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INSTRUCTIONS FOR AUTHORS (2013)

GENERAL

The Journal of the Serbian Chemical Society is an international journal publishing papers from all fields of
chemistry and related disciplines. Twelve issues are published annually. The Editorial Board expects the editors,
reviewers and authors to respect the well-known standard of professional ethics.

Types of Contributions
Original scientific papers (about 10 typewritten pages) report original research which must not have been

previously published.
Short communications (about 5 pages) report unpublished preliminary results of sufficient importance to merit
rapid publication.

Notes (about 3 pages) report unpublished results of short, but complete, original research.

Authors’ reviews (about 30 pages) present an overview of the author’s current research with comparison to
data of other scientists working in the field.

Reviews (about 30 pages) present a concise and critical survey of a specific research area.

Surveys (about 15 pages) communicate a short reviews of a specific research area.

Book and Web site reviews (1-2 pages)

Extended abstracts (about 3 pages) of Lectures given at meetings of the Serbian Chemical Society Divisions.

Generally, Authors’ reviews, Reviews and Surveys are prepared at the invitation of the Editor.

Submission of manuscripts
Manuscripts should be submitted using the OnLine Submission Form, available on the JSCS Web Site
(www.shd.org.rs/JSCS/Form/). The manuscript must be uploaded as a Word.doc or .rtf file (tables and figures should
follow the text, each on a separate page). lllustrations in TIF or EPS format (JPG format is acceptable for colour and
greyscale photos, only), must be additionally uploaded as a separate archived (.zip, .rar or .arj) file. Figures and/or
Schemes should be prepared according to the Artwork Instructions.
Manuscripts must be accompanied by a cover letter in which the type of the submitted manuscript and a warranty as
given below are given. The Author warranties that the manuscript submitted to the Journal for review is original, has
been written by the stated authors and has not been published elsewhere; is currently not being considered for
publication by any other journal and will not be submitted for such a review while under review by the Journal; the
manuscript contains no libellous or other unlawful statements and does not contain any materials that violate any
personal or proprietary rights of any other person or entity. All manuscripts will be acknowledged on receipt (by e-
mail) and given a reference number, which should be quoted in all subsequent correspondence. A password for
“Article Tracking” (www.shd.org.rs/JSCS/) will also be supplied.

A MANUSCRIPT NOT PREPARED ACCORDING TO THESE INTRUCTIONS WILL BE RETURNED
FOR RESUBMITION WITHOUT BEING ASSIGNED A REFERENCE NUMBER.
Conflict-of-Interest Statement*: Public trust in the peer review process and the credibility of published articles depend in part on how
well conflict of interest is handled during writing, peer review, and editorial decision making. Conflict of interest exists when an author
(or the author's institution), reviewer, or editor has financial or personal relationships that inappropriately influence (bias) his or her
actions (such relationships are also known as dual commitments, competing interests, or competing loyalties). These relationships vary
from those with negligible potential to those with great potential to influence judgment, and not all relationships represent true conflict
of interest. The potential for conflict of interest can exist whether or not an individual believes that the relationship affects his or her
scientific judgment. Financial relationships (such as employment, consultancies, stock ownership, honoraria, paid expert testimony) are
the most easily identifiable conflicts of interest and the most likely to undermine the credibility of the journal, the authors, and of scien-
ce itself. However, conflicts can occur for other reasons, such as personal relationships, academic competition, and intellectual passion.
Informed Consent Statement*: Patients have a right to privacy that should not be infringed without informed consent. Identifying
information, including patients' names, initials, or hospital numbers, should not be published in written descriptions, photographs, and
pedigrees unless the information is essential for scientific purposes and the patient (or parent or guardian) gives written informed
consent for publication. Informed consent for this purpose requires that a patient who is identifiable be shown the manuscript to be
published. Authors should identify Individuals who provide writing assistance and disclose the funding source for this assistance.
Identifying details should be omitted if they are not essential. Complete anonymity is difficult to achieve, however, and informed
consent should be obtained if there is any doubt. For example, masking the eye region in photographs of patients is inadequate
protection of anonymity. If identifying characteristics are altered to protect anonymity, such as in genetic pedigrees, authors should
provide assurance that alterations do not distort scientific meaning and editors should so note. The requirement for informed consent
should be included in the journal's instructions for authors. When informed consent has been obtained it should be indicated in the

published article.

Human and Animal Rights Statement*: When reporting experiments on human subjects, authors should indicate whether the
procedures followed were in accordance with the ethical standards of the responsible committee on human experimentation
(institutional and national) and with the Helsinki Declaration of 1975, as revised in 2000 (5). If doubt exists whether the research was
conducted in accordance with the Helsinki Declaration, the authors must explain the rationale for their approach, and demonstrate that
the institutional review body explicitly approved the doubtful aspects of the study. When reporting experiments on animals, authors
should be asked to indicate whether the institutional and national guide for the care and use of laboratory animals was followed.

For detailed instriictions nlease visit the JSCS wehsite;
http://www.shd.org.rs/JSCS/JSCS-instruction.HTM

* International Committee of Medical Journal Editors (""Uniform Requirements for Manuscripts Submitted to Biomedical
Journals™) -- February 2006


http://www.shd.org.rs/JSCS/JSCS-instruction.HTM

PROCEDURE

All contributions will be peer reviewed and only those deemed worthy will be accepted for publication. The
Editor has the final decision. To facilitate the reviewing process, authors are encouraged to suggest up to three persons
competent to review their manuscript. Such suggestions will be taken into consideration but not always accepted.

Manuscripts requiring revision should be returned according to the requirement of the Editor, within 60 days or
the manuscript will be considered as having been withdrawn. Later, the manuscript would have to be resubmitted.

The Journal maintains its policy and takes the liberty of correcting the English of manuscripts scientifically
accepted for publication.

When a manuscript is ready for printing, the corresponding author will receive a PDF-formatted manuscript for
proof reading, which should be returned to the Journal within 2 days. Failure to do so will be taken as the authors are
in agreement with any alteration which may have occurred during the preparation of the manuscript.

Accepted manuscripts of active members of the Serbian Chemical Society (all authors) have publishing priority.

The corresponding author will receive by e-mail a PDF-formatted version of the paper as published in the
journal.

MANUSCRIPT PRESENTATION

Manuscripts should be typed in English (either standard British or American English, but consistent throughout)
with 1.5 spacing (12 points Times New Roman; Greek letters in the character font Symbol) in A4 format leaving 2.5
cm for margins. For Regional specific, non-standard save documents with Embed fonts Word option: Save as ->
(Tools) -> Save Options... -> Embed fonts in the text.

The authors are requested to seek the assistance of competent English language expert, if necessary, to ensure
their English is of a reasonable standard. The Serbian Chemical Society can provide this service in advance of
submission of the manuscript. If this service is required, please contact the office of the Society by e-mail (jscs-
info@shd.org.rs).

Tables and figures and/or schemes should not be embedded in the manuscript but their position in the text
indicated. In electronic version (Word.doc document) tables and figures and/or schemes should follow the text, each
on a separate page. Please number all pages of the manuscript including separate lists of references, tables and figures
and their captions.

IUPAC recommendations for the naming of compounds should be followed. SI units, or other permissible units,
should be employed. The designation of physical quantities must be in italic throughout the text (including figures,
tables and equations), whereas the units are in upright letters. They should be in Times New Roman font. In graphs
and tables, a slash should be used to separate the designation of a physical quantity from the unit (example: p / kPa,
t/°C, T/ K, r/h...). Designations such as: p (kPa), t [min]..., are not acceptable. However, if the full name of a
physical quantity is unavoidable, it should be given in upright letters and separated from the unit by a comma
(example: Pressure, kPa, Temperature, K...). Please do not use the axes of graphs for additional explanations; these
should be mentioned in the figure captions and/or the manuscript (example: “pressure at the inlet of the system, kPa”
should be avoided). The axis name should follow the direction of the axis (the name of y-axis should be rotated by
90°). Top and right axes should be avoided in diagrams, unless they are absolutely necessary.

Latin words, as well as the names of species, should be in italic, as for example: i.e., e.g., in vivo, ibid,
Calendula officinalis L., etc. The branching of organic compound should also be indicated in italic, for example,
n-butanol, tert-butanol, etc.

Decimal numbers must have decimal points and not commas in the text (except in the Serbian abstract), tables
and axis labels in graphical presentations of results.

Title page.

Title in bold letters, should be clear and concise, preferably 12 words or less. The use of non-standard
abbreviations, symbols and formulae is discouraged.

AUTHORS’ NAMES in capital letters with the full first name, initials of further names separated by a space
and surname. Commas should separate the author’s names except for the last two names when ‘and’ is to be used. In
multi-affiliation manuscripts, the author’s affiliation should be indicated by an Arabic number placed in superscript
after the name and before the affiliation. Use * to denote the corresponding author(s).

Affiliations should be written in italic. The e-mail address of the corresponding author should be given after the
affiliation(s).

Abstract: A one-paragraph abstract written of 150-200 words in an impersonal form indicating the aims of the
work, the main results and conclusions should be given and clearly set off from the text. Domestic authors should also
submit, on a separate page, an Abstract — Izvod, the author’s name(s) and affiliation(s) in Serbian (Latin letters). For
authors outside Serbia, the Editorial Board will provide a Serbian translation of their English abstract.

Keywords: Up to 6 keywords should be given. Do not use words appearing in the manuscript title

RUNNING TITLE: A one line (maximum five words) short title in capital letters should be provided.

Main text.

The main text should have the form: INTRODUCTION, EXPERIMENTAL (RESULTS AND DISCUSSION),
RESULTS AND DISCUSSION (EXPERIMENTAL), CONCLUSIONS, NOMENCLATURE (optional), Acknow-
ledgements: If any, REFERENCES (Citation of recent papers published in chemistry journals that highlight the
significance of work to the general readership is encouraged.)



The sections should be arranged in a sequence generally accepted for publication in the respective fields. They
subtitles should be in capital letters, centred and NOT numbered.

The INTRODUCTION should include the aim of the research and a concise description of background
information and related studies directly connected to the paper.

The EXPERIMENTAL section should give the purity and source of all employed materials, as well as details of
the instruments used. The employed methods should be described in sufficient detail to enable experienced persons to
repeat them. Standard procedures should be referenced and only modifications described in detail. On no account
should results be included in the experimental section.

The RESULTS AND DISCUSSION should include concisely presented results and there significance discussed
and compared to relevant literature data. The results and discussion may be combined or kept separate.

The inclusion of a CONCLUSION section, which briefly summarizes the principal conclusions, is highly
recommended. NOMENCLATURE is optional but, if the authors wish, a list of employed symbols may be included.

REFERENCES should be numbered sequentially as they appear in the text. When cited in the text, the reference
number should be superscripted in Font 12, following any punctuation mark. In the reference list, they should be in
normal position followed by a full stop. Reference entry must not be formatted using Carriage returns (enter key; <
key) or multiple space key. The formatting of references to published work should follow the Journal’s style as
follows:

Journals*: 1.A. B. Surnamel, C. D. Surname2, J. Serb. Chem. Soc. Vol. (Year) first page Number
Books: 2.A. B. Surnamel, C. D. Surname2, Name of Book, Publisher, City, Year, p. 100

Compilations: 3. A. B. Surnamel, C. D. Surname2, in: Name of Compilation, A. B. Editorl, C. D. Editor2, Ed(s).,
Publisher, City, Year, p. 100

Proceedings: 4.A. B. Surnamel, C. D. Surname2, , in: Proceeding of Name of the Conference or Symposium,
Title of the Proceeding, (Year of publishing), Place of the Conference, Country, Year, p. 100

Patents: 5.A. B. Inventorl, C. D. Inventor2, (Holder), Country Code and patent number (registration year)

Chemical 6.A. B. Surnamel, C. D. Surname2, Chem. Abstr. CA 234 567a

Abstracts: For non-readily available literature, the Chemical Abstracts reference should be given in square
brackets: [C.A. 139/2003 357348t] after the reference

Standards: 7.EN ISO 250: Name of the Standard (Year)

Websites: 8. Title of the website, URL in full (date accessed)

* International Library Journal abbreviation is required. Please consult e.g. http://www.library.ubc.ca/scieng/coden.html

Only the last entry in the reference list should end with a full stop.

The names of all authors should be given in the list of references; the abbreviation et al. may only be used in the
text. The original journal title is to be retained in the case of publications published in any language other than English
(please denote the language in parenthesis after the reference). Titles of publications in non-Latin alphabets should be
transliterated. Russian references are to be transliterated using the following transcriptions:

xk—zh, x—kh, n—ts, y—ch, m—sh, m—shch, bi—y, w—oyu, 1—-ya, 3—e, li—i, b—".

Table Captions. A separate list of table captions, which makes the tables comprehensible without reference to
the text, should be provided in numerical order on a separate page.

Tables. Tables are part of the text but must be given on separate pages. The tables should be numbered
consequently in Roman numbers. Quantities should be separated from units by a slash (/). Footnotes to tables, in size
10 font, are to be indicated consequently (line-by-line) in superscript letters. Tables should be prepared with the aid of
the WORD table function, without vertical lines. The minimum size of the font in the tables should be 10 pt. Table
columns must not be formatted using multiple spaces. Table rows must not be formatted using Carriage returns (enter
key; <! key). Tables should not be incorporated as graphical objects. In setting up tables, Authors should keep in mind
the area of the Journal’s page (12.5 cm x 19 cm) and should make tables conform to the limitations of these
dimensions.

Figure and/or Scheme Captions. A separate list of figure and/or scheme captions, which makes the figures
and/or schemes comprehensible without reference to the text, should be provided in numerical order on a separate
page.

Figures and/or Schemes. Figures and/or Schemes (of moderate resolution) should follow the captions, each on
a separate page of the manuscript. High resolution illustrations in TIF or EPS format (JPG format is acceptable for
colour and greyscale photos, only) must be uploaded as a separate archived (.zip, .rar or .arj) file.

Mathematical and chemical equations must be numbered, Arabic numbers, consecutively in parenthesis at the
end of the line. All equations should be embedded in the text except when they contain graphical elements (tables,
figures, schemes and formulae). Complex equations (fractions, inegrals, matrix...) should be prepared with the aid of
the WORD Equation editor.

Reporting analytic and spectral data: Adequate evidence to enable the identity and purity of all newly
synthesized compounds should be provided. The styles for the presentation of analytical and spectral data, which
should be strictly adhered to (including the order), are as follows:



Compound (3a). Yield: 60 %; m.p. 120 °C. Anal. Calcd. for C5H23N3Os: C, 71.27; H 4.58; N, 8.31. Found: C,
71.30, H, 4.54, N, 8.70. IR (KBr, cm™): 1535, 1469 (C=C- stretching of aromatic ring), 1680s (—C=0 stretching of -
COOH group), 3128 (—NH stretching of secondary amine). *H-NMR (200 MHz, DMSO-dg, 5 / ppm): 1.38 (3H, t, J =
7.2 Hz, -CH,—CH3), 4.15 (2H, g, J = 7.2 Hz, -CH,—CHj3), 10.92 (1H, s, -NH, D,O exchangeable), 7.75 (2H, t,J = 7.8
Hz, aromatic), 2.26-2.75 (2H, m, —CH,). *C-NMR (100 MHz, CDCls, J / ppm): 157.76 (C,), 146.89 (C,), 177.69 (-
CO0O0), 33.44 (-CH), 38.55 (-CHy). MS (m/z, (relative abundance, %)): 252 (M+, 32.5) 225, 213, 211 (BP, 100). UV—
Vis (EtOH) (Lmax / NM, €V or cm™ (¢ / L mol™ cm™)): 205 (2300), 243 (1800). Optical rotation values, a (589 nm, 20
°C, 10 g dm™ in H,0, 10 cm): +66.470°. Specific rotation [a]*’sse / deg dm™ g cm®. Magnetic moment, pes / us: 3.1.

Deposition of crystallographic data

Prior to submission, the crystallographic data included in a manuscript presenting such data should be deposited
at the appropriate database. Crystallographic data associated with organic and metal-organic structures should be
deposited at the Cambridge Crystallographic Data Centre (CCDC) by e-mail to deposit@ccdc.cam.ac.uk

Crystallographic data associated with inorganic structures should be deposited with the Fachin-
formationszentrum Karlsruhe (F1Z) by e-mail to crysdata@fiz-karlsruhe.de. A deposition number will then be
provided, which should be added to the reference section of the manuscript.

ARTWORK INSTRUCTIONS

JSCS accepts only TIFF or EPS formats, as well as JPEG format (only for colour and greyscale photographs)
for electronic artwork and graphic files. MS files (Word, PowerPoint, Excel, Visio) NOT acceptable. Generally,
scanned instrument data sheets should be avoided. Authors are responsible for the quality of their submitted artwork.
Every single Figure or Scheme, as well as any part of the Figure (A, B, C...) should be prepared according to
following instructions (every part of the figure, A, B, C..., must be submitted as an independent single graphic file).

TIFF - Virtually all common artwork and graphic creation software is capable of saving files in TIFF format.
This “option” can normally be found under the “Save As...” or “Export...” commands in the “File” menu. TIFF
(Tagged Image File Format) is the recommended file format for bitmap, greyscale and colour images. Colour images
should be in the RGB mode. When supplying TIFF files, please ensure that the files are supplied at the correct
resolution: Line artwork: minimum of 1000 dpi, RGB image: minimum of 300 dpi, Greyscale image: minimum of 300
dpi, Combination artwork (line/greyscale/RGB): minimum of 500 dpi, Images should be tightly cropped.

If applicable, please re-label artwork with a font supported by JSCS (Arial, Helvetica, Times, Symbol) and
ensure it is of an appropriate font size. Save an image in TIFF format with LZW compression applied. It is
recommended to remove Alpha channels before submitting TIFF files. It is recommended to flatten layers before
submitting TIFF files.

EPS - Virtually all common artwork creation software, such as Canvas, ChemDraw, CorelDraw, SigmaPlot,
Origin Lab..., are capable of saving files in EPS format. This “option” can normally be found under the “Save As...”
or “Export...” commands in the “File” menu. For vector graphics, EPS (Encapsulated PostScript) files are the
preferred format as long as they are provided in accordance with the following conditions: when they contain bitmap
images, the bitmaps should be of good resolution (see instructions for TIFF files).

JPEG - (Joint Photographic Experts Group) is the acceptable file format only for colour and greyscale
photographs. JPEG can be created with respect to photo quality (low, medium, high; from 1 to 10), ensuring file sizes
are kept to a minimum to aid easy file transfer. Images should have a minimum resolution of 300 dpi. Image width:
minimum 8.0 cm; maximum 12.0 cm.

When colour is involved, it should be encoded as RGB. An 8-bit preview/header at a resolution of 72 dpi should
always be included. Embed fonts should be always included and only the following fonts should be used in artwork:
Arial, Helvetica, Times, Symbol. The vertical space between the parts of an illustration should be limited to the bare
necessity for visual clarity. No data should be present outside the actual illustration area. Line weights should range
from 1 pt to 2 pt. When using layers, they should be reduced to one layer before saving the image (Flatten Artwork).

Sizing of artwork

JSCS aspires to have a uniform look for all artwork contained in a single article. Hence, it is important to be
aware of the style of the journal. Figures should be submitted in black and white or, if required, colour (charged). If
coloured figures or photographs are required, this must be stated in the cover letter and arrangements made for
payment through the office of the Serbian Chemical Society. As a general rule, the lettering on an artwork should
have a finished, printed size of 11 pt for normal text and no smaller than 7 pt for subscript and superscript characters.
Smaller lettering will yield a text that is barely legible. This is a rule-of-thumb rather than a strict rule. There are in-
stances where other factors in the artwork, (for example, tints and shadings) dictate a finished size of perhaps 10 pt.
Lines should be of at least 1 pt thickness. When deciding on the size of a line art graphic, in addition to the lettering,
there are several other factors to address. These all have a bearing on the reproducibility/readability of the final
artwork. Tints and shadings have to be printable at the finished size. All relevant detail in the illustration, the graph
symbols (squares, triangles, circles, etc.) and a key to the diagram (to explain the explanation of the graph symbols
used) must be discernible. The sizing of halftones (photographs, micrographs,...) normally causes more problems than
line art. It is sometimes difficult to know what an author is trying to emphasize on a photograph, so you can help us by
identifying the important parts of the image, perhaps by highlighting the relevant areas on a photocopy. The best
advice that can be given to graphics suppliers is not to over-reduce halftones. Attention should also be paid to magni-
fication factors or scale bars on the artwork and they should be compared with the details inside. If a set of artwork
contains more than one halftone, again please ensure that there is consistency in size between similar diagrams.

THE GRAPHS AND ARTWORK SHOULD BE 10 cm WIDE AT LEAST.
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Preparation and characterization of Zr O,-supported
Fes04-M NPs as an effective and reusable super paramagnetic
catalyst for the Friedlander synthesis of quinoline derivatives
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KHALIL TABATABAEIAN and FARHAD SHIRINI

Department of Chemistry, Faculty of Sciences, University of Guilan,
P. O. Box 41335-1914, Rasht, Iran
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Abstract: In this study, a convenient, appropriate and eco-friendly method for
the synthesis of quinoline derivatives via a Friedldnder reaction was developed
using ZrO,/Fe304-MNPs as an effective and reusable heterogeneous catalyst.
The morphology of ZrO,/Fe;0,-MNPs was studied by the XRD, FT-IR, SEM,
TEM and VSM techniques. Green reactions, straight and easy work-up, high
yields of the products and good reaction times are the benefits of this pro-
cedure. Further, the catalyst could be recovered using an external magnetic
field and reused at least three times without a considerable decrease in its cat-
alytic activity.

Keywords: quinoline derivatives, Friedlander reaction; ZrO,/Fe30,-MNPs;
heterogeneous catalyst; green procedure.

INTRODUCTION

Quinoline and its derivatives are very important intermediates in organic and
medicinal chemistry that show various physiological and pharmacological acti-
vities, such as antimalarial, anti-inflammatory, anti-asthmatic, antibacterial, anti-
hypertensive, and are tyrosine kinase inhibiting agents.1—3 These heterocycles are
valuable compounds for the preparation of nano- and meso-structures with
enhanced electronic and photonic properties.4® Furthermore, quinoline deriva-
tives have been employed in the study of bio-organic and bio-organometallic pro-
cesses.57 Due to the importance of the use of quinolines in the fields of medi-
cinal, bioorganic, industrial and synthetic organic chemistry, there is immense
interest in the development of effective procedures for their synthesis. Thus,
several methods, such as the Skraup, Doebner—von Miller, Friedlander and

* Corresponding author. E-mail: a.f.shojaie@guilan.ac.ir
doi: 10.2298/JSC141023031H
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972 HEJAZI et al.

Combes, have been mentioned in the literature for the creation of quinoline
derivatives.8-11

Among various methodologies suggested for the preparation of quinolines,
the Friedlander annulation1213 is one of the most frequently used pathways for
the synthesis of polysubstituted quinolines. This method involves an acid- or
base-catalyzed or thermal condensation between an aromatic 2-aminoal dehyde or
ketone with a carbonyl compounds containing a reactive a-methylene group fol-
lowed by a cyclodehydration.14.15

In general, Friedlander reactions are carried out either by refluxing an aque-
ous or acoholic solution of reactants in the presence of a base or by heating a
mixture of the reactants at high temperatures ranging from 150 to 220 °C in the
absence of a catalyst.16 However, under thermal or basic catalysis conditions,
2-aminobenzophenone does not react with simple ketones, such as cyclohex-
anone and S-keto esters.1’ Subsequent work showed better yields of quinolines
were achieved under acid catalysis.1’ Severa acid catalysts, such as Brgnsted
acids including hydrochloric acid in water,18 sulfamic acid,9 sulfuric acid, 20 sil-
ica sulfuric acid,?! dodecylphosphonic acid,?2 PEG-supported sulfonic acid,23
arylidene pyruvic acids (APAS),24 oxalic acid,2® Lewis acids containing Zr(NO3)4
or Zr(HSO4) 4,26 zirconium tetrakis(dodecy! sulfate) Zr(DS)4,2’ GdCls-6H20,28
BiCl3,29 SnCl,,30 FeCl3,3! Y(OTf)332, NiCl»33, AgsPW100403* and ZnCl,3°
have been reported for this conversion.

However, most of the previously reported procedures suffer from different
drawbacks, such as low yields of the products, poor selectivity, long reaction
times, harsh conditions, high temperatures, usage of hazardous, corrosive and rel-
atively expensive catalysts, tedious work-up procedures and using toxic/polar
solvent leading to complex isolation and recovery procedures. Moreover, the
main disadvantage of a number of previous methods is that the catalyst cannot be
recovered. Therefore, the development of a smple, efficient and environmentally
friendly method for the synthesis of quinoline derivativesis still a challenging task.

Recently, the applications of heterogeneous nanocatalysts have attracted
remarkable attention as inexpensive, non-toxic and eco-friendly catalysts for var-
ious organic transformations under mild and convenient conditions. The catalysts
have advantages over conventional homogeneous catalysts, including ssmple
recovery from the reaction mixture by easy filtration, higher surface activity and
reusability.36-38

Among heterogeneous catalysts, inorganic oxides especialy zirconia have
different physical and chemical properties and have gained much consideration
by researchers. Good chemical and dimensional stability, high electrical resist-
ivity, high refractive index, mechanical strength and toughness, biocompatibility
and low cost are the origin of the interest in using the zirconia as a catalyst.39.40
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However, the specific surface area and thermal stability of pure ZrO, is low4l
and it shows weak catalytic activity in a number of chemical transformations.42

In order to enhance the catalytic performance of zirconia-based catalysts,
many endeavors have been inducted by introducing various metal oxides where-
upon zirconia acts as a support for the preparation of the solid catalysts.43-48
Although the doping of appropriate cations with specific concentration into zir-
conia improves thermal stability, surface area and acidity of solid acids, the
separation and recovery of mixed oxide catalysts from the reaction products are
gtill difficult and require a large amount of separation energy and cost. For this
reason, a material immobilized onto the solid support plays a fundamental rolein
the efficiency of the resulting supported reagent catalyst. Among the different
modified zirconia materials, Fe304 magnetic nanoparticles (MNPs) are widely
used due to easy handling, a ssmple work-up procedure, nontoxicity, enhanced
catalytic activity and chemical selectivity in various organic synthesis. 4950 |n
addition, ZrO»-supported FesO4-MNPs can be easily separated from the reaction
media by applying an external magnetic field.

In continuation of ongoing studies on metal oxides as catalysts,®! herein, a
simple and eco-friendly procedure is demonstrated for the synthesis of quinoline
derivatives using the Friedlander heteroannulation method in the presence of
ZrOs/Fe304-MNPs as catalyst.

EXPERIMENTAL
Chemicals and apparatus

All materials and solvents were purchased from Merck and Fluka, and used without
further purification. Yields refer to isolated products. Products were characterized by their
physical constants, comparison with authentic samples, and IR and NMR spectroscopy. The
IR spectra were obtained in KBr discs on a Perkin—Elmer model Spectrum One FT-IR spec-
trometer.

The structures of the synthesized catalysts were characterized by X-ray diffraction
analysis (XRD Equinox 3000, INEL, France). The XRD patterns were obtained using CukK,,
radiation (wavelength 1.54056 A) at a current of 200 mA and a voltage of 40 kV in the 26
range of 10-100 at a scanning rate of 8° min-L. The surface microscopic morphologies of the
ZrO,-supported Fe;0,-MNPs were visualized by scanning electron microscopy (SEM
MIRAIl TESCAN). The size of Fes0,-MNPs was investigated by transmission electron
microscopy (TEM Philips MC 10) with an acceleration voltage of 80 kV. A magnetic study
was performed using a vibrating sample magnetometer at room temperature (VSM JDM-13).

Reaction progress was checked by thin-layer chromatography (TLC) with detection by
UV light. The TH-NMR spectra were obtained on a Bruker DRX-400 Avance spectrometer,
while the 13C-NMR spectra were obtained on a Bruker DRX-100 Avance spectrometer.
Samples were analyzed in CDCl3 and chemical shift values are reported in ppm relative to
tetramethylsilane (TMS) as the internal reference. Melting points were measured on an elec-
trothermal apparatus and are uncorrected. Elemental analyses were realized using a Carlo Erba
EA1110 CHNS-O analyzer and the values agreed with the calcul ated ones.
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Preparation of the catalyst (Zr O,/Fe;04,-MNPS)

Firstly, 96 mg of ZrO, nano particles were well dispersed in 30 mL of distilled water in a
two-necked round bottom flask (100 mL) by ultrasonic irradiation for 30 min. After adding 81
mg of FeCls-6H,0, the solution was stirred vigorously for 30 min. Subsequently, 120 mg
FeCl,-4H,0 was slowly added into the mixture under stirring for 30 min. The whole process
was performed under an argon atmosphere. Then, 8 mL of a concentrated agueous solution of
NH5 was added into the solution dropwise over 1 h. Thereafter, the mixture was stirred at 60
°C for 2 h. After cooling the solution to room temperature, the black magnetic ZrO,/Fe;04-
-MNPs were recovered by centrifugation at 6000 rpm, rinsed several times with deionized
water and dried at 60 °C for 24 h. It was expected that the positive ferrous and ferric ions
would be in proximity with the oxygen atoms of ZrO, and that they would be converted to
Fe;0,-MNPs after the dropwise addition of the concentrated aqueous solution of NH5 into the
solution.

General procedure for the synthesis of quinolines catalyzed by ZrO,/Fe;04-MNPs

A mixture of 2-amino-5-chlorobenzophenone (1 mmol), a ketone or g-diketone (1.5
mmol) and ZrO,/Fes0,-MNPs (20 mg) in ethanol (5 mL) was stirred magnetically and heated
at 70 °C. After completion of the reaction, confirmed by TLC, the catalyst was collected by
magnetic separation using an external magnet and washed repeatedly with warm ethanol. The
aqueous phase was filtrated and cooled to room temperature. Then the solid product was col-
lected and washed with cold water to afford the pure product. In some cases, further puri-
fication was achieved by recrystallization in ethanol to give the pure product.

RESULT AND DISCUSSION
Catalyst characterization

X-Ray diffraction studies. To confirm the synthesis of the catay4t, first, the
XRD patterns of the pure ZrO» nanoparticles and ZrOo/ Fe304 magnetic nano-
particles were studied. All the diffraction peaks in the XRD patterns of the pure
ZrOo imply the monoclinic phase of pure ZrO, nanoparticles (m-ZrO,, JCPDS
NO 24-1165). The additional diffraction peaks at 20 30.6, 36.5, 43.7, 53.9, 57.6,
and 62.8° appearing in the XRD patterns of the ZrO,/Fe304-MNPs correspond to
the standard XRD data for the cubic Fe3O4 phase of inverse spinel crystal struc-
ture (JCPDS file No. 19-0629).52 No peaks corresponding to impurities were pre-
sent. The average diameter of the crystallites (D) of the synthesized catalyst was
calculated using the Scherrer formula and found to be 21 nm, as confirmed by
TEM analysis.

Fourier transform infrared spectroscopy. The FT-IR spectrum of pure zir-
conia was compared with the synthesized ZrO»o/Fe304-MNPs. The pure zirconia
spectrum exhibited bands at 734, 581 and 508 cm21, which could be attributed to
the Zr-0O stretching vibration of ZrO,. These bands were not distinctly found in
the spectrum of ZrO,/Fe304-MNPs. They are related to the broad band at around
579 cm1, which was assigned to the Fe-O stretching vibration of FesO4-MNPs
that may overlap with the Zr-O peaks. Moreover, the absorption bands in the
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region 3435 and 1630 cm1 may be related to the stretching and bending vib-
rations of the O—H bond due to physically adsorbed water molecules.

SEM and TEM analysis. The morphology and size of the synthesized ZrO»/
/Fe304-MNPs were examined by scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM). From the SEM image (Fig. 1a), it can be
seen that the loaded FesO4-MNPs were uniform in shape and size distribution
and had a porous structure. The particles sizes derived from TEM analysis (Fig.
1b) were in the range 5-25 nm, which is comparable with the crystalite size
calculated from the X-ray spectrum.

Wiew Raid: 1445 pm Dt inbl 200 nm 3 P T

wam
SEM MAG: 15000 ko  Cslmimsy): 30613

@ (b)
Fig. 1. @) SEM and b) TEM image of ZrO,/Fe;0,-MNPs.

Vibrating sample magnetometer (VSM) analysis

The magnetic properties of ZrOo/Fe304 magnetic nanoparticles were inves-
tigated by the most common method of examining the magnetic properties of a
material, using a vibrating sample magnetometer (V SM). The results showed that
the synthesized nanoparticles exhibit superparamagnetic behavior at room tem-
perature and the hysteresis loops of the samples exhibited no coercivity and ret-
entivity. The saturation magnetization (Mg) values of the synthesized catalysts
were 33 emu g1, which is mainly attributed to a high weight ratio of Fe304 mag-
netic nanoparticles that were loaded onto the ZrO».

Catalyst synthesis optimization

At the beginning of the investigations on the usage of ZrO,/Fe304-MNPs as
agreen and efficient heterogeneous nanocatalyst, the reaction of 2-amino-5-chlo-
robenzophenone and ethyl acetoacetate (EAA) was selected as a model for deter-
mining the optimal conditions. For this reason, several reactions were performed

using diverse amounts of catalyst at various temperatures in different solvents to
achieve agood yield of the desired products. The results are summarized in Tablel.
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TABLE 1. Optimization of the conditions for the synthesis of ethyl 2-methyl-4-phenylqui-
noline-3-carboxylate; reaction conditions. 2-amino-5-chlorobenzophenone (1 mmol), EAA
(1.5 mmol) in different solvents at different temperatures with different amount of cat-
ayst

Entry Catalyst [amount, mg] Solvent t/°C 7/ min Yield? %
1 - Ethanol Reflux 300 Trace
2 ZrO,-NPs[300] Ethanol Reflux 240 18
3 ZrO,/Fe30,-MNPs [10] Ethanol Reflux 60 88
4 ZrO,/Fe30,-MNPs [20] Ethanol Reflux 24 91
5 ZrO,/Fes0,-MNPs [30] Ethanol Reflux 25 90
6 ZrO,/Fe30,-MNPs [20] Ethanol 25 320 Trace
7 ZrO,/Fe;0,-MNPs [20] Ethanol 50 300 51

8 ZrOy/Fes0,-MNPs [20] Ethanol 70 25 92
9 ZrO,/Fe30,-MNPs [20] Methanol Reflux 30 86
10 ZrO,/Fe30,-MNPs [20] Acetonitrile 70 120 22
11 ZrO,/Fes0,-MNPs [20] n-Hexane Reflux 120 Trace
Y solated yield

Ascan beseenin Tablel, the best result was obtained when the reaction was
performed at 70 °C, with arelative ratio of the substrate: EAA:ZrOo/Fe304-MNPs
of 1 mmol:1.5 mmol:20 mg, respectively (Tablel, entry 8). In this procedure, any
further increase in temperature and amount of catalyst did not lead to consider-
able improvement in the reaction times and yields. Moreover, when the same
procedure was run at room temperature, the yield of the product was poor after
320 min (Tablel, entry 6). It is noteworthy that without any catalyst at reflux, the
product was isolated in low yield after a long reaction time (Table I, entry 1).
Moreover, it can be seen that the pure m-zirconia as the catalyst led to a lower
yield of the product (Table I, entry 2). In order to examine the effect of the sol-
vent, the reaction was explored in different solvents, i.e., ethanol, methanol, ace-
tonitrile and n-hexane (Table I, entries 8-11) and ethanol was selected as the best
solvent. Under the optimized conditions, the model reaction gave 92 % vyield of
the corresponding product after 25 min (Table I, entry 8 and Scheme 1).

Ph Ph O

/@(&O . MOB Zr0,/Fe;0,-MNPs (20 mg) /Cﬁ\fkoa
Cl NH2 Ethanol, 70°C cl N/

Scheme 1. ZrO,/Fe;04-MNPs catalyzed synthesis of ethyl
2-methyl-4-phenylquinoline-3-carboxylate.

Subsequently, in order to evaluate the generality of this methodology, a
series of ortho-aminoaryl ketones were reacted with different 1,3-dicarbonyl
compounds under the optimum conditions and the results are reported in Table I1.
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TABLE Il. Synthesis of various quinolines using ZrO,/Fe;0,-MNPs as the catalyst; reaction
condition: 2-aminoaryl ketone (1 mmol), ketone or B-diketone (1.5 mmol) and ZrO./Fe;0,4-
MNPs (20 mg) at 70 °C in ethanol (5 mL)

Ketone or - 7 Yidd® M.p., °C
Entry  Substrate p-diketone Quinoline min % Measured Reported
Ph oo Ph 11025
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TABLE Il. Continued

Ketone or Quinoline 7z Yiedd? m.p., °C
p-diketone min %  Measured Reported

14 Ph O Ph 60 89 165-167 164-16534
Cre O D
0 R
NH, N
15 o Ph o] o Ph o 65 8
O AN
e O

3 solated yield

Entry  Substrate

7 239241 240-243>

According to Table 1, both cyclic and acyclic diketones such as 5,5-dime-
thylcyclohexanedione and acetylacetone, cyclic ketones including cyclohexanone
and cyclopentanone and S-ketoesters such as EAA reacted with 2-amino-5-chlo-
robenzophenone and 2-aminobenzophenone to afford the corresponding quino-
lines. It can easily be seen that in all cases, the Friedlander annulation proceeded
smoothly and gave good to high yields ranging from 86 to 92 %. The reactions
were remarkably clean and no chromatographic separation was necessary to
obtain spectra-pure compounds. Furthermore, the work-up of present method was
easy and the processis beneficial in avoiding the application of strong acids, high
temperatures and volatile and/or toxic reactants. All of the synthesized products
are known compounds and were characterized by comparing their melting points,
IR, 1H- and 13C-NMR spectra with those of authentic samples.

The possibility of reusing the catalyst is one of the most significant benefits
of heterogeneous catalysts over homogeneous systems. Thus, the recovery and
reusability of ZrOo/Fe3O4-MNPs was investigated in the model reaction under
the optimized condition. After completion of the reaction, the catalyst was easily
separated from the reaction mixture by an external magnetic field and reused in
subsequent runs. The results of continuous runs showed that the recovered cat-
alyst could be reused three times without any appreciable decrease in its activity
(Table 111). The strength of catalyst is emphasized via measurement of Fe ions
leaching by atomic absorption spectroscopy and trace metal ions were detected in
the filtrate of this reaction.

TABLE I1. Reusability of the ZrO,/Fe;0,-MNPs in the model reaction (Table 1, entry 8)

Run No. z/ min Yield, %
1 25 92
2 25 92
3 27 20
4 30 88

Moreover, in order to demonstrate the excellent catalytic activity of ZrOy/
/Fe304-MNPs and the performance of this method, some of the results obtained
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by the presented procedure were compared with other previously reported hetero-
geneous catalytic systems in the literature. As shown in Table 1V, the obtained
results show the advantage of the present protocol in terms of catalyst amount,
yields or reaction times.

TABLE 1V. Comparison of the result obtained for the synthesis of model reaction (Table Il,
entry 8) using ZrO,/Fe;0,-MNPs with other catalysts reported in the literature

Entry Catalyst amount Solvent t/°C ¢/min Yield® % Reference
1 (BSPY)HSO,/MCM-41 (70 mg) - 100 80 94 55

2 NH,SOzH (5 mal %) - 70 45 89 56

3 SiOJ/l5 (100 mg/50 mg) - 60 120 80 57

4 Amberlyst-15 (10 % w/w) CHsOH Reflux 150 87 58

5 Nano-Flake ZnO (10 mol %) - 100 120 92 59

6 ZrOo/Fes0,-MNPs (20 mg)  C,HsOH 70 25 92 ThisWork
3 solated yield

Two possible mechanisms exist for the Friedléander synthesis of quinolines
that are shown in Scheme 2. Based on these mechanisms and in the first step, the
carbonyl group is activated by ZrOo/FesO4-MNPs. Then, 2-amino-5-chloro sub-
stituted carbonyl compound 1 and carbonyl compound 2 react in a rate-limiting
step to the aldol adduct 3. This intermediate loses water in an elimination reac-
tion to the unsaturated carbonyl compound 4 and then loses water again in imine
formation to quinoline 5. In the second mechanism, the first step is Schiff base
formation to 6 followed by an aldol reaction to 7 and elimination to 8.

So— &&= ok

-H,0 $

Ph
S

-H,0 || +H,0 -HyO || +H,0 Rt 3
N

HO R? 2

-3 ,‘ ~ -H0 :

Ph ()l m _ \\ R1

NIL e R _ R RN

O = 710,/ Fe;0,-MNPs

Scheme 2. Proposed mechanism for the synthesis of quinoline derivatives in the presence of
Zr02/Fe304-M NPs.
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CONCLUSIONS

In conclusion, a green, one-pot, effective and environmentally friendly
approach has been explained for the synthesis of quinoline derivatives via Fried-
lander annulation using ZrO»/Fe304-MNPs as a convenient, mild and reusable
catalyst. The remarkable benefit of the described method include good substrate
generality, mild reaction conditions, high yields, good reaction times, smple
experimental procedure, the use of alow cost catalyst, easy work-up, clean reac-
tion profiles and green conditions by avoiding the usage of toxic organic sol-
vents. Furthermore, the catalyst was successfully recovered and reused at least
for four runs without significant loss in its activity, which make the presented
procedure an interesting alternative to previously reported methods.

Acknowledgement. The authors are thankful to the Guilan University Research Council
for the partial support of thiswork.

H3BOJ
IOOBUJAE U KAPAKTEPU3ALIUJA ZrO,/Fe30, MATHETHUX HAHOUECTUIIA (MNPs)
KAO EQUKACHOT CYITEPTIAPAMATHETHOTI KATAJTU3ATOPA 3A ®PUJIEHIEPOBY
CUHTE3Y JEPMBATA XMHOJIMHA

SEYYEDEH ZOHA HEJAZI, ABDOLLAH FALLAH SHOJAEI, KHALIL TABATABAEIAN u FARHAD SHIRINI
Department of Chemistry, Faculty of Sciences, University of Guilan, P. O. Box 41335-1914, Rasht, Iran

Toxom HcTpakuBawa pa3BUjEH je MPUCTyNIayaH ¥ eKOJIOLKH IPUXBAT/BUB I1OCTYNIAaK CHH-
Te3e JepuBaTa XMHONIWHA PpunmeHAepoBoM peakuujom, ynorpedom ZrO,/Fe;04-MNPs kao
eduxacHOr xeTeporeHor karaausaropa. Mopdonoruja ZrO,/Fe;0,-MNPs je ucnurana XRD,
FT-IR, SEM, TEM u VSM aHanWUTHYKUM TexHHKama. [IpefHOCTH OBOI MOCTyIKa Cy Jaka
obpaza peaklHOHEe CMelle, BUCOK IIPUHOC MPOM3BOAA U KPAaTKO peaklMoHO Bpeme. Yrorped-
Jb€H KaTaJu3aToOP Ce YKIawa CIoJballllbiM MarHeTHUM M0JbEM U MOJKE Ce TIOHOBO YIOTPedUTH
HajMame TpH NyTa Oe3 3HayajHUjer CMambHBamba KaTaJUTHUYKE aKTUBHOCTH. TOKOM CHHTE3e U
obdpame peakuuoHe cmelle u3derasa ce ynorpeba OpraHCKHX pacTBapaya IITO LEJOKyNaH
NPOLIEC YUHH €KOJIOUKH NPUXBAT/EUBHUM.

(ITpumsbeno 23. oxkrodpa 2014, pesusupano 4. MmapTa, npuxsaheHo 27. mapta 2015)
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Abstract: Liquid-iquid extraction techniques coupled with gas chromato-
graphy—mass spectrometry (GC-MS) were compared for the extraction and the
determination of four phthalates: dimethyl phthalate (DMP), di-n-butyl phthal-
ate (DBP), benzyl butyl phthalate (BBP) and di-(2-ethylhexyl) phthalate
(DEHP) in six different kinds of milk-based samples. Extraction factors:
sample preparation, organic solvent type and volume, salt effect, agitation and
the extraction time were optimized. The ions of the base peak (m/z 149 for
DBP, BBP and DEHP and nvz 163 for DMP) for the investigated phthalates
were selected for the screening studies. The acquisition was performed in the
selected ion-monitoring mode. The response of the mass selective detector
(MSD) for GC-MS phthalate calibration standards was linear between 0.25 and
2.50 ug mL-1 with calculated limit of detection (LOD) values between 0.01 to
0.04 pg mL-1 and limit of quantitation (LOQ) values of 0.05 to 0.12 pg mL-1,
while repeatability was between 1.7 to 4.9 % relative standard deviation (RSD).
The study demonstrated an increase in the recovery of less polar phthalates in
matrix milk standards on matrix dilution. Recovery for hydrophilic phthal ates,
such as DMP, was not changed by matrix dilution and it was continuously low
for the investigated method. Two spiking levels, tested for the influence of
matrix dilution on phthalate recovery, showed the same trend.

Keywords. extraction efficiency; phthalate esters, gas chromatography-mass
spectrometry; milk samples.

INTRODUCTION

Phthal ates present one of the ubiquitous chemicals in the environment. Since
their usage is mainly as plasticizers for polymers, such as poly(vinyl chloride)
(PVC), over one million tons of phthalates are produced in western Europe each
year.l The most important congeners are: di-2-ethylhexyl phthalate (DEHP),

* Corresponding author. E-mail: tatjanaan@gmail.com
# Serbian Chemical Society member.
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984 MILOJKOVIC et al.

which accounts for about 50 % of the world production of phthalates,1 dimethy!
phthalate (DMP), di-n-butyl phthalate (DBP) and benzyl butyl phthalate
(BBP),which is prohibited by the EU in toys and childcare articles if they could
be placed in the mouth by children.2 Phthalates have long been considered to be
potential endocrine disrupters, and several of them have shown reproductive
effectsin animals.3->

The structures of the four studied phthalates as the most commonly used
phthalate esters based on the 1,2-benzenedicarboxylic acid are given in Fig. S-1
of the Supplementary material to this paper.

The permanence of phthalates in polymer materials is low because phthal-
ates are not chemically bound to the polymer. Their migration from food-pack-
aging materials was reported as a route for food contamination with phthalates.
Since food is one of the mgjor sources of human exposure to phthalates, in order
to assess human exposure to these substances, monitoring of phthalates levelsin
various foods should be performed. Fatty and oily foods are primarily contamin-
ated with phthalates due to their lipophilic character.6 Although human intake of
phthalates may originate from many food sources and routes, there is a special
interest in monitoring the contamination of milk and milk products because they
constitute a primary food source, especially for children. Tolerable daily intakes
(TDI) were specified by the European Food Safety Authority (EFSA) for several
phthalates, and they are 0.01, 0.05 and 0.5 and mg kg1 body weight day—1 for
DBP, DEHP and BBP, respectively.”-9 The physicochemica properties of phthal-
ates (Table S| of the Supplementary material) and their amount and frequency of
usage in food-packaging materials could determine their migration and leaching
levels and thus the possibility of food contamination and human exposure.

The mgjority of publications deal with phthalate determination in simple
matrices, such as waterl%-12 or biological fluids,13 while publications about
phthalates in food samples with fatty matrices!4-16 are less frequent. Due to
usually low level of phthalates and generally high complexity of the matrices of
food sample, extraction and clean up of the sample are usually considered as
necessary and critical steps in phthalate determination.

However, as indicated in this paper, the crucial point in phthalate extraction
from complex milk matrices is considered the choice of solvent for the extraction
and sample dilution step. The influence and importance of these two aspects on
the recovery of phthalates, as well as analytical methodology (agitation method,
extraction time, etc.) are considered herein.

When sample extraction is performed with solvent mixtures of low polarity,
fats are co-extracted together with the phthalates and thus, the fats must be
removed and the membranes of milk fat globules should be disrupted before the
chromatographic analysis. Otherwise, phthalates may not be effectively extracted,
yielding low recoveries. The optimization of extraction efficiency of phthalates
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from milk could aternatively be achieved by precipitation of milk proteins by
addition of NaCl for salting-out followed by the addition of acetonitrilel’ or
through primary addition of acetone or an alcohol.18 Gel permeation chromato-
graphy (GPC) is often used for this purpose.6:19 When the sample is extracted
with polar solvents, such as methanol or acetonitrile, the extract contains other
interfering organic impurities in addition to fat. These may require solid-phase
extraction (SPE) on different sorbents.20-22 In each of these sample preparation
steps, the possibility of contamination of the sample is high because even in pure
solvents, solid phase extractants, |aboratory water, laboratory air and laboratory
glassware, phthalates could be detected.23 This can be negligible source of con-
tamination that could be reduced by establishing whether the reduction of the
accuracy of phthalate determination is higher due to phthalate contamination of
the sample by using clean-up procedures or due to the complexity of co-eluting
substances, which could influence the sensitivity of phthalate determination by
MS anaysis.

Since the extraction procedure could be the source of a matrix effect and is
an essential step in the evaluation process of phthalate determination, different
liquid solvents and solvent mixtures were investigated in this study regarding the
extraction efficiency of phthalates, the possibility of phase separation, visibility
of phase separation, clearness of the extracts, formation of emulsions, availability
of reagents and duration of the extraction. In addition to the selection of the
solvent type, different methods/procedures for extraction were also investigated
in order to obtain the most optimal method for the extraction phthalates from
milk and dairy products.

Bearing in mind that in milk with high fat content, phthalates cannot be
easily extracted due to phospholipid—protein membranes that encapsulate the fat
droplets containing lipophilic phthalate, dilution of milk samples prior to the
analysis could enable a better extraction efficiency of phthalates and relatively
clean extracts to be obtained. Moreover, sample dilution is an easy and effective
method to reduce interfering compounds and to diminish the matrix effect. The
obtained extracts, even without a clean-up step, could be used for GC-MS anal-
ysis, as shown herein.

EXPERIMENTAL
Reagents and materials

All solvents (HPLC grade) were purchased from Sigma-Aldrich (St. Louis, MO, USA),
except n-hexane that was purchased from Fisher Scientific (Pittsburgh, PA, USA). Dimethyl
phthalate (DMP), di-n-butyl phthalate (DBP), benzyl butyl phthalate (BBP) and di-(2-
-ethylhexyl) phthalate (DEHP) were purchased, in the highest available purity, from Sigma—
—Aldrich (St. Louis, MO, USA). Dibutyl adipate (DBA) was purchased from Fluka (Buchs,
Switzerland) and used as an internal standard. Water from a Milli-Q system (Millipore, Bed-
ford, MA, USA) was used.
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All reagents and water used for the analyses were checked for contamination with
phthalates. To avoid phthalate contamination, all the employed laboratory dishes were made
of glass, previously washed with water and soap, tap and ultrapure water, rinsed with acetone
and n-hexane and dried at 200 °C in a clean oven for 4 h.23

All stock, intermediate and working solutions were prepared in n-hexane. Individual
stock solutions of each phthalate were prepared at a concentration of 1000 g mL-1 and stored
a 4 °C. The stock solutions were stable for up to one month. A mixed stock solution of
phthalates was prepared at a concentration of 100 pug mL-1 for each phthalate. With stepwise
dilutions, individual working solutions of 1 ug mL-1 were obtained for each phthalate to iden-
tify their retention times. The working solutions were stable for 10 days. Furthermore, the
mixed working solutions of al phthalates at 0.25, 0.50, 1.00, 1.50 and 2.50 ug mL1 were also
prepared as calibration standards with DBA as the internal standard at a concentration of 1 ug
mL-1. Between some other commonly used internal standards, such as benzyl benzoate® or
isotope-labeled standards, DBA was adopted as an internal standard being approved for this
purpose according to our findings and literature data.24

The calibration curves were linear in the range from 0.25 to 2.5 pug mL "1 with correlation
coefficients higher than 0.990. The linear dynamic range was broader and covered the range
from 2.50 to 50 pg mL-1. Samples of nine systems of commercial milk-based samples diluted
with water, from 0 to 50vol. %, were all spiked phthalates at two concentration levels, 3.0 and
6.0 ug mL-1,

Dairy samples

Optimization of the phthalate liquid-iquid extraction procedure was realized using six
samples of dairy products. raw bovine milk, commercia (pasteurized) milk, thawed milk,
whey, human milk and yogurt. Samples of raw bovine milk were collected in glass bottles
from a dairy farm in south Serbia avoiding any contact with plastic materials. This milk had
not been pasteurized before analysis and was used as collected. Samples of commercial milk
from a Serbian dairy were purchased at Serbian market and used as received. The commercial
milk was bottled in a plastic (polyethylene terephthalate, PET) bottle.® The shelf life of milk is
10 days after packaging and the milk was used within this period. Thawed commercia milk
was obtained after thawing overnight the milk that had been frozen for 24 h in the original
packing. Whey produced in a cheese manufacturing process was purchased from the same
dairy farm as the raw bovine milk. Samples of human milk were collected in three successive
days by a postpartum 35-year old woman (51 week postpartum). Milking was carried out
manually, with previously cleaned breasts and hands, directly into a glass container that was
intended for this purpose. The yogurt used in this study was made from cow's milk, com-
mercially available from a Serbian market and stored in a plastic (PET) bottle.

All nine systems of commercial milk-based samples diluted with water were used for the
selection of optimum solvent type as extractant considering the possibility of phase separ-
ation, visibility of phase separation, clearness of the extracts, formation of emulsion, avail-
ability of the reagents and duration of extraction. In addition to selection of the solvent type,
different methods/procedures for extraction were also investigated in order to obtain the most
optimal method for the extraction of phthalates from milk and dairy products.

For the determination of extraction efficiency of phthalates in milk, only the commercial
milk was used. The milk was diluted with water from 0 to 50 vol. %.

Before the analysis, samples of raw bovine milk, thawed milk and human milk were
stored in aglass bottle in arefrigerator at 4 °C.
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GC-MSanalysis

Gas chromatographic analysis was performed on a gas chromatograph 6890 (Hewlett-
-Packard) equipped with a mass selective detector (MSD) 5973 (Agilent) and a DB-5 MS
capillary column (30 mx250 mmx0.25 mm). The mass spectra were recorded under an
electron impact ionization voltage of 70 €V. The gas chromatograph was operated in the split
less injection mode. The oven temperatue was programmed from 60 °C (1 min) to 220 °C (1
min) at arate of 20 °C min'1 and then to 280 °C (4 min) at arate of 5 °C minl. The MSD was
used in the single ion-monitoring mode (SIM) at myz 149 and 163. The identification and
guantification of target compounds was based on the relative retention time, the presence of
target ions and their relative abundance. The target ion was nvVz 149 for DBP, BBP and DEHP
and nm/z 163 for DMP. Linearity was investigated in the range 0.25-2.5 ug mL-1. The linear
dynamic range for the investigated phthalates by GC-MS was 0.25-50 pug mL". The limit of
detection (LOD) and limit of quantitation (LOQ) for each phthalate were calculated from six
replicated measurements of a low concentration spiked standard solution according to the
Analytical Detection Limit Guidance from the Wisconsin Department of Natural Resources.2®

The laboratory contamination was monitored with blank samples obtained from Milli-Q
water treated in the same manner as the milk samples.

Extraction procedures

Fourteen extraction procedures were examined. Each entailed different conditions (type
of extractant, extraction time, agitation and settling). Two solvent mixtures were studied for
extraction, acetone/n-hexane at a 1:1 volume ratio and methanol/n-hexane at a 1:3 volume
ratio. The salting out effect was examined using acetonitrile as the extraction agent with the
addition of NaCl to saturation. The liquid-iquid extractions for these three systems were
performed by adding a volume of the extraction agents to a volume of sample in a 2:1 ratio,
followed by vigorously hand shaking for 1 h and left standing for 24 h. In extraction methods
using ethyl acetate, n-hexane, acetonitrile, acetone, dichloromethane, dichloroethane, tri-
chloroethylene and trichloroethane, the volume ratio of the extraction agent to a milk sample
was 2:1, agitation was performed in an ultrasonic bath for 1 h and hand-shaking for 1 h. The
extractions with extractants soluble in the feed solution, i.e., acetone and alcohols (ethanal,
methanol and 2-propanal), the volume ratio of extractant to sample was also 1:2, agitation in
an ultrasonic bath for 1 h and standing overnight at room temperature were applied.

RESULTS AND DISCUSSION
GC-MSacquisition

A chromatogram of the investigated phthalates is given in Fig. S-2 of the
Supplementary material. The four phthalates were separated using the selected
chromatographic conditions. The chromatogram shows that the separation of the
phthalates (using the optimized conditions) occurred within a running time of 20
min and that GC-M S method is well suited for the simultaneous determination of
the 4 phthalates. For the considered range of phthalate concentrations, 0.25-2.50
ug mi—L, the response of the mass-selective detector was linear. The correlation
coefficients (R2) ranged from 0.990 to 0.999. The limits of detection (LOD)
values, calculated according to the Winefordner and Long criterion,26 were 0.01—
—0.04 ug mi=L. The precision of the GC-MS method, expressed as the relative
standard deviation (RSD, n = 3), was found to be in the range 1.7—4.9 %.
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The retention times, selected masses and the scan start times for each phthal-
ate studied by GC-MS are listed in Table .

TABLE I. Target ions, retention times and scan start times for the investigated phthalates
determined by GC-MS; target ions observed in SIM are shown in bold

Phthalate m'z Retentiontime, min ~ Scan start time, min
DMP 163, 194 8.03 7.80
DBP 149, 150, 223, 205 11.57 11.20
BBP 149, 91, 206, 238 16.02 15.50
DEHP 149, 167, 279, 150 18.39 17.90

Optimization of extraction procedure

The choice of the optimum extraction solvent for separation was determined
from a consideration of severa criteria: high boiling point and a low vapor pres-
sure in order to reduce the risk of evaporation, high selectivity that enables fewer
stages to be used, insolubility of solvent for prevention of solvent losses, good
chromatographic behavior, and high partitioning coefficient of the analyte. Based
on these considerations, several extraction solvents and mixture of solvents were
investigated. As milk forms stable emulsions with the mgjority of solvents, al the
investigated extractants were characterized by the appearance of extract and raf-
finate, the possibility to define the phase boundary, the possibility to perform
phase separation, clearness of the extracts and formation of emulsions. Among
the investigated solvents and solvent systems, n-hexane presented the best ext-
ractant because it gave a homogenous and clear extract with precipitated raffinate
phase, thus a well-defined interfacial boundary and the possibility to separate the
phases (Tablel1).

Agitation of samples with extractants enhanced the extraction efficiency and
reduced the extraction time for reaching the equilibrium. In this study, stirring,
shaking and ultrasonic treatment were investigated for the extraction of the
phthalates from nine milk-based samples. Too vigorous agitation was avoided
since it produced stable emulsions without visible phase boundary and the pos-
sibility of phase separation. In order to achieve effective phase separation, shak-
ing of the samples and extractants was chosen as the best agitation method.

The extraction time to obtain higher peak areas of phthalates relative to
internal standard peak area was investigated in the range of 10 to 30 min. An
extraction time of 15 min was selected for extraction since the systems reached
the steady state during this period.

The addition of an inorganic salt into a mixture of milk and a water-miscible
organic solvent, such as acetonitrile, caused separation of the solvent from the mix-
ture and the formation of atwo-phase system. The results revealed that salt addi-
tion, although providing for awell-defined interfacial boundary, was not a satisfac-
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TABLE II. Extraction systems studied for phthalate extraction from milk-based samples

Extractant Appearance of: Interfacial Phase
Extract Raffinate boundary separation
Acetone:n-hexane Heterogeneous, Yellow, Not -

1000 mL diluted milk samplewas mixed  creaming opague defined
with 10 mL acetone and 10 mL n-hexane,

shaken for 30 min and repeated for ext-

ract enrichment. After settling overnight,

the n-hexane/acetone phase was taken.

The enriched extract was evaporated to

dryness and re-dissolved in n-hexane.

Acetonitrile:NaCl Homogenous,  Preci- Well -
1000 mL diluted milk sample was mixed clear pitate defined
with 20 mL acetonitrile, 20 g sodium

chloride, shaken for 30 min and repeated

for extract enrichment. After settling

overnight, the n-hexane/acetone phase

was taken. The enriched extract was eva-

porated to dryness and redissolved in

n-hexane.

Methanol:n-hexane Heterogeneous, Volum- Not -
1000 mL diluted milk sample was mixed opague inous defined

with 5 mL methanol and 15 mL n-hex- precipitate

ane, shaken for 30 min and repeated for
extract enrichment. After settling over-
night, the n-hexane/acetone phase was
taken. The enriched extract was evapor-
ated to dryness and redissolved in

n-hexane.

Acetonitrile Heterogeneous, Volum- Not defined -
1000 mL diluted milk sample was mixed yellow inous

with 20 mL acetonitrile. Agitation: ultra- precipitate

sonic bath for 1 h and hand shaking for
1 h. Extract phase submitted to new
sample volume for enrichment with a
final extract to solvent volume ratio of
1:50. Settling overnight. The combined
extract was evaporated to dryness and
redissolved in n-hexane.

Ethyl acetate Homogenous, Codes Well +
The same procedure as for acetonitrile clear cencewith  defined
creaming
Cyclohexane Homogenous, Foaming, Well +
The same procedure as for acetonitrile clear precipitate  defined
n-Hexane Homogenous, Preci- Well +
The same procedure as for acetonitrile clear pitate defined
Dichloromethane Heterogeneous, Preci- Well +
The same procedure as for acetonitrile opague pitate defined
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TABLE Il. Continued

Extractant Appearance of Interfacial  Phase
Extract Raffinate boundary  separation
Trichloroethane Heterogeneous, Preci- Well +
The same procedure as for acetonitrile opague pitate defined
Dichloroethane Heterogeneous, Preci- Well +
The same procedure as for acetonitrile opague pitate defined
Extractants soluble in feed solution Appearar:(;;ior]: a(:;(tract and IE éﬁ;gg@] seppgre;?on
Methanol Heterogeneous, volum- Not -
Ethanol inous precipitate, defined -
2-Propanol flocculation -

Acetone —

tory method due to low phase separation and adhesion of milk globules on the
wall of the separation funnel.

Based on literature data, the effect of the sample to solvent ratio on the total
extracted phthalates from milk products was found to be the best at the 1:20
level. Various amounts of a mixture of solvents were used in order to determine
the optimum quantity of the extracting solvent, based on the appearance of ext-
ract, phase boundary and possibility of phase separation.2’

This work showed that due to dilution of milk samples, the satisfactory ratio
of solvent to sample volume was found to be at the 1:50 level, when the extract
phase is severa times submitted to a new sample volume, leading to better con-
centration of analyte and reduction in solvent consumption. In this way, enrich-
ment of the extract phase with phthalates could be achieved by repeating the
extraction procedure.

The study showed that the influence of milk type was not a critical factor in
the determination of an adequate extraction procedure. All the observed effects
for optimization of the extraction procedure were more or less the same for all six
investigated samples of dairy products. Based on all the obtained results and
observations during optimization of the extraction procedure, the parameters that
provided the most efficient phthalate extraction were: ratio of sample volume to
solvent volume, 1:2; the procedure of enrichment of the extract phase by submit-
ting the extract to a new sample volume, to obtain afinal extract to sample ratio
1:50, leading also to a reduction in solvent consumption; shaking as agitation
method in order to avoid the formation of stable emulsions and an extraction time
in the range 15 to 30 min.

Phthalate analysisin standard n-hexane solutions

Phthalates were identified by GC-MS in the full scan mode and quantified in
the SIM mode. Linear calibration curves for the phthalates dissolved in n-hexane
were obtained in the concentration range 0.25-2.50 pug mL—L. The linearity range
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and respective correlation coefficients (R2) calculated in the range 0.25-2.50 pg
mL-1, the LOD and the LOQ values for each phthalate investigated in this study
and determined by GC-MS (in SIM mode) are reported in Table IIl. The R2
values for al the phthalates in the linear range were above 0.990. The LOD and
LOQ values of each phthalate analyzed in this study were adequate for estimating
such compounds in milk samples: the LOD values ranged between 0.01 and 0.04
ug mL—1 whereas LOQ values ranged between 0.05 and 0.12 pug mL~1 with RSD
values between 1.7-4.9 %. These values were determined according to the Knoll
definition,28 i.e., an analyte concentration that produced a chromatographic peak
equal to three times (LOD) and seven times (LOQ) the standard deviation of the
baseline noise. In comparison with other extraction methods, this method pro-
vided comparable LOD and LOQ values.11.19

TABLE llI. Linearity range and the respective values of correlation coefficients (R2), LOD
and LOQ values, and repeatability (RSD) of each phthalate; linearity range: 0.25-2.50 ug mL-1

Phthalate R? LOD / pug mL1 LOQ/ pugmL1 R/ %
DMP 0.999 0.04 0.12 49
DBP 0.999 0.01 0.05 17
BBP 0.992 0.02 0.08 2.4
DEHP 0.990 0.04 0.12 3.6

Phthalate analysisin matrix extracts

Validation of the phthalate quantification method in milk samples, consider-
ing the possible matrix effect, was performed with successive milk dilution. The
high percentage of fat in milk may affect on the one hand the extraction effi-
ciency of the phthalates and the analytical sensitivity, precision and stability of
the response of the chromatographic system on the other. Therefore, for an esti-
mation of the correlation of the milk fat content with the recovery for each
phthalate, milk samples with different level of dilution were spiked and exam-
ined. For an estimation of the analytical sensitivity, the slopes of the curves
obtained for diluted milk samples spiked with phthalates were examined and com-
pared to the slopes of the calibration curves of phthalate standards in n-hexane.

As expected, higher phthalate recoveries were obtained by diluting the milk
samples in water, whereby the recovery efficiency was improved by 60-80 %,
compared to a dilution of 50 vol. % (Table 1V). The low recovery rate (only 10
%) for the sample with 50 % milk content was expected due to the hydrophobic
nature of phthalates, which are more soluble in milk fat globules giving lower
distribution ratio between the extract and the milk sample. The recovery of
phthalates was the highest for water samples (without any milk), which is in
accordance with previous investigations performed with commercial bottled
water samples.29,30
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TABLE V. Phthalates recoveries (%) from spiked diluted milk samples with 3 ppb of each
phthalate

Milk content, vol. % DMP DBP BBP DEHP
0 14.00 75.00 125.00 135.00
0.5 10.82 62.30 89.51 73.61
2 7.10 60.86 92.34 69.22
3 10.12 61.78 90.18 68.00
6 13.10 54.14 72.41 65.00
10 13.10 41.72 57.24 71.03
15 13.83 34.04 46.81 60.00
30 13.33 25.45 37.27 45.00
50 11.76 441 8.66 10.95

The lowest recovery values were for DMP which is the phthalate with the
lowest molar mass, only one carbon atom in hydrocarbon side chain and with
even 103 times higher water solubility than the rest of investigated phthalates.
Generally, higher recovery is observed for the high-molecular weight phthal ates
(log Kgw = 7.6 for DEHP), while low-molecular weight phthalates are more
water-soluble relatively hydrophilic and thus the recovery decreases (log Koy =
= 1.5 for DMP). The same trend is observed for lower spike phthalate concen-
tration of 3 ppb (Table 1V) and for higher spike phthal ate concentration of 6 ppb,
asshowninFig. 1.

° o
= 80 > 804
= > b\
g g R
g 60 Z 60 l
(3 O ~
] o} 15 ~ .
o 40 @ 40 \-"“\
20 20 -
o e e T
e
0' T T T T T T O' T T T T T T
0 10 20 30 40 50 0 10 20 30 40 50
Milk dilution, vol. % Milk dilution, vol. %
€Y (b)
140
.
120+ \_ 120 g
100 \ 1004 \
o L BN Qo ~
F 807 ) T = g0 -
> R el \
¢ 60 S N 9] \ N
8 I~ 8 60+ ~E—w—al
S [a} o
© 404 & i) \\
x X 40 “n,
20 \
RN 20+
0 N ]
: . . . : : 04— : : . ; :
0 10 20 30 40 50 0 10 20 30 40 50
Milk dilution, vol.% Milk dilution, vol. %
© (d)

Fig. 1. Recoveries (average vaues) for the determination of phthalates in water dissolved milk
samples spiked with 6 pg mi-1 of each phthalate: 8) DMP, b) DBP, ¢) BBP and d) DEHP.
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The analytical sensitivity of diluted milk samples spiked with phthalates
were examined and compared to the calibration phthalate standards in n-hexane
regarding the slopes of the obtained standard curves (Fig. 2).
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Fig. 2. The slopes of the curves for each phthalate prepared in n-hexane and milk matrix: a)
DMP, b) DBP, c) BBP and d) DEHP. P, and P, presents the values for chromatogram peak
are of analyte and internal standard.

The concentrations of phthalates analyzed in the matrix extracts were in
general lower than in n-hexane, showing a negative matrix effect that made for a
less stable response of the chromatographic system and lower analytical sensi-

tivity and precision.

The values of the dopes of the curve, obtained by linear regression and tab-
ulated in Table V, show that the response and precision were the lowest for the
milk sample with the highest fat content and for DMP as the most water soluble
phthalate. This suggested a strategy for the elimination of matrix effect, i.e.,
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dilution of the milk extract, especially for more hydrophobic phthalates such as
the mgjority of commonly used phthalates.

TABLE V. Slopes of the curve obtained from solvent (n-hexane) and matrix (water and dil-
uted milk samples)

Milk content, vol. %

Phthalate n-Hexane Water 5 15 50

DBP 12.8829 9.17614 7.6756 4.3494 0.28192

DEHP 1.9924 1.4067 1.135 0.7638 0.099

BBP 0.905 0.75284 0.6380 0.3490 0.0371

DMP 3.1800 0.39551 0.2669 0.14242 0.02068
CONCLUSIONS

The method of extraction of phthalates from milk samples by n-hexane was
shown to be a simple and effective procedure. The validation results of the
method were satisfactory, since the recovery data and relative standard deviation
values indicated good method accuracy and precision (R2 >0.990) for phthalates
when evaluated in amilk matrix. An increase in the recovery of less polar phthal-
ates in matrix milk standards by matrix dilution was observed. Recovery for hyd-
rophilic phthalates, such as DMP, was not changed by matrix dilution and was
continuously low for the investigated method. The same trend for influence of
matrix dilution on phthalate recovery was observed at two phthalate spiking
levels. Elimination of the matrix effect by dilution of the milk extract, especially
for more hydrophobic phthalates such as the mgority of commonly used phthal-
ates, was shown to be a satisfactory method.

SUPPLEMENTARY MATERIAL

The chemical structures of the four studied phthalates, GC-MS chromatogram of a
standard solution containing phthalates and physicochemical properties of the four studied
phthalate esters are available electronically from http://www.shd.org.rs/’JSCS/, or from the
corresponding author on request.
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U3BOL
EBAJTYALIMJA METOJE EKCTPAKIIUJE ®TAJIATA U3 MJIEKA Y 3ABUCHOCTH O[]
CAIPXAJA MACTH Y MJIEKY

IAHHULIA C. MUJIOJKOBUR', IAPKO X. AHBEJIKOBUR', TOPIIAHA M. KOL[UR’ u TATJAHA . AHBEJIKOBUR'

’Hpupogno—MdWemamumcu paxynitewi, Ynueep3uitieli y Huwy, Buweipagcka 33, 18000 Huw u
*Meguwuncku paxynidei, Yuusepsuiei y Huusy, Bynesap gp 3opana Bunhuha 81, 18000 Huw

Y uwmy oppehuBama mumernn-granara (DMP), mu-n-dytun-dranara (DBP), Gensun
Oytun-dpranata (BBP) u mu-(2-etunxexcun)-@ranara (DEHP) y mect pasnuuuTux ysopakxa
miexka ynopeheHu cy pesynTaTH [OOHjeHH TEYHO-TEYHOM EKCTpPaKIHjOM KYIJIOBAaHOM ca
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racHOM xpomarorpadujoM—MaceHOM CHeKTpoMeTpujoM. H3BplleHa je onTHMH3aUHja eKC-
TpakUHMOHUX (baKkTOpa: NpHUIpeMa y3opaka, BpCTa M 3alpeMHMHa OPraHCKOr pacTBapaya,
edexaT vco/baBama U Mellama U BpeMe excTpakuuje. Onadpanu cy DasHM MaKCUMYMH HUCIH-
TUBaHUX (PTanata (m/z 149 3a DBP, BBP u DEHP u m/z 163 3a DMP) 3a fa/be HUCTpa’KUBAE.
CHuMame je U3BPLIEHO y MOy MOHUTOpPHHTa H3abpaHor jona. KanudpanuoHna npasa je 1uHe-
apHa y omcery 0,25 1o 2,50 pg mL™! ca uspauynatum LOD Bpennoctuma usmehy 0,01 u 0,04
pg mL! u LOQ Bpennoctuma usmehy 0,05 pg u 0,12 pg mLY, ca RSD usmebhy 1,7 u 4,9 %.
HctpaxuBame je 1mokas3aao pacT U3MePeHOr aHajinuTa (“recovery”) 3a Mame nojapHe dTanarte
pasbnakrBamkeM MaTpukca mieka. “Recovery” 3a xunpodunHe dranate, kao wro je JMII, ce
He Mema pasdiakuBakbeM MaTpUKCa MJeKa M KOHCTAHTAHTHO je HU3aK 33 HCIUTUBAHY
MeTofy. JIBe KOHLIeHTpalKje YHyTpallwer cTaHgappa (“spike”), TecTupaHe pany WCIUTHBaba
yTHLaja pasdnakema Miaeka Ha “recovery” @TanaTa, I0Kasyjy UCTH TPEHT.

(ITpumspeno 4. nenemdpa 2014, pesupupano 26. ¢pedpyapa, npuxsaheno 19. mapta 2015)
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TABLE S-I. Physicochemical properties of the four studied phthalate esters
CAS Molecular Boiling Water solubility log Koy

Name Acronym . mber weight, gmol™ point, °C at 25°C, mgL™* 25°C
Dimethyl DMP 131-11-3 194.18 282 4200 15
phthalate
Di-n-butyl DBP  84-74-2 278.35 340 11.2 4.6
phthalate
Benzyl butyl BBP 85687 31236 370 2.7 47
phthalate
Di-(2-ethylhexyl) DEHP 117-81-7  390.56 386 3¢ 7.6
phthalate
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Fig. S-2. GC-MS chromatogram of a standard solution containing the phthalates: DMP, DBP,
BBP and DEHP each at a concentration of 0.25 ug mL1,
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Original scientific paper

QTAIM investigation of a dipyrazol-1-ylmethane derivative and
itsZn(I1) complexes (ZnLX,, X =CI, Br or 1)

MARYAM DEHESTANI and LEILA ZEIDABADINEJAD*
Department of Chemistry, Shahid Bahonar University of Kerman, 76169 Kerman, Iran
(Received 24 February, revised 27 March, accepted 31 March 2015)

Abstract: Topological analyses of the electron density were performed on the
bis(pyrazol-1-yl)methane derivative 9-(4-(di-1H-pyrazol-1-ylmethyl)phenyl)-
-9H-carbazole (L) and its zinc(ll) complexes. ZnLCl, (1), ZnLBr, (2) and
ZnLl, (3) using the quantum theory of atoms in molecules (QTAIM) at the
B3PW91/6-31g(d) theoretical level. The topological parameters derived from
the Bader theory were also analyzed; these are characteristics of Zn-bond cri-
tical points and of ring critical points. The calculated structural parameters
were the frontier molecular orbital energies, the highest occupied molecular
orbital energy (Enomo). the lowest unoccupied molecular orbital energy
(ELumo), hardness (7), softness (S), the absolute electronegativity (x), the elec-
trophilicity index (@) and the fractions of electrons transferred (AN) from
ZnL X, complexes to L. Numerous correlations and dependencies between the
energy terms of the symmetry adapted perturbation theory approach (SAPT),
geometrical, topological and energetic parameters were detected and are des-
cribed.

Keywords: ZnL X,; charge transfer; bond critical point; SAPT.

INTRODUCTION

The coordination chemistry of di/poly-pyrazolylmethane has seen significant
development during the past few years.1.2 One of the current interesting topicsis
to rationally design and synthesize supramolecular structures based on di/poly-
-pyrazolylmethane units, which are capable of multiple binding modes and have
the potentia to participate in important non-covalent interactions that direct their
self-assembly into remarkable architectures.3 Compared with coordination bonds,
non-covalent forces are weaker, but they are common and play critical roles in
the formation of supramolecular structures due to their significant contribution to
the self-assembly process.#% More studies focused on the weak non-covalent
forces in the design and synthesis of supramolecular structures. Herein, the

* Corresponding author. E-mail: 1zei dabadi @yahoo.com
doi: 10.2298/JSC150224027Z
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dipyrazol-1-ylmethane derivative 9-(4-(di-1H-pyrazol-1-ylmethyl)phenyl)-9H-
-carbazole (L) and its zinc(Il) complexes: ZnLCl, (1), ZnLBr2 (2) and ZnLI> (3)
are reported. The ligand L, ZnLBr, and ZnL I, were synthesized by Wang et al.”
In the solid state, each compound showed extensive non-covaent interactions,
including weak hydrogen bonds and C---H---m interactions that organize the
molecules into 2D and 3D structures. It could be stated that such interactions are
common not only in the present compounds but also in alarge number of known
polypyrazolylborate and polypyrazolylmethane compounds.

QTAIM,8 the chemical bonds in both isolated species and molecular crystals
can be classified and quantified in terms of features of the bond critical pointsin
the electron density, both theoretically and experimentally. The variety of the
atomic interactions can be approximately divided into shared (or covalent) inter-
actions, intermediate (partialy covalent) interactions and closed-shell (van der
Waals, ionic, metal, etc.) interactions.®-11 The fundamental differences between
the two limiting extremes in the interactions, i.e., closed-shell interactions and
shared ones, are the electron density features at the bond critical point. These are
the value of electron density, pp, and the sign of the Laplacian of the electron
density, V2py, aswell as the energy density Hep, = Gp+Vp, Where Vj, and Gy, are
the potential and kinetic energy densities, respectively.10.11 Shared interactions
exhibit pp > 0.14 au, V2pp < 0 and Hy < 0, while closed-shell interactions show
pp < 0.05au, V2p,>0and Hp > 0. In the intermediate region, V2pp(r) > 0 and
Hp(r) <O.

The term non-covalent interaction may be ambiguous since covalency is
attributed not only to typical chemical bonds. It is also connected with the hyd-
rogen bond and with the other interactions, such as halogen or dihydrogen bonds.
Covalency is usually attributed to charge transfer and polarization interaction
energy contributions. It seems that there are meaningful differences between the
interaction mentioned above, such asionic bond and covalent bonds. The goal of
this study was to apply density functional theory (DFT) calculations!? and the
QTAIM theoryl3 to analyze the properties of the N---Zn—X bonds in ZnLCl>,
ZnLBry and ZnL1,. The latter gives direct information on the presence and type
of chemical bonds in these structures.

COMPUTATIONAL DETAILS

All calculations, including optimizations were performed with Gaussian 03 sets of code!?
using the B3PW91/6-31G(d) level of theory without any symmetry restrains. Quantum chem-
ical calculations of L based on density functional theory was performed at the B3PW9Ll/
/631G(d) level and calculations of complexes 1-3 were realized with B3PW91/6-31G(d) for
theC, H, N, Cl, Br and | atoms and the LANL2DZ basis set for the Zn atoms.

QTAIM was aso applied, and the characteristics of the bond critical points (BCPs) and
ring critical points (RCPs) were analyzed in terms of the following properties. the electron
density at the critical point, its Laplacian and the total electron energy density at the critical
point. For the latter, its components were also investigated: the potential electron energy
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density and the kinetic electron energy density. The following relations are well known if al
terms are expressed in atomic units:

V2P, =26y 4V &)
Heb=Gp +Vp )

The symmetry adapted perturbation theory (SAPT) approach was applied to deepen the
understanding of the nature of the interactions!4 for complexes 1-3. The MOLPRO package!®
was used to perform the calculations. SAPT is a well-established approach to calculate the
interaction energy of two closed-shell moieties, whereby the interaction energy is obtained
directly as the sum of defined contributions. Thus, it is different from the commonly applied
approaches in which the binding energy is calculated as the difference between the energy of
the complex and the sum of the energies of the monomers. In the SAPT approach, the inter-
action energy consists of the following terms: the first-order electrostatics Eéls)t, the second-
order induction E$ and dispersion E{) energies, and their exchange counterparts: first-
order exchange Eixch, second-order exchange-induction E(2, ., and exchange-dispersion

@ . The SAPT method up to the second order gives the main part of the interaction
energy. The SAPT2 interaction energy is calculated according to Eq. (3):

) 2 2 3 2 2
ESFT2 = EQ) + Efg + Eéis)p + ES + Ening + Eéxt):h—disp +0Epr ©)

RESULTS AND DISCUSSION
Sructure of the ligand

Ligand L crystallizes in the monoclinic space group P2;, selected bond
distances and angles are listed in Table I. The molecular structure of L and its 1D
linear chain are shown in Fig. 1. The dihedral angles between the carbazole ring
and the central phenyl unit are 44.3° in molecule a and 46.9° in molecule b. In
molecule a, the dihedral angles of the central phenyl unit and the pyrazole rings
(R1, R2) are 71.4 and 80.4°, respectively. The dihedral angle of the two pyrazole
rings (R1, R2) is 54.9°. In molecule b, the dihedral angles of the central phenyl
unit and the pyrazole rings (R3, R4) are 71.8 and 80.0°, respectively. The dihed-
ral angle of the two pyrazole rings (R3, R4) is 55.5°. There is no extended con-
jugation among the carbazole, phenyl and pyrazole rings.

In the molecular structure of complexes 1-3, the Zn(l1) ion is four coordi-
nated by two nitrogen atoms of the pyrazolyl groups (L) and two halogen ions to
form a distorted tetrahedral geometry. The two pyrazole groups linked to Zn(I1)
lead to changes in the structure of the ligand. In the structure of ZnLCl,, shown
in Fig. 2, the dihedral angles between the carbazole ring and the phenyl unit,
between the phenyl unit and the pyrazole rings, and between the two pyrazole
rings are 60, 78 and 77, and 52°, respectively. The dihedral angles between the
carbazole ring and the phenyl unit, and between the phenyl unit and pyrazole
rings are larger than those of the free ligand are. However, the dihedral angle of the
two pyrazole rings is smaller than that observed for the free ligand, indicating that
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TABLE |. Calculated geometry parameters of L, ZnLCl,, ZnLBr, and ZnL1,

Cmpd. Bond length, A Bond angle, °

L N1-N3 1.3411 N3-N1-C1 120.45
N2-N4 1.3442 N4-N2-C1 121.36
N1-C1 1.4546, (1.451)° N1-C1-H1 104.77
N2-C1 1.4453, (1.455)° N2-C1-H1 106.38
Cci1-C2 1.5112, (1.523)° N1-C1-N2 110.65, (110.7)°
Ci1-H1 1.1064 C2-C1-H1 108.59

Complex 1 N1-N3 1.3474 N3-N1-C1 110.73
N2-N4 1.3479 N4-N2-C1 110.73
N1-C1 14544 N1-C1-H1 104.76
N2-C1 1.4447 N2—-C1-H1 106.31
Cci1-C2 15110 N1-C1-N2 110.73
Ci1-H1 1.1019 C2-C1-H1 108.64
Zn—Cl1 2.2091 N3—Zn—N4 86.97
Zn—Cl2 2.1960 N3-Zn-Cl1 105.77
Zn—N3 2.0848 N3-Zn-Cl2 112.71
Zn-N4 2.0779 N4-Zn-Cl1 104.73

Complex 2 N1-N3 1.3466 N3-N1-C1 120.95
N2-N4 1.3478 N4-N2-C1 120.87
N1-C1 1.4545 N1-C1H1 104.75
N2—-C1 1.4447 N2—-C1-H1 106.31
ci1-C2 1.5109 N1-C1-N2 110.72
Ci1-H1 1.1019 C2-C1-H1 108.65
Zn-Brl 2.3033, (2.364)° N3-Zn-N4 86.76, (89.29)°
Zn-Br2 2.2993, (2.355)° N3—Zn-Brl 106.08, (109.6)°
Zn—N3 2.1019, (2.071)° N3—Zn-Br2 110.89, (120.4)°
Zn-N4 2.1007, (2.064)° N4-Zn-Bril 104.15, (108.0)°

Complex 3 N1-N3 1.3913 N3-N1-C1 120.27
N2-N4 1.3895 N4-N2-C1 120.54
N1-C1 1.4545 N1-C1-H1 104.75
N2-C1 1.4447 N2-C1-H1 106.31
Ci1-H1 1.1019 C2-C1-H1 108.65
Zn1 2.5109, (2.550)° N3-Zn-N4 91.57, (88.74)°
Zn12 24882, (2.533)° N3-Zn-1 106.39, (108.3)°
Zn—N3 1.9468, (2.057)° N3—Zn-12 116.78, (115.1)°
Zn-N4 1.9448, (2.050)° N4-Zn-1 108.28, (109.1)°

the planarity of ligand in complex 1 is worse than that for the free ligand. The
Zn-N3 and Zn-N5 bond lengths are 2.0848 and 2.0779 A, respectively. The
bond distances of Zn—Cl1 and Zn—Cl2 are 2.2091 and 2.1960 A, respectively. In
complexes 2 and 3, the changes in the structure of ligand are similar to that of
complex 1. The planarity of coordinated ligand is also worse than that of the free
ligand. The corresponding angles and bond lengths for complexes 2 and 3 are
listed in Table | and displayed in Figs. 3 and 4.
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Fig. 1. 8 The molecular structure of L and b) the 1D linear chain of ligand L. The bond
lengthsarein A.

Fig. 2. @) The molecular structure of complex 1 and b) the 1D structure of complex 1 showing
theweak C-H:-Cl bond in A.

Fig. 3. @ The molecular structure of complex 2 and b) the 1D structure of complex 2 showing
theweak C-H---Br bond in A.

Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCs. All rights reserved.



1002 DEHESTANI and ZEIDABADINEJAD

Fig. 4. 8 The molecular structure of complex 3 and b) the 1D structure of complex 3 showing
theweak C—H---1 bond in A.

Global reactivity descriptors

A large part of theoretical chemistry related to reactivity is based on the
concept of frontier molecular orbitals (FMO), especially the lowest unoccupied
molecular orbital (LUMO) and the highest occupied molecular orbital (HOMO).
The interaction between these orbitals often alows a good description of the
reactivity of reactions. The FMO theory says that the attack of an electrophilic
species will occur where there is more density of the HOMO, whereas the attack
of a nucleophilic species will occur in a region with a higher density of the
LUMO. Parr and coworkers demonstrated that nearly all the frontier molecular
theory could be rationalized from the DFT.16

The p and molecular » for an N-electron system with total energy E; and
external potential V(r) are defined respectively, asthe first and second derivatives
of the energy with respect to N:17.18

oE
M= [—L ==X 4
N Iy

1| 02E 1| ou
= —| —— = — 5
d 2[aN2Lq 2{31\1} ©)
()
where y (eV) in Eq. (4) is the electronegativity. In numerical applications, pu and
n are calculated using of the difference approximation:

and

p:—%(IP+ Ea) (6)
77=%(IP—EA) @)
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The vertical ionization potential (IP) and the electron affinity (Ea) can be
obtained from the energy of the neutral, anionic, and the cationic species at the
geometry of the corresponding N electron neutral species, asfollows:

IP=[E(N-1)-E(N)] )
Ea =[E(N)-E(N+1)] )

Equations (6) and (7) can be simplified using the Koopmans theorem,12
which approximates the electronic affinity and the ionization potential to the
negative of the LUMO and HOMO energy, respectively.

1
/U:_E(ELUMO“'EHOMO) (10)
1
n ZE( ELumo — EHomo) (11)
The electrophilicity index (w) and global softness (S) are defined as follows:
2
0="— (12)
2n
S=1/n (13)

According to Parr et al.,18 w isaglobal reactivity index similar to the chem-
ical hardness and chemical potential. This new reactivity index measures the
stabilization in energy when the system reserves additional electronic charge
(AN). The direction of the charge transfer is determined by the electronic chem-
ical potential of the molecule because an electrophile is a chemical species cap-
able of accepting electrons from the environment; its energy must decrease upon
accepting an eectronic charge. Thus, its electronic chemical potential must be
negative.

The calculated values of Eqomo. ELumos 1 M. #, Sand o for L and its
complexes arelisted in Table 1.

In areaction between two molecules, species can act as a nucleophile, which
has a lower value of the electrophilicity index. The values of the electrophilicity
index show that ZnCl,, ZnBr, and Znlo> are good nucleophiles; hence, these
nucleophiles can attack the ligand L. Electrophilic charge transfer (ECT)19 is
explained as the difference between the ANyax values of the interacting mole-
cules. Considering two molecules A (L) and B (ZnCly, ZnBro and Znly)
approaching each other, two cases exist, i) ECT > 0, charge flow from B to A, ii)
ECT < 0, charge flow from A to B. The ECT is calculated as follows:

ECT =(ANmax ) , —(ANmax ) (14)

B
where (ANmax)A = Ha / 7a ad (ANmax)B = B / 7B-
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TABLE II. Caculated Efomus ELumos 1 1 77, Sand o (ineV) for L, ZnCl,, ZnBr, and Znl,

Molecule Epomo/ €V Eumo/€V  y/leVv u/ev nlev SlevV wleV
L —-0.1999 -0.0271 0.1135 -0.1135 0.0864 0.0432 0.0746
ZnCl, -0.3093 -0.1360 02226 -0.2226  0.0867 0.0433 0.2858
ZnBr, -0.2877 -0.1224 02051 02051 0.0826 0.0413 0.2546
Znl, -0.2699 -0.0678 0.1678 -0.1678 01010 0.0505 0.139%4

The ECT was calculated as 1.253, 1.169 and 0.347 for complexes 1-3,
respectively. These results show that electrons are transferred from ZnX, to L.
Therefore, the L was treated as an el ectron acceptor and, hence, ZnX, was treated
as an electron donor. Thus, L has electrophilic behavior because the value of
chemical potential is low. As shown in Table II, the high value of chemical
potential and low value of electrophilicity index for these complexes 1-3 favor
their nucleophilic behavior.

Local reactivity descriptors

The Fukui function (FF)1620 or frontier function (fx*, fii™) measures changes
in electron number (removing e ectrons from the HOMO or adding electrons to
LUMO, respectively) in chemical reactions and has been used to predict the
reactivity of sites in a molecule. This function is a local density functional des-
criptor that is calculated using the proposed procedure based on a finite differ-
ence method.2!

In this work, the two functions f+ and f — were used to determine electro-
philic and nucleophilic attack, respectively. These functions can be given by:

fr =MD

fo= ql((N) - qlgN_l) for molecule k as a nucleophile

for molecule k as an electrophile

where the parameters ql(<N) , ql((N D and ql(<N+1) are the charges of molecule k cal-
culated in the systems N, N-1 and N+1 electrons, respectively, at the optimized
geometry of the molecule with N electrons. In the past few years, the condensed
Fukui functions have been used to explain the regiosdectivity in chemical reac-
tions.22 It is a tool that allows the prediction of which electron or moiety of a
molecule will display more or less nucleophilic or eectrophilic character. Elec-
trophilic reactivity descriptors f# and nucleophilic reactivity descriptors f~ for
al molecules are listed in Table I1l. The maximum values of the nucleophilic
reactivity descriptors at Zn indicate that these sites are more prone to electro-

TABLE I11. Selected reactivity descriptorsindexes of ZnCl,, ZnBr, and Znl,

Molecule Atom q(N) q(N-2) g(N+1) £ fi

ZnCl, Zn 1.1269 1.2494 0.4060 -0.7208 -0.1226
ZnBr, Zn 0.9693 1.0814 0.2835 -0.6858 -0.1121
Znl, Zn 0.7296 0.7651 0.0554 —0.6742 —0.0356
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philic attack in the ZnCl, molecule. Thus, it can be stated that the Zn atom
attacked the N atom of L corresponding in all complexes.

Relationship between geometrical and topological parameters

The calculations performed on the wide spectrum of related species enabled
a deeper insight into the characteristics of intramolecular interactions to be
obtained. Here, mainly relationships between the bond length and the character-
istics of the corresponding bond critical point are considered. For the systems
analyzed herein, a pseudo-ring containing the N3---Zn---N4 intramolecular bond
is created and hence, an RCP also exist in complexes 1-3. The geometrical and
topological parameters of these interactions are presented in Table IV. Briefly
summarizing, the greater is the electron density at the RCP of an intramolecular
bond, the stronger is the interaction and the shorter is the bond. The Zn---N bond
lengths are 2.2091, 2.3033 and 2.5109 A for complexes 1-3, respectively. The
values of V2ppfor complexes 1-3 are —0.0201, —0.0388 and —0.0579 au, respect-
ively. As can be seen, the bond length is shorter and the value of V2p, higher in
ZnLCl, than in the other complexes. Relatively, the values of the V2py,, and

TABLE V. Topological properties (in au) of the charge density at the bond critical point of L,
ZnLCly, ZnLBry, and ZnLIy, p(r), V2p(r), and Gy, Vp, Hep and [Vy|/Gy,

Molecule Bond Pb VZ2p(r) Gy Vy Hep Mpl/Gp
L N1-C1 0.2772 0.2120 0.1352 0.3472 -0.2120 2.568
N2-C1 0.2713 0.2030 0.1334 -0.4700 -0.3366 3.523

Cl1H1 0.2744 0.2350 0.0331 -0.3011 -0.2680 9.0967

N1-N3 0.3748 0.1782 0.2132 -0.6046 -0.3914 2.8358

ZnLCl, N1-C1 0.2741 0.2070 0.1514 -0.5097 -0.3583 3.3666
N2-C1 0.2688 0.1998 0.1413 04823 -0.3410 3.4133

N1-N3 0.3703 0.1768 0.2027 -0.5822 -0.3795 2.8722

Zn-Cl1 0.0793 -0.0201 0.0829 -0.1157 -0.0328 1.395

Zn—Cl2 0.0810 -0.0207 0.0849 -0.1192 -0.0343 1.4040

ZN-N3 0.0722 -0.0620 0.0878 -0.1135 -0.0257 1.2927

Zn-N4 0.0712 -0.0617 0.0866 -0.1114 -0.0248 1.2863

ZnLBr, N1-C1 0.2688 0.1998 0.1413 -0.4825 -0.3412 3.4147
N2-C1 0.2741 0.2073 0.3580 -0.5088 -0.1508 1.4212

N1-N3 0.3711 0.1775 0.2033 -0.5842 -0.3809 2.8735

Zn-Brl 0.0782 —0.0388 0.0722 -0.1056 -0.3340 1.4620

Zn-Br2 0.0779 -0.0393 0.0725 -0.1056 -0.3310 1.4566

ZNn-N3 0.0684 -0.0596 0.0822 -0.1047 -0.0225 1.2737

Zn—N4 0.0683 -0.0593 0.0818 -0.1043 -0.0225 1.2751

ZnLl, N1-C1 0.2379 0.0848 0.1232 -0.3313 -0.2081 2.6891
N2-C1 0.2427 0.0888 0.1276 -0.3441 -0.2165 2.6967

N1-N3 0.2994 0.1065 0.1660 -0.4385 -0.2725 2.6416

Zn-11 0.0559 -0.0579 0.0587 -0.0596 -0.0009 1.0153

Zn-12 0.0538 -0.0563 0.0564 -0.0565 -0.0001 1.0018

Zn—N3 0.0878 -0.1533 0.1571 -0.1608 -0.0037 1.0236

Zn-N4 0.0882 -0.1538 0.1578 -0.1616 -0.0038 1.0241
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Heh, aso the values of 1< |Vy|/Gy < 2 indicate that the Zn—-X (X = CI, Brand I)
and the Zn—N interactions in all complexes have a significant partialy covalent
component. For the N1-C1, N2-C1, C1-H1 and N1-N3 interactions, the values
of the Laplacian are positive, which may mean that the ionic bond could not be
classified as very strong one because al Hep values are negative, which may
indicate that such interactions are rather strong. With reducing electronegativity
of the X atom connected to Zn(l1), the bond strength decreases.

The SAPT calculations

The SAPT applied here seems to be a proper approach to analyze the closed-
shell interactions. It was mentioned previously that the nucleophilic attack of Zn
atom of ZnX2 (X = Cl, Br and 1) molecules on the ligand L |eads to the formation
of complexes 1-3. The SAPT2 interaction energy as well as the interaction
energy termsin Eq. (3) are given in Table V. If the attractive (negative) terms of
the interaction energy are considered, the induction one, E(ng , Seems to be the
most important, followed by the electrostatic term, E(l) , and the dispersive
term. However, the induction and dlsperswe terms are strongly damped by their
exchange counterparts, E(X():h ind and E exch respectively. In the case of the
induction interaction energy, it is reduced by?0—82 % while for the dispersive
energy, its reduction is of 29-30 %. On the other hand, the first order electro-
static energy is outweighed by the first order exchange energy. This shows the
role of the induction energy in spite of the fact that the latter one is strongly
reduced by its counterpart. There are other observations; the absolute value of the
dispersive energy is greater for the complex ZnLCl, than for the complexes
ZnLBry and ZnL 1y, even if the exchange counterpart of the dispersion energy is
taken into account. However al interaction energy terms are interrelated and thus
for stronger interaction and consequently shorter intermolecular distance, the
absolute values of al interaction energy termsincrease.

TABLE V. SAPT interaction energies for the ZnL1,, ZnLBr,and ZnL Cl, complexes

Energy term, au ZnLl, ZnLBr, ZnLCl,

ES —9595.54 —10084.66 ~10205.6
E® 11217.12 11786.44 11927.80
ESR, ~18535.24 ~19475.99 ~19709.57
ES, -3216.07 —3403.57 —3444.39
E@, 4 14696.23 15442.13 15627.33
ED: do 959.7 1008.46 1020.56

SEnE —1524.66 —1575.72 —1594.07
ESAPT2 —5998.46 —6302.91 —6378.50
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CONCLUSIONS

The complexes of ligand L and the different non-covaent interactions were
considered herein. It was found that for al interactions in which the Zn atom acts
as a nucleophile, arelationship between the Zn---N distance and the Laplacian of
electron density at the corresponding bond critical point exists. This indicates a
region of partially covalent bonds where the Laplacian is negative and the elec-
tron density is lower of 0.15 au. Electrophilic charge transfer confirms that the
electrons are transferred from the ZnX5 to the ligand L; thus, the corresponding
ligand can be treated as an electron acceptor. The results of Fukui functions
indicate Zn atom attack on the N atom of the ligand. The SAPT approach was
also applied to analyze interactions in the zinc complexes. It was found that the
induction energy is the most important attractive interaction energy term for the
studied complexes, followed by electrostatic and dispersive terms. This means
that for such strong interactions, the electron density shift is very important for
the process of complexation but aso that electrostatic interactions steer the
arrangement of sub-units in the complexes.

H3BO[J
QTAIM UCTTUTUBAE TEPUBATA JTUTIUPA30JI-1-UJTMETAHA U OJITOBAPAJYRUX
Zn(11) KOMIUIEKCA (ZnLXj, X = Cl, Br WK 1)
MARYAM DEHESTANI" i LEILA ZEIDABADINEJAD'
Department of Chemistry, Shahid Bahonar University of Kerman, 76169 Kerman, Iran

IIpuMeHOM KBaHTHe Teopuje aToma y Monexynuma (QTAIM) na B3PW91/6-31g(d)
HUBOY TeopHje ypaheHa je TONMoJOIIKa aHaau3a eJIEKTPOHCKE rycThHe 9-(4-(ou-1H-nupason-
-1-unmerun)dennn)-9H-kapdasona (L) u oprosapajyhux mmuk(I1I) xomnnexca: ZnLCl, (1),
ZnlBr;, (2) u ZnLl, (3). AHanU3UpaHU Cy TOIOJIOWIKY MapaMeTpy NodujeHu mpumMeHoMm ba-
HOEpoBE Teopnje I(OjI/I Cy KapaKTEPHUCTUYHHU 3a KDUTUYHE TdUYKE KOOPAWHOBAHOI I[HMHKA W apo-
MaTUYHOT TIpcTeHa. V3pauyHaTu cy cnenehd CTPYKTypHH NapaMeTpH: eHeprdja HajBulle
nonyweHe Monekyncke opdurtane (Eyomo), €HEpPIHja HajHWKE HENONMYHEHE MOJIEKYJICKE
opdutane (Eyymo), TBpAX () ¥ MekH (S) KapaxTep, ancolyTHa €JIeKTPOHEraTHBHOCT (y),
HHJIEKC eneKTpOoHIHOCTH (w) ¥ pacnopena enekTpoHa y kommekcy ZnLX, (AN). Onucane

cy xopenanuje usmehy eHepruje mobujene mpumenom SAPT Teopuje (cuMeTpHjcKku mpumia-
roheHa neprypdaunoHa Teopuja), TeOMETPHjCKUX, TOTIONOMIKHX ¥ eHePreTCKUX IapameTapa.

(TTpummeHo 24. dedpyapa, peBunupaHo 27. mapra, npuxsaheno 31. mapta 2015)
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Abstract: The Wiener index W could be viewed as a molecular structure des-
criptor composed of increments representing interactions between pairs of atoms.
A generalization of the W are the Steiner—Wiener indices W, k=3, 4,... Inthe
quantity W, interactions between k-tuples of atoms play a role, based on the
concept of the Steiner distance. It is shown that the term W + AW, provides an
approximation for the boiling points of alkanes better than W itself. The best
such approximation is obtained for k=7.

Keywords: Wiener index; multicenter Wiener index; Steiner distance; Steiner—
—Wiener index; molecular graph.

INTRODUCTION

The Wiener index (W) is one of the oldest and most examined graph-based
molecular structure descriptors. Details on its mathematical properties and che-
mical applications are given in reviews,1-5 recent research papers,5-9 and the
references cited therein. On the accasion of the fiftieth anniversary of the Wiener
index, three special journal issues were published.10-12 Additional historical data
on W can be found in asurvey.13

The Wiener index is defined in the following manner. Let G be a molecular
graph and w,vo,...,Vv, be its vertices. The distance between the vertices v; and
vj, denoted by d(vi,vj) , isthe number of edgesin (= the length of) the shortest
path that connects v and v; . Then:

W =W(G)=>"d(v,vj) (D
i<j

with the summation embracing al pairs of vertices (v;,v;) of the molecular graph G.

* Corresponding author. E-mail: gutman@kg.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/JSC150126015G
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1010 GUTMAN, FURTULA and LI

Bearing in mind that each vertex of the molecular graph represents an atom
of the underlying molecule,14 the quantity W, defined by means of Eq. (1), may
be viewed as a sum of structural increments representing pairs of atoms, i.e., two-
-center interatomic interactions.

From this point of view, one could think of three-center, four-center, etc.
interactions that would lead to the following evident multicenter extension of the
Wiener-index concept:

W =W5(G)= > d(vi,Vj,W%) )
i<j<k

Wy =W4(G)= D d(vi,Vj, V%) (©)]
i<j<k«l
i<j<k<l<m

etc. In formulas (2)—«4), the meaning of the three-, four-, five-vertex distances
requires clarification. In fact, along time ago, Chartrand et al. introduced such a
multi-vertex distance into graph theory,® which was eventually much studied
under the name “Steiner distance’.16 Its definition is given in the subsequent
section.

The multicenter Wiener-type indices based on the Steiner distance will be
referred to as “ Steiner—Wiener indices’ and are defined in the subsequent section.
The present work is aimed at establishing their chemical applicability.

STEINER DISTANCE AND STEINER-WIENER INDEX

Let G be a connected graph with n vertices. Let S={v; ,\,,...,;,} beaset of k distinct
vertices of G. Then the Steiner tree, T(S), is a tree (= connected acyclic graph) that is a
subgraph of G, containing al vertices of S and possessing a minimal number of edges. The
number of edges of T(S)is the Steiner distance of the vertices v ,v,,...,V; . For details on
the Steiner-distance concept, see elsewhere.17:18

For k=2,3,...,n, the k-th Steiner—Wiener index of the (molecular) graph G is defined as:

W =W (G) =D d(Vi, Vi, o0V, ) (5)
S

where the summation goes over all k-element subsets S={vil,vi ,...,vik} of the vertex set of G.

Steiner—Wiener indices, W, were recently considered,fg and their basic mathematical
properties determined. Some of these are the following:

1. W,(G) coincideswith the ordinary Wiener index W(G) , Eg. (2).

2. Egs (2), (3), and (4) are specia cases of Eq. (5), for k=3,k=4 and k=5, res-
pectively.

3. For agraph G with nvertices, if k=n, then W (G)=n-1.

4. For agraph G with n vertices, if k>n, then W (G)=0.

For atree T,and for all k=2,3,...,n:
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W (T) = Zz{m(e)][nz(e)] ©)

e i=1
where ny(e) and ny(€) are the number of vertices lying on the two sides of the edge e, and
where the first summation goes over al edges of T. For al edges e of the tree T,

n(e)+ny(e)=n.
Note that for k=2, formula (6) reduces to the expression (7), discovered by Wiener
himsdlf as early asin 1947:7:14.20

W(T) =2 m(e)n(e) ()

STEINER-WIENER INDICES AND BOILING POINTS OF ALKANES

The first chemical application of the Wiener index was its usage for the
prediction of the normal boiling points of alkanes.20 Eventually, correlations with
boiling points became a standard test for the quality of topological indices.21-24
In view of this, this physico-chemical parameter is also used in these studies of
the Steiner—Wiener indices.

The well known23 plot of the normal boiling points vs. the Wiener index is
reproduced in Fig. 1. The curve passing through the data-points is of the form:

425 - L ]
-
...'..!i 0 3 L]
... [ ]
400 4 .
®
- .r‘ [ ]
g
375 - .
sty
-
350 * e
»
A o
y 325 .
=Y y,
) 300 L}
.
275 4 .
.
250+
.
225 4
200
[]
175 - T T T T T ror T — T T r T
[ 10 20 30 40 50 60 70 80 90 100 110 12¢

Fig. 1. Correlation between normal boiling points (bp / K) and Wiener index (W) for the set of
all isomeric alkanes with 2 to 9 carbon atoms (74 compounds).2> The curve passing through
the data-pointsis specified by Eq. (8). Statistical data pertaining to this correlation are found

inTables| and I, for k= 2.
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1012 GUTMAN, FURTULA and LI

a+bw*
1+cwW*
where W* =W and where a, bandc are fitting parameters. The correlation

between the experimental and calculated boiling points (i.e., between bp and
bpeac, cf. Eq. (8)), isshownin Fig. 2.

bp = bpcac(W") = (8)

TABLE |. Fitting parameters in formulas (8) and (9), for k = 2,3,..., 9. The (a,b,c)-values were
obtained by means of the scaled Levenberg—Marquardt agorithm.28 The A-val ues are those for
which the respective correlation coefficients are maximal, cf. Fig. 3. The parameters for the
best approximation are indicated by boldface

k a b c A

2 191.328 15.104 0.031 -

3 192.480 14.547 0.031 0.023
4 193.704 14.820 0.032 0.044
5 191.287 16.476 0.037 0.063
6 186.764 18.773 0.043 0.127
7 181.255 21.421 0.049 0.392
8 180.547 20.834 0.047 0.802
9 187.788 16.790 0.036 1.400

TABLE II. Statistical data for the correlations between boiling points and the topological
indices W' =W + AW, , k=2,3,..., 9; R = correlation coefficient, ARE = average relative error
(in %), MRE = maximal observed relative error (in %). The data for the best approximation
areindicated by boldface. For details, see Egs. (8) and (9) and the text

k R ARE MRE
2 0.98954 1.45 8.42
3 0.98957 1.45 8.83
4 0.99018 141 9.46
5 0.99135 133 8.58
6 0.99256 123 6.80
7 0.99323 118 4.63
8 0.99273 1.23 4.19
9 0.99149 1.33 6.98

The most obviousidea for testing the Steiner—Wiener indices would be to set
W* =W into Eq. (8). This, however, did not yield any improvement, and thus
had to be abandoned. A better option was to modify the Wiener index as:

W =W + AW, )

and use the variable W” in combination with Eg. (8) . For each fixed choice of k,
k = 3,4,...8, the parameter A was varied, and its value determined to maximize the
correlation coefficient for the linear correlation between bp and bpggc(W*). In
al the studied cases, an optimal value for A exists a which the correlation
coefficients attain a maximum; a characteristic exampleis shownin Fig. 3.
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Fig. 2. Correlation between the calculated boiling points (bp.,. , according to Eq. (8),
W =W ) and the experimental boiling points (bp) for the same compounds asin Fig. 1.
Statistical data pertaining to this correlation are found in Tables | and I1, for k= 2.
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Fig. 3. The A-dependence of the correlation coefficient R for the correlation between bp and
bpeac for thecase k=5. The maximum is attained at 4 =0.063, cf. Tablel.

The results thus obtained are presented in Tables| and I, and in Figs. 4 and 5.
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Fig. 4. Normal boiling points (bp / K) vs. W + AW, for the same alkanes asin Fig. 1. Asthe
datain Tables| and Il show, the choice k=7 provides the best agreement between bp and
bpcae cf. Egs. (8) and (9).
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Fig. 5. The best correlation between bp and bp., was obtained by Egs. (8) and (9) for k=7.
Statistical data pertaining to this correlation are to be found in Tables | and I1.
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DISCUSSION AND CONCLUDING REMARKS

Viewing at the Wiener index as a structure descriptor based on two-center
interatomic interactions, it could be expected that the next-important structural
feature would be three-center interactions. In the case of Steiner—Wiener index
applied to akanes, this certainly cannot be the case, since for trees the following
identity holds:

\A@m:%zwm (10)

Therefore, W contains the exactly same structural information as the ordi-
nary Wiener index, W.
Relation (10) is deduced from Eq. (6) as follows. For k=3, Eq. (6) has the

form:
g ]

which, bearing in mind that m(e) + np(€) =n, istransformed into:

Wa(T) = Z[m(e) LOLCE IELCILT _1]}
e

=Y m(eny(e MOERO =2 D25 g ny(e)
e 2 2 e

Formula (10) is now obtained from Eq. (7).

The calculations fully agree with the above argument: The accuracies of the
modelsfor k=2 and k=3 werethe same, see Tablel.

If k>3, because of the very large number of k-tuples of vertices, the
calculation of the Steiner—Wiener index W, based on its definition (5) becomes
extremely cumbersome. In the case of acyclic systems (such as the molecular
graphs of alkanes), instead of Eq. (5), the cal culations could be realized using Eq.
(6), which is significantly easier. In fact, by means of Eq. (6) any Steiner—Wiener
index W, could be calculated just as easily as the ordinary Wiener index W.

The fact that the accuracy of the approximations based on the indices
W* =W + AW increases with k, and reaches its maximum at k=7, is some-
what unexpected. It may be that thisis a statistics-based artifact of the considered
models. Neverkheless, this phenomenon deserves further examination.

The results of the present study may be considered from a pessimistic and
from an optimistic point of view. A pessimist would say that there is very little
difference between the Figs. 1 and 4, as well as between Figs. 2 and 5. An
optimist would point to the fact that the average and maximal errors of the best
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1016 GUTMAN, FURTULA and LI

model (based on W + AW, ) are, respectively, by 20 and 50 % smaller than those
of the starting model (based solely on W). In view of this, it may be concluded
that by adding multicenter distance-contributions to the Wiener index, its appli-
cability to model physicochemical properties of alkanes isimproved, but only to
alimited extent.

H3BOJ
BUIIELNEHTPUYHU BUHEPOBU MHIAEKCH U (bUXOBE [TPUMEHE

WBAH IYTMAH"?, BOPUC ®YPTYJIA! u XUELIANG LI®
pupogno—matmemaimuuxy axyninein Yuusepsuiieina y Kpaiyjesuy, 2Ipwasnu ynusepsuiiein y Hosom
Masapy u 3Center for Combinatorics, Nankai University, Tianjin, China

BuHepoB uHpekc W ce MOoXe HoCMaTpaTH Kao0 MOJIEKYJICKH CTPYKTYPHH NEeCKPHUIITOP cac-
TaB/beH Of cabrpaka KOju penpeseHTyjy HHTepakuyje u3melhy naposa atoma. JeiHa TeHepaiu-
3auuja Buneposor unpexca cy Illtajuep—Buneposu unnexcu Wy, k = 3,4,... V ungexcy Wy ce
BOIOM pavyyHa O MHTepakiWjama k aToma, 3acCHOBAaHMUX Ha mojMy lllTajHepoBor pacTojama.
IMokasaHo je ma dopmyna W+AW) omoryhaBa ampoOKCHMATHBHO M3pavyyHaBame TayKe KIbY-
Yyama ajKkaHa dosbe Hero caM BuHepoB uHpekc. Hajbossa TakBa ampokcumanuje je 3a k = 7.

(ITpumrbeHo 26. janyapa, pesunupano 12. debdpyapa, npuxsaheno 13. dedpyapa 2015)
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Abstract: The influence of cetyltrimethylammonium bromide, CTAB, on the
oxidative decarboxylation of phenylsulfinylacetic acid, PSAA, and severa
meta- and para-substituted PSAAs by Cr(VI1) was investigated in 95 % H,0-5 %
CH3CN medium. The rate profile displayed a peculiar trend with an initial rate
increase at low CTAB followed by sharp rate inhibition at higher CTAB con-
centrations. The initial rate acceleration could be explained by strong binding
of SO,Z on the positively charged micellar surface. The specific partitioning of
PSAA in the micellar phase by hydrophobic interaction and the oxidizing
species HCrO3* in aqueous phase by electrostatic repulsion accounted for the
rate retardation at higher CTAB concentrations. The Hammett plot with dif-
ferent substituted PSAAs showed excellent correlation affording negative p
value, which supports the proposed mechanism involving the intermediate
formation of sulfonium cation. The obtained p vaue in CTAB medium was
found to be slightly lower than that in aqueous medium. Quantitative analysis
of the rate data for the inhibition shown by CTAB was performed using the
Menger—Portnoy and the Piszkiewicz pseudo-phase models. The binding cons-
tant for PSAA with micelles was evaluated from the Piszkiewicz cooperative
model.

Keywords. phenylsulfinylacetic acid; Cr(V1); CTAB micellar effect; Hammett
correlation; Piszkiewicz cooperative model.

INTRODUCTION

Surfactants and their micellar aggregates exhibit widespread applications in
chemical, biochemical, pharmaceutical and industria fields. Cationic surfactants
are useful as antifungal, antibacterial and antiseptic agents and have attracted
much attention with reference to their interaction with DNA and lipids.l The

* Corresponding author. E-mail: subramaniam.perumal @gmail.com
doi: 10.2298/J5C140916001S
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1020 SUBRAMANIAM and THAMIL SELVI

fascinating feature of aqueous surfactant solution is their self-organization into
micelles above the critical micellar concentration, cmc. This leads to micellar
aggregates having an architecture in which the hydrophobic groups of surfactants
occupy the interior while the hydrophilic head groups at the surface are in contact
with bulk water. In the case of ionic micelles, the interface is charged giving rise
to an electrical double layer with a potential difference up to hundred of
millivolts between the micellar pseudo-phase and water. Thus, the electrostatic
potential and polarity prevailing in the interior of the aggregate differ from those
of the bulk agqueous phase.

The redox processes in micellar media are considered as models to obtain
insight into the dynamics and mechanistic paths of several redox processes
occurring in complex biological systems.2> Micellar systems were used in a
number of studies, including oxidation reactions, due to their effectiveness in
atering the rate of the reactions by their inherent characteristics of their surface
activity.6-11 Micelles act as nano reactors that may drastically modulate the reac-
tivity of entrapped reactants. The importance of micelles arise from the fact that
micelle catalyzed reactions resemble enzyme catalyzed reactions in several
aspects.12 The investigation of coupled systems composed of electron transfer
and micelle-forming surfactant may contribute in a unique way to the under-
standing of the redox processes. lonic micelles typically catalyze the reactions of
areactive counter ion with hydrophobic substrates that bind to the micelles. 13-16
For bimolecular reactions, inhibition arises from the incorporation of one reactant
into the micellar pseudo-phase and exclusion of the other from it.

Although there are several reports in the literature on the investigation of
micellar effects on the redox reactions of organic sulfur compounds,16-21 the cor-
responding study on sulfur-containing carboxylic acids is limited. Even though
phenylsulfinylacetic acid (PSAA) shows a wide range of synthetic utility, no
reports are available in the literature on the oxidation of PSAA except a few
recent works.22-25 Hence, this investigation of the redox reaction between PSAA
and Cr(V1) in the presence of cationic surfactant cetyltrimethylammonium bro-
mide (CTAB) is of great interest. The substituent and micellar effects are high-
lighted and the rate data in the presence of CTAB were subjected to Menger—
Portnoy and Piszkiewicz kinetic pseudo-phase models.

EXPERIMENTAL
Preparation of phenylmercaptoacetic acids

Phenylmercaptoacetic acids, the precursors used for the synthesis of the PSAAs, were
prepared from the corresponding thiophenols.26:27 The appropriate amount of thiophenol (0.05
mol) dissolved in 10 mL of 20 % sodium hydroxide solution was mixed with 4.7 g of chloro-
acetic acid dissolved in 10 mL of water without allowing the temperature to rise and then the
mixture was heated in an oil bath at 120-130 °C for 5 h. The solution was cooled, acidified
with 50 % HCI and the phenylmercaptoacetic acid obtained as solid was recrystallized from
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CTAB-MEDIATED PSAA-Cr(Vl) REDOX REACTION 1021

water. The melting points of phenylmercaptoacetic acids were determined and checked with
the corresponding literature values.?

Preparation of phenylsulfinylacetic acids

PSAAs and ten meta- and para-substituted PSAAs were prepared by the controlled
oxidation of the corresponding phenylmercaptoacetic acids using 30 % H,0,.2° The tem-
perature was maintained at 40 °C and the reaction mixture was stirred until all the H,O, had
been consumed. At the end of the reaction, a clear and colorless syrupy liquid was obtained
which was kept overnight. After evaporation of water under reduced pressure, a white solid
was obtained. The solid was digested with hot benzene for a few minutes and then recrys-
tallized. For the recrystallization of para- and meta-methyl PSAAs, CHClz;—petroleum ether
(2:1) mixture was used, while ethyl acetate-benzene (1:1) solvent mixture was used for the
recrystallization of PSAA and the other meta- and para-substituted PSAAs. The recrystallized
PSAAs were dried and their melting points were determined and compared with the corres-
ponding literature values.28 The purity was also checked by LC-MS. The recrystallized
samples were stored in a vacuum desiccator and used for kinetic studies.

Kinetic measurements

All the kinetic runs were performed under pseudo-first-order conditions by maintaining a
large excess of PSAA over the concentration of Cr(V1). The progress of the reactionin CTAB
medium was monitored by following the rate of decrease of [Cr(VI)] spectrophotometrically
at 360 nm. In order to avoid solubility problems, the reaction was conducted in a 95 % water—
—5 % CH3;CN medium. Several researchers used similar solvent systems to study the micellar
effect in the oxidation of organic sulfides.17:2130-32 As the reaction mixture in the presence of
CTAB produced turbidity with perchloric acid, in order to circumvent the solubility problem,
sulfuric acid and potassium sulfate were used to maintain the H* concentration and ionic
strength, respectively.

RESULTS AND DISCUSSION
Effect of reactants on the reaction rate

The kinetic study at different initial concentrations of reactants, [Cr(V1)],
[PSAA] and [H*], at fixed concentrations of the other substances showed first-
-order dependence on Cr(VI), PSAA and H*. The constancy of the pseudo-first-
-order rate constant values with increasing concentration of Cr(VI1) in the pre-
sence of CTAB (Table I) and excellent linear plots of log [Cr(VI)] against time
are in agreement with the first-order dependence of the reaction on the Cr(V1)
concentration. The observed trend of the constant ki with varying Cr(VI) con-

TABLE I. Effect of the Cr(VI) and PSAA concentrations on the rate of the CTAB-mediated
reaction. [H*] = 0.50 mol dm3, [CTAB] = 5.0x102 mol dm3, | = 0.65 mol dm™3

[PSAA] /102 mol dm3 [Cr(VI)] /104 mol dm™3  k;/10°s?  k, /103 molldm3 st

3.0 5.0 3.16+£0.01 1.05+0.03
5.0 5.0 6.03+0.01 1.21+0.02
7.0 50 7.86+0.01 1.12+0.01
10 5.0 11.6+0.02 1.16+0.02
50 3.0 6.31+0.01 1.26+0.02
5.0 7.0 6.15+0.02 1.23+0.04
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1022 SUBRAMANIAM and THAMIL SELVI

centrations is contradictory with that of the reaction in the absence of micelles,
where a negative effect with concentration of Cr(VI) was registerd.23 The obs-
erved constancy of the kq values in the CTAB-mediated reaction indicates that
dimer formation was prevented by the surfactant molecules.

The unit-order dependence on PSAA was evidenced by the unit slope of the
double logarithmic plot of kj vs. [PSAA] and invariant second-order rate constant
values at different PSAA concentrations (Table I). The first-order dependence
with respect to H* in the presence of CTAB is assessed from the unit slope of the
log—log plot of ki vs. [H*] and the constant values of ky/[H*] (Tablel).

TABLE Il. Effect of the H* concentration and temperature on the rate of the reaction; [PSAA] =
=5.0x102 mol dm3, [Cr(V1)] = 5.0x104 mol dm3, [CTAB] = 5.0x10-2 mol dm'3, solvent: 95
% H,0-5 % CH3CN (V/V)

k,310° kyx10%[H*] t koPx10%

+ 3 1 1 2

[H*] 7 mol dm st mol-1 dm3 st °C mol-1 dm3 st
0.25 2.64+0.02 1.06+0.08 20 3.61+0.03
0.35 3.65+0.01 1.04+0.03 25 7.20+£0.01
0.50 6.03+0.01 1.20+0.02 30 12.1+0.02
0.75 7.84+0.02 1.12+0.03 35 18.2+0.03

AH = 80.0£3.25 kJ mol-1
AS=-37.3+11.3 IJmol-1 K-1
3 =0.80 mol dm3; P| = 0.65 mol dm3, [H*] = 0.50 mol dm3

Effect of temperature and activation parameters

In order to evaluate the activation parameters, the reaction in CTAB medium
was performed at four different temperatures, viz., 20, 25, 30 and 35 °C. The sec-
ond-order rate constants, ko and the activation parameters, AS and AH were
evaluated respectively from the intercept and slope of the Eyring plot of log ko/T
vs. T and are presented in Table Il. The value of the entropy of activation is
useful for the interpretation of the structure of transition state. A comparison of
ASwith that of the reaction in aqueous medium (AS = —24.5 J mol~1 K-1) shows
that the reactant molecules tend to associate in awell-structured activated state in
the micellar medium with less degrees of freedom.

Effect of variation of the CTAB concentration

In order to explore the role of the CTAB surfactant micelles on the reaction
rate, the reaction was studied as a function of the CTAB concentration at constant
concentrations of Cr(VI), PSAA and H* at 30 °C. The effect of the surfactant
CTAB on the rate of the reaction and the calculated pseudo-first-order rate
constants are presented in Table I1l. The variation of the CTAB concentration
showed two distinct effects on the rate of the reaction, i.e., an initial increase in
rate up to 0.5x10-2 mol dm=3 followed by a steady downward trend. There was a
well-defined maximum in the rate profile at 0.5x10~2 mol dm3 of CTAB.
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TABLE III. Effect of the CTAB concentration on the rate of the reaction. [PSAA] = 5.0x102
mol dm3, [Cr(VI)] = 5.0x10%4 mol dm3, [H*] = 0.50 mol dm3, solvent: 95 % H,0-5 %
CHZCN (V/V), | = 0.65 mol dm-3

[CTAB] / 102 mol dm™3 ky/10°s?
0 8.35+0.02
0.10 8.72+0.01
0.25 9.37+0.02
0.50 10.9£0.04
0.75 10.2+0.07
1.0 10.0+£0.02
2.0 8.22+0.04
3.0 7.13+0.03
5.0 6.03+0.01
7.0 4.93+0.02
9.0 3.82+0.02
10 3.31+0.05
12 2.50+0.03
Substituent effect

The study of the influence of substituents on the rate of a reaction often
provides insight into the nature of the transition state and mechanism. To probe
the reaction mechanism in the cationic micellar medium, the substituent effect
was studied with several meta- and para-substituted PSAAs at 30 °C in the
presence of CTAB. The investigation showed that the rate of the reaction was
accelerated by electron-donating groups and retarded by electron-withdrawing
groups present in the phenyl ring of PSAAs. This indicates that electron-donating
substituents enhance the nucleophilicity of the sulfur and facilitate the attack by
the oxidizing speciesin the rate-determining step. A Hammett plot (Fig. 1) drawn
for the kinetic data (Table 1) obtained in CTAB medium at 30 °C shows excel-
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3.4 . ; . ; . ; . : Fig. 1. Hammett plot for CTAB
04 0.2 0.0 0.2 04 mediated reaction at 30 °C; p =
c =-0.864+0.03; r = 0.996.
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lent correlation with the o values affording negative p value (-0.864), which is
lower in magnitude than that of the reaction in the absence of CTAB. This
showed that the reaction in CTAB micellar medium was less sensitive to sub-
stituent effects, which is against the Reactivity—Selectivity Principle. However,
the obtained p value is comparable with that of the reaction in the presence of
sodium dodecy! sulfate (SDS).2° The observed negative reaction constant sup-
ports the generation of an electron deficient sulfur center in the transition state
and the linear relationship proves the operation of same mechanism in al the
substituted PSAAS.

TABLE 1V. Second-order rate constants for the reactions of substituted PSAAs with Cr(VI) in
CTAB medium; [X-PSAA] = 3.0x102 mol dm3, [Cr(VI1)] = 5.0x10* mol dm'3, [H*] = 0.50
mol dm-3, | = 0.65 mol dm3, T=30°C

Cmpd. No. X ky / 104 mol-1 dm3 s1 k,CTAB/K A,
1 m-Br 5.35+0.10 0.054
2 m-Cl 6.12+0.05 0.059
3 m-F 5.66+0.04 0.046
4 p-Cl 8.04+0.02 0.047
5 p-Br 7.47+0.02 0.041
6 p-F 9.88+0.01 0.041
7 H 12.1+0.02 0.039
8 m-CHs 13.3+0.03 0.032
9 p-CHs 17.2+0.02 0.032
10 p-OC,Hs 19.4+0.05 0.033
11 p-OCH3 20.1+0.02 0.029

Product analysis

The organic product of the reaction was identified from LC-MS and FT-IR
spectral studies as (methylsulfonyl)benzene. The recorded LC-MS spectrogram
shows that the product eluted at a retention time of 1.829 min ionized in the
atmospheric pressure chemical ionization (APCI) (+) mode at m/z 157 with a
relative abundance of 86 %, which corresponds to the mass of methyl phenyl sul-
fone (m/z = 156). The IR spectrum of the product showed strong absorptions for
the symmetric and asymmetric stretching vibrations of the >SO» group at 1148
and 1290 cm1, respectively. The final product of Cr(V1) wasidentified as Cr(l11)
from the absorption spectrum of the reaction mixture after completion of the
reaction, which displayed two absorption peaks in the region 410 and 580 nm
(Fig. 2) corresponding to the d—d transitions of Cr(l11). This finding isin contra-
diction with the results observed in the reaction without micelles when a blue
shift was observed in the absorption peaks of Cr(I11).23 It was assumed that in the
absence of CTAB, Cr(l11) formed a complex with the organic product, methyl
phenyl sulfone. In a CTAB micellar medium, methyl phenyl sulfone may be sol-
ubilized deep in the micelle by hydrophobic interaction while the Cr(I11) ion
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existed in the agueous phase as the result of electrostatic repulsion. Thus, the
methyl phenyl sulfone became inaccessible for complexation with and hence

there was no shift in the characteristic peaks of the Cr(l1l) ion in the absorption
spectrum of the product.

0.50

0.25 4

0.00 ; . . . "
400 500 600

A/ nm

Fig. 2. Absorption spectrum of: @) free Cr(I11) ion, b) the reaction mixture in CTAB after
completion and c) the reaction mixture without CTAB after completion.

Reaction mechanismin micellar media

The kinetic results reveal that the redox reaction of PSAA and Cr(V1) fol-
lows the rate law:
—W:k[PSAA][H’f][Cr(VI)] Q)
From the kinetic evidence, it is clear that the redox reaction between PSAA
and Cr(VI1) in CTAB micelle follows unit-order with respect to Cr(V1), PSAA
and H*, as observed in the absence of micelles. Based on these kinetic obser-
vations, the substituent effect and the formation of methyl phenyl sulfone as the
product, it is concluded that the same reaction mechanism as in agueous med-
ium,23 was operative in CTAB micellar medium (Scheme 1). Scheme 1 satisfact-
orily explains the retardation effect observed in cationic micellar medium. The
positive charge on the cationic micelle, CTAB prevents the approach of the pro-
tonated species of Cr(V1) and also disfavors the formation of positively charged
sulfonium ion intermediate (1) in the rate determining step by coulombic forces.
The observed micellar effect thus favors the proposed mechanism involving the
formation of positively charged sulfonium ion intermediate because of nucleo-
philic attack of sulfur atom of PSAA on Cr of HCrO3™.
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H,CtO;, + H' . HCr'O; + HyO

(”) 0
— S — CH,COOH ”+
. — S— CH,COOH
+ slow [
0= Cr=0
O£Cr= 1) |
I OoH (D
OH

§ Several steps
(0]
I
Cr(ll) + Ph— ﬁ—cm + cozf

0
Scheme 1. Mechanism of oxidative decarboxylation of phenylsulfinylacetic acid.

To afford spectral evidence for the mechanism of the reaction of PSAA with
Cr(VI) in micellar media, the reaction mixture in the presence of CTAB was
scanned in the UV—-Vis region at different time intervals (Fig. 3). The UV-Vis
absorption spectra of the reaction mixture in CTAB micellar medium displayed a
similar pattern of absorption peaks to that in the absence of micelles, which may
be taken as positive evidence for the existence of the same type of intermediate
both in the agueous and micelle-mediated reactions. The change in the absorption
spectra of Cr(VI) with PSAA, the significant hyperchromic shift and the widen-

0

T T T T T 1
200 300 400 500
A/ nm

Fig. 3. Variation of absorbance of the reaction mixture with time. [PSAA] = 5.0x102 mol dm'3,
[Cr(VI1)] = 5.0x10"* mol dm-3, [H*] = 0.50 mol dm3, [CTAB] = 5.0x102 mol dm-3,
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ing of the peak in the region 200 to 300 nm for the reaction mixture (Fig. 3) also
confirmed the existence of the Cr(VI)-PSAA complex (I) having a direct S—Cr
bond, asin the case of the reaction in the absence of CTAB.

The UV—Vis absorption spectrum of Cr(VI) in CTAB medium showed a
hyperchromic shift in the region of 200 to 300 nm and a hypochromic shift near
350 nm. Furthermore, a red shift of the wavelength from 351 to 360 nm was
observed in the spectrum of Cr(VI) in CTAB medium, which indicates that the
absorption spectrum of Cr(VI) was affected by the surfactant CTAB (Fig. 4).
Although this spectrum appears to be similar to the one in SDS medium, a
notable difference in SDS medium was the observation of hyperchromic shiftsin
both the peaks of Cr(VI). The similarity of absorption spectra of the reaction
mixture in both SDS and CTAB media demonstrated the involvement of the
same transition state intermediate in both cases.

C

200 300 400 500

A/ nm

Fig. 4. Absorption spectra of: a) Cr(VI), b) Cr(VI1) in CTAB and c) reaction mixture;
[PSAA] =5.0x102 mol dm3, [Cr(V1)] = 5.0x10% mol dm3, [H*] = 0.50 mol dm'3,
[CTAB] =5.0x102 mol dm3,

Interpretation of the micellar effect

The effect of ionic micelles on the reaction rate of bimolecular reactions is
mainly due to the association or incorporation of reactants through electrostatic
or hydrophobic interactions within the small volume of the self-assemblies.12 In
the present cationic micellar medium, the positively charged head groups of
CTAB prevented the approach of the oxidizing species HCrO3™ by electrostatic
repulsion and so the oxidizing species remained in agueous phase. The other
reactant PSAA that is neutral preferably partitioned in the micellar pseudo-phase
of CTAB by hydrophobic interaction, and hence, became unavailable for the
reaction with HCrO3* in agueous phase. Thus, the overall retarding effect obs-
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erved with increasing CTAB concentration above 0.5x10~2 mol dm—3 was due to
preferential partitioning of PSAA and HCrOs* in the micellar pseudo-phase and
agueous medium, respectively, followed by a decrease in stoichiometric concen-
tration of both reactants in both the phases. Consequently, the reaction rate in
both aqueous and micellar phases decreased that led to an overall rate retardation.
Moreover, during the course of the reaction, a positive charge developed on the
sulfur due to electron transfer from the sulfur atom of PSAA to Cr(VI), which
was prevented at higher concentrations of CTAB.

The increase in rate constant at low concentrations of CTAB up to 0.5x10-2
mol dm3 is interesting and this may be due to a specific salt effect. As sulfuric
acid and potassium sulfate are used, respectively, to maintain the H* concen-
tration and ionic strength in the CTAB medium, the reaction mixture contained
excess of SO42~. The trend of binding efficiency of counter ions with micelles
follows the Hofmeister series.33 As SO42- is positioned in the place of higher
order in the Hofmeister series, the SO42~ has a high probability of binding with
the positively charged CTAB. It was shown that strong binding of SO42- to the
micellar surface of cetyltrimethylammonium ion yields micelle properties which
differ considerably from those with other counter ions.34 Among the homologous
of CTAX surfactants, X = CI—, Br—, SO42-, CTA sulfate is the only one that
exhibits a positive enthalpy of micellization as a result of the strong and specific
affinity of SO42- for the micelle interface.3> Furthermore, the micelle size and
reactivity of CTAB aggregates were found to be affected by divalent counter
ions, such as SO42-, as aresult of strong binding.36:37

Based on these facts, it is assumed that complete neutralization of the posi-
tive charges on the CTAB micellar surface may occur at low concentrations of
CTAB, i.e, up to 0.5x102 mol dm3, as a result of strong binding of SO42-.
Under such condition, inclusion of HCrO3z* into CTAB micellar phase is pos-
sible. Thus, the accelerating effect observed in the region of low concentrations
of CTAB may be due to increasing stoichiometric concentrations of both reac-
tants in micellar phase, which favors the formation of the sulfonium ion inter-
mediate. It is worth mentioning here that Kabir-ud-Din et al.38 observed a sub-
stantial decrease in rate in the oxidation of oxalic acid by Cr(VI1) in CTAB med-
ium in the presence of added salt, NapSO4. They explained the result based on
the strong binding of SO42~ to CTAB, which prevents the inclusion of the reac-
tive speciesHCrO4~.

Treatment of pseudo-phase models

Various models have been proposed to describe the variation of reaction rate
in the presence of micelles. Among them, the pseudo-phase model is the most
commonly used model to interpret the catalytic/inhibitory activity of micelles and
to calculate binding parameters.
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Menger—Portnoy model

The observed rate inhibition in the CTAB medium could be analyzed by
considering the distribution pattern of reactants between the micellar and agueous
phases by application of the pseudo-phase kinetic model proposed by Menger
and Portnoy and its modified forms.3%42 This model considers the partitioning
of the substrate between the aqueous and micellar pseudo-phases as given in
Scheme 2 proposed by Menger and Portnoy.3°

S + D,
" L

Scheme 2. Menger—Portnoy model.

Ky

SDn
kl'l’l

products

From Scheme 2, the observed rate constant, ky, is given by:
k, = kw + kmKs[Dn]
" 1+Kg[Dp]

where Dy, S and SDy, represent micellar surfactant, free substrate and associated
substrate, respectively, and ky, and ky, are the pseudo-first-order rate constants in
aqueous and micellar phases, respectively, Kg is the binding constant of the
substrate with the surfactant and [Dy] is the concentration of the micellar surf-
actant, which is related to the stoichiometric concentration of the surfactant, [D] T
and critical micelle concentration, cmc as [Dp] = [D]T — cmc. The cme value of
CTAB was taken from the literature as 9.2x10~4 mol dm—3.4344 The applicability
of Menger—Portnoy model (Scheme 2) for the observed inhibitory effect of CTAB
in the oxidative decarboxylation of PSAA was tested by modifying Eq. (2) as:

1 _ 1 N 1
(kw —ky)  (kw —km)  (kw —km)Ks[Dn]

The modified Eq. (3) was successfully applied to various micellar inhibition
reactions by different researchers.#>-47 Using the rate data, the values of 1/(ky—k,)
were plotted against 1/[Dy] in the concentration range 2.0x10-2-12x10-2 mol
dm3. The Menger—Portnoy model is applicable to micellar inhibition only if the
plot of 1/(ka—k,) vs. 1/[Dy] is linear with a positive slope and intercept.* In the
present case, athough the plot of 1/(ky—k,) vs. 1/[Dp] was linear, the plot afforded
anegative intercept, showing its inadequacy to explain the micellar effect.

According to Rajasekaran et al.,*9 as double reciprocal plot is involved in
this model, there exists some uncertainty in the intercept. In order to remove this
uncertainty, they modified Eq. (3) to:

(2)

3
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(ky —kw)

(ky —kw) K<[Dn] + (km —kw) (4)
The plot of (k,—Kw) vs. (ky—kw)/[Dn] should be linear and from the slope and
intercept of the plot, the rate constant for the micellar phase, ky, and the sub-
strate—micelle binding constant, Kg could be evaluated. However, for the present
reaction, the plot of (k,—kw) vs. (k;,—Kw)/[Dn] was non-linear (Fig. 5), which indi-
cates the inapplicability of the Menger—Portnoy model to the inhibition of this

reaction by CTAB.

0.60

0.45

0.30 +

4 -
kg k) 1107 s

0.15

0.00 +

o 12345 .
. Fig. 5. Vdlidity of Menger—Portnoy

(k) /101 1107 mol™ dm® & model.

Piszki ewicz cooper ative model

Many micellar reactions were also explained by the cooperative model
developed by Piszkiewicz,50-52 which is analogous to the Hill model applied to
enzyme-catalyzed reactions. This model was developed for micelle-catalyzed
reactions showing a maximum rate followed by inhibition, as was observed in the
present case. This model relates the cooperativity between a neutral species of
the reaction and a surfactant to form the reactive micelles, as in Scheme 3 that
was proposed by Piszkiewicz.%0

From Scheme 3, the observed rate constant, kl,, could be expressed as a
function of the concentration of surfactant:

_ km[D]" + Kpkw

ky Kp +[D]" ©)
Equation (5) can be rearranged to:
oo K —hw) _
og—— =nlog[D] —logKp (6)

(km —ky )
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where, ky, is the rate constant at maximum surfactant concentration within the
given range and kny, =~ O if the reaction is inhibited by surfactant.1949.93 n is the
index of cooperativity that is a measure of the association of additional surfactant
molecules to an aggregate in the whole surfactant concentration range, Kp is the
dissociation constant of micellized substrate back to its free components and its
inverseisK that is the association constant of the micelle—substrate complex. The
advantage of the Eq. (6) isthat it does not require knowledge of the cmc value of
the surfactant used. Although Eq. (6) is generally used for micelle-catalyzed
reactions, it was also applied to micellar inhibition reactions with certain modi-
fications.19.54-57

Since CTAB retards the rate to a significant extent at high concentrations, it
is assumed that the incorporation of positively charged oxidizing species,
HCrO3* into the positively charged micelle is negligible. Thus at higher CTAB
concentrations, HCrO3* is mainly solubilized in the aqueous phase and hence, it
is presumed that ky, = 0. Under these conditions, Eq. (6) becomes:

IOQW:nIog[D]—IogKD @)

In the present reaction, the plot of log [(ky—k)/k,] vs. log [CTAB] was
found to be linear (Fig. 6, r = 0.996) in the rate retardation region of CTAB,
3.0x102-12x10-2 mol dm3. The linearity of the plot obtained with the micelle
support the positive cooperativity between PSAA and micelles to form reactive
micelles, which indicates that the PSAA molecules are included into the micellar
phase. The Piszkiewicz parameters, n and Kp determined, respectively, from the
slope and intercept of the linear plot were n = 1.86 and Kp = 9.11x10-3. The
association constant, K computed from the reciprocal of Kp was 109.82, which

©

0.3
2 001
< °
K
< .03
1)
(=]
- (]

-0.6 4

()
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1.6 1.4 1.2 1.0 . . . . . .
Fig. 6. Applicability of Piszkiewicz
log ([CTAB] / mol dm™) cooperative model.
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indicates binding of PSAA to the micelles. The value of n greater than unity
indicates positive cooperativity, i.e., the binding of the first molecule of the sub-
strate makes it easier for subsequent molecules to bind. Furthermore, the value of
n is far less than the aggregation number (20 to 100) of the surfactants, which
indicates the formation of catalytically productive sub-micellar aggregates.38

CONCLUSIONS

The CTAB mediated redox reaction of PSAA with Cr(VI1) displayed two
different effects, an initial increase in the rate constant followed by a sharp
decrease with increasing concentration of CTAB. The observed trends of the rate
constant were explained in terms of specific binding of SO42- on the micellar
surface and interactions such as electrostatic and hydrophobic. The kinetic data
were treated for micellar effects with the Menger—Portnoy and Piszkiewicz
pseudo-phase models. The results obtained from the kinetic studies were better
fitted with the Piszkiewicz model and hence, the binding constant for PSAA with
CTAB micelles was evaluated using this model.

U3BOL
JUHAMHUKA PEAKIIMJE QEHUIICYJIOMHUIALETATHE KHMCEJTUHE CA Cr(VI)
Y IIPUCYCTBY UETHJITPUMETUJIIAMOHHUIJYM-BPOMHJA: TPETMAH
I[NCEYJO-®A3HHUM MOJEITUMA

PERUMAL SUBRAMANIAM' 1 NATESAN THAMIL SELVI®

IResearch Department of Chemistry, Aditanar College of Arts and Science, Tiruchendur-628 216, Tamil
Nadu, India u 2Govindammal Aditanar College for Women, Tiruchendur-628 215, Tamil Nadu, India

YTuuaj uetuntpumerwiamonujym dpomuna (CTAB) Ha okcumaTuBHY IeKkapdokcHmanujy
enuncyndununaueratie kucennHe (PSAA) U HEKONMKO MeWid- U #aApd-CyNCTUTYHCAHUX
enunncyndununaneratiux kucenuHa (PSAA-a) ca Cr(VI) je ucnutusas y pactsopy 95 %
H,0-5% CHj3CN. IToueTHa Op3uHa peakuuje pacte npu manum [CTAB], a 3aTUM [onasu o
Hamor naza op3une peakuuje npu Behum [CTAB]. Pact nouetHe Op3une moxe duth odjaru-
meH jakom BezoM usmely SO4Z~ M O3UTHBHO HaeleKTpHCaHe MHIleTapHe MoBpiHHe. CremH-
¢uuna pacnogena PSAA y munenapHoj ¢asu ycien XxunpododHUX UHTEpaKiHja, OZHOCHO
oxcumyjyhe Bpcre HCrOs* y BomeHoj dasu ycien enekTpoCTaTHYKOT OfbHjarka, A0BOIE [0
ycnopaBamwa OpsuHe npu Behum [CTAB]. Hammett gujarpam ca pasnvYUTHM CYNCTHTyHCa-
HUM PSAA-a je mokasao OIJIMYHY KOpesalujy HeraTUBHE BPEOHOCTH p IUTO MOApKaBa Mpem-
JIO’KEHW MEXHM3aM KOjH yk/pyuyje dhopmupame HHTepMenujepa cyn@oHUjyM KaTjoHa. Jobu-
jena BpenHocT p y CTAB cpenuHu je HewmTo HWKa y nopehemwy ca BpegHoirhy nodujeHom 3a
BOJEHY cpefuHy. KBaHTHTaTBMHA aHalM3a Nojaraka 3a MHXUOMLHMjy Op3uHe peakuuje of
crpaHe CTAB je ypahena mpumenom Menger— Portnoy u Piszkiewicz nceyno-dasHor mozena.
KoHcraHTa BesuBama PSAA 3a muueny je ompehena Ha ocHoBy Piszkiewicz koomepaTWBHOT
Mmozena.

(ITpumsbeHo 19. centemdpa, peBunupato 28. neuemdpa, npuxsaheno 31. nenemdpa 2014)
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Abstract: The adsorption and electroreduction behavior of cefpodoxime pro-
xetil, cefotaxime, desacetylcefotaxime, cefetamet, ceftriaxone, ceftazidime, and
cefuroxime axetil at a mercury electrode surface were studied using cyclic
(CV), differentia pulse (DPV) and adsorptive stripping differential pulse
(AdSDPV) voltammetry. The quantitative structure property relationship
(QSPR) study of the seven cephal osporins adsorption at the mercury electrode
was based on density functional theory DFT-B3LY P/6-31G(d,p) calculations
of molecular orbitals, partial charges and electron densities of the analytes. The
DFT-parameters and QSPR model explain well the process of adsorption of the
examined cephalosporins. The QSPR study defined that cephalosporins with
lower electron density on the nitrogen atom of the N-O bond, higher number of
hydrogen bond-accepting groups, and higher principal moment of inertia
should express high adsorption on the mercury electrode.

Keywords: cephalosporins; ADSDPV; CV; DFT; QSPR; computational e ectro-
chemistry.

INTRODUCTION

Cephal osporins are semi-synthetic #-lactam antibiotics similar to penicillins,
but with a broader spectrum of antibacterial properties and a higher resistance to
[lactamase.1

These compounds contain a flactam/dihydrothiazine moiety bearing differ-
ent substituents at the C3 and C7 position. Methoxyimino cephalosporins are red-
ucible at a mercury electrode and therefore present electrochemically a very
important class of antibiotics. This characteristic enables the application of elec-
troanalytical techniques for the sensitive determination of methoxyimino ceph-
alosporins. These cephalosporins were extensively studied at a mercury elec-
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trode, the mechanism of methoxyimino reduction at the mercury electrode was
established and voltammetric methods based on the adsorptive accumulation of
cephalosporins at the mercury electrode were developed.2 Regardless of the
high sensitivity of the determination in pharmaceutical formulations, this method
still could not be used for the determination of cephalosporins in a biological
matrix. Apart from the reduction at mercury electrode, methoxyimino cephalo-
sporins may be reduced or oxidized at different solid electrodes that may be
specially modified and activated.”~12 These determinations appeared to be less
sensitive than at a mercury electrode.”~12 Since the process of the reduction of
methoxyimino cephalosporins is associated with adsorption at the electrode sur-
face, adsorptive stripping voltammetry was successfully applied for their quan-
titative determination as a highly selective and precise electroanalytical tech-
nique.13-15

The application of adsorptive stripping method enabled the determination of
low concentrations of cephalosporins in vivo from biological samples, such as
urine, serum or cerebrospina fluid.13-15 The mechanism of reduction of the
methoxyimino cephal osporins, such as cefpodoxime proxetil (CPDX-PR), cefo-
taxime (CTX), desacetylcefotaxime (DCTX) and cefetamet (CET), at a mercury
electrode was established and reported in previous papers.16-20 The Methoxy-
imino group in cephalosporin molecules undergoes reduction at mercury elec-
trodes yielding well-defined polarographic waves and voltammetric peaks, over a
wide pH interval from 2 to 12.16-20

Based on previous findings,16-20 the voltammetric study is now extended to
include structuraly closely related cephalosporins, i.e., ceftriaxone (CRO), cefta
zidime (CAZ) and cefuroxime axetil (CXM).

In this work, adsorptive techniques were applied for a study of the electro-
reduction behavior and for the quantitative determination of ceftriaxone, ceftazi-
dime, and cefuroxime axetil. The experimental results of the group of seven
methoxyimino cephalosporins were further used in a quantum chemical study.
The theoretical study was used to describe the adsorption mechanism at the
mercury electrode surface and to predict the electrochemical adsorption at
mercury electrode of related cephal osporins.

To the best of our knowledge, there is no scientific report either about the
study of the electrochemical behavior of cephalosporins or a quantum chemical
study of their electrochemical adsorption mechanism on a mercury electrode.

EXPERIMENTAL
Reagents and chemicals

Cephalosporins (CEF) were from Sigma and all chemicals were of analytical grade
quality. Britton—Robinson (BR) universal buffer was prepared from stock solutions of 0.04
mol dm3 boric, orthophosphoric and acetic acids with the appropriate volumes of 0.2 mol dm-3
NaOH.
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Apparatus

The voltammetric measurements were performed with an Amel 433-A computerized
polarographic analyzer. A three-electrode system was employed with a hanging mercury
dropping electrode (HMDE), an Ag/AgCl reference electrode and a Pt-auxiliary electrode. All
potentials in the paper are expressed vs. Ag/AQCl. Adsorptive stripping differential pulse
voltammetry (AdSDPV) was performed under the following conditions: scan speed 200 mV s,
pulse amplitude 100 mV, pulse width 20 ms, from 0 to —1.6 V. After recording the base-line,
when a fresh mercury drop has been formed, voltammograms were recorded after a certain
time of adsorptive accumulation at selected accumulation potential and selected pH, in a
stirred solution (300 rpm). The accumulation period in a stirred solution was followed by a 10
s settling period to alow for quiescence of the solution and uniform distribution of the
deposited substance on the surface of the mercury drop. When the differential pulse voltam-
metry (DPV) mode was used, the following parameters were applied: pulse repetition 100 ms,
pulse amplitude 25 mV and pulse width 20 mV. The cyclic voltammograms (CV) were rec-
orded at a scan rate ranging from 5 to 100 mv s1.

A Radiometer pH meter, PHM 220, with a combined pH electrode Radiometer
GK2401B, was used and appropriate standard buffer solutions.

Solutions preparations

A stock solution (So) of 1x10# mol dm3 of CEF was prepared by dissolving an accurate
mass of CEF in redistilled water, and stored in freezer. More dilute solutions were prepared
daily from the stock solution.

Procedures

A 15 mL aliquot of the corresponding supporting electrolyte solution (BR buffer only) or
13.5 mL aiquot of the corresponding supporting electrolyte solution (BR buffer) and 1.5 mL
of Sy was placed in the voltammetric cell, and deaerated for 10 min with high purity nitrogen
and voltammograms were recorded.

Computational methods

The experimentally determined slope (Ai,/Av) and the computed molecular parameters of
the examined cephal osporins were used to build QSPR models and to examine €lectrochem-
ical adsorption and el ectroreduction mechanism of the cephal osporins.

Calculation of the pK, values and a selection of the dominant molecules/ions species at
the experimental pH 2.0-3.5 (Fig. 1), were performed for al the analyzed compounds using
the Marvin 5.5.1.0 program.2* The minimum energy conformations of the analyzed compounds
were obtained by the CS Gaussian 98 program?223 using the B3LY P/3-21G basis set.2426

The molecular refractivity (MR), the partition coefficient (Clog P), the distribution coef-
ficient (log D at pH 1.5, 2.5, and 4.0), the radius, the principal moment of inertia (PMI), the
Connolly accessible area (SAS), the Connolly molecular area (MS), the molecular surface area
(MSA), the polar surface area (PSA), the hydrogen bond donors (HBD) and the hydrogen bond
acceptors (HBA) were computed for the optimized molecular models using the MarvinSketch
5.1.5.02! and the Chem3D Ultra 7.0.0% programs.

The CS Gaussian 98 program? using the B3LYP hybrid functiona that included the
6-31G basis set (B3LYP/6-31G(d,p))?+26 was applied for the computation of the molecular
parameters, i.e., the energies of the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO), the chemical potentia (), €lectronegativity
(), hardness (), global softness (S), electrophilicity index (w) and the dipole moment.

The calculated molecular descriptors were used for the development of the QSPR model
using partial least square (PLS) regression.2’
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COMPUTATIONAL ELECTROCHEMISTRY STUDIES OF CEPHALOSPORINS 1039

The QSPR study was realized using the soft independent modeling of class analogy
SIMCA P+ 12.0 program,?8 for the PLS regression analysis. In QSPR modeling, a summary
of the importance of every variable (X,) for both Y and X matricesis described by the variable
importance in the projection (VIP,) parameter. The X variables with a VIP value larger than 1
are the most relevant for explaining the regression model, while the X variables with a VIP
value below 1 have a smaller influence on the regression model .2’

Validations of the PLS regression models were performed by the leave-one-out cross-
validation (LOO-CV) method. The predictive power of the model is determined by the Q2
value, which is the cross-validated version of R2, and the root mean square error of prediction
(RMSEP). The model was fitted to the data leaving one data point out. The elaborated PLS
model then predicts the left-out data point. This procedure was repeated until al data points
had been left out, which results in a number of parallel models. The difference between the
observed and the predicted values in the left-out data point (e;)) were calculated for each
model and used for the calculation of the prediction error (RMSEP).

In this setting, the predicted sum of squares (PRESS), RMSEP and Q2(Y) were defined

as.
PRESS=)" & 1)
RMSEP = ,/(PRESS/ n) 2
Q2 =1~ (PRESS/ SSTo) &)

where SSTo is the variation, sum of squares (total).

Models with Q2 > 0.5 could be considered as having good predictive capabilities.2

The quality of the PLSR models was estimated using such parameters as RMSEP, Q?,
and the correlation coefficients observed vs. predicted (r2 (Obs vs. Pred)).2”

RESULTS AND DISCUSSION

The mechanism of the reduction of methoxyimino group involves two
steps.29-3L First, the nitrogen of the N-OCH3 group is protonated (1), then the
N-O bond is cleaved (2), yielding an imine that was then protonated (3) and
reduced to the corresponding amine (4):

R,C = NOCH3 + H* m—=R,C = NH*OCH3 (1)
R,C = NH*OCH3 + 26+ H* ——R,C= NH + CH3OH )
R2C=NH+H* =—=R,C=NH} 3)

R2C= NH3 + 26+ 2H* ——R,CHNH3 (4

The specificity of this reduction is evidenced by the appearance of only one
well-defined voltammetric peak (1) in acid and neutral media, while in dlightly
alkaline medium, splitting of this peak occurs, and two peaks are obtained (Il and
I11). Peak | represents the overall reduction of the oxime group that involves
transfer of four electrons yielding an amine. As the rate of protonation of oxime
decreases with increasing pH, the reduction peak decreases, and above certain pH
value, the reduction occurs in two steps corresponding to oxime reduction to the
imine, and imine reduction to amine, respectively. This separation into two two-
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1040 NIKOLIC etal.

-electron processes is caused by differences in position and rate of establishment
of acid-base equilibrium resulting in the protonation of the oxime and imino
group,32i.e. their pK, values.

In more akaline solutions, at pH > 10, a new peak (1V) appeared at a more
negative potential, E ~ -1.5 V (Fig. 2) due to the reduction of the unprotonated
form. In addition, all the cephalosporins underwent a two-electron reduction of
the unsaturated C=C bond of the dihydrothiazine ring. This reduction occurred in
an acid medium at potentials very close to that of hydrogen ion reduction and
therefore was not convenient for analytical investigations.

1.6+ v a) LI I b)
z [V oo = sl
" 111
-1.24 yyvvvy 6 "/A
1 & \
adA At Ay 4 rd Y
-0.81 1 2 "l/'\ ‘(’0 v
A
0 v/'o A eq
0.4 . : . T \
0 2 4 3 8 0 12 14 0 2 4 6 8 10 12
pH pH

Fig. 2. Graphically presented pH influence on the DPV peak: a) potential and b) current of
1x10® mol dmr3 CPDX-PR in BR buffer.18

A plot of the obtained peak potentials as a function of pH (Fig. 2a) shows
several linear segments with varying dEp/dpH slopes, which indicates a varying
number of protons transferred before the potential determining electron transfer.
The slopes, dEp/dpH, obtained by curve fitting were as follows: 0.058 V pH-1 at
pH 26, 0.189 V pH-1 at pH 6-7.5 for peak I; 0.026 V pH~1 at pH 8-10 for peak
I1; 0.029 V pH-1 at pH 8-10 for peak 11l and =0 V pH-1 at pH > 9 for peak IV.
The slope of 58 mV obtained for peak | at pH < 6 suggested the same number of
electrons and protons involved in the electrode process, while the slope of 26-29
mV obtained for peaks Il and Il suggested fewer protons involved, (pro-
tons:electrons = 1:2). Decrease in the slope at pH > 8 indicates the pH region in
which the pre-protonation becomes too slow relative to diffusion. The peak
potential of peak 1V is pH-independent, which is in accordance to theory in the
case of the reduction of unprotonated species.

According to the peak current—pH dependence (Fig. 2b), it is evident that all
peaks show a maxima at a certain pH value. The maximum of theiy vs. pH curve
indicates pronounced adsorption at the given pH. All the investigated cephalo-
sporins showed DPV current maximum of peak | at apH of around 3.

The mechanism of the reaction of methoxyiminocephal osporins at a mercury
electrodel®-20 confirmed that the reduction of cephal osporins was mostly com-
plicated by the effects of adsorption at the electrode surface. The conjugated
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acids of these compounds were adsorbed at the electrode surface at potentials
between 0.0 and 0.2 V, and desorbed between —1.0 and —1.2 V. Previous polaro-
graphic experiments proved that the reduced form was less strongly adsorbed than
the oxidized one,33 while the unprotonated form of cephalosporins, which was
reduced at pH > 10, showed no adsorption.>32:33 These experiments confirmed
that the adsorption prevails in an acid medium.532:33 The symmetrical shape of
the voltammetric peaks of cefpodoxime, cefotaxime, desacetylcefotaxime and
cefetamet, as well as the pronounced maxima of the curves presenting the current
intensity vs. pH, indicated strong adsorption of these compounds at the mercury
surface. The linear dependence of the voltammetric peak current on the scan rate,
ip vs. v, is also characteristic for adsorption-controlled processes (Fig. 3), and a
higher slope was obtained when the adsorption was more pronounced.

12+

io ! WA

Fig. 3. Effect of the scan rate on the peak current for
1x10°5 mol dm3 ceftriaxone (m), cefpodoxime proxetil
000 002 o004 o008 o008 (o), ceftazidime (A) and cefuroxime axetil (V) in BR
vivs™ buffer solutions.

Thus, the electrochemical adsorption of CRO, CPDX-PR, CAZ, CTX,
DCTX, CXM and CET on the mercury electrode (Table I) was monitored by
measuring the slopes (Aip/Av).

TABLE I. Experimentally obtained slopes (Ai/Av) for the investigated cephal osporins

Compound pH Slope (Aig/Av) / pAV1s
Ceftriaxone (+/—, +) 3.0 134.07
Cefpodoxime proxetil 35 65.8018
Ceftazidime 3.0 35.56
Cefotaxime 2.8 17.4016.19
Desacetylcefotaxime 2.8 16.3016
Cefuroxime axetil 3.0 14.43
Cefetamet 2.0 13.70Y7

In addition, the regression equations for log ip = f(log v) were calculated for
al the investigated cephal osporins. Some of them are listed below:

— ceftriaxone (pH 3.0): log ip = 0.898log v + 2.016 (r = 0.9988)

— cefpodoxime proxetil (pH 3.5): log ip = 0.706log v + 1.510 (r = 0.9970)

— ceftazidime (pH 3.0): log ip = 0.682log v + 1.232 (r = 0.9986)

— cefuroxime axetil (pH 2.8): log ip = 0.561log v + 0.742 (r = 0.9961).
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1042 NIKOLIC etal.

The corresponding slopes (higher than the theoretical value of 0.5 for a
diffusion controlled process but lower than 1.0 for a process controlled only by
adsorption) confirmed the influence of adsorption in acid solutions at mercury
surface. According to the obtained slopes, the most pronounced adsorption was
observed for ceftriaxone, and it decreased in the same order as already estab-
lished with the Aip/Av vaues.

The differences observed between the investigated compounds are the con-
sequence of specific adsorption and different orientation of these molecules at the
mercury surface. It was established that the adsorption was more pronounced
when the C7 substituent was more bulky. Since all these compounds possess a
2-aminothiazolering at C7, it could be assumed that thisring playsagreat rolein
adsorption on the mercury surface. The presence of the NH3* group of the ami-
nothiazole ring in an acid medium creates electrostatic forces with the mercury
surface in the negative potential range and thus contributes to the adsorption.
Finally, electron donor atoms, such as nitrogen and oxygen, in the side chain,
increase the electron density of the thiazole ring and enhance the adsorption of
methoxyimino cephal osporins.

Although the substituent in C2 and C3 position shows less contribution to
the adsorption than the C7 substituent, the presence of different structures causes
the differences in the adsorption characteristics. Therefore, the more complex
structures of CRO, CPDX-PR, CAZ and CTX compared to those of DCTX,
CXM and CET could generally explain the more strongly pronounced adsorption
of the moleculesin the first group.

Further, a quantum chemica and QSPR study of CRO, CPDX-PR, CAZ,
CTX, DCTX, CXM and CET adsorption at the mercury electrode was performed
to investigate the adsorption mechanism of the cephalosporins and to create a
model for the prediction of the electrochemical adsorption for related
compounds.

In the QSPR study, the experimentally determined slope (Aip/Av), obtained
using the CV technique on a mercury electrode, were used as dependent vari-
ables, while the computed molecular parameters (MR, log D, SAS, MS, MSA,
PSA, HBD, HBA, HOMO, LUMO, chemical potential (1), €lectronegativity (y),
hardness (i), global softness (S), electrophilicity index (w) and dipole moment)
of the examined compounds were used as independent variables. The density
functiona theory (DFT)-based reactivity descriptors (HOMO, LUMO, u, y, n, S
and o) were successfully used in many previous studies3443 for the
interpretation of various reaction mechanisms.

Descriptors with the highest VIP and coefficient values were selected for
building the QSPR model (Fig. 4A). The optimal combination of the most rele-
vant descriptors (HBA, €electron density on the nitrogen of the N-O bond
(ED(N)), PMly, HBA-HBD, PSA, MR, Clog P, diameter, and ovality for building
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the QSPR models was chosen based on the R2, Q2 and RMSEP values of the
obtained PLS models.
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Fig. 4. A) VIP plot and B) coefficient plot of the developed QSPR model.

The coefficient plot (Fig. 4B) of the developed QSPR model indicated a
negative correlation between the ED(y), Clog P and ovality parameters and
adsorption on the surface of a mercury electrode (Table I1). Therefore, the ceph-
alosporins with lower electron density on the nitrogen atom of the N—O bond
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lower lipophilicity should express high adsorption on a mercury electrode. The
coefficient plot (Fig. 4B) aso indicated a positive correlation between the MR,
PSA, HBA, HBA-HBD, PMIy and diameter parameters and adsorption on the
surface of a mercury electrode and hence, cephalosporins with higher PSA, MR,
diameter and PMIy values and a higher number of hydrogen bond accepting
groups should have a high adsorption on a mercury electrode.
The QSPR-model with the two significant components, R2 = 0.926 and Q2 = 0.725,
with the lowest RMSEP (11.248) and the highest r2 value (Obs vs. Pred; 0.962),
was selected for further study (Table I1). The obtained statistical parameters of
the QSPR model indicated to a good prognostic capacity of the developed QSPR
model.

Prediction of the slope (Aipy/Av) using the developed PLS-QSPR-model,
could be applied to the other related cephal osporins.

Molecular models of cephalosporins (Fig. 5) confirmed essential influence
of electron densities and charge of nitrogen for their adsorption on the mercury
electrode surface.

(B)

Fig. 5. Molecular models of: A)
the ceftriaxone cation, B) the
ceftriaxone zwitterion and C)

cefpodoxime proxetil, based on
© the partia atomic charge values.
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(D) (E)

©) (H)

Fig. 5. (Continued) Molecular models of: D) ceftazidime, E) cefotaxime, F) desacetylcefo-
taxime, G) cefuroxime-axetil and H) cefetamet, based on the partial atomic charge values.

CONCLUSIONS

A previous voltammetric study of the electroreduction behavior and ads-
orption of methoxyimino cephal osporins (cef podoxime proxetil, cefotaxime, des-
acetylcefotaxime and cefetamet) on a mercury electrode surface has been ext-
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ended to structurally related cephalosporins (ceftriaxone, ceftazidime, and cefur-
oxime axetile). The density functional theory and QSPR studies were used to
explain the adsorption mechanism at a mercury electrode surface and to predict
the electrochemical adsorption at a mercury electrode of the related cephalo-
sporins. The QSPR study selected the HBA, the electron density on the nitrogen
of the N-O bond (ED(n)), PMly, HBA-HBD, PSA, MR, Clog P, diameter and
ovality parameters as the most significant molecular determinants for the electro-
chemical adsorption of cephal osporins on a mercury electrode.

The developed QSPR model indicated a negative correlation between the
ED(n), Clog P, and ovality parameters and adsorption, and a positive correlation
between the MR, PSA, HBA, HBA-HBD, PMIy and diameter parameters and
adsorption on the surface of a mercury electrode. Therefore, cephal osporins with
lower electron density on the nitrogen atom of the N-O bond, lower lipophilicity,
a higher principa moment of inertia and higher number of hydrogen bond
accepting groups should express high adsorption on a mercury electrode. Pre-
diction of the electrochemical adsorption using the developed QSPR model could
be a very helpful tool for use in future cephalosporins studies. The presented
study is first reported theoretical investigation of the electrochemical behaviors
of cephalosporins.

Acknowledgments. This work was supported by the Ministry of Education, Science and
Technological Development of the Republic of Serbia, Contract No. 172033.

U3BOL
BOJITAMETPHUJCKO U TEOPHUJCKO TTPOYYABAIGE TTOHAIIAKBA TEGAJIOCITOPUHA
HA XXUBHHOJ EJIEKTPOJIU

KATAPUHA HUKOJIMR, MAPA M. AJIEKCHR, BEPA KAIIETAHOBWR u JAHUIIA ATFABA
DQamaueyticku Gpaxynimel, Ynusepsuiieiti y Beoipagy, Bojeoge Ctuetie 450, 11000 Beoipag

[Tpumenom uuknnuHe (CV), nudepennujanno-nyncue (DPV) u agcopritusHe “stripping”
mudepenurjanuo-myncHe (AdSDPV) BonTameTpHje UCIIUTAHO je eleKTPOXeMHjCKo MOHALIambe
U ancopniuja nedronoKCHM-TIpoKceTrna, nedoTakcuma, Ie3aueTwi-LedoTakcuma, nede-
TaMeTa, edTpUaKkcoHa, ledTasuguma 1 1edypoKkCUM-aKkCceTHIa Ha MOBPIINHU )KUBUHE €JeK-
Tpoge. CTymuja KBaHTUTaTUBHHUX OFHOCA CTPYKType M ocobuHa (QSPR) je xopumhena 3a
UCIIUTHBAE aficCOPILYje cefiaM liedanoCcnoprHa Ha KMBUHO] el1eKTpoau. IIpuMeHoM TeopHje
¢ynkuronana ryctuie DFT-B3LYP/6-31G(d,p) cy u3pauyHarte eHepruje MojaeKyJICKUX opou-
Taja, NaplyjalHO HaeleKkTpUcambe U eNeKTPOHCKEe I'yCTHHe HUCNHUTHBAHUX aHaluTa, Koje Cy
ynorpedsbeHe kao Mosekysncku napamerpd y QSPR cryznuju. Ilomohy uzabpanux DFT-napa-
metapa 1 QSPR mogena je ofjaiimeH mpoluec ancophildje UCIUTHBAHUX LiedaaoCHOpHHa.
Pesynratu QSPR aHanuse mokasanu cy ja Behy afcopnuujy Ha jKMBM IOKasyjy Ledano-
CTIOPUHU Ca HWXKHUM HaeJeKTPUCAakeM Ha CyMIIOpPY THA3MHCKOT Jejla MOJIeKylna, MamoM
€JIeKTPOHCKOM TYCTHMHOM Ha aTomy asota N—O Bese, ehum Opojem rpyma koje rpazne BOfo-
HUYHe Be3e U BehUM INIaBHUM MOMEHTOM HHepIIyje.

(ITpumssero 29. janyapa, pesusupaHo 23. dedpyapa, npuxsaheno 26. dedpyapa 2015)
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Abstract: Alcohol dehydrogenase (ADH) inhibitors play an important role in
the treatment of human methanol or ethylene glycol poisoning and the sup-
pression of acetaldehyde accumulation in alcoholics. In this study, centrifugal
ultrafiltration coupled with high performance liquid chromatography-mass
spectrometry (HPLC-MS) was utilized to screen and identify ADH inhibitors
from an ethyl acetate extract of Desmodium styracifolium (Osb.) Merr. The
experimental conditions of the centrifugal ultrafiltration were optimized. Under
the optimum conditions (ADH concentration: 37.5 ug mL-1, incubation time:
90 min, pH 7.0 and temperature: 15 °C), formononetin and aromadendrin were
successfully screened and identified from the ethyl acetate extract of D. styra-
cifolium. The screening result was verified by ADH inhibition assays. The 1Csq
values of formononetin and aromadendrin were 70.8 and 84.7 ug mL"1, which
were in accordance with their degrees of binding. Aromadendrin was for the
first time reported to have inhibitory activity on ADH. This method provides an
effective way to screen active compounds from natural products.

Keywords. alcohol dehydrogenases;, aromadendrin; centrifugal ultrafiltration;
Desmodium styracifolium; formononetin.

INTRODUCTION

Nowadays, natural products have become the primary source for chemical
and pharmaceutical research because of their long history in clinical practice and
reliable therapeutic efficacy.1.2 In the last thirty years, 46 % of the new chemical
entities approved as drugs by the US Food and Drug Administration were rel-
evant to natural products.3 However, the chemical composition of natural pro-
ducts is complex. Compared to the numerous compounds existing in natural pro-

* Corresponding author. E-mail: xgchen@csu.edu.cn
doi: 10.2298/JSC140919023L
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ducts, the numbers and contents of active compounds are relatively low. The
conventional procedures for screening active compounds in natural products are
laborious and time-consuming.# Accordingly, numerous screening methods were
developed, such as cell membrane chromatography, ultrafiltration and equilib-
rium dialysis.>~7

Centrifugal ultrafiltration is a rapid method using centrifugation force and a
semi-permeable membrane to retain high molecular weight solutes.8® Com-
pounds with a molecular weight higher than the nominal molecular weight cut-
off of the membrane would be retained, while low molecular weight compounds
could pass through the membrane.10.11 Based on this principle, when an extract
of natural products was incubated with some enzyme, the active compounds in
the natural products would bind to the enzyme and be trapped by the membrane
together with enzyme. Combined with high performance liquid chromatography—
—mass spectrometry (HPLC-MS) analysis, active compounds could be identified
by comparing the chromatograms before and after centrifugal ultrafiltration.
Therefore, centrifugal ultrafiltration coupled with HPLC-MS could become a
simple and powerful tool for discovering active compounds from natural pro-
ducts,12.13 and many examples have been performed by this method to screen
enzyme inhibitors and ligands.14-19 These studies showed that the screening
could be accomplished rapidly and the crude samples could be analyzed without
further purification.

Alcohol dehydrogenases (ADH) catalyzes the oxidation of alcohols with the
reduction of nicotinamide adenine dinucleotide (NAD*) in many organisms.20 In
the human body, ADH is aso involved in the oxidation of methanol to form-
aldehyde and ethylene glycol to glycolic and oxalic acids.2122, However, the
existence of formaldehyde or glycolic acid is harmful to humans. ADH inhibitors
hinder the metabolisms of methanol and ethylene glycol, and, consequently,
could be used in the therapies of human methanol and ethylene glycol poison-
ings.23:24 Moreover, ADH inhibitors could suppress acetaldehyde accumulation
in alcoholics.25 Desmodium styracifolium (Osb.) Merr. is known in China for its
heat-clearing and diuretic properties. It is also an important Chinese medicine for
the treatments of renal stones and cardio-cerebrovascular disease. The experi-
ments showed that the ethyl acetate extract of D. styracifolium showed inhibition
on ADH. However, the related detail research is still inadequate.

In this study, ADH inhibitors from D. styracifolium were analyzed by centri-
fugal ultrafiltration coupled with HPLC-MS. The experimental conditions, inc-
luding enzyme concentration, incubation time, pH and temperature, were inves-
tigated and optimized. Two ADH inhibitors were identified under the optimum
conditions. Experiment results proved this method could screen and analyze
ADH inhibitors without the purification of natural samples and the screening
results were reliable.
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EXPERIMENTAL
Materials

Dried Desmodium styracifolium (Osb.) Merr. was purchased from Beijing Tongrentang
Co., Ltd. (Changsha, China). Alcohol dehydrogenase (ADH) was acquired from Sigma—
—Aldrich Chemicals (St. Louis, MO, USA). Nicotinamide adenine dinucleotide (NAD™) was
obtained from F. Hoffmann-La Roche Ltd. (Basel, Switzerland). Acetonitrile, methanol and
acetic acid used for HPLC were chromatographic grade and obtained from Tedia Company
Inc. (Fairfield, OH, USA). Ultrapure water (18.2 MQ resistivity) was obtained from a Milli-Q
water purification system (Millipore, Bedford, MA, USA). The other chemicals were anal-
ytical grade. Formononetin and aromadendrin were isolated and characterized from D. styra-
cifolium in the laboratory and their structures were identified by UV, MS and NMR.28, Their
purities were determined to be over 95 % by normalization of the peak areas detected by
HPLC-DAD-MS/MS.

Preparation of Desmodium styracifolium extract

Dried D. styracifolium (30.00 g) was suspended in 300 mL of ethanol (95 %,) and reflux
extracted at 85 °C for 3 h. After cooled at room temperature, the solvent was removed with
vacuum rotary evaporation. Then the residue (1.25 g) was dissolved in 150 mL of water and
extracted successively with equal volumes of petroleum ether, ethyl acetate and n-butanol.
The evaporated ethyl acetate extract (0.19 g) was dissolved in 150 mL of water, filtered
through a 0.45 pm membrane (Acrodisc® Syringe Filter, Pall, Port Washington, NY, USA)
and stored at 4 °C for further experiments.

Screening of ADH inhibitors by centrifugal ultrafiltration

A mixture of D. styracifolium extract (100 pL, 0.5 mg mL"1) and ADH solution (100 pL,
37.5 ug mL"1) was incubated at 15 °C for 90 min. After incubation, the mixture was poured
into a centrifugal ultrafiltration device (Nanosep MF Centrifugal Devices, <10 kDa, Pall, Port
Washington, NY, USA) and centrifuged at 7000 rpm for 30 min a room temperature. The
control experiments were performed under the same conditions using denatured enzyme
instead of active enzyme. The filtrates were directly analyzed by HPLC-M S without dilution.
All the binding assays were performed in triplicate.

HPLC-MSanalysis

HPL C was performed on an Acquity™ UPLC system (Waters, Milford, MA, USA) with
a cooled autosampler and column oven enabling temperature control of the analytical column.
A reversed phase SunFire™ Cyg (250 mmx4.6 mm i.d., 5 pm, Waters, Milford, MA, USA)
column was employed for the analysis. The chromatographic separation was realized using a
mixture of solvents, acetonitrile (A) and water containing 0.4 % acetic acid (B). The gradient
program for the D. styracifolium extract was as follows: 22—33 % A (0-10 min) and 3340 %
A (10-20 min). The flow rate was 1.0 mL min"1 and the column temperature was 25 °C. The
detection wavelength was set at 254 nm and the injection volume was 20 pL. Triple-quad-
rupole mass detection was performed on a Micromass® Quattro Micro™ API mass spectro-
meter (Waters Corp., Milford, MA, USA) with an electrospray ionization (ESI) interface. The
ES| source was set in the negative ionization mode. The following settings were applied to the
instrument: capillary voltage, 3.00 kV; cone voltage, 40.0 V; extractor voltage, 3.00 V; source
temperature, 120 °C; desolvation temperature, 400 °C; desolvation gas flow rate, 750 L h1;
cone gas flow rate, 50 L h! and dwell time, 0.05 s. Nitrogen was used as the desolvation and
cone gas. Mass detection was performed in the full scan mode for m/z in the range 160-800.
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All collected data were acquired and processed using MassLynx™ NT 4.1 software with
QuanLynx™ program (Waters Corp., Milford, MA, USA).
Enzyme activity assay

A mixture of ethanol (500 pL), NAD* (500 pL, 1 mg mLY) and phosphate buffer
solution (1000 pL, pH 7.0, 0.2 M, PBS) were used as the substrate. To initiate the reaction, 10
uL of ADH (37.5 ng mL-1) was added to the substrate at 15 °C. After incubation for 5 min,
the increase in absorbance at 340 nm was measured using an UV-Vis spectrophotometer
(UV-2450, Shimadzu, Kyoto, Japan). One unit of ADH activity was defined as the amount of
enzyme that reduced 1 nmol of NAD* per minute under the assay conditions.

When the inhibition of ADH activity was studied, 1000 pL of D. styracifolium extract
with different concentrations were used instead of PBS. The substrate was incubated for 5 min
at 15 °C before the addition of 10 uL of ADH (37.5 pg mL"1). The mixture was incubated for
5 min and the increase in absorbance at 340 nm was measured. The percentage inhibition, 1%,
of the ADH activity was calculated using Eq. (1).

1% =1—1oo{ﬁJ )
AA

where AAy is the increase in absorbance at 340 nm and AA is the increase in absorbance at
340 nm in the presence of D. styracifolium extract. All experiments were conducted in
triplicate under the same conditions and the results were obtained as the average of the cor-
responding experimental values.
Optimization of the screening conditions

The effect of ADH concentration on the screening was evaluated using different concen-
trations of ADH (12.5, 25.0, 37.5 and 50.0 pg mL-1). Various incubation times (10, 60, 90 and
120 min) were also studied to determine the appropriate incubation time for the assays. To
acquire the optimum pH and temperature for screening, the experiments were conducted at
different pH value from 5.0 to 9.0 and temperatures in the range from 5 to 45 °C. All expe-
riments were conducted in triplicate and the results were obtained as the average of the
corresponding experimental values. The binding strength of compounds to ADH was defined
as the binding degree, BD%, which can be calculated using Eq. (2):

BD%=1— 100[&j 2
Aa

where Aa and Ab are the peak areas of a compound in the HPLC chromatograms incubated
with denatured and active ADH, respectively.

RESULTS AND DISCUSSION
Optimization of HPLC analysis

The separation of each compound in the extracts of natural products is a
challenge for HPLC analysis. Acid in the mobile phase could reduce pesk tailing
and increase the signal .27 Therefore, different mobile phases with different flow
rates, detection wavelengths and column temperatures were utilized to optimize
the HPL C conditions for the analysis of the D. styracifolium extract. The results
showed that the optimum chromatographic separation was achieved using a mix-
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ture of solvents, acetonitrile (A) and water containing 0.4 % acetic acid (B). A
gradient program was operated as follows: 22-33 % A (0—10 min) and 33-40 %
A (10-20 min). The flow rate was 1.0 mL min—1 and the column temperature was
25 °C. The detection wavelength was set at 254 nm and the injection volume was
20 pL. All congtituents could reach baseline separation and a relatively short
analysis time was achieved. Chromatograms obtained under these conditions are
shownin Fig. 1.

60 ] (a) Filtrate with denatured ADH
{b) Filtrate with active ADH 1

50
3
< 40 5
8 304
c
£ 20
)
3
< 109 () L_dm_

0 T T . Fig. 1. The chromatograms of

0 5 10 15 20 filtrates incubated with denatured
Time, min (a) and active (b) ADH.

Optimization of the screening conditions

Effect of ADH concentration. Different concentrations of ADH (12.5, 25.0,
37.5 and 50.0 pg mL—1) were incubated with D. styracifolium extract to inves-
tigate the effect of the ADH concentration on binding degree. The chromato-
grams of filtrates incubated with different concentrations of ADH are shown in
Fig. 2A. The peaks of compounds 1 and 2 decreased with increasing ADH con-
centration. When the concentration of ADH was higher than 37.5 pg mL-1, the

_ (a)12.5 ugmL' ADH -
70 (b) 25.0 :g mL" ADH A 100 B
604 ©37.5ugmL" ADH i‘i/i_i
(d) 50.0 pg mL™ ADH o 80
2 501 12 3
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g 2
£ 30+ © S 4l
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< 104 (a) M —&— Compound 1
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Fig. 2. A) The chromatograms of the filtrates incubated with different concentrations of ADH;
B) the effect of the ADH concentration on the binding degrees.
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binding degrees remained unchanged (Fig. 2B). As superfluous enzyme is waste-
ful and would increase the cost of the experiment, an ADH concentration of 37.5
ng mL—1 was considered optimal.

Effect of incubation time. A sufficient period was necessary to achieve
ligand—enzyme equilibrium. Hence, different incubation periods ranging from 10
to 120 min were studied to investigate the effect of time on the binding degree.
The binding degrees of compounds 1 and 2 at different incubation times were
calculated and are shown in Fig. 3A. The binding degrees of compounds 1 and 2
became the highest when the incubation time reached 90 min, and did not inc-
rease on prolongation of the incubation time. The results manifested that 90 min
incubation time was sufficient in screening experiments.

100_ —i— Compound 1 A 100_ B
—@— Compound 2
®° R
$ e0] 8 60;
g g
© 40 > 40
= £
T 5. 2 20l
E “ !/ ﬂ_J —&— Compound 1
—&— Compound 2
0 . r . r . . 0 T : : ; .
0 20 40 60 80 100 120 5 6 7 8 9
Time, min pH
1004 —i— Compound 1 C
—&— Compound 2
. 807
=S
$ 60 i/\i\;\.
[e)]
S
> 40
=
2 20 . . o
o0 Fig. 3. A) Effect of incubation time on the
binding degrees; B) effect of pH on binding

0 : : : : )
0 10 20 30 40 50 degrees; C) Effect of temperature on bind-
Temperature, °C ing degrees.

Effect of pH. The pH value affects the status of an enzyme and its activity.
The effect of pH on the binding degree was studied at different pH values rang-
ing from 5.0 to 9.0. As shown in Fig. 3B, the maximum binding degrees of
compounds 1 and 2 were obtained at pH 7.0. As reported in the literatures, ADH
showed optimum activity at pH 7.0, which was in accordance with the obtained
experiment results.28 Therefore, the screening pH value was set at 7.0.
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Effect of temperature. The effect of temperature on binding degree was
investigated and the results are shown in Fig. 3C. It was found that the highest
binding degrees were achieved at 15 °C. The enzyme is thermally sensitive in
general and its activity would decrease in a high temperature environment.29
Thus, the temperature was set at 15 °C in order to maintain the enzyme active
during the experiments.

Screening and identification of ADH inhibitors

The ethyl acetate part of the D. styracifolium extract showed ADH inhibition
with an 1Csp value of 36.2 pg mL—1, while the I Csq values of the petroleum ether
and n-butanol parts were greater than 500 pg mL—1. These results suggested that
there were compounds that inhibited ADH in the ethyl acetate part of the D.
styracifolium extract. Therefore, the ethyl acetate part of the D. styracifolium
extract was selected as the screening sample and was analyzed by centrifugal
ultrafiltration combined with HPLC-MS.

Screening experiments with denatured ADH were performed to exclude the
possibility of nonspecific adsorption between the compounds and enzyme. The
chromatograms of the filtrates incubated with denatured and active ADH are seen
in Fig. 1. Two compounds marked as 1 and 2 clearly showed decreases in peak

TABLE I. Theidentification, UV, and M S characteristics of compoundsin D. styracifolium

Peak Formula UV (Amax / NM) Proposed ion Structural assignment  Ref.

1 C16H1204 248.3 [M+H]* 269 Formononetin 30
2 C15H 1506 225.3 [M+H]* 289 Aromadendrin 31

areas after centrifugal ultrafiltration with active ADH. The chemical structure of
these two compounds was identified according to their UV and HPLC-MS
spectroscopic data. According to previous reports, the data shown in Table | were
in agreement with literature values.30:31 Therefore, these two compounds were
identified as formononetin and aromadendrin. Their chemical structures are
shown in Fig. 4. The screening results indicated formononetin and aromadendrin
had potential inhibitory activities on ADH.
OH
o L)

HO O
OH

OH O

HO

Formononetin Aromadendrin
Fig. 4. Chemical structures of the screened compounds.
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Inhibition analysis of the screened compounds

In order to confirm the screening results, the inhibitory activities of authentic
formononetin and aromadendrin were analyzed. The authentic samples of formo-
nonetin and aromadendrin exhibited inhibitory activities on ADH, and their 1Csq
values were 70.8 and 84.7 ug mL—1, respectively. In addition, the binding degrees
of formononetin and aromadendrin under the optimum conditions were 90.0 %
and 86.5 %, respectively. These results showed that the compound with high
binding degree had the lower 1Csg value. The binding degree could indicate not
only the potential inhibitory activity of compound, but also the degree of inhi-
bition. Based on current literature, the inhibitory activity of formononetin on ADH
has been reported,32 while, the inhibitory activity of aromadendrin on ADH is
reported herein for the first time. This demonstrated that screening utilizing
centrifugal ultrafiltration combined with HPLC-MS was effective and con-
clusive.

CONCLUSIONS

A facile screening method based on centrifugal ultrafiltration combined with
HPLC-MS was established for analyzing ADH inhibitors from D. styracifolium.
The experimental conditions were optimized. Finally, formononetin and aroma-
dendrin were screened, identified and analyzed as ADH inhibitors. This method
proved to be rapid and effective for the identification of active compounds in
natural products.
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U3BOJ
AHAJIU3A UHXUBUTOPA AJIKOXOJIHE JEXUIPOTEHA3E U3 Desmodium styracifolium
MPUMEHOM LHEHTPU®YTAJIHE YJITPAOUITPALIMIE CITPETHYTE CA HPLC-MS

LIANGLIANG LIU', MIAO CHEN" 1 XIAOQING CHEN'?

!Institute of Bast Fiber Crops, Chinese Academy of Agricultural Sciences, Changsha 410205, China u *School
of Chemistry and Chemical Engineering, Central South University, Changsha 410083, China

Wnxuburtopu ankoxon pexunporeHase (ADH) umajy 3HauajHy ysory y TpeTupawy Tpo-
Bamba METAHOJIOM U ETWIEHITIMKOIOM M CYNPECHjU akyMy/alHdje aleTalfexuna Koj anakoXo-
nu4apa. Y oBoM pajly, LeHTpudyranHa ynrpaduiTpaLyja je clipersyTa ca BUCOKoedHUKaCHOM
TEYHOM Xpomatorpadujom—maceHom cnekrpomerpujom (HPLC-MS), panu CKpuUHHHIa |
unentudukanuje ADH unxudurtopa M3 eTunaueratHor exkcrpakra Desmodium styracifolium
(Osb.) Merr. OnTHMHU30BaHU Cy YCIOBU LeHTpudyranHe ynrpadunrpanuje. [Ipu onrumarnt-
HUM ycnoBuMa (koHieHTpanuja ADH: 37,5 pg mL-!, Bpeme unkySanumje: 90 min, pH 7,0 u
temneparypa: 15 °C), GODMOHOHETHH M apOMafieHAPHH Cy YCIIIHO WIOEHTU(MHKOBaHU U3

Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCs. All rights reserved.



ALCOHOL DEHYDROGENASE INHIBITORSANALYZED BY CENTRIFUGAL ULTRAFILTRATION/HPLC-MS 1059

eTWIalleTaTHOT ekcTpakrta D. styracifolium. Pe3ynTaTé CKpUHHMHTA Cy BepUGUKOBAHHU TECTOM
ADH unxuduuuje. Bpennoctu ICsy 3a GOpMOHOHETHH U apoMazieHApHH cy dune 70,8 u 84,7
ng mL1, mTo je carnacHo ca ahMHHTETOM Be3uBama OBUX jelHmema. UHXMOUTODHA aKTHB-
HocT Ha ADH je npsu nyT nydnukosaHa 3a apomagennpul. OBa metona odesbelyje eduxacan
HauWH 33 CKPUHUHT aKTUBHUX jeIlUbEha Y IPUPOJHUM IIPOU3BOAUMA.
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Structural effects of the monomer type on the properties of
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Abstract: In this work, the effects of two different diamine monomers con-
taining phosphine oxide on the thermal, mechanical and morphological pro-
perties of copolyimides and their hybrid materials were investigated. The gas
separation properties of the synthesized copolyimides were also analyzed. The
two different diamine monomers containing phosphine oxide were bis(3-ami-
nophenyl]phenylphosphine oxide (BAPPO) and big4-(3-aminophenoxy)phe-
nyl)phenylphosphine oxide (m-BAPPO). In the synthesis of the copolyimides,
3,3-diaminodiphenyl sulfone (3,3-DDS) was also used as the diamine, as well
as 2,2-bis(3,4-dicarboxyphenyl)hexafluoropropane dianhydride (6FDA). Copo-
lyimide films were prepared by thermal imidization. Furthermore, hybrid mat-
erias containing 5 % SiO, were synthesized by the sol—gel technique. Fourier-
-transform infrared spectroscopy (FTIR) and nuclear magnetic resonance spec-
troscopy (NMR) confirmed the expected structures. Dynamic mechanical anal-
ysis (DMA) demonstrated that the m-BAPPO-based copolyimides had lower
glass transition temperatures (Ty) than the BAPPO-based ones. The thermal
decomposition temperature of the m-BAPPO-containing copolyimide without
silica was shifted to a higher value. The moduli and strength values of the
BAPPO diamine-containing copolyimide and its hybrid were higher than those
of the mBAPPO-containing materials. Contact angle measurements showed
their hydrophobicity. Scanning electron microscope (SEM) analysis showed
the dispersion of the silica particles in the copolyimides. These copolyimides
may be used in the coating industry. The CO, permeability and the perm-
selectivity were the highest, among the other values found in this study, when
the m-BAPPO-containing copolyimide in the absence of silica was used. The
gas permesbilities obtained from this work were in the decreasing order: Pco, >
> Pg, > Py,

Keywords. copolyamic acid; inorganic compound; sol—gel; imidization; hydro-
phobic nature; permeation.
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INTRODUCTION

Polyimides (PIs) exhibit outstanding characteristics such as high tensile
modulus, high thermal stability and solvent resistance. They find applications
ranging from aerospace,l microelectronic devices, and the coating industry to
separation membrane technol ogies.2

The thermal and mechanical properties of PIs can be further improved by the
introduction of silica into the Pl matrix, forming hybrid organic—inorganic
materials. These materials can be prepared utilizing the sol—gel process to form
silicain a polyamic acid solution. Films are formed from the solution by solvent
casting.3 The silica nanoparticles are formed in the Pl matrix via hydrolysis and
polycondensation of organic silanes.4

The unique characteristics of fluorine, such as high electronegativity, low
polarity, low cohesive and surface free energy, gave rise to attempts to fluorinate
Plsin 1972. Since then, fluorine-containing diamines and dianhydrides have been
introduced to prepare fluorinated Pls. However, fluorinated Pls have drawbacks,
such as poor adhesion and low mechanical strength. Phosphine oxide-containing
polyimides, which show excellent adhesive properties with excellent thermal sta-
bility, enabled fluorinated PIs to exhibit improved properties.> Much research has
been performed on Pls to investigate the relationship between chemical structure
and gas transport properties. 2,2-Bis(3,4-dicarboxyphenyl)hexafluoropropane
dianhydride (6FDA)-based Pls show high gas permeability. The presence of the
bulky —C(CF3)o>— group provides restricted intrasegmental mobility and stiffened
backbones. Moreover, some of 6FDA-based Pls were employed to fabricate high
performance membranes.®

In the present work, the effects of two different diamine monomers con-
taining phosphine oxide on the thermal, mechanical and morphological properties
of copolyimides and their hybrid materials were investigated. The gas separation
properties of the synthesized copolyimides were also analyzed. The two diamine
monomers with phosphine oxide were bis(3-aminophenyl)phenyl phosphine oxide
(BAPPO) and big[4-(3-aminophenoxy)phenyl]phenylphosphine oxide (m-
-BAPPO). In the synthesis of the copolyimides, 3,3'-diaminodiphenyl sulfone
(3,3-DDS) was aso used as the diamine, as well as 2,2-bis(3,4-dicarboxyphe-
nyl)hexafluoropropane dianhydride (6FDA). Copolyimide films were prepared
by thermal imidization. Furthermore, hybrid materials containing 5 % SiO> were
synthesized by the sol—gel technique.

EXPERIMENTAL

Materials

The dianhydride monomer, 2,2-bis(3,4-dicarboxyphenyl)hexafluoropropane dianhydride
(6FDA, >99 %) was purchased from Aldrich and used as received. 3,3-Diaminodiphenyl
sulfone (3,3'-DDS), phenylphosphonic dichloride (98 %), N-methyl-2-pyrrolidone (NMP) and
dimethylacetamide (DMAc) were obtained from Merck. NMP and DMAc were dried over
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phosphorus pentoxide (P,Os) and freshly distilled under vacuum before use. 1-Bromo-4-
-fluorobenzene (99 %), Mg powder (99.9 %), anhydrous potassium carbonate (K,CO3, 99.9
%) and 3-aminophenol were provided by Aldrich and used as received. Tetrahydrofuran
(THF) was freshly distilled under nitrogen over sodium. Tetraethyl orthosilicate (TEOS) and
3-(glycidyloxy)propyltrimethoxysilane (GPTMS) were purchased from Merck. Some common
solvents, such as chloroform, ethanol, methanol and dichloroethane, were used as received.

Synthesis of diamine monomers

In this study, two different diamine monomers (BAPPO and m-BAPPO) were synthe-
sized. Bis(3-aminophenyl)phenylphosphine oxide (BAPPO) was synthesized by a three-step
reaction as mentioned in the previous work.” Firgt, triphenylphosphine (TPP) was oxidized to
triphenylphosphine oxide (TPPO) by treating with H,O,. Then, bis(3-nitrophenyl)phenyl-
phosphine oxide (BNPPO) was prepared by the nitration of TPPO using concentrated nitric
acid in the presence of sulfuric acid. Finally, BNPPO was subjected to hydrogenation in a
high-pressure reactor (Parr Instrument Co.) to produce BAPPO.

Big[4-(3-aminophenoxy)phenyl] phenylphosphine oxide (m-BAPPO) was synthesized as
described in the literature8 First, bis(4-fluorophenyl)phenylphosphine oxide (BFPPO) was
synthesized by treating 1-bromo-4-fluorobenzene with phenylphosphonic dichloride in the
presence of Mg turnings via the Grignard technique. Then, m-BAPPO (Scheme S-1 of the
Supplementary material to this paper) was prepared by treating 37.23 g (0.118 mol) BFPPO
with 26.56 g (0.243 mol) 3-aminophenol in a DMAc/toluene mixture using 40.20 g (0.292
mol) K,CO3 as awesak base to form the required aminophenolate nucleophile.

Preparation of copolyamic acid solution

The copolyamic acid solution (PAA) used as a copolyimide precursor was prepared in
NMP as follows: the diamine monomers and dried NMP were charged into a three-necked
flask equipped with a nitrogen inlet and a condenser. Then, equimolar amount of the dianhyd-
ride monomers were incrementally added into the content of the flask. The concentration
afforded was 20 %. The reaction mixture was stirred overnight at room temperature to obtain
aviscous PAA solution.

In this study, 6FDA-based copolyimides were synthesized from the aromatic diamines
3,3-DDS, BAPPO and m-BAPPO.

Slica sol preparation

Silica sol was prepared by the hydrolysis and condensation of TEOS as follows: TEOS
(8.7 g, 0.042 mol), GOTMS (2.25 g, 0.010 mol) and EtOH (2.21 g, 0.048 mol) were charged
into a glass vial and then distilled water (1.77 g, 0.098 mol) that had been acidified by adding
HCl was slowly dropped into the vial. The mixture was magnetically stirred at room tem-
perature until a clear solution was obtained. Then, the silica sol was kept at room temperature
for about 1 h.
Preparation of copolyimide-silica hybrid materials

To obtain the hybrid solution, 5 % silica sol was added dropwise into a PAA solution and
stirred continuously at room temperature for 4 h. This preparation procedure is illustrated in
Scheme S-2 of the Supplementary material. After thorough stirring, the clear and viscous
hybrid solutions were cast onto glass plates using a 30-um wire gaged applicator and then
thermal imidization was performed stepwise at 80, 100, 150, 200 and 300 °C for 1 h at each
temperature. After the imidization was completed, the glass plates were immersed in hot water
(90 °C) for 1 h to remove easily the hybrid films from the glass surfaces.
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Characterization

The FTIR spectra were recorded on a PerkinElmer Spectrum 100 ATR FTIR spectro-
photometer. The NMR spectra were recorded on a Varian 600 MHz spectrometer operating
for 1H-NMR and 3!P-NMR using CDClj as the solvent. Thermogravimetric analyses (TGA)
of the hybrid free films were performed using a Perkin Elmer thermogravimetric analyzer
Pyris 1 TGA model. Samples were run from 30 °C to 750 °C at a heating rate of 10 °C min-1
under an air atmosphere. The glass transition temperatures of free films prepared as 10
mmx20 mm samples were obtained from an Sl1 Nanotechnology ExStar 6000 model dynamic
mechanical analyzer (DMA). The scans were obtained at a heating rate of 5 °C min-1, from 30
to 450 °C. The limiting oxygen index (LOI) vaues of the free hybrid films were measured
using a fire testing technology (FTT) type instrument according to ASTM D2863-08. The
mechanical properties of the free films were determined by standard tensile stress—strain tests
in order to measure the moduli, tensile strength, and elongation at break. Standard tensile
stress—strain experiments were performed at room temperature on a Material Testing Machine
Z010/TN2S, using a crosshead speed of 5 mm minL. In order to determine the hydrophobic
properties of the materials, contact angle measurements were performed with a Kruss (Easy
Drop DSA-2) tensiometer, equipped with a camera. Analyses were made at room temperature
by means of the sessile drop technique. For each sample, at least four measurements were
made, and the average was taken. The measuring liquid was distilled water. To determine the
morphologica behavior, secondary electron images (SEI) were applied in SEMs. SEM imag-
ing of the films were performed on a Philips XL30 ESEM-FEG/EDAX. The specimens were
prepared for SEM by freeze fracturing in liquid nitrogen and applying a gold coating of
approximately 300 A. An SEM—energy-dispersive X-ray spectroscopy (SEM-EDS) spectrum
was recorded to verify the presence of silica in the copolyimide-silica hybrid. In addition, a
gas permeation analyzer (Brugger GDP-C 2000) was used to measure the pure gas permeabil-
ity coefficients of the polymeric membranes to O,, N, and CO,. The pure gas permeability
coefficients were measured using the constant volume and variable pressure method. The
experiments were performed at 35 °C with atmospheric feed-side pressure. The samples were
masked for gas permeation measurement following the technique of the Koros group® with a
permesation area of 3.94 cm?.

RESULTS AND DISCUSSION

The aim of this study was to investigate the effect of diamine monomers
containing phosphine oxide on the thermal, mechanical and morphological
properties of copolyimides and their hybrid materials, as well as the gas separ-
ation properties. Two different diamine monomers were synthesized (BAPPO
and m-BAPPO). The BAPPO monomer was synthesized according to a previous
study.” The synthesis route for the other monomer (m-BAPPO) is illustrated in
Scheme S-1 of the Supplementary material. The chemical structure of m-BAPPO
was identified by FTIR, 1H-NMR and 31P-NMR spectroscopy.

The FTIR results for mBAPPO (shown in Fig. S-1 of the Supplementary
material) displayed aromatic C-H stretching at 3058 cmr1, C-H out-of-plane
bending at 830 cm1, C—H in-plane bending at 1143 and 1115 cmL, aromatic
C—C dtretching at 1577 and 1486 cmi, asymmetric C-O-C stretching at 1232

Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCs. All rights reserved.



PROPERTIES OF COPOLY IMIDES AND HYBRIDS 1065

cml, P=0O stretching at 1170 cm1, P-aryl stretching at 1436 and 996 cmr?,
N—H stretching at 3445,3324 and 1594 cm2, and C—N stretching at 1283 e,

In the IH-NMR spectrum (Fig. S-2 of the Supplementary materia) of
m-BAPPO, proton peaks arising from the ether and amino groups were observed
up-field because of the shielding effects of the electron-donating ether and amino
moieties. As could be seen in Fig. S-2, the protons in the amino groups appeared
at 3.4-3.8 ppm as a broad peak. In addition, the other proton peaks of mBAPPO
were: 7.71-7.40 ppm (5H, m, O=P—CgH5,), 6.80-7.20 ppm (4H, m, O=P-CgHz-0O-),
6.60-6.37 ppm (4H, m, -O-CgHs—NH>). As shown in Fig. S-3 of the Supple-
mentary material, the 3IP-NMR analysis provided a sharp single peak at 29 ppm
for mBAPPO.

In this study, BAPPO-3,3'-DDS/6FDA, m-BAPPO-3,3'-DDS/6FDA copoly-
imides and their hybrids were prepared. The hybrid materials containing the
polyamic acid (PAA) solution and silica sol, which was obtained in a sol—gel
reaction, were synthesized. TEOS and GPTMS acted as an inorganic networker
and a coupling agent, respectively. In addition, HCI acid acted as the acid catalyst
for the partia hydrolysis. The compositions of the PI-SiO» hybrids are presented
in Table I. Hybrid formulations applied on glass plates were cured by stepwise
heating at elevated temperatures. The chemical structures of the copolyimides
and copolyimide-silica hybrids were shown in Scheme S-3a—d of the Supple-
mentary material. The FTIR spectra of the copolyimides and their hybrid copoly-
imides containing 5 % silica are shown in Fig. S-4a—d of the Supplementary
material. As seen in Fig. S-4, characteristic imide absorptions at 1783 and 1720
cm1 (typical of imide carbonyl asymmetrical and symmetrical stretching, res-
pectively) were present. The peaks at 1363 and 718 cm? indicated C-N-C
stretching and imide ring deformation. Moreover, the peaks at 1203, 1300 and
1100 cm1 were ascribed to C—F multiple stretching bands. As shown in Figs.
S-4b and d, when the inorganic components were introduced into the polyimide
matrix, strong absorption bands were observed in the range 1000 to 1100 cmr1
and at 423 cmrL. These bands were ascribed to the characteristic Si—O-Si stretch-
ing vibration and bending vibration, respectively.1911 The spectra given in Fig.

TABLE |. The composition (mass, g) of copolyimide-silica hybrid films; the PAA solution
was 20 wt. %. The PAA solution used in the experiment was 3 g PAA/15 mL solvent. This
means that the PAA in solid form was 3 g after removal of the solvent; silica mass: 0.15 g of
silica sol was added. Therefore, the silica solution used in the experiment was 0.15 g silica/3
mL solution (5 wt. %); 6FDA mass: 1.777 g; 3,3-DDS mass. 0.4966 g

Sample BAPPO m-BAPPO Silicasol used
BAPPO-3,3-DDS/6FDA 0.6160 0 0
m-BAPPO-3,3'-DDS/6FDA 0 0.9850 0
BAPPO-3,3-DDS/6FDA/SIO, 0.6160 0 0.15
m-BAPPO-3,3'-DDS/6FDA/SIO, 0 0.9850 0.15
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S4 of the Supplementary material confirmed the formation of the expected struc-
tures.

As seen in Tables Il and Ill, thermal properties of the copolyimides and
hybrid copolyimides were evaluated by dynamic mechanical analysis (DMA) and
thermogravimetric analysis (TGA). The storage modulus (E', Fig. S-5a—d of the
Supplementary material) and tan 6 (Figs. S-6-S-9 of the Supplementary material)
were plotted. The values of the glass transition temperatures of copolyimides and
hybrid copolyimides are very important for the determination of the optimum
processing and service temperatures at which the polymer preserves its desirable
properties.12.13 The Ty of the copolyimides increased when silica was introduced
into the Pl matrix. This result indicated that the coupling agent improved the
interaction between the polymer matrix and the inorganic segment, which caused
an increased restricting strength of silica on Pl and hence an increased Ty of the
material. The data were collected by DMA. Due to the flexible etheric linkage of
m-BAPPO, the obtained Tg values were lower than those of the BAPPO-con-
taining copolyimides and their hybrids. However, BAPPO based copolyimides
exhibited higher elongation at break values than those of the m-BAPPO-based
copolyimides. This result is likely due to the three dimensional geometry of the
monomers (BAPPO and m-BAPPO). The monomer BAPPO alone is a tetrahed-
ral structure so that the aminophenyl groups are in approximately 110° tetrahed-
ral geometry. Therefore, the amino groups can be in different directions when
reacted with the dianhydride. The obtained copolyimide might be an asymmetric
structure. On the other hand, the obtained copolyimide might be a symmetric
structure (more symmetric than the BAPPO-based one) when the mBAPPO
moiety reacted with the dianhydride. The aminophenyl groups of the monomer
m-BAPPO arein trigonal (approximately 120°) geometry, due to the etheric link-
ages. Trigonal structures are more symmetric than tetrahedral systems. When the
asymmetry exits throughout the molecular structure, the asymmetric structure
shows greater elasticity (greater elongation at break). Easier molecular packing
properties can be observed in the presence of symmetric structures. Two or three
Tg values were obtained due to small amounts of phase separation. This might
have been possible, since the reactivities of the diamines (BAPPO, m-BAPPO
and 3,3-DDS) are different when they react with the dianhydride (6FDA). The
introduction of the inorganic material can also cause phase separation due to
differencesin the reactivity.

TABLE Il. Glass transition temperatures of the copolyimides and hybrid copolyimides

Sample T,/°C T,/°C T3/°C
BAPPO-3,3-DDS/6FDA 218 272 301
m-BAPPO-3,3'-DDS/6FDA 209 245 -
BAPPO-3,3-DDS/6FDA/SIO, 217 274 323
m-BAPPO-3,3'-DDS/6FDA/SIO, 220 257 -
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TABLE IIl. Thermal properties of the copolyimides and hybrid copolyimides

1%t decomposition  2"d decomposition Char  LOI

Sample temperature, T,/ °C temperature, T,/ °C wt. % wt. %
BAPPO-3,3-DDS/6FDA 319 523 20 460
m-BAPPO-3,3'-DDS/6FDA 310 537 28 480
BAPPO-3,3-DDS/6FDA/SIO, 350 525 15 467
m-BAPPO-3,3'-DDS/6FDA/SIO, 330 509 7 47.4

The thermal degradation behaviors of the copolyimides and hybrid copoly-
imides are summarized in Table I11. The polymers exhibited first weight loss at
temperatures between 310 and 350 °C, which could probably be attributed to
incomplete imidization. The second weight loss started between 509 and 537 °C,
which corresponded to the degradation of the polymer. The incorporation of sil-
icainto the polyimide matrix may cause the production of SiF4g) in the presence
of —CF3— present in the 6FDA moiety.14 The char yields of the copolyimide
silica hybrid materials between 7-28 % were found. The thermal decomposition
temperature of the hybrids shifted to lower values because of the remova of
silica as SiF4(g). It was found that the thermal decomposition temperature of the
m-BAPPO-containing copolyimide without silica was shifted to a higher value,
increasing the char yield.

Moreover, the flame retardant properties of the copolyimide and hybrid
copolyimide films were evaluated by measuring their limiting oxygen index
(LOI) values. From Table IlI, it can be seen that the LOI values for the
copolyimides were changed only slightly on addition of the silica particles into
the Pl matrix.

The tensile properties of copolyimide films were examined by stress-strain
measurements and the results were summarized in Table IV. The moduli and the
strength values of BAPPO diamine-containing copolyimide and its hybrids were
higher than those of the m-BAPPO-containing materials. This situation was
explained by higher free volume of m-BAPPO because of the extra phenyl group
that resulted in a lowering of the moduli. In other words, the more space the
bulky groups take, the lower are the observed moduli. Compared to the neat
copolyimides, a decrease in mechanical properties was observed when silica was
introduced into the copolyimide matrix. This result may be due to the increased
crosslinking density by the formation of an organic—inorganic network structure.

TABLE V. Physical and mechanical properties of the copolyimides and hybrid copolyimides
Modulus, GPa, Tensile Elongation Contact angle

Samples a40°C  srength, MPa atbresk, % 6/°
BAPPO-3,3-DDS/6FDA 354 518 3.92 %
m-BAPPO-3,3-DDS/6FDA 312 226 162 102
BAPPO-3,3-DDS/6FDA/SIO, 336 267 332 o7
m-BAPPO_3.3-DDS/6FDA/SIO, 295 189 198 107
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Contact angle measurements provide information about the hydrophobicity
and hydrophilicity of a material surface. These measurements were performed
with drops of distilled water at four different areas on the sample. The averages
of these four measurements were calculated. The obtained contact angle values,
for each material were given in Table 1V. The contact angles had a tendency to
increase on addition of silica, demonstrating a more hydrophobic coating surface.
The presence of —C(CF3)>— also provided for a more hydrophobic surface.

SEM analysis (Fig. S-10a—d of the Supplementary material) exhibited that
the silica particles were dispersed in the copolyimide matrix. A microphase sep-
aration was observed in the mBAPPO-containing copolyimide-silica hybrid.
SEM—energy-dispersive X-ray spectroscopy (SEM-EDS, Fig. S-10e of the Sup-
plementary material) verified the presence of slica in the copolyimide-silica
hybrids.

In addition to the thermal, mechanical and morphological studies, the gas
permeability coefficients and permsel ectivity data measured at 35 °C are reported
in Table V. The gas permeabilities and permselectivities can be calculated as
follows:

P=DS Q

ops = Pa/Pg (2

where P is the permeability coefficient, D is the diffusion coefficient and Sis
solubility coefficient. o represents the permselectivities of gases A and B.6 The
order of the kinetic (A) diameters of the studied gases is CO», 3.3; Oy, 3.46 and
Ny, 3.64. The gas permeabilities from this study were in the decreasing order:
Pco, > Po, > P, Thus, the larger is the kinetic diameter of a gas, the lower is
its permeability. As seen in Table V, the m-BAPPO-containing copolyimide
without silica was better than the others in terms of the permeabilities of O, and
COo, whereas the BAPPO-containing copolyimide in the presence of silica was
better than others for the permeability of N». The introduction of silica increased
the volume of the copolymer due to the effect of crosslinking so that the No gas,
possessing the largest kinetic diameter, could easily diffuse throughout the

TABLE V. Permeability coefficients and permselectivity of the copolyimides and hybrid
copolyimides at 35 °C

Sample Permeability coefficients Permselectivities
Po, barrier Ry, /barrier  Peo, /barrier  ao,/n,  acoy/n,
BAPPO-3,3-DDS/6FDA 0.310 0.046 0.365 6.74 7.93
m-BAPPO-3,3'-DDS/6FDA 0.405 0.084 1.137 4.82 1354
BAPPO-3,3-DDS/6FDA/ 0.229 0.104 0.232 2.20 2.23
ISiO
mBﬁi PPO-3,3'-DDY 0.165 0.093 0.366 1.78 3.94
/6FDA/SIO,
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BAPPO-containing hybrid matrix. Due to the increased volumes, the selectivities
were adversely affected. The reason is that all gases can pass through without
determining their diffusion rates in the presence of large volumes. Since COs isa
condensable gas, it should have a higher permeability value than those of the
other two gases. It istoo difficult to obtain the highest permeability as well as the
highest selectivity. As seen in Table V, the permeability and permselectivity of
CO> were the highest among the values for the copolyimides and copolyimide—
silica hybrids in this study, when the m-BAPPO containing copolyimide in the
absence of silicawas used.

CONCLUSIONS

In this study, copolyamic acid solutions (PAAS) were obtained by the reac-
tion between m-BAPPO or BAPPO, DDS and 6FDA. Copolyimide films were
prepared by thermal (bulk) imidization. Hybrid materials containing 5 % SiO»
were synthesized by the sol-gel technique. The FTIR, 31P-NMR and 1H-NMR
spectra confirmed the expected structures. DMA analysis showed that the
m-BAPPO-based copolyimides had lower Ty values than those of the BAPPO-
based copolyimides. Tg of copolyimides increased when silica was introduced
into the copolyimide matrix. Thermal analysis showed that in the presence of
silica, the weight loss was shifted to lower temperatures because of the removal
of silica as SiF4(g), compared to the neat copolyimide. However, the thermal sta-
bility was sufficiently high compared to that of branched-silica hybrid mem-
branes.15 The LOI results did not change significantly on addition of silica par-
ticles into the matrix. Mechanical tests showed a decrease in mechanical pro-
perties on introduction of silica into the copolyimide matrix, compared to the
neat copolyimides. This result may be due to the increased crosslinking density
caused by the formation of organic-inorganic network structures. However, the
moduli of the hybrids could be considered good.16 Contact angle measurements
confirmed the hydrophobic nature of the surface of the coating. SEM analyses
confirmed that silica particles are able to disperse in the polyimide matrix. These
copolyimides with various properties may be used in the coating industry. In
addition to the thermal, mechanical and morphological studies, gas permeability
coefficients and permselectivity measurements were also performed. The con-
densable gas (i.e.,, COy) was observed to have higher permeability value than
those of other two examined gases (i.e., N2> and O»). This could be explained by
the plasticization effect. More soluble penetrants induce significant plasticization.
The CO» permeability and the selectivity were the highest among the values of
copolyimides and copolyimide-silica hybrids in this study when the m-BAPPO-
-containing copolyimide in the absence of silicawas used. The gas permeabilities
obtained from this work were in the decreasing order: Pco, > Po, > P,.
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SUPPLEMENTARY MATERIAL

FTIR, IH-NMR and 3!P-NMR spectra, SEM images, storage moduli and tan dvalues, as
well as the synthesis routes and structures of the samples, are available electronically from
http://www.shd.org.rs/JSCS/, or from the corresponding author on request.

U3BOL
YTHUIAJ CTPYKTYPE MOHOMEPA HA CBOJCTBA KOITIOJIMMMHIA U
KONMOJIUUMUI/CUITULNIYM-TUOKCU XUBPUIHUX MATEPUJATIA

CANAN KIZILKAYA, MERVE BICEN, SEVIM KARATAS u ATILLA GUNGOR
Marmara University, Faculty of Science and Letters, Department of Chemistry, 34722, Istanbul, Turkey

Y oBOM papfy je mpuKa3aH yTHLaj CTPYKType MOHOMEDA, Tj. fBa pas3lNyMTa JUAMHHA Ha
0asu docdopuH-okcua, Ha TEDMUYKA, MEXAaHUYKAa U MODP(OIOLIKa CBOjCTBA CUHTETUCAHUX
KOTIOJINUMUJIa U BUXOBUX XUOPHUAHUX MartepHjana. ITopen Tora, aHalu3WpaHa je CrocobHOCT
CUHTETHCaHUX KOIOJIMMMHUJIA 3a pa3fBajame racosa. [lBa pasjnuura MOHOMEpa OJHOCHO OH-
aMMHa Ha da3u ¢ocdop-okcupa cy kopuirhena: duc(3-amunodenun)dernndochrH-oKCUT,
(BAPPO) u duc[4-(3-amuHodeHokcn)bennn]bennndocdopun-okcun (m-BAPPO). ¥V cunTe-
3ama xononuumuna 3,3'-guamuHonudenun-cyndoH (3,3'-DDS) je xopuirheH kao nuamuH, a
takohe u 2,2-6uc(3,4-mukapdoxcudenmn)xexkcaduyoprnponad-guanxuapun (6FDA). Komo-
JUUMUATHA (PUIMOBH Cy HODHjeHM TEPMUYKOM HUMHUIM3ALHMjOM y OPYTOM CTYIHY peakuuje
nonvkoHpeHsanuje. Xubpunuu marepujanu ca 5 % SiO, cy cuHTeTHCcaHu Kopuctehu con—ren
noctynak. CTykTypa cUHTeTHCaHUX Kkomonunmupa je morspheHa FTIR m NMR cmexrpo-
ckonujoM. InHaMHUYKa MeXaHUUKa aHanu3a (DMA) je mokasana fa KOMOJIMUMHUAY Ha da3u m-
BAPPO umajy Hixe Temmeparype octakmbuBama (Tg) y opHocy Ha BAPPO komonuumuze.
m-BAPPO xononuumupu de3 SiO, ucrnomasajy 00y TEDMHUUKY CTadWJIHOCT. Momynu M 3a-
Te3Ha yBpcroha xononuumunga Ha 6a3u BAPPO guamMuHa Kao ¥ BUXOBUX XUOPHUIHUX Mare-
pujana duna je Beha y omHocy Ha m-BAPPO aHanorse marepujaie. Mepewa KOHTaKTHHUX
yIJIOBa Cy NOTBpAWIa XuApododHocT muxose nospurHe. CkeHupajyha elekTpoHCcKka MUKPO-
cxonuja (SEM) je moxasama SUCIIEPrOBAaHOCT CHIMLHM]yM-OHOKCHOHHMX YECTHLA Y KOIOJIH-
MMHIHOj MaTpuuy. CHHTETHCAaHHM KONOJIUMMHUAHUA MaTepHjald MOTy Ce MOTEHUHWjaIHO KOpHU-
CTUTH Yy WHAYCTpUju npemasa. Hajsehy mpomyctsuBoct npema CO, u Hajsehy cenexTuBHY
MTPOITYCT/BUBOCT ITPpeMa racoBUMa je rmokasao komnonuumup Ha 6asu m-BAPPO He3 npucyctsa
yectunla Si0,. IIponmycT/bMBOCT mpemMa racoBMma MaTtepdjana, NpUKa3aHUX y OBOM pany,
cnepwna je onanajyhu tpenn: Pog, > Po, > Py, -

(ITpumsbeno 14. okrobdpa 2014, peBunupaHo 26. ¢pedpyapa, npuxsaheno 19. mapra 2015)
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Fig. S-1. FTIR spectrum of bis[4-(3-aminophenoxy)phenyl]phenyl phosphine oxide
(mBAPPO).
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Fig. S-2. IH-NMR spectrum of bis[4-(3-aminophenoxy)phenyl]phenylphosphine oxide
(mBAPPO).

Fig. S-3. 31P-NMR spectrum of big]4-(3-aminophenoxy)phenyl]phenyl phosphine oxide
(m-BAPPO).
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Fig. S-4. FTIR spectrum of: a8) BAPPO-3,3-DDS/6FDA copolyimide; b) BAPPO—
—-3,3-DDS/6FDA/SIO, hybrid copolyimide; ¢) m-BAPPO-3,3'-DDS/6FDA copolyimide;
d) m-BAPPO-3,3-DDS/6FDA/SIO, hybrid copolyimide.

Fig. S-5. Storage (E') modulus of: a8) BAPPO-3,3-DDS/6FDA copolyimide; b) BAPPO—
-3,3-DDS/6FDA/SIO, hybrid copolyimide; ¢) mBAPPO-3,3'-DDS/6FDA copolyimide;
d) mBAPPO-3,3-DDS/6FDA/SIO, hybrid copolyimide as functions of temperature.

Fig. S-6. The tan dvalues of the BAPPO-3,3-DDS/6FDA copolyimide as a function of
temperature.

Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCs. All rights reserved.



SUPPLEMENTARY MATERIAL &69

Fig. S-7. The tan dvalues of the BAPPO-3,3-DDS/6FDA/SiO, hybrid copolyimide as a
function of temperature.

Fig. S-8. The tan dvalues of the m-BAPPO-3,3'-DDS/6FDA copolyimide as a function of
temperature.

Fig. S-9. The tan Jvalues of the mBAPPO-3,3'-DDS/6FDA/SIO, hybrid copolyimide as a
function of temperature.
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Fig. S-10. SEM image of: @) BAPPO-3,3'-DDS/6FDA copolyimide; b) m-BAPPO-3,3'-
-DDS/6FDA copolyimide; c) BAPPO-3,3'-DDS/6FDA/SIO, hybrid copolyimide;
d) mBAPPO-3,3-DDS/6FDA/SIO, hybrid copolyimide; €) SEM—EDS image of
BAPPO-3,3'-DDS/6FDA/SiO, hybrid copolyimide.
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Scheme S-1. The synthesis route to big[4-(3-aminophenoxy)phenyl] phenylphosphine oxide
(m-BAPPO).
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Scheme S-2. Preparation of copolyimide—silica hybrid films (DSS denotes 3,3'-DSS).
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Scheme S-3. aand ¢) The chemical structure of the copolyimides; b and d) the chemical
structure of the copolyimide-silica hybrids.
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Abstract: In this work, an apparatus for density measurements in the com-
pressed liquid regions is presented. This installation is based on the use of a
DMA HP density measuring cell and a DMA 5000 densimeter (both instru-
ments are products of Anton Paar, Gratz, Austria). Calibration of the DMA HP
cell was performed by applying the classical method in which a vacuum, water
and n-decane were recommended to be used as calibration fluids. To test the
capabilities of the set-up, the densities of n-hexane, toluene and dichloro-
methane were measured in the temperature interval 288.15 to 413.15 K and the
pressure range 0.1-60 MPa. The obtained results were compared with the
corresponding values found in the literature. Depending on the literature
selected for comparison (the temperature and pressure ranges available), the
average absolute percentage deviations were for n-hexane, 0.03-0.10 %; for
toluene, 0.04-0.08 % and for dichloromethane, 0.02-0.03 %. A deeper insight
into the results of this work showed that most of them were in good agreement
with the literature values; higher discrepancies were evidenced in the vicinity
of the ends of the temperature and pressure ranges.

Keywords: high pressure; elevated temperature; density; n-hexane; toluene;
dichloromethane.

INTRODUCTION

It is well known that density represents one of the most important properties
of fluids, from both the theoretical and practical points of view.

Namely, accurate density data can help to clarify molecular structure of pure
liquid substances and of their mixtures at defined temperatures, pressures and
composition. Some essential liquid properties that can be derived from density

* Corresponding author. E-mail: tasic33@gmail.com
# Serbian Chemical Society member.
doi: 10.2298/JS5C141127026I
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measurements are thermomechanical coefficients, such as the isothermal com-
pressibility, x1, and the isobaric thermal expansion coefficient, ap. Based on
these properties, the internal pressure, important for studying attractive and repul-
sive forces present in liquids, can also be determined. By coupling the mentioned
isothermal and isobaric properties, xt and ap, and by using the isentropic com-
pressibility kg (that is related to the thermodynamic speed of sound), some addi-
tional properties can be calculated; in this respect, the isobaric heat capacity and
the difference in the isobaric and isothermal heat capacity (C,—Cy) could be men-
tioned.

From the practical point of view, density data are of utmost importance in
the development of new and the testing of existing equations of state; these
equations have significant value in the design and operation of production plants
in chemical and related process industries.

In our group, over alonger period, some important physical/thermodynamic
and transport properties have been investigated; the obtained results were correl-
ated and several modern prediction methods were tested. Mostly, pure non-elec-
trolyte substances and mixtures were investigated, although systems with ionic
liquids were also included.}> These activities were performed under ambient
pressure and in the temperature range up to 333.15 K.

In this work, the results of an effort to extend the research to the conditions
of elevated temperatures and high pressures are presented. In this respect, the
proposed apparatus, based on the principle given by Gardas et al., was deve-
loped and constructed. The classical method of Lagurette et al.,’ that was rec-
ently adjusted by Comunias et al.8 for use in broad ranges of temperature and
pressure, was chosen for calibration. A vacuum and water were used as calib-
ration fluids, except under conditions where water was no longer in liquid state,
when the calibration fluids were vacuum and n-decane. The proposed set-up was
tested using n-hexane, since it was suggested as a model substance for com-
pressed simple liquids.9-12 In addition, toluene and dichloromethane were also
selected for testing the employed device and the experimental procedure followed.

EXPERIMENTAL
Materials

n-Hexane, n-decane and toluene were purchased from Merck with purities of >99.0, >99
and >99.9 mass %, respectively. Sigma-Aldrich supplied dichloromethane with a purity of
>99.9 mass %.

The purities of the used substances were checked by comparing their measured densities
at atmospheric pressure and at various temperatures with the corresponding literature values
(Table S-I of the Supplementary materia to this paper) and they were in a good agreement,
within 0.2, 0.5 and 0.7 kg m3 for n-hexane, toluene and dichloromethane, respectively.

Nitrogen 5.0 was provided by Messer Tehnogas, AD, with a purity of >99.999 mass %.
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DENSITY MEASUREMENTS AT HIGH PRESSURES 1075

The double deionized Millipore water, provided by Veolia IonPRO-LX MKII system,
was used as a calibration fluid. The treated water has a specific conductivity of 2.5 uS cm!
and a specific resistance of 18 MQ cm.

Apparatus — Description of the set-up

The compressed liquid densities at various temperatures and pressures were experi-
mentally studied, employing an Anton Paar DMA HP density-measuring cell for high pres-
sures and temperatures, connected to an Anton Paar DMA 5000 vibrating tube densimeter, as
shown schematically in Fig. 1.

Fig. 1. Scheme of the apparatus for measuring densities at high pressures and elevated
temperatures.

As mentioned in the introductory section, the proposed apparatus has been based on the
principle proposed by Gardas et al.,® although some additional parts of equipment have been
brought into the system to construct the set-up.

The apparatus was used in broad ranges of temperature and pressure, varying between
288.15413.15 K and 0.1-60 MPa, respectively. Each selected temperature was controlled
with an integrated Peltier thermostat and the expanded uncertainty (coverage factor k = 2) for
the temperature was 0.01 K.

A pressure generator, model 50-6-15, from High Pressure Equipment Co. (HiP), was
used to adjust and control the pressure in the system; acetone was used as a hydraulic fluid, as
proposed in the literature.5 The pressure in the system was measured using a pressure trans-
ducer WIKA, S-10, Alexander Wiegand GmbH & Co. The transducer was calibrated up to 60
MPa and the expanded uncertainty (k = 2) for the pressure was 0.05 MPa.

The period of tube vibration,  was read on the display of the DMA 5000 densimeter
with adigital counter; the vibrating period was displayed to seven significant digits.

All tubing (/16" and 1/8” O.D.), the high-pressure valves and other high-pressure
fittings shown in Fig. 1 are products of HiP Co, USA.

Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCs. All rights reserved.



1076 IVANISet al.

A syringe pump, enabling precise flow control during charging of the sample fluid, was
used in order to avoid the formation of micro-bubblesin the capillary tube of the densimeter.

The assembly presented in Fig. 1 incorporates additional pieces of equipment, some of
them are mentioned here: the DuoSeal vacuum pump, Welch model 1400, capable to reach an
ultimate vacuum down to ca. 0.133 Pa (0.001 torr); the vacuum was indicated by a Pirani—
—Penning instrument; a KGW Isotherm cold trap was situated near the entrance of the pump;
in addition, a compressed nitrogen bottle was included in the installation. The stainless steel
spiral buffer tube (/16" O.D. and ca. 1.5 m long) guaranties the absence of diffusion of the
hydraulic liquid contained in the densimeter cell .6

Transferring of the collected data (period of oscillation of U-tube, cell temperature and
pressure) from the DMA HP to the DMA 5000 was enabled by connecting the S-BUS inter-
face of the DMA HP and DMA 5000.

The APSoftPrint software program (a Microsoft Excel Add-1n) was employed to read out
and transfer the measured values to a PC.

Loading of the set-up with the pressurizing fluid

To prepare the apparatus for experimental runs, the pressurizing fluid should be intro-
duced into the appropriate parts: the tubes (and fittings), connecting valves V, through Vs
(Fig. 1), and those that join the high-pressure generator (HPG) with the pressure transducer.
The HPG must also befilled.

To remove air from the parts of the installation described, the valves V3 and V5 are
opened, enabling access to the vacuum pump (valve V, is closed). After several hours of eva-
cuation, valve Vs is closed. Then, a Hamilton multilayer silicon rubber septum, being a part of
the pressurizing fluid reservoir (not shown in detail in Fig. 1), is penetrated by a needle of a
syringe containing degassed acetone. In this way, acetone will occupy the entire evacuated
space.

The measurement procedure

Before starting any run, the part of circuit between the syringe pump and valve V, (V5
and V4, were closed) was cleaned by successive use of ethanol and acetone to remove residues
from the previous sample; then dry nitrogen gas was circulated through this part of the system
for an appropriate period.

After a dight release of the connection between the buffer tube and the entrance of the
valve V.V, the syringe pump was started, dispensing the sample between the valves V; and
V,, until several drops of the fluid had been withdrawn from the apparatus; then the pump was
stopped and the mentioned connection tightened again. Since the tubes between the valves V1
and V, were filled with the sample, the valve V, was closed. Hence, the sample was intro-
duced into the system by the described operation. Now, when the desired conditions of
temperature and pressure in the cell were stable, the vibration period of the U-tube could be
determined.

In the present work, isothermal measurements were performed; at each selected iso-
therm, the pressure was imposed starting from its initial (lowest) value and elevating it
towards the maximum value. Hysteresis effects were checked at every isotherm. Then, the
temperature of the cell was changed and measurements at a new isotherm were performed.

Calibration

Since the vibrating tube densimeter does not generate directly the density values, it is
necessary to calculate the density from the measured period of the oscillation (under a defined
temperature T and pressure p).
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Based on the model of the performance of vibrating tube established by Kratky et al. 13
the period of vibration z(T,p) can be related to the sample density p(T,p) by alinear function
that incorporates two apparatus parameters A(T,p) and B(T,p):

p(T.p)=A(T,p)7*(T,p)-B(T.p) @)

According to the approach of Lagourette et al.,” who hypothetically assumed that the
parameter A depends only on temperature while the parameter B remains dependent upon both
temperature and pressure, Eq. (1) could be rewritten in the form:

p(T.p)=A(T)z?(T,p)-B(T,p) @)

Use of this equation considerably simplifies the calibration of the densimeter (i.e., the
determination of its parameters A(T) and B(T,p)). This method has to be performed by
measuring the oscillating period of the evacuated tube over the entire temperature range of
interest. In addition, the period of the tube full of the chosen reference fluid, having the
certified density, has to be measured over the entire temperature and pressure ranges of the
experimental significance. Lagourette et al.” performed the calibration using the accurate
density values for water of Kell and Whalley4 in the temperature and pressure ranges 293.15—-
—373.15 K and 0.1-40 MPa, respectively.

Comurias et al.8 adjusted the calibration procedure of Lagourette et al.” in order to make
it suitable for the new equipment (Anton Paar DMA HPM), enabling measurements in broad
ranges of temperature and pressures up to 403.15 K and up to 140 MPa, respectively.

Thus, the procedure of Comurias et al.8 was employed to calibrate the Anton Paar DMA
HP densimeter included in Fig. 1.

In that sense, the period of the oscillation of the evacuated tube was measured over the
entire temperature range indicated previously.

For the specific volume of water, Fisher and Dial1® selected the Tumlirz equation in the
form given in the analysis of Eckert:16

A
Po+ P
where V,, / cm? g1 is the specific volume as a function of pressure and temperature; V., / cm?
g1,/ bar cm® gl and py / bar, are the pure water parameters. For these parameters, analytical
functions were obtained® that, in conjunction with Eq. (3), accurately represent the high

precision data of Kell and Whalleyl” (within 8 ppm from 273.15-373.15 K and within 15 ppm
from 373.15-423.15 K, up to 100 MPa):

V,, = 0.6980547 — 0.7435626x10°3T + 0.3704258x10°4T2 — 0.6315724x10°5T3 +
0.9829576x10°8T* — 0.1197269x10°°T° + 0.1005461x10 1176 — (4)
0.5437898x1014T7 + 0.169946x10°16T8 — 0.2295063x 10-19T9
. =1788.316+21.55053T — 0.4695911T2 + 3.096363x103T2 — 0.7341182x10°5T*  (5)
Po = 5918.499 + 58.05267T — 1.1253317T2 + 6.6123869x103T3 — 1.4661625x10°5T* (6)

Finally, the specific volume values for water, supplied in this way, were recalculated to
density. Accordingly:

a) a 0.1 <p<60MPaand 288.15 < T < 363.15 K, calibration of the cell was realized
using the data collected as described above and by employing Eq. (7),8 obtained by applying
Eq. (2):

Vp =V +

©)
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72(T,p) - Téae (T, P)
Toieter (T ,0.1M Pa) — TGacuum (T)

P(T,p)= pwaer (T, p)+ pwater (T,0.1 MPa) (7
here, pyae(T,P) is the density of water a T and p; pwae(T,p) represents the period of the
oscillation of the vibrating tube full of water at T and p; 7yacuum (T) Stands for the period of the
evacuated tube at temperature T.

b) At p=0.1 MPaand T > 373.15 K: under these conditions, water is no longer appro-
priate to be employed as the reference fluid because it exists in the gaseous state. In the pre-
sent work, n-decane was used, as proposed by Comufias et al.8 Hence, the data given in the
literature!® was employed; under these circumstances, the following relation was used instead
of Eg. (7), as shown in reference:®

1+

p(T,0.LMPa) = p1, gecane (T, 0.1 MPa)

72(T,0.1MPa) - 72 4 e (T,0.1 MPa) ®
72 gocane (T:0.1 MPa) — 72,m (T)

c) At p> 0.1 MPaand T >373.15 K, Eq. (9) given by Comurias et al.® was used in the
present work:

P(T.P) = Puater (T: P) + Pr-decane(T,0.1 MPa){ .

Th-decane

(T, p) - e (T. ) 9
(T ,01M Pa) —TZeum (T)

By employing the described calibration procedure in the temperature and pressure ranges
of interest (288.15413.15 K and 0.1-60 MPa, respectively), numerous measurements,
distributed on 16 isotherms were performed.

The parameters A(T) and B(T,p) of Eqg. (2) were determined using Egs. (10) and (11),
respectively, which were clearly presented in the explicit form by Segoviaet al.:1°

A(T)= Pref1(T,0.1MPa)
7241(T,0.1 MPa) — 725,um (T)

T (T, P)
Trzefl(T,O.l MPa) — Tgacuum (T

(10)

B(T, P) = prera(T,0.1 MPa) ] ~ Pret2(T. p) (11)
where p1 and p,> are the densities of reference fluids 1 and 2, respectively, and 7,1 and
Tref2 &€ the oscillation period of the U tube full of reference fluid 1 and 2, respectively. For
theinterval: 0.1 < p < 60 MPaand 288.15 < T < 363.15 K, both reference fluids are water. At
p=01MPaand T > 373.15 K, refl and ref2 refer to n-decane and a p > 0.1 MPa and
T>373.15 K, reference fluid 1 is n-decane while reference fluid 2 is water.

As could be seen from Fig. 2a, the values of A(T) decreased linearly with increasing
temperature, as expected according to the conclusions of Lagourette et al.” In addition, these
authors remarked that the ratio of the calibration parameters A(T)/B(T,p) is practicaly
independent of pressure. This observation was appraised by a number of authors who emp-
loyed various cdibration fluid pairs.1%21 In each of these cases, it was shown that the ratio
A(T)/B(T,p) decreased dlightly with increasing pressure. The dependence of the ratio of the
calibration parameters on pressure at the selected isotherms chosen in the present work is
demonstrated is Fig. 2b.

The calculated expanded uncertainty of the density measurements with a coverage
probability of 95 % (coverage factor k = 2) is 1.7 kg m3 in the temperature interval 288.15—
—363.15 K, and 2.7 kg m3 at temperatures 373.15-413.15 K.
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Fig. 2. The calibration parameters: a) dependence of A(T) of the temperature, 288.15-413.15
K, b) theratio of the A(T)/B(T,p) vs. pressure at different temperatures: (l) 288.15, (O)
303.15, (A) 318.15, (V) 333.15, (®) 343.15, (K) 353.15, (%) 363.15, (0J) 373.15,
(@) 393.15and (A) 413.15K.

The influence of viscosity of the substances on density was also studied. A personal
correspondence with the supplier Anton Paar provided the information necessary for the
calculation of density correction due to damping effects on the vibrating tube. Assuming that
temperature has a greater impact on viscosity than pressure and that the viscosity decreases
with increasing temperature, literature data??24 for the viscosity at lower temperatures from
the interval of interest in this work were used for the calculation. The calculated differences
between the densities presented in this work and those corrected because of the viscosity
effect for all three examined substances were under 0.03 kg m3, which was significantly
lower than the calculated value of the expanded uncertainty for density and hence the vis-
cosity influence on density were neglected.

RESULTS AND DISCUSSION

With the intention of checking the quality of the calibration parameters
obtained in this study, the densities of n-hexane, toluene and dichloromethane,
were experimentally determined and compared with some corresponding liter-
ature data.

The vibration periods of the U tube within the DMA HP densimeter full of
samples, n-hexane, toluene or dichloromethane, were measured in the tempe-
rature range 288.15-413.15 K, at 16 isotherms, and at pressures up to 60 MPa.
The densities of the measured substances were calculated by application of Egs.
(3)+9) and the obtained values are presented in Tables S-11-V of the Supple-
mentary material to this paper.

The following criteria, the absolute average percentage deviation (AAD), the
percentage maximum deviation (MD) and the average percentage deviation
(Bias) were used to evaluate the quality of the agreement of the obtained expe-
rimental results with the corresponding literature values:
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N | ,&xp _ it
aap =205 A A (12)
N o Pi
eXp it
MDmax{lOOuJ; i=1N (13)
exp
P
100 [ p&P - plit
BIaS:— # (14)
N i=1 Pi

where N stands for the number of experimental points, pexp denotes the expe-
rimental density and pjj; isthe density value from the selected literature.

n-Hexane

The measured data for n-hexane (Table S-11) were compared with the den-
sities given in the work of Troncoso et al.2> in the temperature range 288.15—
—313.15 K and at pressures up to 40 MPa. The comparison presented in Fig. 3a
shows that the present measurements are in accordance with the tabulated data of
Troncoso et al. (AAD = 0.03 % (less than 0.2 kg n3), MD = 0.09 % and Bias =
= —0.02 %). The agreement with the values of Daridon et al.26 is moderate in the
presented region (AAD = 0.08 % (less than 0.6 kg m=3), MD = 0.22 % and Bias =
—0.08 %).
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Fig. 3. Comparison of the experimental densities of n-hexane with literature values:

a) Troncoso et al ;11 (—O—), 288.15, (—O—) 293.15, (—A—) 298.15, (—V —) 303.15,
(—<>—) 308.15 and (—*—) 313.15 K, and Daridon et al.:25 (W) 293.15, (®) 303.15 and (A)
313.15; b) Daridon et al.:%5 (W) 293.15, (O) 303.15, (A) 313.15, (V) 323.15, () 333.15,
(K) 343.15, () 353.15, () 363.15 and (@) 373.15K.

The obtained experimental results were compared with the tabulated data of
Daridon et al.26 in the temperature interval 293.15-373.15 K and at pressures up
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to 60 MPa. The calculated deviations were: AAD = 0.10 % (less than 0.7 kg m—3),
MD = 0.29 % and Bias = —0.01 %, as shown in Fig. 3b.

In addition, the measurements were compared with the density data of San-
mamed et al.27 in the regions; 288.15-323.15 K and up to 60 MPa. The obtained
values of the criteria were: AAD = 0.05 % (less than 0.4 kg m—3), MD = 0.17 %
and Bias = —0.04 % that could be considered as acceptable.

In conclusion, the density measurements are in very good agreement with
those of Troncoso et al.2>, as well as in accordance with those of Sanmamed et
al.27 On the other hand, the agreement with the tabulation of Daridon et al.,26
which were based on speed of sound measurements, are less good than expected,
but should be emphasized that the densities reported in the literature?6 belong to
amuch wider temperature interval.

Toluene

The experimental densities of toluene, given in Table S-I1I, were compared
with those obtained from the equations proposed by Cibulka and Takagi2® over
the entire temperature and pressure ranges of interest in the present work. The
AAD of the comparison was 0.04 % (less than 0.3 kg m=3), the MD was 0.12 %
and the Bias was —0.04 %; hence, it could be concluded that the results obtained
in the present study are in good agreement with those calculated by the procedure
proposed in the literature.28 This fact could be noticed by inspecting Fig. 4.

Density data of the present work were also compared with the data
calculated from the fit given by Assael et al.29 in the temperature range 288.15—
373.15 K and up to 60 MPa. The values of the criteriafor this comparison were:
AAD = 0.08 % (less than 0.7 kg m™3), MD = 0.15 % and Bias = -0.08 %. It
should be emphasized that the dispersion of the present data corresponded to that
givenin Fig. 2 of reference.29
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In order to assess the obtained densities, an additional comparison was made.
Namely, Segovia et al.1® gave a set of density data at various temperatures and
pressures (288.15-393.15.15K and up to 60 MPa). These data were fitted to the
modified Tammann-Tait equation for comparison with the densities given in the
present work:

ref
p= P (15)

1_C.n(BU)+pj
B(T)+ p'f

where p'® is density at the reference pressure, p'®f, which was chosen to be 0.1
MPa. The parameter C was treated as temperature independent and B(T) was
obtained using the polynomial expression:

2
B(T)=) bTi (16)
i=0
The values of the individual criteria were: AAD = 0.05% (less than 0.4 kg
m—3), MD = 0.09 % and Bias = —0.04 %.
By reviewing the values of the criteria mentioned above, it could be noticed
that the densities reported herein are in close agreement with the corresponding
results appearing in the literature.

Dichloromethane

Gongalves et al.22 presented a correlation for calculating the densities of
dichloromethane in broad ranges of temperature and pressure that was used for
comparison with the present data measured in the temperature interval 288.15—
—413.15 K and under pressures of up to 60 MPa (presented in Table S1V).
Deviations between these two density sets were: AAD = 0.03 % (less than 0.4 kg
m3), MD = 0.13 % and Bias = —-0.002 %, indicating good agreement that is vis-
iblein Fig. 5.

In the work of Lugo et al.,20 a density data set for dichloromethane was
presented, covering temperature and pressure ranges of 293.15-353.15 K and
0.1-25 MPa. The present measurements were compared with the density values
presented therein; the following deviations were reached: AAD = 0.03 % (less
than 0.4 kg m—3), MD = 0.04 % and Bias = —0.03 %, showing good agreement
between the two sets of data.

In addition, the densities of dichloromethane given by Demiriz30 in broad
temperature and pressure ranges were employed to assess the densities from the
present work. These data3! were fitted to the Tammann-Tait equation, according
to Egs. (15) and (16) and in this case p'® was 1 MPa in the ranges: 270430 K
and up to 60 MPa. The densities obtained in the present work agreed quite well
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with those estimated using this fit. The deviations achieved were: AAD = 0.03 %
(less than 0.5 kg m3), MD = 0.30 % and Bias = —0.03 %.

Values of the criteria given in this section could be considered as good and
acceptable compared to those reported by the other authors.

°
o 014
é ﬁ L B
e n 2708
\i 00l 4 a § 5 3 § A A A 2 £
S © o s % % § g 0 Fig. 5. Comparison of experimental
= LA A densities with those obtained using
X o1 A D a A the equation reported by Gongalves
S A et al.2* for dichloromethane at var-
ious temperatures: (M) 288.15, (O)
303.15, (A) 318.15, (V) 333.15,
02 ; I : . - — (@) 34315, (X) 353.15, (%)
0 20 40 % 36315, (O) 373.15, (®) 393.15
p/MPa and (A) 413.15K.
CONCLUSIONS

In thiswork, an apparatus proposed for compressed liquids density measure-
ment over broad ranges of temperature and pressure was described. The Anton
Paar DMA HP and Anton Paar 5000 represent the central parts of the set-up. This
variable volume apparatus makes use of a buffer tube, as proposed by Gardas et
al. The DMA HP was calibrated by applying the method of Comufias et al.8 in
the temperature and pressure ranges. 288.15 to 413.15 K and 0.1-60 MPa, res-
pectively. The present density measurements for n-hexane, toluene and dichloro-
methane were compared with the corresponding literature values. This assess-
ment showed good quality of the measurements performed. Thus, it could be
expected that the recommended apparatus could be reliably applied for measur-
ing the density of a number of other compressed liquids in broad ranges of tem-
peratures and pressures.

SUPPLEMENTARY MATERIAL

The experimental values of the densities of n-hexane, toluene and dichloromethane at
different temperatures (288.15-413.15 K) and pressures (0.1-60 MPa), as well as at atmo-
spheric pressure, are available electronically from http://www.shd.org.rs/JSCS/, or from the
corresponding author on request.
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U3BOJ
ATIAPATYPA ITPEJIJIOXXEHA 3A MEPEILE 'YCTUHA ¥ OBJIACTH KOMIIPUMOBAHE
TEUHOCTH O 0,1 1O 60 MPa U HA TEMIIEPATYPAMA O] 288,15 0O 413,15 K

TOPULIA P. UBAHHUIII, AJIEKCAHIIAP XX. TACHh, UBOHA P. PAJOBWHR, BOJAH 1I. OPREBHH,
CJIOBOJAH I1. ITEPBAHOBHWH n MUPJAHA Jb. KWJEBUAHUH

Texnonowxo-mewanypwxu Gaxyiteisi, Ynugepsuiteil y Beoipagy, Kapneiujesa 4, 11120, Beoipag

Y oBOM pafly je npenoXKeHa anaparypa 3a MEPERE IyCTHHE y 00/1acTH KOMIIPUMOBaHUX
TeyHocTd. WHcTananuja ce 3acHuBa Ha kopuurhewy henuje 3a mepewe ryctuHe DMA HP u
ryctuHomepa DMA 5000 (mpoussohau oda mpoussoga je Anton Paar, I'pan, Aycrpuja). Kanu-
dpauuja henrje DMA HP je u3pplieHa NpUMEHOM KIacCHYHE METOJie Koja Ipernopydyje yIio-
Tpedy Bakyyma, Bofe U n-geKkaHa Kao kanudpanuoHux ¢yuna. Y numby npoBepe pana npHka-
3aHe arnapaType MepeHe Cy TYCTHHe n-XeKkcaHa, ToJIyeHa ¥ AUXJIOpMeTaHa y TeMIepaTypHOM
uHTepBany 288,15 no 413,15 K u oncery nputucka oz 0,1 1o 60 MPa. lobujeHur pe3yntartu cy
ynopehenu ca ogrosapajyhum BpeJHOCTHMA U3 TUTEpATypeE. Y 3aBUCHOCTH Of ofadpaHe IuTe-
paType, OGHOCHO OICera TEMIEPAType U MPUTHCKA, JodUjeHa cy cneneha cpeama ancoyiTHa
NpOIIeHTya/lHa OJCTyHama: 3a n-xekcas, 0,03-0,10 %; 3a ronyeH, 0,04-0,08 %, a 3a guxnop-
metaH, 0,02-0,03 %. Jeta/sHUju YBHUL y pe3yiTare OBOT paja rokasyje Aa je sehnHa BuX y
Iodpoj carmacHOCTH ca BpeIHOCTHMA U3 JuTeparype; Behe pasnuke cy mpumeTHe y OIU3UHU
KpajeBa MHTepBasa TEMIEPAType U IPUTUCKA.

(TTpumisero 27. HoBemBpa 2014, pesuaupano 16. mapra, mpuxsaheno 17. mapra 2015)

REFERENCES

1. M. Lj. Kijeveanin, S. P. Serbanovi¢, I. R. Radovi¢, B. D. Djordjevi¢, A. Z. Tasi¢, Fluid
Phase Equilib. 251 (2007) 78
2. D. M. Bgji¢, G. R. Ivani§, Z. ViZ&ak, E. M. Zivkovi¢, S. P. Serbanovi¢, M. Lj. Kijevéanin,
J. Chem. Thermodyn. 57 (2013) 510
3. M. Lj. Kijevéanin, I. R. Radovi¢, B. D. Djordjevi¢, A. Z. Tasi¢, S. P. Serbanovi¢,
Thermochim. Acta 525 (2011) 114
4. J. M. Vuksanovi¢, G. R. Ivani§, M. Lj. Kijev¢anin, S. P. Serbanovi¢, Z. P. Vigak, M. S.
Calado, Fluid Phase Equilib. 352 (2013) 100
5. A. B. KneZevi¢-Stevanovié, S. P. Serbanovi¢, |. R. Radovi¢, B. D. Djordjevi¢, M. Lj.
Kijev¢anin, J. Chem. Eng. Data 58 (2013) 2932
6. R. L. Gardas, I. Johnson, D. M. D. Vaz, I. M. A. Fonseca, A. G. M. Ferreira, J. Chem.
Eng. Data 52 (2007) 737
7. B. Lagourette, C. Boned, H. Saint-Guirons, P. Xans, H. Zhou, Meas. <i. Technol. 3
(1992) 699
8. M. J. P. Comunias, J.-P. Bazile, A. Baylaucq, C. Boned, J. Chem. Eng. Data 53 (2008)
986
9. S L. Randzio, J-P. E. Grolier, J. R. Quint, D. J. Eatough, E. A. Lewis, L. D. Hansen, Int.
J. Thermophys. 15 (1994) 415
10. Ph. Pruzan, J. Phys. Lett. 45 (1984) 273
11. S.L.Randzio, Thermochim. Acta 121 (1987) 463
12. Ph. Pruzan, J. Chem. Thermodyn. 23 (1991) 247

Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCs. All rights reserved.



13
14

15.

16.
17.
18.
19.
20.
21.
22.
23.
24.
25

26.
27.

28.
29.

30

DENSITY MEASUREMENTS AT HIGH PRESSURES 1085

. O. Kratky, H. Leopold, H. Stabinger, Z. Angew. Phys. 27 (1969) 273

. G. S. Kdll, E. Whalley, J. Chem. Phys. 62 (1975) 3496

F. H. Fisher, O. E. Dia Jr., Equation of state of pure water and sea water, in Proceedings
of the Marine Physical Laboratory of the Scripps Institution of Oceanography, San Diego,
CA, USA, 1975, p. 1

C. Eckart, Am. J. Sci. 256 (1958) 225

G. S. Kdll, E. Whalley, Proc. Roy. Soc., A. 258 (1965) 565

TRC, Thermodynamic Tables, Texas A & M University, College Station, TX, 1996

J. Segovia, O. Fandifio, E. Lépez , L. Lugo, M. C. Martin, J. Fernandez, J. Chem.
Thermodyn. 41 (2009) 632

L. Lugo, M. J. P. Comufias, E. R. LOpez, J. Fernandez, Fluid Phase Equilib. 186 (2001)
235

M. J. P. Comunias, E. R. Lopez, P. Pires, J. Garcia, J. Fernandez, Int. J. Thermophys. 21
(2000) 831

F. A. M. M. Gongaves, C. S. M. F. Costa, J. C. S. Bernardo, I. Johnson, 1. M. A.
Fonseca, A. G. M. Ferreira, J. Chem. Thermodyn. 43 (2011) 105

P. Morgado, J. Black, J. B. Lewis, C. R. lacovella, C. McCabe, L. F. G. Martins, E. J. M.
Filipe, Fluid Phase Equilib. 358 (2013) 161

J. M. Vuksanovic, E. M. Zivkovc, |. R. Radovic, B. D. Djordjevic, S. P. Serbanovic, M.
Lj. Kijevcanin, Fluid Phase Equilib. 345 (2013) 28

J. Troncoso, D. Bessiéres, C. A. Cerdeirifia, E. Carballo, L. Romani, Fluid Phase Equilib.
208 (2003) 141

J L. Daridon, B. Lagourette, J.-P. E. Grolier, Int. J. Thermophys. 19 (1998) 145

Y. A. Sanmamed, A. Dopazo-Paz, D. Gonzdlez-Salgado, J. Troncoso, L. Romani, J.
Chem. Thermodyn. 41 (2009) 1060

I. Cibulka, T. Takagi, J. Chem. Eng. Data 44 (1999) 411

M. J. Assael, H. M. T. Avdlino, N. K. Dalaouti, J. M. N. A. Fareleira, K. R. Harris, Int. J.
Thermophys. 22 (2001) 789

. A. M. Demiriz, PhD Thesis, University of Bochum, Bochum, Germany, 1986.

Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCs. All rights reserved.



J. Serb. Chem. Soc. 80 (8) S274-S277 (2015) Supplementary material

SUPPLEMENTARY MATERIAL TO
An apparatus proposed for density measurementsin compressed
liquid regions at pressures of 0.1-60 M Pa and temper atur es of
288.15-413.15K
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11120 Belgrade, Serbia

J. Serb. Chem. Soc. 80 (8) (2015) 1073-1085

TABLE S-I. Comparison of experimental densities with literature data at atmospheric pressure
(0.1 MPa) and various temperatures for n-hexane, toluene and dichloromethane

p | kg m3
Component T7K Exp. Literature
n-Hexane 288.15 664.164 664.03! , 664.012
293.15 659.665 659.561 , 659.492
298.15 655.134 655.071 , 654.922
303.15 650.569 650.531 , 650.392
308.15 645.967 645.941 | 645.752
313.15 641.330 641.291 | 641.102
Toluene 298.15 862.199 862.13 , 862.54
308.15 852.848 853.03
318.15 843.457 843.83
328.15 834.010 834.58
Dichloromethane 293.15 1325.334 1325.675, 1326.35°
303.15 1306.821 1306.99°

TABLE S-ll. Experimental densities, p / kg m3, for n-hexane at different temperatures ,
288.15-413.15 K and pressures (0.1-60 MPa); U(p) = 1.7 kg m™3 (288.15 < T < 363.15 K) and
2.7 kg m3 (373.15< T< 413.15K); U(T) = 0.01 K; U(p) = 0.05 MPa

/ MPa T/K
P 288.15 29315 298.15 303.15 308.15 31315 31815 323.15
0.1 664.1 659.6 655.1 650.5 645.9 641.3 636.6 631.8
1 665.0 660.5 656.0 651.5 646.9 642.4 637.7 633.0
5 668.8 664.5 660.1 655.8 651.4 647.0 642.5 638.1
10 673.3 669.2 665.0 660.8 656.6 652.4 648.2 643.9

* Corresponding author. E-mail: tasic33@gmail.com
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TABLE S-I. Continued

/ MPa T/K
P 288.15 29315 298.15 303.15 308.15 313.15 31815 323.15
15 677.5 673.6 669.6 665.6 661.5 657.5 653.4 649.4
20 681.6 677.7 673.8 670.0 666.1 662.2 658.3 654.4
25 685.3 681.6 677.8 674.1 670.3 666.6 662.8 659.1
30 688.9 685.3 681.6 678.0 674.3 670.7 667.0 663.4
35 692.3 688.8 685.2 681.7 678.1 674.6 671.0 667.5
40 695.6 692.1 688.7 685.2 681.7 678.3 674.8 671.4
45 698.7 695.3 691.9 688.6 685.2 681.8 678.4 675.0
50 701.8 698.4 695.1 691.8 688.5 685.2 681.9 678.6
55 704.7 701.4 698.2 694.9 691.7 688.5 685.2 682.0
60 707.6 704.4 701.2 698.0 694.8 691.7 688.5 685.4
328.15 33315 34315 35315 36315 373.15 39315 41315
0.1 627.1 622.3 - - - - - -
1 628.3 623.6 613.9 603.8 593.5 583.3 560.8 536.6
5 633.5 629.1 619.8 610.3 600.6 591.0 570.3 548.3
10 639.6 635.4 626.6 617.8 608.7 599.8 581.0 561.3
15 645.3 641.2 632.9 624.6 616.1 607.7 590.4 572.4
20 650.5 646.6 638.6 630.7 622.7 614.8 598.6 582.1
25 655.3 651.6 643.9 636.3 628.7 621.2 605.9 590.4
30 659.8 656.2 648.8 641.4 634.1 626.9 612.3 597.6
35 664.0 660.5 653.4 646.2 639.1 632.2 618.1 604.0
40 667.9 664.5 657.6 650.6 643.8 637.1 623.4 609.8
45 671.7 668.4 661.7 654.9 648.2 641.7 628.4 615.1
50 675.3 672.1 665.5 658.9 652.4 646.1 633.2 620.3
55 678.8 675.7 669.3 663.0 656.5 650.4 638.0 625.6
60 682.3 679.2 673.0 667.0 660.6 654.7 642.9 631.1

TABLE S-Il. Experimental densities, p / kg m3, for toluene at different temperatures
(288.15-413.15 K) and pressures (0.1-60 MPa); U(p) = 1.7 kg m3 (288.15 K< T <363.15 K)
and 2.7 kg m3 (373.15 K< T <413.15 K); U(T) = 0.01 K; U(p) = 0.05 MPa

/ MPa T/K
P 288.15 29315 298.15 303.15 308.15 313.15 31815 323.15
0.1 871.4 866.8 862.2 857.5 852.8 848.1 843.4 838.7
1 872.0 867.5 862.8 858.2 853.6 848.9 844.2 839.5
5 874.9 870.4 865.8 861.3 856.7 852.1 8475 842.9
10 878.3 873.9 869.5 865.0 860.6 856.1 851.6 847.1
15 881.6 877.3 873.0 868.7 864.3 859.9 855.5 851.2
20 884.9 880.7 876.4 872.2 867.9 863.6 859.3 855.1
25 888.0 883.9 879.7 875.6 871.4 867.2 863.0 858.9
30 891.1 887.0 882.9 878.9 874.8 870.7 866.6 862.5
35 894.1 890.1 886.1 882.0 878.0 874.0 870.0 866.0
40 896.9 893.0 889.1 885.1 881.2 877.2 873.3 869.3
45 899.7 895.9 891.9 888.1 884.2 880.3 876.4 872.6
50 902.4 898.6 894.7 890.9 887.1 883.3 879.4 875.6
55 905.0 901.2 897.4 893.6 889.9 886.1 882.3 878.6
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TABLE Sl Continued

/ MPa T/K
P 288.15 29315 298.15 303.15 308.15 313.15 31815 323.15
60 907.5 903.8 900.0 896.3 892.5 888.8 885.1 881.4
328.15 33315 34315 35315 363.15 373.15 39315 413.15
0.1 833.9 8290.1 819.4 809.6 799.7 789.3 - -
1 834.7 830.0 820.3 810.6 800.8 790.9 770.4 749.2
5 838.3 833.6 824.3 814.9 805.4 795.8 776.2 755.9
10 842.6 838.1 829.1 820.0 810.9 801.7 782.9 763.6
15 846.7 842.4 833.7 824.9 816.0 807.2 789.1 770.7
20 850.8 846.5 838.1 829.5 820.9 812.3 794.9 777.3
25 854.6 850.5 842.2 833.8 825.5 817.2 800.4 783.4
30 858.4 854.3 846.1 838.0 829.9 821.8 805.4 789.1
35 862.0 858.0 849.9 842.0 834.0 826.1 810.2 794.3
40 865.4 861.5 853.6 845.8 838.0 830.3 814.8 799.3
45 868.7 864.9 857.1 849.4 841.8 834.3 8190.1 804.0
50 871.9 868.1 860.5 853.0 845.5 838.1 823.3 808.6
55 874.9 871.1 863.8 856.4 849.1 841.9 827.4 813.0
60 877.7 874.0 867.0 859.8 852.6 845.5 831.4 817.4

TABLE SIV. Experimental densities, p / kg m3, for dichloromethane at different
temperatures (288.15-413.15 K) and pressures (0.1-60 MPa); U(p) = 1.7 kg m3 (288.15 K <
T<363.15K) and 2.7 kg m3 (373.15 K < T < 413.15 K); U(T) = 0.01 K; U(p) = 0.05 MPa

p/MPa T/K

288.15 20315 29815 303.15 308.15 31315 31815 323.15
0.1 13345 13253 1316.0 1306.8 12974 12878 — -
1 13356 13265 1317.2 1308.1 12987 1289.2 1279.7 1270.1
5 13406 1331.6 13226 13136 13044 12952 1286.0 1276.7
10 1346.6 13379 13291 13203 13114 13025 12936 1284.6
15 13525 13440 13354 13268 13181 13095 1300.8 1292.0
20 1358.3 13499 13415 13331 13246 13162 1307.7 1299.2
25 1363.8 1355.6 13474 13391 13309 13226 13143 1306.0
30 1369.2 1361.2 13531 13450 1337.0 13288 1320.7 13125
35 13744 13665 1358.6 1350.7 13428 13347 1326.7 13188
40 13795 13717 1364.0 1356.2 13484 13404 13326 13248
45 13843 1376.7 1369.1 13615 13538 13459 13383 1330.7
50 1389.1 13815 13740 13665 1359.0 1351.3 13438 1336.3
55 13936 1386.2 13788 13714 13640 13566 1349.2 13418
60 13980 1390.6 1383.3 1376.0 13688 13617 13544 1347.2

32815 33315 34315 35315 36315 37315 39315 413.15
0.1 - - — - - - -
1 1260.4 1250.6 1230.7 12103 1189.3 11674 11227 10723
5 1267.2 1257.7 12385 12188 11986 1177.7 1135.0 1087.9
10 12754 1266.2 1247.7 12288 12095 1189.7 11493 1105.7
15 12832 12743 12563 12381 12197 12008 11624 11217
20 12906 12819 1264.6 12470 12292 12111 11745 1136.2
25 12976 1289.2 12723 12553 12381 12206 1185.7 1149.2
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/ MPa T/K
P 288.15 29315 298.15 303.15 308.15 313.15 31815 323.15
30 1304.4 12962 1279.7 12632 12465 12296 1196.0 1161.1
35 1310.8 13028 1286.8 12706 12544 12380 12055 1172.0
40 1317.0 1309.2 12935 1277.8 12620 12460 12145 11821
45 1323.0 13153 13000 12846 1269.2 12535 1223.0 11915
50 1328.8 1321.3 13063 1291.2 12761 1260.8 1231.1 1200.5
55 13345 1327.0 13123 12976 12828 12679 12389 1209.2
60 1340.0 13327 13183 1303.8 12894 12749 12465 12179
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Abstract: The geochemical composition of the soils and underlying sediments
in the Kremna Basin was investigated. The aim was to assess whether the
observed heavy metal concentrations in the soil samples represent geogenic or
anthropogenic contamination. The second objective was to show that geochem-
ical data of underlying sediments should be used as a tool in the determination
of the potential hazard for soil contamination. For this purpose, the contents of
As, Cr, Cu, Hg, Ni, Pb and Zn of soil samples were compared with standard
values, a reference soil sample and local background values of the underlying
sediments. The soil samples were unpolluted regarding the contents of As, Hg,
Pb and Zn. All samples had higher contents of Cr and Ni, whereas three
samples had higher contents of Cu than the limit standard values. Geochemical
parameters showed that the higher concentrations of Cr, Cu and Ni in the soils
could be attributed to geogenic impact. This conclusion was supported by the
Chemical Proxy of Alteration and Chemical Index of Weathering values, which
indicated intense weathering of the sediments. The obtained results showed that
the Kremna area is under slight to moderate hazard if aland use change would
occur, and proved the importance of the geochemical composition of under-
lying sediments in the interpretation of heavy metal pollution.

Keywords. soils; sediments; geochemistry; heavy metals; pollution; weather-
ing.
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INTRODUCTION

In natural systems, enrichment and depletion balance each other out. How-
ever, anthropogenic influences tend to enrichments in different parts of the sys-
tem and the distribution function is skewed towards higher values.!

Heavy metals are one of the serious pollutants in the natural environment
due to their toxicity, persistence and bioaccumulation problems.2:3 Assessment of
the contamination status is regularly based on the Quality Guidelines. Com-
parison of concentrations of heavy metals measured in samples and contents
given by the Quality Guidelines provides data about the level of sample contam-
ination. However, assessment of whether the measured heavy metal concentra-
tions in samples represent geogenic or anthropogenic contamination is difficult
based purely on such results. In order to overcome this problem, numerous
geochemical parameters have been proposed. These indices are based on com-
parison of the contents of heavy metals in studied samples and a reference
sample. It is very important to choose the most suitable reference sample for the
studied area, which can be determined using geochemical or statistical
methods.14

The geo-accumulation index (I geo)5 is expressed as follows:

c
loeo =10 n 1
geo 92(1'5&]) (1)

where ¢, represents measured concentration of a heavy metal in the sediment or
soil sample and By, is the concentration of an element in the reference sample
(background value). The factor 1.5 is incorporated in the equation to account for
possible variation in the background data due to lithologic effects. The geo-
accumulation index (lgeo) scale® consists of seven grades ranging from unpol-
luted to very strongly polluted:

lgeo < O, unpolluted;

| geo = 0—1, unpolluted to moderately polluted;

lgeo = 1-2, moderately polluted;

lgeo = 23, moderately to strongly polluted;

lgeo = 34, strongly polluted;

lgeo = 4-5, strongly to very strongly polluted;

lgeo > 5, very strongly polluted.

The pollution load index (PLI) was introduced by Tomlinson et al. (1980).6
The PLI is calculated using the following equation:

PLI = (CF1CF4CF3...CF)¥n 2

where CF isthe contamination factor and n is the number of determined metals.
The contaminant factor CF is defined as:
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CF = Cmetal 3)
Cbackgroud
where Cmetal IS the concentration of a metal in the sample and Cpackground
represents the background value for the same metal. A PLI value > 1 implies
pollution, whereas PLI < 1 indicates no pollution.®
The enrichment factor, r is defined as the ratio:”

r:CS_CbH.‘,k (4)

Chack

where cg is the content of metal in the sample, while cpack is the concentration of
the same metal in the reference sample. Metals with r > 1 could be considered as
indicators of anthropogenic metal pollution, whereas r < 1 indicates no pol-
lution.”

The total enrichment factor (R) for each sample averages the enrichment
factor (r) values of the al (n) indicator-metals as follow:

R-Z" ©
n
R values exceeding 1.5 indicate high pollution, R values between 1.5 and 1 imply
moderate pollution, whereas samples with R values below unity are considered as
unpolluted or exposed to low pollution.’

Hakanson (1980)8 suggested a contamination factor (C]! ) and the degree of
contamination (Cg) to describe the contamination by heavy metals. Cfi is given
by:

ci=-" (6)
CRn
where C, is the mean content of a heavy metal in the investigated samples and
Crn isthe reference value for a heavy metal.

Cq represents the sum of contamination factors for all analyzed metalsand is

given by:8

Cq=2.Cf (7)

Cl <1 and Cq <7 indicate a low degree of contamination; C! in the range
from 1 to 3 and Cy in range from 7 to 14 indicate a moderate degree of contam-
ination; C]i in the range from 3 to 6 and Cq in range from 14 to 28 imply a con-
siderable degree of contamination, whereas C{ >6 and Cy >28 reflect avery high
degree of contamination.8

In this study, the geochemical composition of soils and underlying sediments
in the Kremna Basin were investigated (Fig. S-1 of the Supplementary material
to this paper). This location was chosen, due to its importance as a potential
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evaporite (magnesite) deposit and boron occurrence, as well as because of its
proximity to the Tara National Park. The aim was to assess whether the observed
heavy metal concentrations in the soil samples represent geogenic or anthro-
pogenic impact. The second objective was to show that geochemical data of
underlying sediments should be used as a tool in the determination of potential
hazard for soil contamination. For this purpose, comparison was performed of the
contents of heavy metals (As, Cr, Cu, Hg, Ni, Pb and Zn) of seven soil samples
with standard values, a reference soil sample and the local background values of
the underlying sediments. The results of the chemical composition of sixty soil
samples surrounding the Kremna Basin (Fig. S-1) were used for the calculation
of the reference soil sample (Tablel). The local background values of the under-
lying sediments were calculated based on the contents of heavy metals in forty-
three sediment samples from the borehole ZLT-2 (depth from 11.5 to 343 m) of
the Kremna Basin (Fig. S-1; Table S| of the Supplementary material to this
paper). For assessment of geogenic (natural) and anthropogenic pollution of the
soils, numerous geochemical parameters, explained above, were used.

TABLE I. Contents of heavy metals in the reference soil sample (mg kg1), investigated soil
samples and reference standard values

Sample No. As Cr Cu Hg Ni Pb Zn
Thereference soil sample  3.87 89.21 16.76 0.14 42327 4810 5228

1 250 36574 19.84 000 1261.02 441 5379
2 218 22115 3586 000 351.81 412 3957
3 242 18664 5051 000 29966 428 9247
4 207 14391 4422 000 24050 388 59.54
5 215 61083 19.10 000 10810 420 49.75
6 210 22559 2726 000 46176 407 5106
7 237 29607 8144 000 57969 437 5415
Mean value 227 21431 3975 000 47179 419 57.19
Standards
RS 88/2010° 29 100 36 0.3 35 85 140
FBiH 72/09% 15 100 65 1.0 40 80 150
ONORM L 1075% 20 100 50 1.0 40 100 150

EXPERIMENTAL

The soils were sampled at seven locations (see Supplementary material). From each
location, soil samples were taken with a small shovel from a surface area of 40 cmx40 cmx10
cm. Each sample originally weighed 2.5 kg. In the laboratory, after removing vegetation and
root remains, the samples were air dried at room temperature. Soil samples were then mixed
thoroughly and the quartering procedure was used to obtain a representative sample for
analyses. The obtained representative samples were gently ground in an agate mortar and
finally sieved through a 63-um sieve.

Sediment samples were dried at 105 °C. In the next step, the samples were successively
crushed to 2.36 mm in three stages using a jaw crusher, cone crusher and roller crusher,
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respectively. Then, the samples were homogenized. The rough milled fragmented sample was
subsequently finely pulverized and sifted through a 63-pum sieve.

About 0.1 g of soil or sediment sample was precisely weighed on an analytical balance.
A mixture of 4 cm3 nitric acid (HNOs, 65 %), 15 cm?® hydrochloric acid (HCl, 37 %), 3 cm?®
orthophosphoric acid (HzPO,, 85 %) and 1 cm? hydrofluoric acid (HF, 50 %) was used for
digestion of the samples. Digestion was performed in an Advanced Microwave Digestion
System (ETHOS 1, Milestone, Italy) using an HPR-1000/10S high pressure segmented rotor.
The temperature was controlled with a predetermined power program. The temperature was
typically increased to 220 °C in the first 15 min. The temperature of 220 °C was maintained
for an additional 20 min. and then cooled down rapidly. The contents of maor elements and
heavy metals were determined by inductively coupled plasma atomic emission spectrometry
(ICP-AES) using a Thermo Scientific iCAP 6500 Duo ICP (Thermo Fisher Scientific, Cam-
bridge, UK) spectrometer equipped with an RACID86 Charge Injector Device (CID) detector,
a pneumatic cross-flow type nebulizer, a quartz torch, and an alumina injector, which enabled
samples containing HF in a small amount to be detected. The optical system was purged with
argon and the Echelle polychromator was thermostated at 38 °C. Two multi-elemental plasma
standard solutions (Multi-Element Plasma Standard Solution 4, Specpure®, 1000 pg mi-* and
a Semi-Quantitative Standard 1, Specpure®, 10 ug mi'1) and two single plasma standard
solutions (Silicon, Specpure®, 1000ug mi-1 and Titanium, Specpure®, 1000ug mi-Y) certified
by Alfa Aesar GmbH & Co KG, Germany, were used to prepare the calibration solutions for
the ICP-AES measurements. Two types of blanks were required for the analysis of the
prepared samples. The calibration blank was used for establishing the analytical curve and the
method blank was used to identify possible contamination resulting from either the reagents
(acids) or the equipment used during sample processing. For each run, the samples were
prepared in duplicate, and the |CP-AES measurement for each digested sample was performed
intriplicate.

RESULTS AND DISCUSSION
Heavy metal content in the reference soil sample

The contents of trace elements in the reference soil sample are given in
Table I. The concentrations of all elements in the reference soil sample, with the
exception of Ni, were notably lower in comparison to the Serbian Regulation
about the program of systematic monitoring of soil quality, indicators for risk
assessment of soil degradation and methodology for development of remediation
programs, RS 88/2010,° The Bosnian and Herzegovinian Regulation for the
determination of permitted quantities of harmful and hazardous substances in the
soil and methods of their investigation, FBiH 72/0910 and the Austrian Standard,
ONORM L 10751 values (Table I). The obtained concentration of Ni was higher
than al the values given in the considered standard. However, the local
background value of 165.69 mg kg1 for Ni (Table S-1), discussed below, is also
higher than the standard values!9.12-15 (Table S-1), indicating that a high amount
of Ni in the reference soil sample is of geogenic origin. Therefore, the reference
soil sample could be considered as native and unpolluted and be used for an
estimation of the difference between geogenic and anthropogenic impacts in the
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investigated soil samples. The elevated content of Ni in the reference unpolluted
soil sample (Table 1) shows the importance of the mineral and geochemical
composition of the underlying sediments, which should be determined prior to
any land use change, particularly in areas exposed to intense weathering. Ele-
vated Cr and Ni contents may result from ophiolites (ocean floor on land, which
is usually rich in some heavy metals, such as Cr and Ni) occurring in the
neighborhood (Dinaric ophiolite belt).16 The same result was obtained in a recent
investigation of sediments from the eastern Posavina region.1’

Heavy metal content in background sediments

The background levels of heavy metals in the underlying sediments were
relatively uniformly distributed within borehole ZLT-2, with exception of Cr and
Ni, which were generally higher in the lower sedimentary sequence (below 200
m; Table S-I). The contents of almost all heavy metals were lower compared to
the limit standard values,10.12-15 with exception of Cr and Ni which were higher
than the standard values (Table S-1). Elevated contents of Cr and Ni in the
sediments are of geogenic origin and originated from the ultrabasic source rocks
and serpentinites. According to the relatively uniform distribution of almost all
the analyzed trace elements and their relatively low content (Table S-1), it could
be concluded that the sediments are unpolluted, derived predominantly from
natural sediment sources. Therefore, they could be used as local background
levels for soil in this area to estimate the difference between geogenic and
anthropogenic impacts, and to assess the enrichment of soil in heavy metals,
which originate from the underlying sediments. Despite the relatively low con-
tents of almost al the heavy metals (Table S-I), bearing in mind that the base and
the edge of the Kremna Basin consist of ultrabasic rocks, serpentinite and ophiolitic
mélange, which are al prone to weathering, the high concentrations of Cr and Ni,
and the presence of As, Cu, Hg and Pb in the borehole ZLT-2 could be highly
negative to the soil and water quality. This was confirmed by the very high values
of the Chemical Proxy of Alteration, CPA8 and the Chemical Index of Wesather-
ing, CIWA9.20 (> 80 and > 70 %, respectively), which remain continuously high
even up to the depths of 150 m (Table S-1).

Distribution of heavy metalsin the soil samples from the Kremna Basin

Relatively thin soil (=40 cm) developed over Miocene sediments in the
Kremna Basin. Seven samples at different locations (Fig. S-1) were taken from
the surface soil horizon.

The contents of heavy metals in the soils are listed in Table |. Comparison of
these results with the limit standard values®11 indicates that all samples have
higher contents of Cr (sample 5 being the exception) and Ni (Table 1). Moreover,
three samples (3, 4 and 7; Table 1) show a higher content of Cu than the limit
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standard value indicated in the Serbian Regulation about the program of sys-
tematic monitoring of soil quality, indicators for risk assessment of soil degrad-
ation and methodology for the development of remediation programs, RS
88/2010° (Table I). The contents of the other trace elements were below the
standard values®-11 (Table I). The obtained results are in a concordance with the
observation of Alexander (2013),21 that strong weathering of ultramafic rocks
and leaching of elements from serpentinites result in high to very high concen-
trations of Cr, Cu, and Ni in overlying soils, compared to the average data for
world soils. The elevated contents of Cr, Cu and Ni (Table I) confirmed the
notable influence of the geochemical composition of the underlying sediments on
the heavy metal levelsin soil.

Determination of geogenic and anthropogenic impact in soils

For more precise estimations of the geogenic and potential anthropogenic
impacts on the investigated soil samples, severa indices, geo-accumulation index
(Igeo),® pollution load index (PLI),® enrichment factor (r),” total enrichment
factor (R),’ contamination factor (C]! 8 and degree of contamination (Cy)8 were
used. The values of mentioned indices were calculated related to both, the refer-
ence soil sample (Table I) and background sediment levels (borehole ZLT-2;
Table S-1). The results are presented in Tables [1-V.

TABLE II. Values of geo-accumulation index (l4e) for the investigated soils, related to the
reference soil sample and local background sediment level; N.D.: not determined due to
concentration of Hg being below detection limit

Soil sample No. As Cr Cu Hg Ni Pb Zn
I geos related to the reference soil sample

1 -1.17 1.45 -0.34 N.D. 099 403 -054
2 -1.41 0.72 051 N.D. 08 413 099
3 -1.26 0.48 101 N.D. -1.08 -4.08 0.24

4 -1.49 0.10 0.81 N.D. 140 422 040
5 -1.43 -1.13 —0.40 N.D. 255 410 -0.66
6
7
M

-1.47 0.75 0.12 N.D. -046 415 -062

-1.29 1.15 1.70 N.D. 013 405 -053

ean value -1.36 0.50 0.49 ND. 078 411 050
| geo» rélated to local background sediment level

1 -1.74 111 0.87 N.D. 2.34 0.21 1.53
2 -1.99 0.38 173 N.D. 0.50 011 1.09
3 -1.84 0.14 2.22 N.D. 0.27 0.17 2.32
4 —2.07 -0.24 2.03 N.D. -0.05 0.03 1.68
5 —2.01 -1.47 0.82 N.D. -1.20 0.14 1.42
6
7
M

—2.05 0.41 1.33 N.D. 0.89 0.09 1.46
-1.87 0.80 291 N.D. 1.22 0.20 154
ean value -1.94 0.16 1.70 N.D. 0.57 0.14 1.58
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The lgeo values of the investigated sediments, related to both the reference
soil sample and background levels from borehole ZLT-2, are given in Table I1.
Comparison of the Igeo Values calculated using the reference soil sample with the
geo-accumulation index (lgeo) scaled (Table 11) showed that the investigated
samples were unpolluted regarding As, Hg, Ni, Pb and Zn. Slight enrichment in
almost all soil samples, in relation to the reference soil sample, was observed for
Cr and Cu (lgeo inrange 0.1-1.45 and 0.12-1.70, respectively; Table I1). The lgeq
values related to background sediment levels indicated that the investigated soil
samples were unpolluted regarding As and Hg. For samples 4 and 5, no pollution
with Cr and Ni was detected. Generally, the low mean values of 1ge, for Cr and
Ni (0.16 and 0.57; Table Il) imply a geogenic origin of these elements. Slight
enrichment was observed for Pb, whereas moderate pollution is noticed for Cu
and Zn in al samples, as well as for Cr and Ni in several samples (Table II).
These results show the importance of recognition of the biochemical and mineral
composition of the underlying sediments for further land usage and prevention of
risk for serious soil and water contamination.

TABLE I1lI1. Vaues of pollution load index (PLI) for the investigated soils, related to the
reference soil sample and local background sediment level

Sample As Cr Cu Hg Ni Pb Zn
PLI, related to the reference soil sample
Soil samples 0.58 2.13 2.10 0.00 0.87 0.09 1.06
Mean value 0.98
PLI, related to local background sediment level
Soil samples 0.39 1.68 4.89 0.00 2.23 1.65 4.48
Mean value 2.18

The vaues of the pollution load index (PLI) higher than 1 (Table I1I) con-
firmed that the investigated soil samples were enriched in Cr and Cu in com-
parison to the reference soil sample, whereas no contamination with As, Hg, Ni,
Pb and Zn was observed.6 On the other hand, the values of PLI calculated in
relation to the background sediment values showed moderate contamination with
Cr and Pb and significant enrichment in Cu, Ni and Zn, whereas pollution with
As and Hg was not detected (Table 111).6

Values of the enrichment factor (r),” calculated using the reference soil
sample showed the same result as the lges and PLI values (Table IV). The soil
samples were unpolluted regarding As, Hg, Ni, Pb and Zn, whereas slight enrich-
ment was observed of the contents of Cr and Cu in almost all samples (Table 1V).
In comparison to background sediment levels, significant increases were noticed
for Cu and Zn in al samples and for Cr and Ni in a few samples (Table IV).
Values of r below 1 indicated no pollution with As, Cr (samples 2-6), Hg and
Ph.”
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TABLE 1V. Vaues of enrichment factor (r) and total enrichment factor (R) for the
investigated soils, related to the reference soil sample and local background sediment level

Soil sample No. As Cr Cu Hg Ni Pb Zn
r, related to the reference soil sample

1 -0.33 3.102 018 -100 198 091 0.03
2 -0.44 1.48 114 100 -017 -091 -024
3 -0.38 1.09 201 -100 -029 -091 077
4 -0.47 0.61 164 -100 -043 -092 014
5 -0.44 -0.32 014 -100 -074 -091 -0.05
6
7
M

-0.46 153 063 -100 009 -092 -002

-0.39 2.32 386 -100 037 091 0.04

ean value -0.41 1.40 137 100 011 091 0.09

r, related to local background sediment level

1 -0.55 2.23 175 -1.00 661 0.74 3.35
2 -0.62 0.95 397 -100 112 0.62 2.20
3 -0.58 0.65 6.00 -100 081 0.69 6.47
4 -0.64 0.27 513 -1.00 045 0.53 3.81
5 -0.63 -0.46 165 -1.00 -035 065 3.02
6
7
M

-0.64 0.99 278 -100 179 0.60 3.13
-0.59 1.62 10.29 -1.00 250 0.72 3.38
ean value -0.61 0.89 451 -100 185 0.65 3.62
R, related to the reference soil sample
0.68
0.14
0.38
0.10
-0.39
0.14
0.88
ean value 0.28
R, related to local background sediment level
2.35
1.37
2.34
1.59
0.65
1.44
2.98
ean value 1.82

ZNO A WN R

ZINoO UM WN R

Furthermore, the r values were use for the calculation of the total enrichment
factor (R).” The values of R related to the reference soil sample were notably
lower than unity, indicating no anthropogenic impact.” However, the R values
related to the background sediment level indicated moderate to high enrichment,
with the exception of sample 5 (Table IV). This result is primary caused by sig-
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nificantly elevated contents of Cu and Zn in the soil samplesin comparison to the
underlying sediments. _

The values of contamination factor (C/ 8 in the investigated soil related to
the reference soil sample indicated a moderate degree of contamination in Cr and
Cu and a dlight enhancement in Ni and Zn, whereas no pollution with As, Hg and
Pb was observed (Table V). The contamination degree (Cg)8 that summarizes all
contamination factors for al investigated soil samples reached 7.65, implying a
low to moderate enrichment in heavy metals in relation to the reference soil
sample (Table V).

TABLE V. Values of contamination factors (C/) and contamination degree (Cq) for the
investigated soils, related to the reference soil sample and local background sediment level

Sample As Cr Cu Hg Ni Pb Zn
Cl, related to the reference soil sample
Soil samples 0.59 2.40 2.37 0.00 111 0.09 1.09
Mean value 1.09
C!, related to local background sediment level
Soil samples 0.39 1.89 5.51 0.00 2.85 1.65 4.62
Mean value 241
Cy, related to the reference soil sample
Soil samples 7.65
Cq, related to local background sediment level
Soil samples 16.91

The contamination factors (C]E ) related to the background sediment values
showed moderate pollution with Cr, Ni and Pb, considerable degrees of pollution
by Cu and Zn and no pollution with As and Hg. Thisresulted in arelatively high
value of Cy of 16.91, which indicates a considerable degree of contamination
(TableV).8

Combining the results of all the mentioned parameters (Tables 11-V), which
showed very good agreement, it could be concluded that the investigated soil
samples were unpolluted in terms of As, Hg, Ni, Pb and Zn, whereas slight
enrichments in Cr and Cu were observed in comparison to the reference soil
sample. Considering the geological origin and geochemical composition of
underlying sediments, which had been exposed to intense weathering, this result
israther related to geogenic than to anthropogenic impacts.

Numerous geochemical parameters calculated in relation to the background
values of the underlying sediments also showed very consistent results (Tables
I1-V). No pollution of the soil samples with As, Hg and Pb were observed. A
dlight enrichment of the soils in comparison to the underlying sediments was
registered for the Cr content. Significant increases in the concentrations of Cu
and Zn were detected in all soil samples and of Ni in samples 1 and 7. The ele-
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vated content of Ni in these two samples could be attributed to their higher
amount of organic matter. Namely, sample 1 was taken from a thin soil layer
developed over an outcropping coal layer, while sample 7 was taken from a more
developed soil, dark in color, indicating a higher presence of organic matter.
Therefore, it could be assumed that in the Kremna Basin, Cu and Zn are the most
prone to be readily incorporated into soils as result of weathering and leaching of
ultramafic rocks and serpentinites. The obtained results showed the importance
of the determination of the mineral and geochemical compoasition of underlying
sediments prior to any land use change in order to prevent potential serious con-
tamination of soil and water.

CONCLUSIONS

Soil samples from the Kremna Basin could be considered as unpolluted
regarding the contents of As, Hg, Pb and Zn. All the investigated samples had
higher contents of Cr and Ni, whereas three samples showed higher contents of
Cu than the limit standard values given by the Serbian Regulation about the
program of systematic monitoring of soil quality, indicators for risk assessment
of soil degradation and methodology for the development of remediation
programs. Values of numerous geochemical parameters calculated in relation to
the reference soil sample from this area and background values of the underlying
sediments in the Kremna Basin (borehole ZLT-2) indicated that the elevated
concentration of Cr and Ni in the analyzed soils could be attributed to geogenic
rather than to anthropogenic impact. This conclusion was support by the high
values of Chemical Proxy of Alteration (CPA) and Chemical Index of Weather-
ing (CIW), which indicated very intense weathering of the underlying rocks.

Values of the geo-accumulation index (lgeo), pollution load index (PLI),
enrichment factor (r), total enrichment factor (R), contamination factor (C{ )and
degree of contamination (Cg), which indicated slight enrichment in Cr and Cu in
comparison to the reference soil sample, and significant enrichment in Cu and Zn
in comparison to sediment background values, imply that the Kremna area is
under slight to moderate hazard risk if a land use change would occur. Physical
deterioration and runoff that could easily occur would enhance the chemical
weathering of deeper samples (below a depth of 10 m). In thisway, heavy metals
could get into soil and water. Therefore, erosion control should be mandatory in
this area. This study proved that besides topographic characteristics, climatic
data, and soil properties, the mineral and geochemical composition of underlying
sediments play an important role in the interpretation of the level of geogenic
hazard in the investigated area and should be determined prior to any land use
change.
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U3BOL
ITEOXEMHJCKO UCITUTUBAILE KAO OCHOBA 3A YTBPHUBAIGLE TIOTEHLIMJAJTHOT
PU3UKA O] 3BATABVBAKA 3EMJ/BUIITA (FACEH KPEMHA)

TAMAPA HEPYHOBI/I'Fli, KCEHHUJA CTOJAHOBI/I’Ff, MWIHLA KALLIAHI/IH—FPYBI/IHZ, AJIEKCAHIIPA
LHAJHOBI/IBZ, BJIAODVUMUP CI/IMI/I'BS, BPAHHMHMP JOBAHUWREBUR' 1 WJINJA BPYECKH'
1YHueep3uu76w y Beoipagy, Xemujcku Gaxynimei, Ciiygeniicku wpi 12—16, 11000 Beoipag, ZYHMSCPSMITACW
y Beoipagy, Llentiap 3a xemujy, UXTM, Fbeiowesa 12, 11000 Beoipag u 3YHusep3uu7.em y Beoipagy,
Pygapcxo—ieconowxu paxynitewi, Bywuna 7, 11000 Beoipag

HcruTrBaH je reoXeMHjCKU CacTaB 3eMJbHLITA U OATOBapajyhux MOJUHCKUX CeiMeHaTa
y daceny Kpemna. Llnsb paga je 510 ma ce yTBpOM [a 1M Cy KOHLEHTpaLHWje TEIIKUX MeTana y
y30pLMMa 3eMJBbUILTA [TOCIeJuLa NPUPOAHOT WK aHTponoreHor 3arahemwa. JIpyru 1uum paja je
Ouo fa ce moxake Aa re0XeMHjCKH NMOoAaly O MOAMHCKUM CeJUMEHTHMAa Mopajy OuTH pas-
MaTpaHH Ipu yTBphUBamwy pHU3MKa o 3arahuBama 3eMsbUINTa. Y Ty CBPXY U3BENEHO je mope-
hemwe cappxkaja As, Cr, Cu, Hg, Ni, Pb 1 Zn y 3eM/bHIITY Ca TPAaHUYHUM CTaHIAPLHUM BpeJ-
HOCTHMa, KOHIIeHTpallhjaMa OBHX eJleMeHaTa y pe)epeHTHOM HaTHBHOM y30pKY 3€MJBUILTA U
HesaraheHUM NMOJVHCKHUM CeJUMEHTHMA. Y30pLHM 3eMJ/bHLITA HUCY KOHTaMHHMpaHu As, Hg,
Pb u Zn. CBM HCIUTHBAHU Y30pLH 3em/bHINTa UMajy Behu campkaj Cr u Ni, ok je y Tpu
y30pKa 3anaxeH noseha cagpkaj Cu y ogHOCY Ha rpaHUYHE CTaHJapAHe BpefsHOCTH. ['eoxe-
MMjCKH TapaMeTpH Cy NoKasalH fa cy nosuueHe koHueHtpauuje Cr, Cu u Ni y seMmpulITy
HajBepoBaTHHje TOCIefulla NPUPOAHOT yTHuaja. OBOM 3aK/byUKy y MPHJIOT MY BPEIHOCTH
XEMHjCKOT UHJEKCa MPOMEHA U XEMHjCKOT MHAEKCA pacnafama Koje yKasyjy Ha MHTEH3UBHO
(pu3HUKO U XEMHUjCKO pacrajame ceguMmenara. JJobujeHr pesynTaTH Mokasyjy fia ce Iofipydje
KpemHe Hanas3u nop dmarum o yMepeHUM PU3UKOM Off DMII0 KaKBe MPOMEHEe HauyWHa KOPHII-
hemwa 3emspuIlTa, W NOTBPhyjy 3Hauaj T€OXEMHjCKOr cacTaBa NMOJUHCKHUX CEJUMEHTAa INpH
UHTEpNpeTaLujy 3arahuBama TEILIKUM METaTHMa.

(ITpumieHo 17. centemdpa, peunupano 31. okrodpa, mpuxsaheno 6. HoBembpa 2014)
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AREA AND SAMPLING LOCATION

The Kremna Basin covering an area of 15 km? is a lacustrine basin of the
Zlatibor complex and is located in southwest Serbia, about 200 km from Bel-
grade (Fig. S-1). Zlatibor Mountain is one of the largest serpentinite massifs on
the Balkan Peninsula and is an ecologicaly exceptional area with 960 plant
species, 280 insect species, 10 amphibians and reptiles, 150 bird species and 54
mammal species.!

Kremna Basin landscape is hilly—-mountainous with pastures, meadows and
agriculture as the dominant vegetation type (Fig. S-1). The areais sparsely popul-
ated with mountain villages, which are dispersed and mostly isolated. The main
water supplies for the villages are springs.

Duetoitsvery interesting geological setting, this basin has been explored for
magnesites and borates. During the last few decades, the Kremna Basin was stu-
died for presence of searlesite in the magnesite deposit,2 magnesite and dolo-
mite34 and sepiolite and palygorskite clays.® The total thickness of sediments is
about 350 m, and their ageis of Lower Miocene, between 19 and 17 Ma.6.7

Obradovi¢ and Vasi¢ (2007)8 distinguished two main sedimentation series,
dluvia and lacustrine, and the latter was further divided into margina and
intrabasinal facies. The aluvia series consists of conglomerates and sandstones
containing fragments of ultramafic rock,® while the marginal lacustrine and
intrabasinal lacustrine facies consists of carbonate sediments.®

* Corresponding author. E-mail: ksenija@chem.bg.ac.rs; xenasyu@yahoo.com
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Fig. S-1. Locations in the Kremna Basin, borehole ZLT-2, reference soil samples and soil
samples (1-7).

Pedogenic factors influenced the formation of humus silicate soil type on
serpentinites in the Zlatibor region.10 These soils vary in color from black to
brown with a dominant silt component and fairly stable aggregates.1! The humus
silicate soils in the investigated area are shalow with depth varying between a
few cm up to 20-30 cm. Usually only the A-R profile is developed on these
soils, but the A—AC-R profile can also really be observed.

There were two main criterions for soil sampling location: proximity to the
borehole and outcropping sediments bellow soil. Only seven locations filled one
or both of these criterions (Fig. S-1; Table 1). Soil sample 1 was taken above the
outcropping coa layer about 1.4 km north from the borehole site ZLT-2. At this
location, the soil is very thin, up to 10 cm. Samples 2, 3 and 4 were taken in the
central part of the basin, close to the location of the borehole ZLT-2. Sample 2
was taken 20 m west from the borehole, sample 3, 30 m east from the borehole,
and sample 4 at the borehole site. Sample 5 was taken about 600 m, and sample 6
about 1 km northwest from the borehole site. Both soils are thin and light brown.
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Sample 7 was taken about 1 km west from the borehole site and it is darker with
more organic matter present.

The reference soil sample (Table 1) was determined by a statistical method.
The contents of trace elements in the reference soil sample were calculated based
on data for sixty soil samples (at depths up to 30 cm) surrounding the Kremna
Basin (Fig. S-1), reported by the Agency for Environmental Protection, the
Ministry of Energy, Development and Environmental Protection of the Republic
of Serbia,l2 using the following approach: for every element the mean +2
standard deviation were used to eliminate the top and bottom outlying data.13

For studying of the Kremna Basin sediments, 43 core samples (510 cm in
length) were taken from the ZLT-2 borehole, located in the central part of the
Basin (Fig. S-1), at depth from 11.5 to 343 m (Table S-1). The borehole samples
were taken for two purposes. The first one was the reconstruction of the origin
and geological evolution of the sediments based on the determination of the
gualitative mineral composition, content of major and several trace elements,
which are important for understanding sedimentation processes, as well as a
detailed investigation of the sedimentary organic matter. These results are given
in a previous paper.14 The second purpose of the sampling was to determine
background levels of heavy metals in the Kremna Basin. For this purpose, the
contents of heavy metalsinterpreted in this study (As, Cr, Cu, Hg, Ni, Pb and Zn)
were determined, whereas the contents of the major elements used for the
calculation of the weathering parameters were taken from a previous paper.14 As
was aready mentioned, this location was chosen due to its importance as a
potential evaporite (magnesite) deposit and boron occurrence, as well as because
of its proximity to the Tara National Park. In the ZLT-2 borehole, the Lower
Miocene sediments are more than 340 m thick. The borehole ends in weathered
serpentinite, which is characterized by the occurrence of rare fragments of
serpentinite, sepiolite and small amounts of quartz and dolomite. Background
levels of heavy metals in the Kremna Basin sediments were calculated using the
same statistical method as for the reference soil sample.13
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TABLE S-. Contents of heavy metals (mg kg1) and several major compounds (%) in sediment samples from ZLT-2 borehole of the Kremna
Basin, reference standard values and values of weathering indices

a
ﬁ?)r'np'e Denfth Litlogy As C Cu Hg Ni Pb 2Zn AlLO; CaO NaO P05 C(';OA C!%Vb
1 115 Clayey 1850 103.77 859 0.05 159.86 121 910 094 888 012 001 8249 7020
carbonates

2 135 Clayey 11.90 11728 1250 0.03 179.07 091 807 102 2219 009 001 8721 7733
carbonates

3 27 Marly 514 10341 655 005 11909 312 1511 303 2158 041 002 9433 89.27
dolomite

4 32 Marly 313 4842 4.04 004 4529 172 1011 187 2243 0.11 0.01 9109 8364
dolomite

5 425 Marlstone 27.07 89.85 9.80 006 15224 293 1111 304 3764 0.07 002 9632 9289

6 54 Silty Mg- 79.35 11956 1881 0.12 159.83 524 2672 680 924 008 001 98.05 96.18
-marlstone

7 55.5 Marly 3005 6273 825 004 10564 194 1121 197 1886 008 0.03 9362 88.00
dolomite

8 64.5 Marly 6.64 688 191 002 2262 050 402 061 2315 008 001 8225 69.86
dolomite

9 70 Marlstone 35.29 105.28 10.67 0.08 114.07 503 1744 6.04 2770 006 0.01 9835 96.76

10 78 Dolomitic 34.86 2766 394 0.04 5558 212 808 209 3277 013 001 90.64 8287
marlstone

11 80 Dolomitic 37.89 2085 488 0.07 3484 163 1016 238 3677 011 002 9282 86.60
marlstone

12 83 Marlstone 3542 4888 521 0.09 4327 29 1735 331 4181 015 0.04 9292 86.78

13 96 Marlstone 64.70 90.49 13.12 0.10 136.83 366 2035 318 4284 013 011 9360 87.98

14 111 Marlstone 4750 48.61 7.31 008 7552 264 1218 259 3633 0.14 0.15 91.72 84.70
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a
ﬁa'o”_“p'e Derﬁth Lilogy As G Cu  Hg Ni  Pb Zn A0, CaO NaO PO, i CL}(’)‘P
15 113 Marlstone 32.32 265.12 17.74 006 156.11 897 2447 546 3535 020 004 9421 89.05
16 127 Marlstone 3141 195.39 18.77 007 27037 694 1836 518 3801 025 004 9251 86.06
17 1375 Marlstone 1169 5516 635 004 7285 191 504 118 4458 0415 006 8258 70.33
18 150 Marlstone 7.78 112.00 10.85 0.06 240.02 399 1125 187 3243 016 001 8742 77.66
19 164 Marlstone 8.00 131.69 932 004 24554 294 810 182 4383 020 012 8455 7323
20 185 Dolomitic 455 76.05 758 003 7518 182 1011 104 2938 0.23 007 7313 57.65
marlstone

21 189.5 Dolomitic 9.06 130.86 9.36 004 17405 272 13.09 139 2689 0.22 005 7922 6559
marlstone

22 216  SiltyMg- 330 16247 403 003 20359 093 516 031 1346 041 001 3131 1856
-marlstone

23 219 Marly 3.04 180.02 4.65 002 22708 132 607 08 599 029 001 6378 46.82
magnesite

24 224 Marly 11.60 323.14 10.27 0.02 44066 277 1232 179 1710 045 001 70.62 54.58
dolomite

25 238 Mg-clay 1019 87.11 180 0.01 26133 1040 2334 489 236 124 001 7054 5449

26 2435 Marly 244 13893 497 004 18985 112 914 094 629 119 0.01 3258 19.46
magnesite

27 245 Marly 411 55553 421 002 60473 092 822 073 479 069 001 3918 2436
magnesite

28 248.3 Marly 1.63 208.73 4.37 0.02 276.49 1.02 6.10 0.66 6.50 2.28 0.01 1499 8.10
magnesite

29 255 Marly 183 34085 336 002 26383 092 610 060 458 070 0.01 3420 20.63
magnesite
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a

ﬁi’f"p'e Denfth Litlogy As C Cu Hg Ni Pb zZn AlLO; CaO NaO P05 C(';OA C!,}(’J‘P

30 258  Silty Mg- 14.23 1279.03 1529 0.05 1989.27 4.46 29.74 340 6.15 171 001 5471 37.66
marlstone

31 265 Marly 286 22394 951 002 34612 235 1023 130 584 140 001 36.04 2198
magnesite

32 283 Magnesitic 259 25557 571 001 351.32 197 934 135 1379 116 001 4137 26.08
marlstone

33 286 Magnesitic 524 41615 797 003 68047 294 1363 227 1149 156 002 46.84 30.58
marlstone

34 2975 Magnesitic 291 21355 39.12 008 29848 354 4786 209 919 153 0.01 4539 29.36
marlstone

35 309 Silty Mg- 6.64 534.03 11.39 0.03 97131 506 2742 462 925 223 002 5579 38.68
marlstone

36 3175 Magnesitic 7.76 339.77 7.76 0.04 45686 279 1345 219 1259 145 001 4793 3152
marlstone

37 324  Silty Mg- 11.68 71272 11.89 003 80229 463 2210 365 770 198 002 5287 359
marlstone

38 329 Silty Mg- 6.92 75314 1384 0.04 89139 493 2306 405 1076 183 002 5728 40.13
marlstone

39 335 Magnesitic 179 3609 338 006 19515 042 211 006 1348 211 002 179 090
marlstone

40 336 Magnesitic 188 3578 157 002 5846 084 314 028 1430 210 002 755 392
marlstone

41 340 Mg-clay 9.76 67494 11.17 0.1 114450 098 2060 151 29 190 002 3256 19.45

42 341 Mg-clay 11.94 99559 1151 0.13 170572 1.74 2389 237 293 222 002 3938 2452
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TABLE S. Continued
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Sample DO ooy As Cr Cu Hg  Ni Pb Zn ALO; CaO NaO PO, G C!;(’)‘P
43 33 Mgday 173 139725 2712 013 242053 400 4430 439 068 212 002 5573 5558
Local background values® 579 11314 721 004 16569 254 1238 175 1912 086 001 - -
RS 50/201218 20 100 3 030 350 850 140 - - - - - =
FBiH 72/095 25 125 100 188 625 1250 250 - - - - - =
ONORM S 208820 20 100 100 100 600 1000 300 - - - - - =
PEL 17 90 108 049 - 913 2711 - - = - -  _

3Chemical Proxy of Alteration; CPA = 100Al,04/(Alo03 + Nay0O), al oxides are expressed in mole proportions15

DChemical Index of Weathering; CIW =

= 100A1,03/(Al,03 + CaO* + NapO), where CaO* represents Ca in the silicate-bearing minerals only and all oxides are expressed in mole proportions16 The
procedure for quantification of CaO content of silicate fraction involves subtraction of mole proportion of P>,Og from the molar proportion of total CaO. On subtraction,
if the “remaining number of moles” is found to be less than the molar proportion of NayO, then the “remaining number of moles” is considered as the molar proportion
of CaO of silicate fraction. If the “remaining number of moles’ is greater than the molar proportion of NayO, then the molar proportion of NayO is taken as the mole
proportion of CaO of silicate fraction; 17 for every element mean +2 standard deviation were used to eliminate the top and bottom outlying data; 13 dprobaple Effect
Level (PEL) characterizes the concentrations of pollutants that may affect the aquatic life?1.22
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