAM
KapaKTepUCTHKaMa U aKTHBHUM LICHTPHMA.

(Ilpumsbeno 15. janyapa, pesuaupano 25. Gpedpyapa 2010)
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Abstract: Two composite cathode materials containing LiFePO, and activated
carbon (AC) were synthesized by an in-situ method and a direct mixing tech-
nique, which are abbreviated as LAC and DMLAC, respectively. Hybrid batte-
ry—capacitors LAC/Li4TisOq, and DMLAC/Li4TisO1, were then assembled. The
effects of the content of LiFePO, and the preparation method on the cyclic vol-
tammograms, the rate of charge-discharge and the cycle performance of the
hybrid battery—capacitors were investigated. The results showed the overall
electrochemica performance of the hybrid battery—capacitors was the best when
the content of LiFePO, in the composite cathode materials was in the range
from 11.8 to 28.5 wt. %, while the preparation method had amost no impact on
the electrochemical performance of the composite cathodes and hybrid battery—
—capacitors. Moreover, the hybrid battery—capacitor devices had a good cycle
life performance at high rates. After 1000 cycles, the capacity loss of the
DMLACILi4TisOq, hybrid battery—capacitor device at 4C was no more than
4.8 %. Moreover, the capacity loss would be no more than 9.6 % after 2000
cyclesat 8C.

Keywords: hybrid battery—capacitor; LiFePO, content; preparation method; long
cyclelife; high rate; electrochemical performance.

INTRODUCTION

The emergence of hybrid electric vehicles (HEVS) requires the devel opment
of power sources that can provide high power as well as high energy.14 How-
ever, neither secondary batteries (low power density) nor capacitors (low energy
density) as a single power source for HEV's can meet the needs of practical ap-
plication.>~7 A hybrid battery—capacitor is a new energy storage system in which

* Corresponding authors. E-mail: xuebu@sicnu.edu.cn
doi: 10.2298/J5C091028101Z
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the secondary battery and capacitor coexist. It consists of an oxidation—reduction
anode and a composite cathode composed of an oxidation-reduction battery elec-
trode and an electric double-layer capacitor carbon electrode. During the charge—
—discharge process, the two oxidation—reduction electrodes form a battery system
of oxidation—reduction cathode/oxidation—reduction anode, while at the same time,
the electric double-layer carbon electrode and the oxidation—reduction anode form
a hybrid capacitor system; hence the energy storage of the electrodes have not
only Faradic energy but also electric double-layer energy. Therefore, a battery
system and a capacitor system coexist in such an energy storage device, each of
which brings its own good electrochemical performance into the whole system.
The hybrid battery—capacitor has an energy density as high as the secondary bat-
tery and a power density as high as the capacitor.8-11 This makes it one of the
most promising auxiliary power supplies for HEV's. Previously, a composite ca-
thode material containing LiFePO4 and activated carbon (AC), abbreviated as LAC,
was synthesized by an in-situ method. Although the assembled hybrid battery—
—capacitor LAC/Li4TisO12 showed the advantages of a high rate capability and
high capacity,8 the in-situ synthesis required high system stability. It is hard to
control product performance, stability and consistency, particularly an accurate
content of LiFePO,4 in composite materials. The shortage of in-situ methods of
synthesis increased the difficulty of industrial production. One possible solution
to this problem is to synthesize the products by a direct mixing technique. In adi-
rect mixing technique, the composite materials are synthesized via high-speed
mechanical mixing, which is smple and the content of each component in com-
posite materials can be easily controlled.

In this study, through the direct mixing technique, a series of composite ma-
terials containing commercial LiFePO4 and AC, abbreviated as DMLAC, with
different LiFePO,4 contents was synthesized. The effects of the LiFePO4 content
and preparation method on the electrochemical performance of the hybrid bat-
tery—capacitors were systematically studied.

EXPERIMENTAL

The LAC composite material was prepared via the in-situ method described in the lite-
rature.® Li,TisO» powder was prepared via a solid-state reaction.8 The DMLAC composite
material was prepared via the direct mixing technique. A stoichiometric mixture of LiFePO,
and AC was dispersed in distilled water (the solid content was about 30 or 35 mass %) and
then stirred at 2000 rpm for 6 h to give the final LiFePO,+AC (DMLAC) composite material.

X-Ray diffraction (XRD) analysis of the electrode materials was realized a Philips
X’ Pert automated X-ray diffraction machine with CoKal radiation of 4 = 0.178897 nm, 50
kV, 35 mA, in the range of 15° < 26 < 85°. Scanning electron microscopy (SEM) was con-
ducted on a JEOL JSM-6700F scanning electron microscopy at 5 kV. The tap-density of the
powders was tested by adding a weighed amount powder into a dry measuring cylinder and
then the measuring cylinder was tapped until the volume of the powders no longer changed.
The ratio of the mass and the volume of the powder gave the tap-density.12
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A well mixed durry of the active materiadl LAC powder (or DMLAC, LiTisOqs,
LiFePO,, AC), the electric conducting agent acetylene black and an aqueous binder LA132
(from Indigo, China) in aweight ratio of 85:10.5:4.5 was pasted onto aluminum foil and dried
at 120 °C to give the electrodes. All electrodes were cut into discs with a diameter of 1.0 cm
(i.e., an area of 0.785 cm?), pressed, dried at 90 °C under vacuum for 4 h, and then stored in
an argon-filled dry box. The hybrid battery—capacitor LAC/LisTisO1, (of DMLAC/Li4TisO015)
was assembled in an argon-filled dry box by pressing an LAC (or DMLAC) disc, a Celgard
2400 polypropylene membrane and a Li,TisOq, disc. The electrolyte wasa 1.0 M LiPFg solu-
tion in the mixture of ethylene carbonate (EC), dimethyl carbonate (DMC) and ethylene me-
thyl carbonate (EMC) at a weight ratio of 1:1:1. For comparison, the capacitors of AC/
ILi4Tis015 and AC/AC and the battery LiFePO4/LisTisO;, were assembled in the same way.
The constant current charge—discharge, rate capability and cycle performance of the hybrid
battery—capacitors, capacitors and battery were tested on a Qing-tian battery tester (BS9300,
China) and cyclic voltammograms were recorded on an Arbin instrument (USA).

In order to show the cycle life at a high rate, two kinds of DMLAC/LisTisO4, hybrid
battery—capacitor devices were assembled. The cathodes were prepared with LiFePO, (STL,
China) and AC (GH-6, China). The conductive additives used were colloidal graphite (F-0,
China) and conductive carbon black (SuperP, TIMCAL) termed SP hereinafter. The binder
used was LA132 (Indigo, China). Anodes were prepared in the same way using LisTisO, as
the active material. The formulations of the prepared electrodes are summarized in Table I.
The cells were assembled in an argon-filled dry box by pressing a DMLAC cathode, a Celgard
2400 polypropylene membrane, and a LisTisOq, anode. The electrolyte was a 1.0 M LiPFg
solution in a mixture of EC, DMC and EMC (1:1:1 by weight). The cells were packaged with
an aluminum—plastic membrane and shaped. The final size of hybrid battery—capacitor was
4.5 mmx30 mmx48 mm (thicknessxwidthxlength). The cycle life performance of the hybrid
battery—capacitors were tested on a Repower Battery Tester (China). All the tests were per-
formed at 20 °C.

TABLE |. Formulations of the tested el ectrodes

Electrode Active material Conductive additives Binder

15% LFP + AC LiFePO, 15 % + AC 60 % F-012% + SP6 % LA1327 %
225%LFP+AC LiFePO,225%+AC525% F-012%+ SP6% LA1327 %
LTO Li,TisO:, 86 % F-06%+ SP4% LA1324 %

RESULTS AND DISCUSSION
Analyses of XRD data

The XRD patterns of the LAC composites with different LiFePO4 contents
from 5.1 to 34.2 wt. % are shown in Fig. 1. Except for characteristic patterns of a
small amount of Graphite-2H and Li4P>0O7, al the peaks are in accordance with
the reference LiFePO, pattern (PDF No. 40-1499). Graphite-2H is formed be-
cause AC can transform to graphite at high temperatures.13.14 Li4P,07 is derived
from the decomposition of LiFePO, at high temperatures.1® The decomposition
process may be represented by the following reaction:

4 LiFePO4 — LigP>07 + FesP + 9/207
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Fig. 1. XRD Patterns of the LAC composites with different LiFePO, contents: a) 5.1, b) 11.8,
c) 21.1, d) 28.5, €) 34.2 and f) 100 wt. % (i.e., the reference, LiFePO,).

With increasing LiFePO4 content, the XRD patterns became more similar to
the reference pattern and the peak intensities of the impurities were correspond-
ingly decreased.1® Moreover, the tap-density of the LAC composite increased
with increasing LiFePO4 content, which would improve the volume density of
the composite cathode and the volume energy density of the hybrid battery—ca-
pacitor. The tap-densities of the LAC composites with different LiFePOg4
contentsare listed in Table 1.

TABLE Il. The tap-density of the LAC composites with different LiFePO, contents

Content of LiFePO,, wt. % 0 51 11.8 211 285 34.2
Tap-density, g cm™ 0.547 0.667 0.691 0.732 0.751 0.786

Mor phol ogies of the samples

The SEM images of LAC composites with different LiFePO,4 contents are
shown in Fig. 2. The images provide clear evidence that small crystal particles of
LiFePO4 either coat the surface of the AC particles or lie among them. These
LiFePOg4 particles have a small particle size (100-500 nm) and aregular quadrate
form. With the increasing of LiFePO4 content, these small crystal particles at the
surface or among the AC particles are increased.

Cyclic voltammetric behavior

The cyclic voltammograms (CVs) of the hybrid battery—capacitors LAC/
ILi4TisO12 and DMLAC/Li4TisO12 are shown in Fig. 3. The CVswere al recorded
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Fig. 2. SEM Microphotographs of the LAC composites with different LiFePO, contents:
a) 5.1, b) 11.8, ¢) 21.1, d) 28.5 and €) 34.2 wt. %.

in the voltage range 1.0-2.6 V at a scan rate of 0.2 mV s1. As can be seen from
Figs. 3a and 3b, the two hybrid battery—capacitors using the composite cathode
prepared by the two methods exhibited the same electrochemical behavior. The
hybrid battery—capacitor system retained the oxidation—reduction behavior of a
LiFePO4/Li4Tis0O1 battery system. Furthermore, there was alarger response cur-
rent when the hybrid battery—capacitor system was in the high voltage range. As
shown in Figs. 3c and 3d, with a LiFePO4 content of 11.8 wt. %, a pair of redox
peaks of the LAC and DMLAC composites were both located at 1.74 and 2.00 V.
With a LiFePO,4 content of 21.1 wt. %, the pair of redox peaks of the LAC com-
posite was still located at 1.74 and 2.00 V. However, the pair of redox peaks of
the DMLAC composite was located at 1.69 and 2.05 V. This result indicates that
the preparation method of composite materials have a certain impact on the peak
potentials of the CVs. The composite obtained by in-situ synthesis has small par-
ticles, a uniform distribution and no reunion phenomena. Therefore, the LiFePO4
had a good interface combination with AC, a high degree of dispersion and weak
electrode polarization, which is due to the good dispersion of LiFePO4 inthe LAC

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

2010 Copyright (CC) SCS




1264 HU etal.

composite. Moreover, the increase of the LiFePO4 content did not affect their de-
gree of dispersion in the LAC composite; hence the pair of redox peak was still
located at 1.74 and 2.00 V. Compared with the direct mixing technique, LiFePOg4
in the DMLAC composite was not well-dispersed in the AC, had a weak inter-
face combination with AC and alarge electrode polarization. The increase in the
LiFePO4 content lowered the dispersion degree of LiFePO4 in the DMLAC com-
posite. Therefore, the pair of redox peak changes from 1.74 and 2.00 V (11.8 wt. %
LiFePOy4) to 1.69 and 2.05 V (21.1 wt. % LiFePO,4). The above results of the
CVs illustrate that the hybrid battery—capacitors LAC/Li4TisO12 and DMLAC/
/Li4TisO12 exhibited the same CVs behavior, but there was a difference in the
redox peak potentials due to the different preparation methods.

0.54 4
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Second (11.8% LiFeP0D4)
Third  (11.8% LiFePO4)
First  (21.1% LiFePO4)
0.15 Second (21.1% LIFeP04) [
Third  (21.1% LiFePO4) 1

First  (11.8% LiFePO4)
Second (11.8% LiFePO4)
Third  (11.8% LiFePO4)
0.27 First  (21.1% LiFeP04)
Second (21.1% LiFePO4)
Third (21.1% LiFePO4) [

<
E
= 0.00
0.00
0.27 4
038 in-situ (b) direct mixing
8 044
First  (direct mixing) First  (direct mixing)
Second (direct mixing) Second (direct mixing)
Third  (direct mixing) Third  (direct mixing)
03+ First  (in-site) 0224 First (in-site)
Second (in-site) Second (in-site)
Third  (in-site) Third  (in-site) }
o -, |
E = ST §
= 0.0 0.00 - i . ~

03

11.8% LiFePO, 21.1% LiFePO,

(€) (d)

o8 l|2 1I6 2ID 2‘4 2!5 08 1‘2 Ilﬂ EIU ?Id 2‘5
Evs. LilLi" 1V Evs. LLi" IV

Fig. 3. CVsof the hybrid battery—capacitors with different LiFePO, contents: a) in-situ

synthesis, b) direct mixing technique, ¢) 11.8 and d) 21.1 wt. %.

Rate capability of the hybrid battery—capacitor

The discharge curves of the hybrid battery—capacitors LAC/LigTisO1o and
DMLACI/Li4Tis012 at different discharge current densities (the charge—discharge
rates were the same for each case) are shown in Fig. 4. The specific capacities
decreased dightly after 20 cycles when the hybrid battery—capacitors were dis-
charged at several rates ranging from 2C to 10C. At the same rate, the capacity of
the hybrid battery—capacitors increased when the content of LiFePO4 in the com-
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posite materials was increased. At 4C, with the in-situ synthesis, when the
content of LiFePO,4 in LAC was 5.2, 11.8, 21.1, 28.5 and 34.2 wt. %, after 20
cycles, the capacity losses of the LAC/Li4TisO12 hybrid battery—capacitor were
1.2, 1.0, 2.6, 4.4 and 4.8 %, respectively. Clearly, al the values were less than
4.8 %. However, when the direct mixing technique was used, after 20 cycles, the
capacity loss were 2.0, 2.3, 1.9, 2.6 and 2.9 %, respectively, and noticeably, all
the value were less than 2.9 %. These results demonstrate the hybrid battery—ca-
pacitors LAC/Li4Ti5O12 and DMLAC/Li4Ti5O12 with different LiFePO4 content
exhibited good performances at high charge—discharge rates, indicating that the
preparation method of the composite cathode materials have almost no impact on
the high rate charge—discharge performance of the hybrid battery—capacitors.
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Fig. 4. Specific capacity of the hybrid battery—capacitors with different LiFePO, contents at
different rates, where the specific capacity was calculated by the total mass of the active

material in the hybrid battery—capacitors: @) 5.1, b) 11.8, ¢) 21.1, d) 28.5 and €) 34.2 wt. %.
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Cycle performance of the hybrid battery—capacitor

A comparison of the discharge capacity between LAC/LisTisO12 and
DMLACI/Li4TisO12 hybrid battery—capacitors, an AC/Li4TisO12 capacitor and a
LiFePO4/Li4TisO12 battery during long-term cycling is shown in Fig. 5, for the
same mass of cathode active material in each cell. In the in-situ synthesis, when
the content of LiFePO, inthe LAC was 5.2, 11.8, 21.1, 28.5 and 34.2 wt. %, the
capacity loss of the LAC/Li4TisOq2 hybrid battery—capacitors was 8.6, 9.2, 10.1,
12.0 and 15.8 %, respectively, after 100 cycles. However, in direct mixing tech-
nique, the capacity losswas 8.5, 8.7, 9.6, 11.4 and 12.4 %, respectively, after 100
cycles. Thisindicates that the cycle performances of LAC/Li4TisO12 and DMLAC/
ILi4TisO12 were better than those of AC/Li4TisO12 and LiFeEPO4/LigTisO12
when the same cathode or anode was used in these cells. However, with in-
creasing LiFePO4 content, the cycle performances of the hybrid battery—capaci-
tors LAC/Li4TisO12 and DMLACI/Li4TisO12 slightly decreased. At the same
LiFePO4 content, the capacity loss of DMLAC/LisTisO12 was less than that of
LAC/Li4TisO12, which was due to the better cycle performance of the commer-
cial LiFePO4-coated carbon or doped-carbon. These facts illustrate that the hyb-
rid battery—capacitors LAC/Li4TisO12 and DMLAC/Li4TisO12 had good cycle
performances. This also means that the preparation methods of the composite ca-
thode materials had almost no impact on the high rate cycle performances of the
hybrid battery—capacitors.
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Fig. 5. Comparison of cycle performance of the LAC/Li4TisO;, and DMLAC/Li4TisOq0
hybrid battery—capacitors, the AC/Li4TisO;, capacitor and the
LiFePO4/Li4TisOy; battery at arate of 4C.

Comparison of the cathode materials performance

The results of the performances of the cathode materials (LAC, DMLAC
composite electrodes and AC electrode) in different cell systems are givenin Table
I1l. Using the same electrolyte, when the content of LiFePO4 in cathode com-
posite was 5.2, 11.8, 21.1, 28.5 and 34.2 wt. %, the specific capacity of an LAC
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single electrode in a LAC/Li4TisO12 hybrid battery—capacitor was 11.6, 23.2,
44.6, 60.6 and 70.4 % higher than of that of an AC single electrode in an AC/
ILi4TisO12 hybrid capacitor and an AC/AC electric double-layer capacitor,
which was also about 87.8, 76.3, 69.2, 65.0 and 61.7 % of the maximum theore-
tical capacity. However, with a DMLAC single electrode, the specific capacity
was 3.6, 8.4, 23.4, 35.4 and 41.6 % higher than that of that of an AC single
electrode, which is also about 81.5, 67.1, 59.0, 54.8 and 51.3 % of the maximum
theoretica capacity. These results indicate that the LAC and DMLAC composite
cathode materials with different LiFePO4 contents had high capacity characte-
ristic. However, with increasing LiFePO4 content, the capacity utilizetion of the
hybrid battery—capacitors LAC/Li4TisO12 and DMLAC/LigTisO12 slightly de-
creased. The above resultsillustrate that the preparation method of the composite
cathode materials had amost no impact on the capacity performance of the
composite cathodes.

TABLE Il1. Cathode performances of the different capacitors

LAC LAC DMLAC

Ei";;;”&"f (calculated) (LAC/Li TisOn) (DMLACILi TisOu) AC AC

Wt % Cq Utilization ~ C,  Utilization (AC/Li,TisO1) (ACIAC)
: mA hg* rae, % mAhg® rate, %

342 7656 4725 617 39.26 513 2772 28.00

285 6847 4451 650 37.52 54.8

211 5796 4008  69.2 34.22 59.0

11.8 4476 3414 763 30.04 67.1

5.1 3524 3095 878 28.71 815

Cycle life performance of the hybrid battery—capacitor device

The results for the cycle life of the DMLACI/Li4TisO12 hybrid battery—ca-
pacitor devices at a high rate are shown in Fig. 6. The hybrid battery—capacitor
devices at a high rate provide high coulombic efficiencies close to 100 %. At 4C,
when the contents of LiFePO,4 in the composite cathode were 15 and 22.5 wt. %,
the capacity losses of the DMLAC/Li4Ti5O12 hybrid battery—capacitor devices
were 3.4 and 4.8 %, respectively, after 1000 cycles. Clearly, neither of the values
was more than 4.8 %. However, at 8C, after 2000 cycles, the capacity losses were
8.1 and 9.6 %, respectively, but noticeably, neither of the values was more than
9.6 %. The results show that the DMLAC/Li4Ti5O12 hybrid battery—capacitor de-
vices had agood cycle life performance at a high rate.

All the above electrochemical testing data demonstrate that the preparation
method of the composite cathode materials had almost no impact on rate capabi-
lity, cycle performance or capacity performance of the composite cathodes. At 4C,
when the content of LiFePO, in the cathode composite was 11.8, 21.1 and 28.5
wt. %, after 100 cycles the capacity losses of the LAC/LizTi5O12 and DMLAC/
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/Li4TisO12 hybrid battery—capacitors were less than 12.0 and 11.4 %, respecti-
vely. Moreover, the capacity and capacity utilization of the composite cathodes
achieved better results. These facts illustrate that the overall electrochemical per-
formance of the composite cathodes and the hybrid battery—capacitors was the
best when the content of LiFePO,4 in the composite cathode materials ranged
from 11.8 to 28.5 wt. %, while the preparation method of the composite cathode
materials had almost no impact on the electrochemical performances of the com-
posite cathodes and the hybrid battery—capacitors.

80 — ~ 120

= 72 AT o —a 100 &
z i o i G g
8 B
- «
=& =
S B4 o 80 O
g E
= o
o @
£ 56 - T T L 60 'E
T VAR SR g
-]

S O (15%LFP+AC)/LTO --- 4C =
- - <7 (15%LFP +AC)/LTO -- 8C -
£\ (22.5%LFP + AC)/LTO ---- 4C

| (22.5% LFP + AC)/LTO ---- 8C
20

40— T T T - T ¥ T ¥ T
0 500 1000 1500 2000
Cycle number
Fig. 6. Discharge capacity and discharge—charge ratio vs. number of cycle
for the hybrid battery—capacitor devices at a high rate.

CONCLUSIONS

In this work, LAC and DMLAC composite cathode materials with different
LiFePO4 contents were synthesized by the in-situ synthesis method and the direct
mixing technique, respectively, and then the hybrid battery—capacitors LAC/
ILi4Ti5O12 and DMLACILi4TisO12 with a LigTisO12 anode were assembled. The
results showed that the hybrid battery—capacitors LAC/Li4Ti5O12 and DMLAC/
/Li4TisO12 had advantages of both a high rate capability and a high capacity,
while the method of preparation of the composite cathode materials had almost
no impact on the electrochemica performance of the hybrid battery—capacitors.
Moreover, taking into account the capacity and capacity utilization, the overall
electrochemica performance of the composite cathodes and the hybrid battery—ca-
pacitors was the best when the content of LiFePO4 in the composite cathode ma-
terials ranges from 11.8 to 28.5 wt. %. More importantly, the hybrid battery—ca-
pacitor devices had a good cycle life performance at a high rate. When the con-
tent of LiFePO4 in composite cathode was 15 and 22.5 wt. %, after 1000 cycles,
the capacity losses of the DMLAC/Li4TisO12 hybrid battery—capacitor device at
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4C were less than 4.8 %. However, at 8C, after 2000 cycles, the capacity losses
were less than 9.6 %.

U3BO/

VTULIAJ CAJZIPYKAJA LiFePO, 1 HAUMHA JIOBUJAFSA HA CBOJCTBA
(LiFePO,4 + AC)/Li4TisO12 XUBPUJIA BATEPUJA-KOHIEH3ATOP

XUE BU HUY, ZI JI LIN LI LIU? YONG JAN HUAI? 1 ZHENG HUA DENG?

1Department of Chemistry and Materials, Sichuan Normal University, Chengdu, Schuan 610068 u 2Chengdu
Ingtitute of Organic Chemistry, Chinese Academy of Sciences, Chengdu, Sichuan 610041, P. R. China

IN-Situ TEXHMKOM M TEXHUKOM JMPEKTHOT Melllatha CHHTETHCAHA CY [[Ba KaTOAHA KOMIIO3UTHA
Mmarepujaia, o3nauera kao LAC, ognocao DMLAC, koju caapixe LiFePO4 1 akTuBUpaHH yribeHHUK
(AC). On wux cy dopmupanu LAC/LisTisOp 1 DMLAC/Li4TisOr, xubpuau Garepuja—KoHICH-
satop. Ucnutusad je yrunaj caapxkaja LiFePO, u TexHuke mpumpeMama Ha [UKIHYHE BOJITAMO-
rpame, Op3uHy mporeca U Opoj LHUKIyca Mymeme/paxmbemhe XUOPUAHUX H3Bopa. Pesynratu cy
[OKa3alu Jia Cy HajooJbe EJICKTPOXEMHjCKE KapaKTEPHUCTHKE XUOPHIHOT M3BOpa IOCTUTHYTE ca
canpxajem LiFePO,4 y kaTonHoM kommo3uTHOM MaTepujany y omncery 11,8-28,5 mas. %, nok Ha-
YHH TpUIpeMe HUje MMao yTumaja. XuOpumHHu ypehaj OaTeprja—KOHAEH3aTOp MMao je 3aJ0BO-
JbaBajyhu Opoj HHUKITyca Mymbermbe/Ipakbehe P BETMKUM Op3uHaMa oBor mnpoueca. Hakon 1000
UKITyca, ryourak kananutusHoctd ypehaja DMLAC/Li4TisOq, npu 4C Op3unu Huje 6uo Behu ox
4,8 %, a nakon 2000 uukyca mpu 8C 6p3unu He Behu ox 9,6 %.

(TMpumibeno 28. nenem6pa 2009, pesuaupaso 17. mapra 2010)
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An over stoichiometric Nd—Fe-B hard magnetic material
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Abstract: A commercia Nd-rich Nd-Fe-B-based hard magnetic material was
studied. The obtained results were compared before and after recording of the
thermomagnetic curve up to 800 °C. The curve itself showed clearly besides
Curie points of the Nd,Fe4B phase and a-Fe aso ancther critical temperature.
MOssbauer spectroscopic (MS) phase analysis and X-ray diffraction anaysis
(XRD) showed in addition to the commonly known phases Nd,Fe;,B and
NdFe,B, aso some paramagnetic and ferromagnetic iron atoms (MS) and
Fe7Nd, intermetallics (XRD). During the exerted thermal treatment, the con-
tent of the Nd,Fe 4B and NdFe,B, phases remained almost unchanged, while
iron atoms from remnant minor phases built a separate a-Fe phase. The XRD
pattern also showed the presence of some minor Nd phase. The results of Squid
magnetic measurements suggest a nanocrystalline decoupled structure of the
Nd-rich aloy in the optimized magnetic state. Measurement of the magneti-
zation loop showed, in spite of small changes in the phase composition, that
magnetic properties of the quality material deteriorated during the thermal
treatment.

Keywords. rapid quenched Nd—Fe-B; overstoichiometric Nd content; Mdss-
bauer phase analysis, XRD; magnetic properties.

INTRODUCTION

Permanent magnetic materials are key components of numerous electronic,
data processing and medical devices, and recently, significant amounts are aso
required in the automotive.l Rapid quenched Nd—Fe-B alloys are an important
class of permanent magnets because of their excellent magnetic properties origi-
nating from the ferromagnetic Nd>Fe 4B compound, which has a large saturation

* Corresponding author. E-mail: zak@ipm.cz
# Serbian Chemical Society member.
doi:10.2298/JSC100217058Z
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magnetization and high anisotropy field, as the principal phase.2:3 Hence, studies
of Nd—Fe-B hard magnetic materials have become very significant over the last
few decades.# Besides alloys with lowered neodymium contents exhibiting nano-
composite character, Nd—Fe-B alloys with enhanced qualities arising through the
use of overstoichiometric Nd atoms are employed. Overstoichiometric (Nd-rich)
Nd—Fe-B aloys have an almost monophase composition with the NdoFe4B pha-
se being dominant. Grains of this phase are magnetically isolated (decoupled) by
intergranular layers of Nd-rich phases.>~’ This structure leads essentialy to a
magnetic decoupling and each hard magnetic grain behaves like a small per-
manent magnet, which results in high coercivities.1.8 The superior magnetic per-
formance of this type of Nd-Fe-B aloy arises from the higher values of coer-
civity compared to nanocomposite No—Fe-B alloys?10 and ferrite-based magne-
tic materials.11.12 In addition, their resistivity to higher temperatures is better than
that of nanocomposite Nd—Fe-B alloys with alow Nd content.13

EXPERIMENTAL

The influence of the content of overstoichiometric Nd on the microstructure of com-
mercial Nd—Fe-B aloy (Xiamen Yuxiang Magnetic Materias Ind. Co. Ltd, China) was ana-
lyzed by comparing the phase composition in the optimized magnetic state and after thermo-
magnetic measurement. The nominal composition of the material was >26 wt. % of Nd and
< 1.3 wt. % of B, with the balance being Fe; the particle size was between 74 and 177 um, the
induction By = 0.603 T, the coercivities H(B) = 0.374 MA m'! and H.(J) = 0.974 MA m® and
the energy product (BH)ma = 57.1 kJ mr3. The thermomagnetic curve was measured on an EG
& G vibrating sample magnetometer in the field of 4 kA m'! in vacuum. The heating and
cooling rate was 4 °C min't with 30 min. hold at the maximum of 800 °C. Interpretation of
comparable thermomagnetic measurements can be found in a previous investigations.14
Mossbauer spectra were taken at room temperature in the standard transmission geometry
using a ®’Co(Rh) source. The calibration was realized against an a-iron foil. The “ Confit”
program packagel® was used for spectra fitting and deconvolution,. Omitting the possible in-
fluence of the Lamb—M&ssbauer factor, the relative content of the iron containing phases was
derived from the intensities of the corresponding spectral components. The phase analysis was
realized in manner similar to that described in Hinomura et al .16 The X-ray diffraction (XRD)
patterns were recorded on an X’ Pert Pro MRD diffractometer from PANanalytical with Co Ka
radiation operated at 40 kV and 30 mA. For routine characterization, diffraction data was
collected in the range of 26 Bragg angles (20 to 110°, step 0.08°). All XRD measurements
were performed with powder samples at ambient temperature. For a quantitative analysis and
determination of the crystallite size, HighScore plus with Rietweld structural models based on
the ICSD database was used. The magnetic properties of the alloy i.e., the corresponding hys-
tersis loops, were obtained at ambient temperature using Quantum Design MPM S 5XL super-
conducting quantum interference device (SQUID) magnetometer with magnetic field strength
inrange—4to 4 MA mL,

RESULTS AND DISCUSSION

The curve of the thermomagnetic measurement, coming out from the optimi-
zed dtate, is presented in Fig. 1. It was completed taking into account the Curie
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temperature of phases. Questionable is the FeB phase with a Curie temperature at
about 325 °C, as it was detected neither in the optimized state nor in the fina
one. However, its intermediate presence during the heating process cannot be ex-
cluded. The rapid increase of the magnetic moment during cooling can be as-
signed, in addition to the structura changes, to the field cooling process. From
the magnetically disordered state, during cooling the moments tend to minimize
energy against the external magnetic field and the final state resultsin an aniso-
tropic moments distribution, appearing externaly as an enlargement of the bulk
magnetic moment.

0.25 e

T

0.20 R .

0.15 — i .

M/ a.u.

0.10

Fig. 1. The thermomagnetic curve mea-

sured on the Nd-rich Nd—Fe-B material

in vacuum at afield of 4 kA ml, Heat-

| | | ing: solid line, cooling: dotted line. The

0.00 200 400 800 800 heating and cooling rates were both 4
t/°C °Cminl.

0.05

The results of the Mosshauer phase analysis are presented in Figs. 2 and 3,
and quantitatively in Table I. The original material was of high quality with a
high content of the hard magnetic Nd>Fe(4B phase and a small amount of the
NdFe4B4 phase. The presence of these crucial phases was confirmed by XRD
analysis.

The kind and amount of other the phases correspond to the fraction of over-
stoichiometric Nd atoms. The Fe(Nd) solid solution component in the M éssbauer
spectrum, with a spectral contribution looking like a “slightly broadened a-Fe
phase’, consists of a few sextets originating from iron atoms with O, 1, 2, etc.
neodymium atoms as nearest neighbors. Assuming an absence of atomic order, it
is possible to plot theoretical relative intensities of such components depending
on the concentration of Nd atoms as derived from the binomial distribution. The
content of Nd atoms was then estimated by comparing these plots with the mea-
sured intensities to roughly 10 at.%. The Fe;7Nd, intermetallics structure found
in XRD pattern (Fig. 4) is of a very similar composition. we cannot It is impos-
sible to determine which atoms brought the iron of the phase labeled as Fe-para
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into the paramagnetic region, especialy as it has no evident match in the XRD
pattern.

——— Fe-para o Fa(Nd)
———— NdFeB, --——---- Nd,Fe, B

1.000 [hgbs

Relative transmission

0.996

L L L |
8 4 0 4 a Fig. 2. M&ssbauer phase analysis of the
Velocity, mms’ sample in the optimized state.
————NdFeB, e Nd,Fe, B
o-Fe

Relative transmission

. . . . Fig. 3. Mdssbauer phase analysis of the
-8 4 0 4 8 sample after thermomagnetic measure-
Velocity, mms ment.

Contrary to the data obtained by S. C. Wang and Y. Li,6 no Nd oxide phases
were distinguished using the XRD method. The thermal treatment during the
thermomagnetic measurement brought an insignificant change in content of the
dominating Ndx>Fe 4B phase and of the NdFe4B4 phase. As the main decompo-
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sition product, a weak component of the magnetically soft a-Fe phase was found,
simultaneoudly giving rise of a separate Nd phase, as obvious from the XRD
results only (Fig. 5).

TABLE I. The relative amount of iron-containing phases as determined from the M &ssbauer
spectrain the optimized state and after thermomagnetic measurement

Phase Optimized state After annealing
Nd,Fe B 0.87 0.92
NdFe,B, 0.05 0.03
Fe(Nd) 0.08 -
a-Fe — 0.05
: I . . I : |
H + Nd,Fe,,B
¢ NdFe,B,
3 a Fe.‘-,Ndz

Intensity, Cts

20 40 60 80 100
Position, °20

Fig. 4. The XRD pattern of the sample in the optimized state.
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Fig. 5. XRD Pattern of the sample after thermomagnetic measurement.
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The shape of the Squid hysteresis loop of the Nd-rich Nd—Fe-B aloy (Fig. 6)
in the optimized magnetic state implies the presence of a magnetically decoupled
nanocrystalline structure. The obtained high value of coercivity supports this and
indicates a nearly monophase structure of the aloy with a dominant content of
the main hard magnetic phase NdoFe14B. From the magnetization loop measu-
rement (Fig. 6), it follows that, in spite of small changes in phase constitution, the
thermal treatment during thermomagnetic measurement deteriorated the magnetic
properties of the quality hard magnetic material.

Optimized state
10 -------- Final state

M/ a.u.
o
T

-100

Fig. 6. Hysteresis loops of the samples

4 2 0 2 4 in the optimized state and after thermo-
H/MAm* magnetic measurement.
CONCLUSIONS

In agreement with the thermomagnetic curve analysis, the process of thermal
degradation of the material mainly occurred in the intergranular layer, leaving the
dominant Ndx>Fe 4B phase and the minor NdFe4B4 phase almost unchanged. The
iron—neodymium phase underwent decomposition and both elements moved to
separate phases, whereby the neodymium was not detectable by the M dssbauer
effect but could be distinguished in XRD pattern. Thus, from a magnetic point of
view, the main thermal decomposition product was the soft magnetic a-Fe phase.
In spite of the conservation of the volume of the NdoFe 4B phase, the final state
of the material was different from the optimal and deterioration of the magnetic
properties (of magnetic hardness) was evident. It is obvious that the magnetic
properties of the investigated alloy are in strong relationship to its structure and
phase composition.
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U3BO [
HAJICTEXNOMETPUICKU Nd-Fe-B TBPIN MAT'HETHU MATEPUJAJIN

TOMAS ZAKY, HAZIEXKJIA M. TAJIMJAH?, BJIAZIAH P. ROCOBURZ, JACHA T. CTAJUR-TPOLINR?
n AJJEKCAHJIAP C. IPYIUR?

Y nstitute of Physics of Materials, Academy of Sciences of the Czech Republic, v.v.i., ZiZkova 22, 616 62 Brno,
Czech Republic u *Mncimiuimiyia 3a xemujy, iexnonozujy u meiiiaaypzujy, Lenitiap sa maitiepujane u
wmeitianypzujy, Ynusepsuiieii y beozpaoy, Hjezowesa 12, 11000 Beozpao

WcnuTrBaH je KOMEpLHMjajHiH MarHeTHO-TBpAM Marepujai Ha 6asu Nd-Fe-B nerype oGora-
hene Heonujymom. JIoOHjeHH pe3ysiTaTH MCIUTHBAkba MaTepHjalia y ONTHMAJIHOM CTamy M IOCIE
tepmomaruetHux (TM) mepema 10 800 °C nopehenu cy u auckyroanu. Ha mo6ujeHoj Tepmomar-
HETHOj KPHBOj ce, mope] jacHo BuubuBHX Kupu Temneparypa dasa NdFeyB u o-Fe, moxe yo-
YWTH | jOUI jeJiHa KpUTHYHA Temiepatypa. [Ipumenom Mossbauer-ose criekrpockorncke (MC) das-
He aHanu3e ¥ Mmeroxe mudpakimje X-3paka (XRD) yrBpheno je, mopem mpucycrBa OYeKHBaHUX
NdaFe 4B u NdFesB, dasa, u npucyctBo nmapamarsetHux u ¢pepomarnerHux jona Fe (MC), kao u
Fe;7Nd, unTepmerannux jenumema (XRD). V TOKy NPHMEHEHOT TEPMHUYKOI TPETMaHa YACO
NdyFe4B nu NdFesB,4 dasa je octao ckopo HenpomemeH, 10K ¢y aromu Fe u3 ocranux dasa ca ma-
BHUM yaenoM (Gopmupanu 3acebHy o-Fe ¢asy. Pesynratn MarHeTHuX Mepema Ha Squid marhero-
METpPY yKa3yjy Ha HaHOKPHUCTaJHY JICKyIUIOBaHY CTPYKTYypy Jierype oOoralieHe Ha HEOIHjyMy y
ONTUMAIHOM MarHeTHOM CTamy. VI3 J100HjeHHX XHCTEPEe3UCHHX METJbH CE MOXE BHJICTH Ja je U
ropeJ| Majikx IpoMeHa y Ga3HoOM cactaBy TEPMHUYKH TPETMaH JIOBEO JI0 ACTHUMHUYHOr T'yOUTKa Mar-
HETHHUX CBOjCTaBa HCIMTBAaHOT MaTepujaa.

(TMpumsseno 17. dpebpyapa, pepuaupano 16. anprna 2010)
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Chelate-assisted phytoextraction: effect of EDTA and EDDS
on copper uptake by Brassica napusL.
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Abstract: Chelate-assisted phytoextraction is proposed as an effective approach
for the removal of heavy metals from contaminated soil through the use of high
biomass plants. The aim of the present study was to compare the efficiency of
the two chelators: EDTA and biodegradable EDDS in enhancing Cu uptake and
tranglocation by Brassica napus L. grown on moderately contaminated soil and
treated with increasing concentrations of EDTA or EDDS. Increasing amounts
of EDDS caused serious growth suppression of B. napus and an increase in
shoot metal concentrations. Growth suppression limited the actual amount of
phytoextracted Cu at high concentrations of EDDS. The maximum amount of
extracted Cu was achieved by the application of 8.0 and 4.0+4.0 mmol kgt
EDDS. The shoot Cu concentrations after EDTA application were much lower
than with EDDS at the same doses. According to these experiments, EDTA
does not appear to be an efficient amendment if Cu phytoextraction with B. na-
pusis considered but EDDSis.
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INTRODUCTION

Soil pollution by heavy metals is a widespread problem posing considerable
threats to the environment. Copper (Cu) enters the soil by deposition from local
foundries and smelters, through manuring with contaminated sludges and from ap-
plication of fungicides. With its known antifungal and algaecidal properties, ele-
vated levels of Cu in soil adversely affect microbially mediated soil processes.!
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Although clean-up of contaminated sites is necessary, often the application
of environmental remediation strategies is very expensive and intrusive.2 Thus,
the development of alow-cost and environmentally friendly strategy is needed.

Phytoremediation is a method for in situ clean-up of contaminated soils. This
technique uses the ability of certain plants to accumulate heavy metals in high
concentrations in their above-ground parts.3 The development of large-scale phy-
toextraction techniques could consider crop species as bioaccumulators of heavy
metals; in fact, some of them can accumulate heavy metals while producing high
biomass in response to established agricultural management.4>

The major problem hindering plant remediation efficiency isthat some of the
metals are immobile in soils and their availability and phytoextraction rates are
limited by solubility and diffusion to the root surface.6.” Synthetic chelators, e.g.,
ethylenediamine tetraacetic acid (EDTA), have been used to artificially enhance
heavy metals solubility in soil solution from the soil solid phase and thus to in-
crease phytoavailability of heavy metals. The addition of chelators into the soil
induces phytoextraction and translocation of heavy metals from the roots to har-
vestable, above-ground parts of plants.® The use of chelators is especially impor-
tant for induced phytoextraction of Cu, since in general, the Cu concentration of
plants tends to be internally rather than externally regulated. Plants use an ex-
clusion strategy, comprising the avoidance of metal uptake and restriction of me-
tal trandlocation from roots to the shoots, to adapt to toxic Cu concentrations in
soil. Only high concentrations of phytoavailable Cu, e.g., achieved by chelator
addition, result in a breakdown of the exclusion mechanism and enhanced Cu up-
take.6

One of the main drawbacks of chelator-induced phytoextraction is that most
synthetic chelators, such as EDTA, form chemically and microbiologically stable
complexes with heavy metals that pose a threat of groundwater contamina
tion.9:10 Ethylenediamine disuccinic acid (EDDS) is a structural isomer of EDTA
and has two chiral carbon atoms and three stereoisomenrs.11 Among them, only
the (SS) isomer is readily biodegradable. It is a low-toxic chelator with strong
chemical affinity for heavy metals that produces benign degradation products,12
which makesit a potentially suitable replacement of EDTA in chelate-assisted phy-
toextraction. Meers et al.13 describe a high degree of biodegradability for EDDS
with observed half lives ranging from 3.8 to 7.5 days, depending on the applica-
tion rates.

Phytoextraction with Brassica napus L. has the potential to become a pro-
fitable enterprise when combined with biofuel production, especially in view of
the expected increasing oil prices over the coming years. The aim of the present
study was to compare the efficiency of the two chelators. EDTA and biodegra
dable EDDS in enhancing Cu-uptake and translocation by B. napus L. grown on
moderately contaminated soil.
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EXPERIMENTAL

The contaminated soil used in these experiments was collected from aformer vineyard in
avine growing area near Novi Sad, Serbia with an over five-decade history of soil contami-
nation with Cu-containing pesticides. The soil was air-dried, homogenized and sieved through
a2-mm stainless sieve before anaysis.

The water and potential soil pH, organic matter content, free CaCOjz content, specific
electrical conductivity (EC), cation exchange capacity (CEC) and the content of exchangeable
cations (Ca, Mg, K and Na) in the soil were determined in accordance with SO methods for
soil quality.1418 The particle size distribution was determined in the < 2 mm fraction by the
internationally recognized pipette method.

Total soil Cu concentration was determined by microwave assisted digestion using the
Usepa method 3051A1° employing a Milestone Ethos 1 microwave sample preparation sys-
tem. Analysis was subsequently performed using inductively coupled plasma-optical emission
spectrometer, |ICP-OES, (Varian Vista Pro-axial).

To assess the distribution of Cu among various components of the soil, a fractionation
analysis was performed according to the sequential procedure of Tessier et al.20 The ex-
changesable fraction was released with 1 M MgCl, at pH 7, the carbonate fraction with 1 mol
dm3 CH3COONa (pH 5), the reducible fraction with 40 mol m3 NH,OH-HCl in 25 %
CH3COOH (95 °C) and the oxidizable fraction with 30 % H,0, in 20 mol m3 HNO3 (pH ~2
and 85 °C).

Pot experiments were performed during April-June in an outdoor vegetation hall. The
pots were filled with 5 kg of air dried soil and brought to 2/3 of field capacity with deionized
water. Subsequently, ten seeds of a spring variety of B. napus were sown in the pots and after
germination, thinned to two plants per pot. Considering the duration of the pot experiments
(11 weeks), al pots were fertilized with a minera fertilizer solution to avoid limiting nu-
tritional conditions. The nutrient solution contained 1.00 g of N (2.86 g of NH4NO3) per pot.
The soil moisture content was maintained constant at 2/3 of field capacity. After 7 weeks of
growth, the pots were treated with the soil amendments outlined in Tablel.

TABLE I. Chelator concentrations used for the treatments in the plant experiments (applied 4
weeks before harvest). Ctrl presents the untreated control, treatments A4 and A5 received a
second application 7 days after the initial trestment

Treatment Concentration, mmol kg™ Chelator
Control 0.0 -
Al 2.0 EDDS
A2 4.0 EDDS
A3 8.0 EDDS
A4 20+20 EDDS
A5 40+4.0 EDDS
B1 2.0 EDTA
B2 4.0 EDTA
B3 8.0 EDTA

The second application of EDDS was performed 7 days after the first based on EDDS
data on half lives ranging from 3.8 to 7.5 days.’3 EDTA and EDDS, in the form of Na-salts,
were dissolved in deionized water and applied to the top of the pot. Chelate treatment closer to
the harvest was preferred as opposed to pre-sow or post-germination treatment to avoid pos-
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sible growth suppressions. As observed by Meers et al.?! and Lesage et al.,22 phytotoxic ef-
fects by metal mobilization in a pre-sow or post-germination treatment considerably limited
the success of metal extraction due to severely reduced biomass production. The harvest time
was selected to be 4 weeks after chelate addition based on results given in literature, 1323 in
which a surge in metal accumulation by plants was observed 3 weeks after chelate addition.

The plants were harvested 11 weeks after sowing, oven dried at 60 °C to constant mass
and weighed to determine the dry weight biomass production. The plant roots were separated
from the soil, washed three times with deionized water, oven dried at 60 °C to constant mass
and weighed. The total concentrations of Cu in the plant tissues were determined by |CP-OES
(Varian, Vista-Pro) after digestion in a mixture of 10 ml of HNO3 (65 %) and 2 ml of H,0,
(30 %) using the microwave technique.

To study the effects of the various amendments on the translocation of Cu, the trans-
location efficiency (z), defined as the fraction that after root absorption was successfully trans-
located to the above-ground plant parts was used, i.e.,:

7 (%) = 100xCushootxDEWSshoot/(CushootxDagye + CurootxDEWroot)

where Cushoot and Curoot are the heavy metal concentration in the shoot and root (ug g3,
respectively, and DWshoot and DWroot are the dry weight production in the shoot and root
(g), respectively.2t

Statistical analysis was performed using Statistica 7 (StatSoft, Inc. Corporation, Tulsa,
OK, USA) and Excd (Microsoft Inc., Seattle, NY, USA) software packages. Means of repli-
cates and evaluation of significance of differences between the various treatments were deter-
mined by descriptive statistics and one-way Anova analysis, followed by the Tukey post hoc
test (o = 0.05). Correlations between amendment concentration, dry weight production and
shoot heavy metal concentrations were evaluated using Pearson’s correlation coefficient.

TABLE Il. Basic physical and chemical properties of the soil under study

bH-H,0 _ 8.22
pH-KCl - 7.15
EC pScm® 107.3
Clay (< 2 um) % 17.2
Silt (< 20 um) % 321
Fine sand (20-200 pum) % 472
Sand (200-2000 pm) % 2.90
CaCO; % 3.82
OoM % 2.44
CEC cmol ., kg™t 23.7
Exchangeable Ca cmol,, kg™ 14.8
Exchangeable Mg cmol ., kgt 2.28
Exchangeable Na cmol ., kgt 0.10
Exchangeable K cmol ., kg™t 1.45
Total Cu mg kg™ 256.4
Cu in sail fractions

Exchangeable mg kg™ 1.2

Precipitated with carbonates mg kg™ 23.3
Bound to Fe + Mn oxides mg kg™ 124.0
Bound to organic matter mg kg™ 39.3
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RESULTS AND DISCUSSION

According to the basic physical and chemical characteristics summarized in
Table I, the soil used in the pot experiments can be classified as akaline with a
medium content of organic matter. The soil texture was clay loam. The total Cu
content was 2.5 times higher than the maximum allowable concentration (MAC)
of 100 mg kg1 for agricultural soils, as prescribed by the laws of the Republic of
Serbia.?4 The chemical fractionation of Cu in the soil enabled the determination
of Cu concentrations in the exchangeable, carbonate, Fe + Mn oxides and organic
matter fractions of the soil. As shown in Table |1, Cu was predominantly bound
to Fe and Mn oxides. The very low concentrations of Cu in bioavailable forms
(exchangeable and precipitated with carbonates) limit its phytoavailability.

The dry matter yields of B. napus are shown in Fig. 1. When no chelates
were added to the soil, all of the plants showed normal development without vi-
sual symptoms of metal toxicity. The treatments with 2.0 mmol kg1 soil EDTA,
2.0 and 2.0 + 2.0 mmol kg soil EDDS had no significant effect on the shoot
biomass. However, the treatments with 4.0, 8.0 and 4.0 + 4.0 mmol kg soil
EDDS significantly affected plant growth and the shoot dry matter yields de-
creased to 63, 35 and 41 % of the control plants, respectively. Serious growth
suppression upon EDDS addition at higher doses indicates that the plants were
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Fig 1. Effects of the application of chelates on the dry matter yields of shootsin B. napus.
The values are means +SD (n = 3); the superscript letters (g, b, ab, ¢) denote statistically
different treatments according to the Tukey test (P = 0.05). (For detailed
description of the treatments, cf. Tablel).
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subjected to heavy metal stress. Thisis supported by the significant negative cor-
relation between dry-weight production of B. napus and the shoot Cu concen-
tration (Table I11).

The treatments with 4.0 and 8.0 mmol kg~ soil EDTA appeared to be less
toxic to B. napus compared to EDDS, decreasing the shoot dry matter yields to
78 and 79 % of the values for the control plants, respectively, which is similar to
the results reported by Luo et al.2> for the effect of 5.0 mmol kg1 EDTA on the
shoot dry matter of Zea mays L. and Phaseolus vulgaris L. The smaller effect of
EDTA on plant growth is also visible through the lower coefficient of correlation
between the EDTA dose and the dry weight production of B. napus compared
with the same coefficient for EDDS (Table l11).

TABLE I11. Pearson’s correlation coefficients between amendment concentrations, dry weight
production of B. napus (DW), Cu concentrations in shoot and root and the phytoextracted
amount of Cu

EDDS DW Cushoot Curoot Cuphytoaaracted
EDDS - -0.812* 0.811° -0.626° 0.754%
DW - -0.790° 0.681% —0.635°
CUghoot - -0.657% 0.898%
Clhoot - —0.662%
Cuphytoextracted B

EDTA DW Cushoot Curoot Cuphvtoextr&ted
EDTA - —0.672° 0.735° 0.558 0.678"
DW - —0.648° -0.274 -0.342
CUghoot - 0.254 0.925%
Clroot - 0.272
Cuphytoextracted —

Correlation is significant at the 0.01 level; bcorre| ation issignificant at the 0.05 level

At harvest, the concentration of Cu in the control plants was 16.5 mg kg1
dry weight in the shoots and 220.6 mg kg~ dry weight in the roots, which isin
good agreement with the results of experiments on copper uptake by B. napus
when no amendments were applied.26.27 These results indicate that Cu uptake
and transl ocation from roots to shoots was limited in the absence of amendments.

In the present study, the most significant increase in Cu concentration in the
plant shoots occurred at the doses of 4.0+4.0 and 8.0 mmol kg1 EDDS, when the
Cu shoot concentration was approximately 18 times higher than in the control
plants and the application of 4.0 mmol kg1 EDDS increased Cu uptake by ap-
proximately 8 times (Table IV). In the present experiments, the treatment with
4.0 mmol kg1 EDDS resulted in a much greater Cu uptake than was the case in
experiments by other authors who studied Cu uptake by other species of the fa-
mily Brassicaceae at 3.0 and 5.0 mmol kg—! EDDS and found that Cu shoot up-
take increased three to four times. 132829 |t is possible that the increased uptake
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of Cu shown here was aresult of the fact that the present experiments were set up
in a way that ssmulated field conditions to a great extent (growing season, out-
doors, natural light, asmall number of plants per pot).

TABLE V. Shoot and root Cu concentration (mg kg dry weight) and translocation effici-
ency (%) with application of EDTA and EDDS. Values are means +SD (n = 3); the superscript
letters (a, b, ab, ¢) denote statistically different treatments according to the Tukey test (P = 0.05)

Treatment CUghoot CUrgot Trandocation efficiency
Untreated control 16.6+2.32 220.6+18.1% 33.6+8.9°
EDDS, mmol kg soil:

2.0 38.6+16.8° 244.4+30.3% 52.2+6.3%
40 131.5+6.3% 91.2+13.0° 92.7+4.4°
8.0 316.4+208.2° 78.1+32.1° 93.1+8.3°
20+2.0 40.0+10.7° 236.6+78.4% 55.7+12.8°
4+4 295.6+43.9° 143.7+6.9% 89.1+0.8°
EDTA, mmol kg1 soil:

2.0 34.2+2.8% 202.1+111.5® 53.4+15.7°
40 51.5+19.3 287.8+117.9% 52.5+20.1%
8.0 52.0+11.6 390.6+186.2° 41.6+10.6

There was no statistically significant increase in shoot Cu concentration com-
pared to the control at the doses of 2.0 and 2.0+2.0 mmol kg~1 EDDS and it may
be speculated that these treatments were insufficient to break down the uptake
barriers of the plant under the conditions of the present experiments. The signi-
ficant difference in metal uptake when 4.0 mmol kg=! EDDS was applied in a
single and split dose can be explained in light of ligand half lives;13 the half lives
in soil were estimated to be 4.7 days for 2.4 mmol kg1 and 7.5 days for 4.0
mmol kg=! EDDS. According to these findings, when EDDS was applied at a
dose of 2.0 mmol kg1, the concentration of metal-chelate complex would be sig-
nificantly decreased before the second application, performed 7 days after the first,
keeping the metal—chelate concentration too low to break down the plant uptake
barriers. On the other hand, there was no statistically significant difference in me-
tal uptake between single and split applications of 8.0 mmol kg—l EDTA, which
was probably due to the prolonged ligand half life at the higher concentration.

The addition of EDTA to the soil at doses of 4.0 and 8.0 mmol kg in-
creased the Cu uptake by approximately 3 times, which isin good agreement with
results of other studies in which application of EDTA at 3.0 to 5.0 mmol kg1
increased the Cu uptake by Brassicaceae by 2 to 3.5 times.10,28.30 However, the
shoot Cu concentration was 2.5 and 6 times lower than with EDDS at the same
doses. This observation was consistent with the observation that EDTA was less
toxic to B. napus than EDDS (Fig. 1), which is also supported by the less signifi-
cant correlations between EDTA dose and shoot Cu concentrations.
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The results of the present experiments suggest that EDDS can be regarded as
a better candidate chelate for the phytoextraction of Cu in soils. The effectiveness
of chelate-enhanced metal accumulation by B. napus was consistent with the great-
er ability of EDDS than EDTA to solubilize soil metals.13.25 The higher observed
mobilization of Cu by EDDS could not be explained by its respective stability
constants with the two chelators: log K = 18.7 for CU—EDTA and log K = 18.4
for Cu-EDDS. These stability constants would suggest equal or better mobile-
zation of Cu by EDTA. The higher mobilization of Cu by EDDS in the current
experiments can be explained by lower affinity (based on stability constants) of
EDDS for competitor ions, such as: Ca2* (log Kca_epps = 4.2; 109 KcaeDTA =
=10.6), Mg?* (log Kmg-£DDs = 5.8; log Kmg-eDTA = 8.8), Fe3* (log Kre_EDDS =
= 22.0; log Kre_epTA = 25.0) and Mn2* (log Kmn-epps = 9.0; log Kmn-epTA =
=13.8).31

The limited trandocation of heavy metas following absorption by the roots
is one of the bottlenecks limiting the overall efficiency of phytoextraction. In their
patent on the induced hyper accumulation of metals in plant shoots, Ensley et
al.32 described chemically enhanced phytoextraction as a two-step process. The
plants first accumulate metals in their roots. Induction is then applied, which
enhances the transfer of the metals to the shoots. This transfer is attributed to a
disruption of the plant’s metabolism, which regulates the transport of metal to
shoots. The respective trandocation efficiency values are presented in Table V.
The translocation efficiency for Cu in the untreated control was 33 %, which was
lower than that reported by Marschiol et al.26 when B. napus grown on soil pol-
luted with 280 mg kg1 Cu with no amendments achieved an efficiency of 57 %.
The results of the present experiments indicate that the application of EDDS can
dramatically increase the translocation of Cu from the roots to the shoots of B.
napus. No statistically significant improvement was observed only at the dose of
2.0 mmol kg1, medium translocation efficiency was observed after the treatment
with 2.0+2.0 mmol kg1 EDDS, and when 4.0, 8.0, and 4.0+4.0 mmol kg1 EDDS
was applied, the trandocation efficiency increased from 33 to 93 %. Similar effi-
ciency in Cu translocation after the application of 5.0 mmol kg~ EDDS was re-
ported in the literature for corn (from 8.5 to 83 %) and beans (from 10.2 to 93
9%).25 It appears that only at very high phytoavailable Cu concentrations can the
breakdown of the exclusion mechanisms result in a greatly enhanced Cu uptake.
The increases of the translocation efficiency after the application of 2.0, 4.0 and
8.0 mmol kg~ EDTA were very small and statistically insignificant compared to
the control. Moreover, this is in good agreement with efficiencies that Luo et
al.2> obtained for corn (39 %) and bean (50 %) after the application of 5.0 mmol
kgl EDTA.

The phytoextracted amount of Cu is the product of the metal concentration
in the shoots and the dry-weight yield of the plant (Fig. 2). Although increasing
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doses of EDDS resulted in increased shoot Cu concentrations, up to 18 times, com-
pared to the control, the phytoextracted amount of Cu did not follow the same
order of magnitude due to growth suppression at high EDDS concentrations. The
only statistically significant increase in phytoextracted Cu compared to the con-
trol was achieved after the application of 8.0 and 4.0+4.0 mmol kg1 EDDS, when
totals of 4.6 and 4.5 mg Cu per pot were phytoextracted, respectively.
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Fig. 2. Phytoextracted amount of copper (mg pot?) at different amendment concentrations
The values are means £3D (n = 3); the superscript letters (a, b, ab) denote statistically
different treatments according to the Tukey test (P = 0.05).
(For detailed descriptionof the treatments, cf. Tablel.).

The amount of phytoextracted Cu after EDTA application did not differ sta-
tigtically from the control even at the highest dose, although growth suppression
was smaller than in the treatment with EDDS, as the Cu concentrations in the
above-ground plant parts were only 2 to 3.5 higher than in the control.

Considerably smaller metal extraction rates were also found in other studies
and they may be related to toxicity problems leading to yield reduction.10.13,26 |t
could be, therefore, realisticaly hypothesized that they could perform better in the
case of light soil pollution.

CONCLUSIONS

The two main important bottlenecks in the phytoextraction process are the
limited biocavailability of heavy metalsin soils and the limited translocation to the
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shoots. The presented experiments tried to overcome these bottlenecks by adding
EDDS or EDTA to Cu-polluted soil. The soil originated from a former vineyard
and contained low concentrations of Cu in an exchangeable form. Increasing
amounts of EDDS caused serious growth suppression of B. napus and an increase
in shoot metal concentrations, leading to the assumption that plants suffered heavy
metal stress. Growth suppression limited the actual amount of phytoextracted Cu
at high concentrations of EDDS. The maximum amount of extracted Cu was
achieved by the application of 8.0 and 4.0+4.0 mmol kg~! EDDS. The shoot Cu
concentrations after EDTA application were much lower than with EDDS at the
same doses and there was no statistical difference in phytoextracted amount of
Cu between the control and EDTA treatments.

According to the performed experiments, EDTA does not appear to be an effi-
cient amendment if Cu phytoextraction with B. napusis considered but EDDS does.

Acknowledgements. These experiments were performed as part of the project TR 20086,
financed by the Ministry of Science and Technological Development of the Republic of Serbia.

U3BOJ

FUTOEKCTPAKIINJA TTIOTIIOMOI'HYTA XEJIATOPUMA: EOEKAT EDTA 1
EDDS HA BE3UBAKE BAKPA KO/I Brassica napusL.

TUJAHA M. 3EPEMCKI/I—LL[KOPI/IT‘11, IIETAP b. CEKYJ]I/I'ﬁl, VIBAHA B. MAKCMMOBI/I"HZ, CPHAH U.
[HEPEMEHH/ITIZ, JOPJAHA M. HI/IHKOBl, CTAHKO B. MI/IHI/ITll u JOBUILIA P. BACI/IH1
"Wncmuimyin sa pamiapcimiso u iospimapcimieo, Makcuma Fopioz 30, Hosu Cad u *Iomoiipuspedni paxyaitieid,
Ynuusepauitieiti y Hosom Caoy, Tpz ocuitieja Obpaoosuha 8, Hosu Cao

Cmarpa ce a ynotpeba Ousbaka ca BUCOKOM OHOMacoM 3a (UTOSKCTPAKIH]y HOTIOMOTHYTY
XeJNaTopuMa MOXKE TPEACTaB/baTH e(PUKAcCaH HAYMH 33 YKJIamkame TeIIKUX MeTaja M3 KOHTAMH-
HHUpaHoTr 3eMubnmTa. [{Mb OBOT HMCTpakuBama je OMo Ja ce ynopenu epUKacHOCT JiBa XenaTopa:
EDTA wu 6uogperpagabminor EDDS y mosehamy BesuBama M TpaHCIOKanuje 0akpa KOJ BpCTe
Brassica napus L. rajene Ha ymepeHo 3araheHoM 3emusbuity. Pactyhie konuenrpauuje EDDS cy
n3azBajie u noBehaHo BesnBama Oakpa W M3pakeH 3aCTOj y MOPACTy HaA3eMHOT jaena Omibke B.
napus L. Komnunna ¢uroexcrpaxoBaHor Gakpa mpu BUCOKMM KoHueHTpauujama EDDS je Guna
OrpaHMYCHA 3aCTOjeM y MopacTy Haa3eMHor nena Ouwsbke. Hajeha konnunHa ¢utoekctpaxoBaHor
Gakpa je mocturuyra ca npumesHom 8,0 u 4,0+4,0 mmol kg'1 EDDS. Konuentpamuja 6akpa y
HaJ(3eMHOM Jeity HakoH npumeHe EDTA je Guna MHOrO HIpka Hero npminkoM npumene EDDSy
HCTUM KOHIeTpanujama. Ha ocHOBY pe3yiraTa NOOHjeHHX Y OBOM EKCIIEpHMEHTY, YTBpheHo je na,
3a pasnmuky oxg EDDS, EDTA Huje nmoBosbHO edukacan xemaTop 3a (GpuTOeKCTpakmmjy Oakpa Imo-
mohy B. napusL.

(Mpumsseno 7. neuembpa 2009, peBuaupano 12. janyapa 2010)
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Abstract: Aromatic amines (anilines and related derivates) are an important class
of environmental pollutants that can be released to the aquatic environment as
industrial effluents or as breakdown products of pesticides and dyes. The toxi-
city of aniline, 2-chloroaniline, 3-chloroaniline, 4-chloroaniline and 3,5-dichlo-
roaniline towards a multitrophic test battery comprised of bacteria Aliivibrio
fischeri (formerly Vibrio fischeri), a ciliated protozoan Tetrahymena thermo-
phila and two crustaceans (Daphnia magna and Thamnocephalus platyurus)
were investigated. Under the applied test conditions, the toxicity of the anilines
notably varied among the test species. The bacteria and protozoa were much
less sensitive towards the anilines than the crustaceans: ECs, values 13-403 mg L1
versus 0.13-15.2 mg L1 No general tendency between toxicity and the che-
mical structure of the anilines (the degree of chloro-substitution and the posi-
tion of the chloro-substituents) was found in the case of all the tested aquatic
species. The replacement of the artificial test medium (ATM) by the river water
remarkably decreased the toxicity of anilines to crustaceans but not to pro-
tozoa. This research is part of the EU 6" Framework Integrated Project
OSIRIS, in which ecotoxicogenomic studies of anilines (e.g., for Daphnia
magna) will also be performed that may help to clarify the mechanisms of to-
xicity of different anilines.

Keywords. ecotoxicity; anilines; test battery; river water; ECOSAR.

INTRODUCTION

Aromatic amines (anilines and related derivates) are widely used industrial
chemicals and are therefore an important class of environmental pollutants. Ani-
line is the parent molecule of a vast family of aromatic amines. Since its disco-
very in 1826, it has become one of the hundred most important building blocksin
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chemistry. Aniline and its derivatives containing chloro-substituents are used as
intermediates in many different fields of applications, such as the production of
isocyanates, rubber processing chemicals, dyes and pigments, agricultural chemi-
cals and pharmaceuticals.1 These compounds can be released into the surface wa-
ter asindustrial effluents or as break-down products of pesticides and dyes.

According to Registration, Evaluation, Authorization and Restriction of Che-
micals (REACH) regulation,2 all substances on the European Market, which are
manufactured or imported in a quantity of 1 tonne or more per year will have to
be registered by June 1, 2018. The latest evaluation made by Rovida and Har-
tung3 in 2009 suggests that around 68,000 to 101,000 chemicals will have to be
registered in the EU under the REACH regulation. This is a huge task and res-
ponsibility for industry, regulators and scientists to manage the risks that chemi-
cals may pose to health and the environment.

This article focuses on the ecotoxicity of aniline and four of its derivatives:
aniline, 2-chloroaniline (2-CA), 3-chloroaniline (3-CA), 4-chloroaniline (4-CA)
and 3,5-dichloroaniline (3,5-DCA). According to European Chemical Substances
Information System (ESIS) and data on chemical production from 1990-1994,
aniline and 2-CA are high production volume (HPV) chemicals (placed on the
EU market in volumes exceeding 1000 tonnes per year per producer or importer)
and 3-CA, 4-CA and 3,5-DCA are LPV (low production volume) chemicals, i.e.,
volumes of 10-1000 tonnes per year.4 Aniline and 4-CA are classified as hazard-
ous substances in Annex | of Directive 67/548/EEC,5 whereas 2-CA, 3-CA and
3,5-DCA were not evaluated at the EU-level under previous legidation, suggest-
ing the need to collect information on their environmental and health properties
and to classify them under REACH-legislation. The (eco)toxicity data available
for aniline and its derivates show that 2-CA, 3-CA and 3,5-DCA could aso be
dangerous to humans and the environment. For example, according to Interna-
tional Agency for Research on Cancer (IARC), 4-CA is classified as possibly
carcinogenic to humans. Chen et al.6 showed that 2-CA is also potentially carci-
nogenic to humans. Aniline and 4-CA are aso classified as dangerous for the en-
vironment according to European Chemical Substances Information System (ESIS).

The main aim of REACH is not only to provide a high level of protection of
human health and the environment, but also to reduce animal testing to a mini-
mum, to promote the use of alternative methods and to combine all sources of da-
ta’ (available existing data, in silico, in vitro and in vivo approaches) for the as-
sessment of the hazardous properties of substances. Thus, expectations towards in
vitro studies and QSARS (quantitative structure-activity relationship) are very high.

In the field of aguatic toxicology, QSARs have been developed as alternative
tools for predicting the toxicity of chemicals, when little or even no empirical
data are available. Elaboration of SARSs (structure-activity relationships) or some
other computational toxicity prediction modelsis primarily based on experiment-
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ally measured toxic effects of chemicals. Therefore, there is a direct relationship
between the amount and quality of available information on toxicity of different
chemicals towards different test species and adequacy of the models.

The fate and biologica effects of chemicals in aguatic ecosystems depend,
above all, on the chemical composition of natural water.8 However, the majority
of toxicity datafor chemicals available for standard freshwater test organisms has
been generated using standard test media, and, as a result, the available informa-
tion concerning toxicity of chemicals, including anilines, in natural waters is li-
mited. Environmentally irrelevant conditions in standard toxicity tests reduce their
predictive power for environmental risk assessment.

The objectives of this study were: 1) to establish the relationship between
chemical structure and the toxicity of five anilines (aniline, 2-CA, 3-CA, 4-CA
and 3,5-DCA) toward different aguatic test species belonging to different trophic
levels and 2) to evaluate the effect of replacement of the artificial test medium by
the natural water on the toxicity test results.

EXPERIMENTAL

Chemicals

Aniline, 2-chloroaniline, 3-chloroaniline and 4-chloroaniline were purchased from Sig-
ma-Aldrich and 3,5-dichloroaniline from Acros-Organics. Stock solutions (aniline — 8000 mg
L1, 2-CA —500 mg L1, 3-CA — 1100 mg L1, 4-CA —550 mg L1 and 2,3-DCA —200 mg L)
were prepared in MilliQ water, taking into account their solubility (Table 1), and stored in the
dark.

TABLE |. Selected characteristics of the five tested anilines
Measured water Estimated water

Chemical casNo. PV solubility  solubility® '\I"Oeai‘r? El(s)“”}la‘%d
mg L-l mg L-l 0 Kow 0 Kow

Aniline 62-53-3 > 99.5 36000 (25 °C)° 20820 0.90 1.08
34000°

2-Chloroaniline  95-51-2 >99.5 8160 (25 °C)° 2241 1.90 1.72

(2-CA)

3-Chloroaniline  108-42-9 99 5400 (20 °C)° 2331 1.88 1.72

(3-CA)

4-Chloroaniline  106-47-8 98 3900 (25 °C)° 2572 1.83 1.72

(4-CA) 2000°

3,5-Dichloroaniline 626-43-7 98 784 (25°C)° 223 2.90 2.37

(3,5-DCA) 600 (26 °C)'

EPI Suite™ program WSKOWWIN, v. 1.41; ®U.S. EPA ECOSAR;® °EPI Suite™ program KOWWIN™, v. 1.67;
“Ref. 10; °Provider’s Material Safety Data Sheet (MSDS) (Sigma-Aldrich); ‘Provider's MSDS (Acros-Organics)

Bioassays
The toxicity of five anilines was studied toward four aquatic organisms. bacteria, pro-
tozoa and two crustaceans, using the following bioassays:
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The kinetic luminescent bacteria test (modified Flash assay) with Aliivibrio fischeri (for-
merly Vibrio fischeri) is based on the inhibition of the light output of naturally bioluminescent
bacteria by toxic compounds. The acute test (exposure time 15 min) was performed at room
temperature (~ 20 °C) in 96-well microplates using a modified Flash test protocol described in
Mortimer et al.11 Reconstituted Aliivibrio fischeri Reagent (Aboatox, Turku, Finland) was
used as the test bacteria suspension and all chemicals and their dilutions were tested in 2 %
NaCl. Inhibition of bacterial bioluminescence by the tested compounds was calculated as a
percentage of the unaffected control (2 % NaCl).

Daphtoxkit F™, Thamnotoxkit F™ and Protoxkit F™ were purchased from MicroBio-
Tests, Inc. (Mariakerke-Gent, Belgium) and tests were performed according to the procedures
described in the instruction supplied with the corresponding Toxkits.

The 48-h acute immobilization test with the crustacean Daphnia magna (Daphtoxkit
F™) adhered to OECD 202 guideline. The tests with neonates less than 24 h old, obtained by
the hatching of ephippia, were performed at 20 °C.

The 24-h mortality test with the crustacean Thamnocephalus platyurus (Thamnotoxkit
FTM) was performed at 25 °C with larvae of shrimp T. platyurus (< 24 h old) obtained by the
hatching of cysts.

The growth inhibition test (24-h) with the ciliated protozoan Tetrahymena thermophila
(Protoxkit FTM) is based on the measurement of the population density of protozoa. Briefly,
the investigated chemical and T. thermophila culture (strain Blll) were added to the food sub-
strate suspension in MilliQ water. While normal proliferating protozoan culture clears the sub-
strate suspension in the test vessels during exposure, inhibition of the growth of protozoaisre-
flected by the residual turbidity of the food substrate, measured as the optical density (OD) of
the test samples at 440 nm. The incubation was performed at 30 °C.

The acute inhibition test (24-h) of the viability of Tetrahymena thermophila was con-
ducted essentially as described in Mortimer et al.»2 Briefly, T. thermophila (strain BllI, the
growth inhibition test) was grown axenically in nutrient medium. During the exponentia growth
phase (5x10° cells mL-1), the cells were harvested by centrifugation and washed with Oster-
hout’ s medium, which was aso used as the test medium. The test plates with protozoa were
incubated for 24 h at 25 °C without shaking. Cell viability was tested using the fluorescent
dye propidium iodide (PI, Fluka) and by measuring the ATP content of the cellular sus-
pensions using the luciferin- uciferase method.

To prevent potential photolytic breakdown of anilines the exposure of protozoan and
crustacean tests were conducted in the dark.13

The ECs, val ues were determined using Regtox software for Microsoft Excel.14 The ave-
rage ECsgp values and standard deviations (SD) were calculated from 3-5 independent experi-
ments, each in severa replicates (four for D. magna, three for T. platyurus, and two for T.
thermophila and A. fischeri).

Test media

The artificial test medium — ATM (test medium used in the standard test procedure) in
the crustacean assays had the following composition (mg L™1): for D. magna - CaCly2H,0,
294; M@gSO,-7H,0, 123.25; NaHCO3, 64.75; KCl, 5.75; pH 7.8 + 0.2 and for T. platyurus -
CaS0,42H,0, 60; MgSO,-7H,0, 123; NaHCO3, 96; KCl, 4; pH 7.8+0.2, dissolved in MilliQ
water. MilliQ water or Osterhout’s medium (NaCl, 104; MgCl,, 8.5; MgSO,, 4; KCI, 2.3;
CaCl,, 1 mg LL; pH 6.6, dissolved in MilliQ water) were used as the standard test medium for
T. thermophila, and a 2 % solution of NaCl for A. fischeri. Thus, the ATM used in the assays
did not contain any organic compounds.
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Natural waters were sampled from a well (subsurface water) in a small village in north-
ern Estonia and from the River Jagala (Estonia). Chemical analyses of the natural water samp-
les (Table I1) were performed using standard analytical methods in an accredited laboratory.

TABLE Il. Characterization of the natural waters used as test media

Parameter Unit Water from thewell  Water from the River Jagala
pH - 75 8
Conductivity uS 156 282
DOC? mgCL™ 9.6 16.1
BOD,’ mg O, L™ 1.4 1.6
Nitrate mgN L™ 0.27 2.3
Phosphate mgPL* 0.195 0.018
ca mg L™ 33 68
HCOy mgL™* 96.4 192.2
Sold mg L™ 4 25
Feo mg L™ 0.21 0.76

Before the biotesting, suspended solids and plankton were separated from the water
samples by filtration through a 0.45 pum pore size standard filter (Millipore).
Use of ECOSAR for predicting the aquatic toxicity of anilines

The toxicity of the anilines (ECs) to D. magna were calculated using the ECOSAR
model — a computerized predictive system used by the United States Environmental Protection
Agency (US EPA) to estimate the aquatic toxicity of industrial chemicals. The ECOSAR mo-
del uses Structure Activity Relationships (SARs) for the prediction of the agquatic toxicity of
untested chemicals based on their structural similarity to chemicals for which aguatic toxicity
data are available. The SARs in the ECOSAR model express correlations between the phy-
sico—chemical properties and aquatic toxicity of a compound within specific chemical classes.
ECOSAR version 1.00a (February 2009), downloadable from the US EPA website,® was used
in the current study.

RESULTS AND DISCUSSION

The results of the toxicity testing of the five anilines using the above-listed
bicassaysin ATM (the respective artificial test medium) are presented in Table I11.
The experimental data on the toxicity of the investigated anilines are comparable
with the data published by other authors (Table V).

It should be mentioned that the 48-h ECsq values for D. magna available in
the literature vary considerably. However, when averaged (Table 1V), these data
are in agreement with the present results (Table I11). Unfortunately, no informa-
tion on the toxicity of the anilines to T. platyurus and T. thermophila could be
found, but the toxicity of investigated anilines to close protozoan species T. pyri-
formis (Table V) were comparable to the present data (Table I11). In the current
study, much higher ECsg values were obtained in the acute inhibition test (expo-
sure of protozoa during 24 h with no food added, see Experimental) than in the
growth inhibition test with T. thermophila (Table 111). Exposure of T. thermo-
phila to aniline in the acute inhibition test yielded the following ECsg values:
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2007 mg L~1, measured with propidium iodide, and 2140 mg L1, according to
the measurement of the ATP level. Considering that the ECsg value from the
acute inhibition test is over 5 times higher than the ECsg value of the growth in-
hibition test (2007 vs. 358 mg L—1), it can be assumed that in case of toxicity
testing of aniline, the growth inhibition test of T. thermophila is more relevant
than the acute inhibition test. The difference in the ECsq values of the two test
formats could be attributed to the mode of action of aniline, which has been clas-
sified as a polar narcotic which exerts non-covalent bioreactivity by disturbing
the structure and functioning of biomembranes.19 As aresult of the slow narcotic
mechanism of action, aniline probably inhibits the normal functioning of the cell,
including cell proliferation, but does not kill the cells during that time, rendering
the mortality endpoint (propidium iodide assay) less sensitive. However, this sup-
position has to be verified.

TABLE III. Toxicity of anilines (ECs, ,mg L™, mean+SD) towards four aguatic species tested
in ATM

Exposure time
Compound 24h 15 min ' 48 h 24 h
Protozoa Tetrahymena Bacteria Ali- Crustacean Da- Crustacean Tham-
thermophila® ivibrio fischeri phnia magna nocephal us platyurus

Aniline 3581180 403+101 0.13+0.04 2.8+0.6
2-Chloroaniline 252+16 43+19 1.2+0.4 15.2+4.5
3-Chloroaniline 135+9.0 59+14 0.24+0.07 2.0+0.6
4-Chloroaniline 36+3.5 13+0.5 0.19+0.04 4.4+1.1
3,5-Dichloroaniline 29+2.4 36+3.8 0.48+0.24 3.9£0.8

8Growth inhibition test (Protoxkit F™)

TABLE IV. ECs, values (mg L ™) for the five anilines published by other authors

Chemical Tetrahymena Aliivibrio fischeri Daphnia maana®
pyriformis (V. fischeri, P. phosphoreum)® ap 9

Aniline 158.1° 69 (15 °C) 0.39+0.23
190° 488 (15 °C)

2-Chloroaniline 188.7° 15(15°C 0.94+0.68
200" 36.5 (20 °C)

3-Chloroaniline 76.9° 13.4 (15 °C) 0.23+0.13
100 39.5(20°C)

4-Chloroaniline 113.7° 3.77 (15°C) 0.24+0.13
10° 21 (20°C)

3,5-Dichloroaniline 31.6° 10.7 (15 °C) 1.16+0.06

®Ref.15, exposure time 15 min; testing temperature indicated in the brackets; Pmean+STD from U.S. EPA ECO-
SAR and Ref.16, exposure time 48 h; “Ref .17, exposure time 40 h; dRef.18, exposuretime 24 h

The toxicity of investigated anilines varied notably among the test species
(Table 111). All tested compounds were remarkably more toxic (10-100 times) to
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crustaceans than to bacteria and protozoa (both unicellular organisms). D. magna
was the most sensitive species. Other authors?0-21 also showed that D. magna
was more sensitive than other aguatic species, i.e., algae and fish, to anilines. Alt-
hough it was previously demonstrated that T. platyurus can be more sensitive
than D. magna, e.g., to pyrene?2 and insecticides,?3 in case of anilines, D. magna
was about an order of magnitude more sensitive than T. platyurus. It should be
emphasized, however, that the acute assays with the two crustacean test species
used different exposure times (24-h for T. platyurus vs. 48-h for D. magna) which
could explain the different results obtained. The high sensitivity of D. magna to
aromatic amines, compared to other crustaceans, was aso shown by Ramos et al.24

Thus, the present study confirms that extrapolation of toxicity data from one
species to another (even if the species are taxonomically similar) could lead to in-
correct deductions.

Relationship between toxicity and the chemical structure of the anilines

There was no common relationship between the toxicity and chemical struc-
ture of the anilines (the degree of chlorosubstitution and the position of chloro-
substituents) for all the tested aguatic species (Table I11). In case of protozoa, the
toxicity of anilines depended on the position of chloro-substituents and increased
in accordance with the degree of chlorosubstitution, with aniline (ECsg = 358 mg
L-1) being about 12-fold less toxic than 3,5-DCA (ECsg = 29 mg L—1). Aniline
was also approximately 10-fold less toxic than the substituted anilines to the bac-
teria A. fischeri (403 mg L1 vs. 13-59 mg L-1; Table I11). As mentioned above,
both crustaceans and especially Daphnia magna were remarkably (up to 3 orders
of magnitude) more sensitive towards anilines than protozoa and bacteria. For
both crustaceans, it was difficult to recognize a clear relationship between toxi-
city and the chemical structure of the tested compounds. Interestingly, for both
crustaceans, 2-CA was noticeably more toxic than the other four tested anilines.
This indicates that, regardless of the different sensitivity of two species, the me-
chanism of action of anilinesis probably the same for both crustaceans.

A comparison of the present results with the predicted toxicity values for D.
magna obtained with the ECOSAR model (experimentally obtained octanol-wa-
ter partitioning coefficient, Kqy, values were used for the calculations, Table I)
shows that the predictive power of the ECOSAR model, at least in case of ani-
lines, is limited. Moreover, the ECOSAR model under predicted the toxicity of
four anilines by almost one order of magnitude (Fig. 1).

As arule, there is a correlation between the toxicity of an organic chemical
and its Kqy value: the higher the log Kqy, the lower the L(E)Csg value, i.e., the
higher the toxicity. For example, in previous studies on MEIC chemicals, a good
correlation was shown between the toxicity of 24 MEIC chemicals to photobac-
teria and their Koy value; the correlation coefficient of the linear regression
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(log-og) was —0.84).2° Lee et al.25 showed that the toxicity of 16 phenols toward
Selenastrum capricornutum and D. magna was closely related to the log Ky Var
lues. In the current study, this trend was observed for 5 tested anilines in the case
of protozoa and bacteria. However, the most toxic compound to crustaceans was
aniline, which is the least hydrophobic of the five tested compounds (Fig. 2).

10
m1 02

EC50, mg/L

0.1 4

aniline  2-CA 3-CA 4CA  3,5DCA
Fig. 1. Toxicity of anilinesto crustacean Daphnia magna: measured (1) and
predicted by ECOSAR (2). Note the logarithmic y-scale.
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Fig. 2. Toxicity of anilinesto the four test species (ECs, values obtained in
the current study) vs. log Kqy-

As was shown above, the existing tools for the prediction of the toxicity of
aniline (ECOSAR) to aquatic species yields inaccurate toxicity data. There are
many reasons why the predictive power of QSAR models is not reliable. Firstly
and most importantly, experimentally determined physic—chemical properties should
be used to develop QSARs. Secondly, the descriptors should be selected very
carefully and the toxicity of chemicals should be predicted by more than one des-
criptor. Certainly, QSAR models are rapid and cost-effective methods, which can
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be used as important alternative screening tools for prioritising and predicting the
toxicity of untested chemicals, but it must be born in mind that the calculated va-
lues may differ considerably from the experimental ones.

Modulation of the toxicity of anilinesin natural water

There are an increasing number of studies showing the modulating effect of
the composition of natural water on the toxicity of different chemicals, mostly
heavy metals but also metal oxide nanoparticles.2’ The presence of humic com-
pounds in natural water may also modulate the toxicity of organic chemicals. For
example, it was shown that dissolved humic materials (DHM) significantly re-
duced the toxicity of 4-CA to D. magna, but the effect of DHM on the toxicity of
4-CA to zebrafish (Brachydanio rerio) was not observed.28 In the present study,
the effect of natural water on toxicity of anilines to bacteria, protozoa and crus-
taceans was evaluated.

It is known that photolysis and microbial degradation are the most important
degradative processes affecting anilines in aquatic environments.2® To prevent
breakdown of the chemical structures by photolysis, the exposure of protozoa and
crustaceans to the anilines was realised in the dark (see Experimental).13 In addi-
tion, it was previously shown?9:30 that during short incubation periods (up to 3
days in the dark), there was no measurable microbial degradation of aniline and
the chloroanilines in natural water. Therefore, it could be presumed that in the
short-term tests performed in the current study, the tested compounds remained
stable and that the differences between the results obtained with ATM and natu-
ral water indicate the impact of water composition on the bioavailability of anili-
nes to different aguatic species.

The mitigation effect of natural water on the toxicity of anilines to four test
speciesis presented in Table V. The tests organisms were exposed to the anilines
at concentrations that were close to the ECsg values obtained in the respective
standard test media (Table 11). The results are presented as a ratio of the toxic ef-
fect (%) in natural watersand in ATM (Table V). Thus, values lower than one indi-
cate a decrease of toxicity in natural water and values exceeding one, accordingly,
indicate an increase in toxicity. For example, when the immobilization of D. mag-
na exposed to 2-CA at a concentration 0.2 mg L—1 in ATM was 80 % and in na-
tural water only 40 %, the toxicity in natural water decreased 2 times (40/80 = 0.5).

In general, the effect of natural water on the toxicity of anilines was mini-
mal. However, some tendencies were observed: i) different to particle-feeding or-
ganisms (protozoa and crustaceans), the toxicity of anilines to bacteria was prac-
tically the samein natural water and ATM and ii) toxicity of anilines for protozoa
T. thermophila and crustacean T. platyurus seemed to be sightly increased when
exposed in natural water, and for D. magna, natural water dightly decreased the
toxic effect of chloroanilines (but not of aniline). These data are in accordance
with the data of Lee et al.28 (see above). However, the data on the other crus-
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tacean T. platyurus did not confirm this tendency (Table V). This discrepancy
may be explained by the different sensitivity of the test species to background
pollution. It seems that in case of anilines, the mitigation effect of natural water
on toxicity to crustaceans depended mainly on the integrated effect of the water
composition (including background pollution) and tested chemical, but not on the
dissolved organic matter (DOC) content. Thus, the current data on anilines are
different from the data of a previous study on the effect of natural waters on the
toxicity of CuO nanoparticles to D. magna and T. platyurus, in which it was
shown that natural waters remarkably (up to 100-fold) decreased the toxicity of
nano-CuO to both crustaceans and this effect depended mainly on the DOC con-
centration.2’

TABLE V. The ratio between the toxicity of anilines in natural water (NW) and artificial test
medium (ATM) tested at the same concentrations (effect in NW / effect in ATM)

Compound ;\eé:an'gmi Aliivibrio fischeri Daphnia magna Thagg‘t’;jﬁ;alus
wdl Rver Wel Rver Wel Rver Wl River

Aniline 24 22 11 1 21 19 18 15

o-Chloroaniline 13 15 12 11 06 05 08 1

3-Chloroaniline 0.95 12 0.9 0.85 0.7 0.5 2.2 1.9
4-Chloroaniline 1.2 16 0.8 0.9 0.7 0.7 0.8 0.9
3,5-Dichloroaniline 1.8 2.4 1.1 1.1 0.3 0.5 11 1.3

8Growth inhibition test (Protoxkit F™)

CONCLUSIONS

It may be concluded that the opinion stated 15 years ago: “...at present no
prediction about the behaviour of a previously untested chemical can be made,
which is based on the physico-chemical or structural properties of the organic
chemical.”28 —is till valid, at least in the case of anilines.

QSARSs can be used as an initial evaluation of the toxicity of a chemical,
however, tests with bioassays must be performed for confirmation.
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U3BOJ

TOKCUYHOCT IIET AHWJIMHCKUX JEAUBEBA ITPEMA JbY CKAPUMA,
TTPOTO30AMA U BAKTEPUJAMA

MARILIIS SIHTMAE, MONIKA MORTIMER, ANNE KAHRU u IRINA BLINOVA

Laboratory of Molecular Genetics, National Institute of Chemical Physics and Biophysics,
Akadeemia tee 23, Tallinn 12618, Estonia

Apomarrnunu amMuHM (aHWJIMHHE M JEPUBATH) Cy BakHA Kiaca 3aralyjyhux cymcraHum koje
MOTy OWTH HCIIYIITEHE Y )KMBOTHY CPEIMHY KO MHIYCTPH]CKH €(IyeHTH WM Kao IIPOU3BOH pa3-
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rpaame nectunuaa u 6oja. Menuramim cMo TOKCHYHOCT aHWIMHA, 2-XJIOPAHWINHA, 3-XJIOPaHUINHA,
4-xmopaHuinHa, U 3,5-TUXJIOpaHWINHA 32 MYJITHTPOQUUYHY TeCT OaTepHjy Koja ce CcacToju Ol
6akrepuja Aliivibrio fischeri (panuje Vibrio fischeri), mporosoa Guuapa Tetrahymena thermophila
u nBa spyckapa (Daphnia magna u Thamnocephalus platyurus yypyc). V npumemenum ycioBuma
TOKCHYHOCT aHWJIMHA j€ IPUMETHO Bapupaia Meljy TecTupaHuM Bpctama. baktepuje u mpoTo3oe cy
Onite MHOTO Marbe OCeTJbUBE IpeMa aHWIMHUMA Hero Jbyckapu: BpexHoctu ECsy cy 6mne 13-403
mg L™ mpema 0,13-15,2 mg LY. Huje oTkprBeH HEKAKaB ONMIITH TpeHA M3Mel)y TOKCHUHOCTH 1
XEMHjCKe CTPYKTYpe aHHJIMHA (CTEHEH CYNCTUTYIMje XJIOpa U MO3UINja XJIOPHUX CYICTUTYEHATa)
HU Y jeIHOM CIIy4ajy TeCTHPaHHX BOACHMX BPCTa. 3aMEHa BELITa4YKOr TecT Meaujyma (ATM) peu-
HOM BOJIOM YOYBHBO j€ CMamWila TOKCHYHOCT aHWJIMHA 3a JbycKape, ajld He U 3a nporto3oe. OBO
HCTpaKuBame je aeo unterpucanor npojekra OSIRIS y okBupy eBporickor FP6 mporpama, y kome
fie ce cripoBecTH M eKOTOKCHKOTEHOMCKE CTyquje aHmwinHa (Hip. 3a D. magna), koje Mory nmomohu
y pasjaiimbaBamky MEXaHH3aMa TOKCUYHOCTH Pa3IMuUTHX aHUJIMHA.

(Mpumsseno 19. neriem6pa 2009, pesuauparo 8. pedpyapa 2010)
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Temporal and spatial variability of cyanobacterial toxins
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Abstract: In spite of substantial research on health and the ecological risks as-
sociated with cyanobacterial toxins in the past decades, the understanding of
the natural dynamics and variability of toxic cyanobacterial blooms is still li-
mited. Herein, the results of long term monitoring 1998—1999/2001-2008 of
three reservoirs (Vir, Brno and Nové Mlyny, Chech Republic), where toxic
blooms develop annually, are reported. These three reservoirs provide a unique
model because they are interconnected by the Svratka River, which alows pos-
sible transfer of phytoplankton as well as toxins from one reservoir to another.
The frequency of the occurrence and dominance of the major cyanobacteria
taxa Microcystis aeruginosa did not change during the investigated period but
substantial variability was observed in the composition of other phytoplankton.
Although absolute concentrations of the studied toxins (microcystins) differed
among the reservoirs, there were apparent parallel trends. For example, during
certain years, the microcystin concentrations were systematically elevated in all
three studied reservoirs. Furthermore, the concentration profiles in the three
sites were also correlated (parallel trends) within individual seasons based on
monthly sampling. Microcystin-LR, a variant for which the World Health Or-
ganization has recommended a guideline value, formed only about 30-50 % of
the total microcystins. Thisis of importance, especialy in the Vir reservoir that
serves as a drinking water supply. The maxima in the cell-bound microcystins
(intracellular; expressed per dry weight biomass) generally preceded the
maxima of total microcystins (expressed per volume of water sample). Overall,
the maximum concentration in the biomass (all three reservoirs, period 1993—
2005) was 6.1 mg gl dry weight and the median values were in the range
0.0652.3 mg gl dry weight. These are generally high concentrations in
comparison with both Czech Republic and worldwide reported data. The
present data revealed substantial variability of both toxic cyanobacteria and
their peptide toxins that should be reflected by detailed monitoring programs.

* Corresponding author. E-mail: blaha@recetox.muni.cz
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INTRODUCTION

Anthropogenic contamination of surface waters with non-toxic nutrients (phos-
phorus and nitrogen) has resulted in massive cyanobacterial water blooms world-
wide. Especialy the production of cyanobacterial secondary metabolites (cyano-
toxins) has attracted the attention of both scientists and public health authorities,
since serious adverse health effects in both domestic animals and humans have
been reported.!

Microcystins (MCs), unusual cyclic heptapeptides produced by several plank-
tonic species of cyanobacteria, are the most frequently studied cyanotoxins. Based
on toxicological data, the World Health Organization (WHO) recommended a
provisional guideline value for MC-LR in drinking water of 1 pg L-1 (WHO,
1998). Preliminary surveys conducted in Europe (including the Czech Republic)
showed that cyanobacterial blooms occur in about 80 % of large reservoirs.2
About 90 % of the water blooms in the Czech Republic contained MCs (MC-LR,
the toxin considered by the WHO, was present in 98 % of the positive samples)
with median and maximum concentrations in the biomass of 0.7 and 5.8 mg g1
dry weight (dw), respectively.3 There are also some preliminary indications on
the occurrence of toxic cyanobacteria in less explored areas of South and East
Europe, e.g., Serbia4> However, to the best of our knowledge, the highly im-
portant issue of cyanobacteria toxins in surface waters and their impacts on eco-
system quality and the health of the population in this region have not yet at-
tracted sufficient scientific attention and remain to be explored in more detail.

In this paper, analyses of long-term data (1998—-2008) on toxic cyanobacteria
and their toxins in three large reservoirs, which are connected by ariver in the
region of South Moravia, the Czech Republic, are presented The Reservoir Vir
(the most upstream) serves as an important supply of drinking water for the city
of Brno (population 400,000), while other two reservoirs (Brno and Nové Mlyny)
were built to help regulate water regimes, and were supposed to be also used for
recreational purposes. The unique long-term data enabled the natural variability
in the occurrence of dominant toxic cyanobacteria and the levels of cyanotoxins
microcystins in these reservoirs to be studied, as there is a possible transfer of to-
xic blooms among reservoirs via the Svratka River (Fig. 1).

In spite of extensive research on the health and ecological risks associated
with cyanobacterial toxins, a general understanding of the natural dynamics and
variability of toxic cyanobacterial blooms is still limited. The presented analy-
tical data provide some new insights into the relationships between the concen-
trations of MCs and the dominant cyanobacteriain water blooms.
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Fig. 1. Map of the studied reservoirs in the Czech Republic (Vir, Brno and
Nové Mlyny) interconnected by the River Svratka.

EXPERIMENTAL

Samples

Samples were collected annually from the Reservoirs Vir, Brno and Nové Mlyny (Fig. 1)
during the vegetation seasons (during several seasons, repeated samplings were performed to
obtained a more detailed picture about the intra-seasona variation). The covered period in-
cludes the years 1998-2008; the results from the year 2000 are not presented as no monitoring
of the Brno Reservoir was performed this year. Water bloom samples were collected using a
plankton net (20 um diameter); they were stored frozen at —20 °C, freeze-dried and stored for
extraction and analyses by HPLC (described below). Samples of raw waters (for analyses of
total microcystins, ng L1) were collected from the upper water layers (=0.5 m depth) at each
locality and stored at —20 °C until analysed by Elisa. Detailed observations at the studied re-
servoirs were compared with the results of the National Monitoring Program in the Czech Re-
public, which was organized by the authors of this paper. The same methods of sampling and
microcystin analyses were employed for all samples.

Taxonomical determination

A portion of the cyanobacterial biomass collected in the plankton net was fixed with 4 %
(v/v) formaldehyde for taxonomical identification, and the dominant phytoplankton species
were identified and quantified according to current literature.5 For evaluation purposes, the
occurrence of each group of organisms was categorized according to their dominance.
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Elisa analyses (total microcystin content)

Prior to MCs determination, the samples were thawed, sonicated, centrifuged (10,000 g,
5 min) and the supernatant analysed for MCs by direct competitive Elisa according to Zeck et
al.” and as described in detail in a recent survey.8 Briefly, high protein binding microplates
(NUNC, Roskilde, Denmark) were pre-incubated with anti-mouse anti-Fc-1gG (ICN) follow-
ing incubation with monoclona antibodies developed against microcystin-LR (ALEXIS, Lau-
sen, Switzerland). To visualize the reaction, MC-LR conjugated with horseradish peroxidase
(HRP), prepared according to Zeck et al.” and TMB substrate (Sigma, Prague, Czech Repub-
lic), was used. The absorbance (420 nm with reference 660 nm) was determined using a
GENios microplate reader (Tecan, Mannerdorf, Switzerland). The samples were analyzed in
three replicates and compared with a 0.125-2 mg L1 calibration curve constructed using a
MC-LR standard (Alexis).
HPLC Analyses

Cyanobacterial blooms were extracted with 50 % methanol (100 mg dw mL"1), and
analysed as described previously® using an HPLC Agilent 1100 Series instrument (Agilent
Technologies, Waldbronn, Germany) on Supelcosil ABZ+ Plus, 150x4.6 mm, 5 pm column
(Supelco, Bellefonte, USA) at a temperature of 30 °C. The binary gradient mobile phase con-
sisted of (A) H,O + 0.1 % trifluoroacetic acid (TFA) and (B) acetonitrile + 0.1% TFA (linear
increase from 20 % B at 0 min to 59 % B at 30 min); the flow rate was 1 mL minl. The
chromatograms at 238 nm were recorded with an Agilent 1100 Series PDA detector (Agilent
Technologies) and the MCs were identified by the retention time and characteristic UV-
absorption spectra (200300 nm) of individual peaks. Quantification was based on external
calibrations of MC-RR, -YR and -LR.
Satistics

Relationships between the occurrence of phytoplankton and the concentrations of MCs
were evaluated by 2 in Statistica for Windows 8.0 (StatSoft, Tulsa, OK, USA); P-values less
than 0.05 were considered statistically significant.

RESULTS AND DISCUSSION

The concentrations of the cyanobacterial toxins microcystins in the three stu-
died reservoirs together with the summary statistics from the Czech National Mo-
nitoring Program are presented in Table I. As calculations of the arithmetic mean
are affected by the log-normal distribution (a few extreme concentrations), the
median values, as another statistical parameter, are also presented (Table I). The
concentrations of MCsin the dry biomass (expressed in ug g1 dry wt), which re-
flects the actual toxic potential of the respective water bloom (sum of the domi-
nant variants MC-LR, -RR, -YR is presented in Table 1) were also investigated.
Furthermore, the MC concentrations were aso analysed directly in the raw water
samples (ug L1), which corresponds to the total microcystin content. These va-
lues might be translated to the actual health risks resulting, for example, from
consumption of contaminated drinking water, etc.10.11

Regarding the water bloom biomass, detectable concentrations of microcys-
tins were found in all the collected biomass samples at the studied localities (no
values the detection limit). The median values ranged from 25 ug g1 dry weight
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(2006 — Nové Mlyny) up to more than 6000 ug g1 (1999 — Brno). The latter va-
lue from Brno Reservoir was the highest concentration determined in 1999 in the
al Czech National Monitoring Program (Table I). In general, very high micro-
cystin concentrations in the biomass were observed in the Vir Reservoir (see for
example the years 2003—2005), which is the drinking water supply for the city of
Brno with a population of about 400,000.

Table I. Summary statistics of microcystins concentrations in the reservoirs Vir, Brno and No-
vé Mlyny in 1998-2008 (N-number of samples, mean, median, maximum) in comparison with
the overall data from the Czech National Monitoring Program. Concentrations in biomass (mg
g™ d.w.) and total water concentrations (ug L™)

Czech Republic (total) Vir Reservoir Brno Reservoir Nové Mlyny Reservoir
Y ear Concentrationsin biomass, ug g d.w.

N Mean Med Max NMean Med Max N Mean Med Max N Mean Med Max
1998 21 452 98 37931 91 91 91 4 473 333 1130 2 157 157 289
1999 83 1049 588 6171 3 1914 2608 3134 14 1655 846 6171 9 1328 1315 2931
2001 43 979 830 3027 1 815 815 81.515 937 1090 1638 10 2087 2185 3027
2002 52 790 760 2438 2 1212 1212 152925 911 936 1371 2 818 818 1138
2003 84 505 318 3335 5 2075 2231333541 236 154 1109 11 807 716 1489
2004 210 534 348 3945 2 1528 1528 276024 627 597 1303 13 820 850 1797
2005 198 467 183 3673 2 2929 2929 321330 434 343 1291 5 751 616 2082
2006 151 395 153 3954 3 238 112 542 2 1129 11291354 1 249 249 249
2007 161 347 81 2759 3 318 250 955 3 324 341 632 7 872 176 2609
2008 98 422 51 3312 2 2566 2566 3312 3 202 77 528 6 1588 1496 2665

Concentrations in water, pug L™

2004 285 0.99 0.22 369 2 5.26 526 9.1856 0.81 0.15 4 12 121 103 263
2005229 0.74 0.2 187 1 0.62 062 0.6213 049 021 1.3 8 037 0.18 114
2006 208 1.29 05 248 3086 1271322 O 0O 0 3 05 019 117
2007 322 1.23 0.57 29.7 4 0.68 059 1.30 4 1.79 1.08 45 14 522 219 297
2008 197 1.05 03 2013040 0 12 2 038038049 5 285 149 94

The measured concentrations from the Czech Republic are comparable (and
in many cases higher) in comparison with literature data from Europe. For ex-
ample, the maximum reported from Poland was 1687 pg g—1.12 In Germany, the
maxima ranged from 1100pg g1 d.w. 13 to 5595ug g-1.14 The highest value of
2565 g g1 was detected during 1994-2000 in Greece.15 In Portugal, very high
concentration of microcystin, 7100 ug g1, was detected.16

The concentrations of microcystins in water samples (ug L1, analysed by
Elisa) were analysed in the years 2004-2008. When considering the national sta-
tistics, the mean values were in general about two-times higher than the median.
A similar trend was also observed at the three localities studied in detail. How-
ever, the differences were not highly pronounced with respect to the lower num-
ber of values. In some cases, concentrations above the WHO guideline value of 1
ug L—1 were observed (including the Vir Reservoir) but most of the values were
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lower even in the studied raw (untreated) water as also discussed el sewhere.10 On
the other hand, extreme concentrations (> 10 pg L—1) were observed in several
cases and the maximum value 29.7 ug L1, observed in Nové MIyny during 2007,
was the highest within the whole country.

The observed extreme concentrations (9-36 pg L—1) are comparable with
those given in the literature. For example, Zhang et al.17 reported a maximum of
8 ug L= in China during the 2002 season. Very high concentrations were found
in surface cyanobacterial scum in Germany18 (up to 120 pg L—1) and Algerial®
(711.8 ug L) but these represent a different type of sample and also a different
analytical method (protein-phosphatase assay inhibition) was employed?® than that
used in the present study. Lower maximum concentrations were reported from
Finland 0.21 pg L—1,20 where water blooms are often dominated by different cya-
nobacterial species than Microcystis sp., which is the most common in the Czech
Republic and Central Europe.10.8.21

As s apparent from Table I, there was no clear temporal trend in the micro-
cystin concentrations in the biomass (decrease or increase) during the studied years
in the studied localities, which might be attributed to specific environmental or
meteorological factors.22.23 During the present study, the summers of the years
1998, 20062007 were unusually cold, which might explain the lower incidence
of toxic cyanabacterial blooms as well as the decrease in the microcystin concen-
trationsin the biomass.2425

Detailed seasonal variations in both biomass-bound MCs (Fig. 2A) and MCs
in water (Fig. 2B) are shown in Fig. 2. Asis apparent, there was no uniform trend
within each of the investigated seasons. For the biomass concentrations (Fig. 2A),
there seemed to be an increase in the Vir and Nové Mlyny Reservoirs, but a
slight decrease during all the studied seasons was observed in Brno. On the other
hand, these trends were not in all cases confirmed by the MC concentrations in
water (Fig. 2B), where a slight increases could be observed also in the Brno re-
servoir (for example during 2004-2005). The observations at Vir and Nove Mly-
ny, in general, correspond to some previously published studies that demonstra-
ted an increase in the production of MCs in the biomass during the vegetation
season.26 On the other hand, some studies reported two peaks in the concen-
trations of MCs (early summer vs. end of the season).27:28

The observed differences might be related to the biochemistry of microcystin
production and its excretion, which are known to be influenced by a number of
environmental factors. For example, different seasonal profile of temperature and
other parameters can be expected in the Vir Reservoir, which is situated upstream
of the Svratka River in an area of highlands, while the other two reservoirs (Brno
and Nové Mlyny) are lowland reservoirs. MCs are mostly accumulated inside the
cyanobacteria cells, while extracellular (dissolved) toxins form usually up to 10 %
of the total MCs in water.18 However, at the end of the season — followi ng the
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collapse of the water bloom — the ratio of the extracellular MCs significantly in-
creases up to 96 % of the total content, as documented by Nasri et al.19 During
the short periods, dissolved MCs concentrations can rise to 100 pg L—1 and these
concentrations might remain in the water for several days to weeks.18 On the other
hand, M C bound to particul ate matter is known to be more rapidly degraded.20
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Fig. 2. Detailed seasonal variations in the concentrations of microcystin (MCs) in the biomass
(upper panel, concentrations in microgram per gram biomass dry weight) and water (bottom
panel, microgram per litre) in three reservairs (Vir, Brno, Nové Mlyny) during July,
August and September (7, 8, 9) of the years 2004-2008.

The present study, as well as literature data, indicates that under certain envi-
ronmental situation, high concentrations of MCs may be observed during all ve-
getation seasons, and this should be carefully considered during monitoring studies.
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In addition to the MCs concentrations, the composition of the water blooms
in the studied reservoirs was aso studied. In al three studied reservoirs, Micro-
cystis aeruginosa was the most dominant species, which also correspond to the
general situation in Central Europe.81213.21 However, during the studied period
(1998-2008), an increase in the occurrence of other species, such as Anabaena
sp., Aphanizomenon sp. or Planktothrix sp, were also observed. However, the issue
of the occurrence and toxicity of less-studied species, including the tropical Cylin-
drospermopsis raciborskii , in Europe will require further research attention.2®

CONCLUSIONS

The present report provides further insight into the occurrence and dynamics
of toxic cyanobacterial metabolites — microcystins. The analyses showed that the
appearance of dominant cyanobacteria taxa (M. aeruginosa) did not significantly
change during the investigated period but there was an increase in the occurrence
of other species belonging to genus Aphanizomenon, Anabaena and Planktothrix.
Although absolute concentrations of the studied toxins microcystins differed be-
tween the reservairs, there were apparent parallel trends. For example, during cer-
tain years, the microcystin concentrations were systematically elevated in al the
studied reservoirs. Furthermore, based on monthly sampling, the concentration pro-
filesin the three sites were also correlated (parallel trends) within individual sea-
sons. Microcystin-LR, a variant for which the WHO has recommended a guide-
line value, formed only about 30-50 % of the total microcystins. In addition, a shift
between the peaks of the cell-bound microcystins (expressed per biomass dry
weight) was determined that seemed to precede the maxima of microcystins in
water. The overall maximum toxin concentration in the biomass (all three reser-
voirs, period 1998-2008) was about 6000 microgram per gram dry weight with
median values ranging from 65 to 2300. The concentrations of MCs in the raw
waters only occasionally exceed the WHO limit of 1 microgram per litre but they
occurred throughout the season and cannot be easily predicted. In summary, the
obtained data revealed substantial variability of both toxic cyanobacteria and their
peptide toxins that should be reflected in detailed monitoring programs.
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U3BOA

IMPOCTOPHO-BPEMEHCKA BAPUJABUJIHOCT LIMJAHOBAKTEPUICKX OTPOBA
MUKPOIIMCTHUHA ¥V TP IIOBE3AHA PE3EPBOAPA CBEXE BOJIE

LUDEK BLAHA, LUCIE BLAHOVA, JIRi KOHOUTEK, ONDREJADAMOVSKY,
PAVEL BABICA and BLAHOSLAV MARSALEK

Masaryk University, Faculty of Science, Research Centre for Toxic Compounds in the Environment — RECETOX,
Kamenice 3, CZ62500 Brno « Institute of Botany, Academy of Sciences of the Czech Republic,
Lidick& 25/27, 657 20 Brno, Czech Republic

Vipkoc 3HaYajHOM OOMMY HCTpaKHMBama PU3HKA 110 3[PaBJbE M KUBOTHY CPEAMHY KOjH CY
MOBE3aHHU Ca IHMjaHOOAKTEPHjCKUM TOKCHHUMA TOCIECIBHUX ACLCHH]ja, CXBATalkhe MPUPOJHE IUHA-
MHKE U BapHjaOUITHOCTH TOKCHYHHX L[MjaHOOAKTEPHjCKHUX LBETakbha jOII yBEK je orpaHudeHo. OBie
Cy NPHKAa3aHHU PE3yJITaTH JyropodHor Monutopuara 1998-1999/2001-2008. tpu peseppoapa (Vir,
Brno u Nové Mlyny, PenyGuika Yenka) rie ce TOKCHYHA LBETamba jaBbajy cBake roguHe. OBu
pe3epBoapy Npe/CTaBibajy jeAMHCTBEH MOJIEN, 3aTO LITO Cy IOBe3aHH pekoM Svratka, mro omory-
haBa TpaHcdep ¢uTomIIaHKTOHA, Ka0 M TOKCHHA, M3Mely pe3epBoapa. OpexBeHNNja 110jaBIbHBabHA
u pomuHarmje BehuHckux Takcona Microcystis aeruginosa nuje ce mMemana TOKOM HCIHTHBAHOT
nepHo/ia, ajly 3HayajHa BapHjabMIIHOCT je youeHa y cacTaBy octaior ¢uromiankTona. Mako cy ce
arcoyTHE KOHIEHTpAIMje MPOyYaBaHUX TOKCHHA (MHKPOLMCTHHA) pa3iuKoBajie m3Mehy pesep-
BOapa, MapajesiHd TPEHAOBH Cy Owiu ouuriequd. Ha npumep, TOKOM HEKHX TOJWMHA, KOHLCHTPa-
L[1je MUKPOLIMCTHHA CY CHCTEMATCKU paciie y cBa TpH pe3epBoapa. OcuM Tora, KOHIICHTPALHOHH
npoduIK Ha CBE TPH JIOKaluje cy Takohe Omin kopenucanu (mapajeinHy TPEHI0BH) Y OKBHpY Hoje-
IUHAYHUX CE30Ha, Ha OCHOBY MECEYHHX y30pKOoBama. Mmukpouuctu-JIP, BapujanTta 3a kojy je
CBeTcka 3[paBCTBEHA OpraHU3allfja Mpenopydmia OKBHPHY pedepeHTHy BPEAHOCT, YMHHIA je
camo 30-50 % ykymHux MukponuctrHa. OBO je BaXXHO HAPOUMTO 32 pe3epBoap Vir, Koju ciryxu 3a
cHab/ieBambe MATKOM BOJOM. MakCHMyMH MHKpOIMCTHHA Be3aHuX 3a henuje (MHTpauenyiapHy,
U3paXKEHH 0 TEKHHHU CyBe OHOMAce) IeHEpajiHO ce jaBibajy IPEe MaKCHMyMa YKYIHHX MHKPO-
UCTHHA (M3paXKEHHX M0 3alPEeMUHHU Y30pKa Boje). OMIITH MaKCUMYM KOHLEHTpaluje y OHoMacu
(cBa Tpm pesepBoapa, meprog 1993-2005.) 6wo je 6,1 mg g TexuHe cyBe MaTepHje; BpeIHOCTH
Meaujase cy Guie y pacrony 0,065-2,3 mg gt rexune cyse mMarepuje. OIILTE y3€BILH, OBO Cy
BHCOKE KOHILEHTpauuje y nopehemy ca momaumma o0jaBibeHuM 3a PemyGuuky Yemiky u cBer.
Tomanm yka3yjy Ha 3HauajHy BapujabHIHOCT KaKO TOKCHYHHX I[MjaHOOAKTEepHja TaKO U FHHXOBUX
MENTUIHAX TOKCHHA, IITO OM Tpebasio 1a MMa ojpas3a Ha JeTajbHe IporpaMe MOHUTOPUHTA.

(TTpumsbeno 13. janyapa, pesuaupano 18. Gpebpyapa 2010)
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— Page 1161 (paper JSCS-4039). Paper should be denoted as Extended Abs-
tract of the Section Lecture at the Meeting of the Chemical Engineering Section
of the Serbian Chemical Society, held 5 February, 2010.
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