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

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

INTRODUCTION

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

ability depend on the physical and chemical environmental conditions in which
they are located, and on the nature of all chemical species, present in that envi-
ronment, with which they can interact. Thus, the migration of heavy metals from
soil into groundwater is strongly dependent on the terrestrial conditions, such as
physical and chemical characteristics of soil, clay mineral content and the pre-
sence of natural organic matter - humic substances.!-2

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

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

In natural environments, such as soil, chromium primarily interacts with soil
organic matter — humic substances.>~!! The heterogeneity of functional groups
and their versatility justifies the use of model compounds of humic substances.
“Hard” binding sites are the most common in the humic structure, with mainly
oxygen in carboxylic and phenolic binding sites as the donor atom.!2-14 As mo-
del substances for studying the interaction of chromium with humic substances,
benzoic, salicylic, phthalic and citric acid, which include all O-donor atoms of
heterogeneous and polydispersed ligands, such humic and fulvic acids, were used.
Therefore, an investigation of the interactions of chromium with each individual
O-donor atom ligand, with a further investigation of the complex mixture of O-
-donor atoms in humic acid, present a good methodology for defining the inter-
actions of metals with polyfunctional, polydispersed and polyelectrolytic ligands,
such as humate macromolecules.!3-17

Electrospray-ionization mass spectrometry, ESI-MS is used for the detection
and characterization of one or more ionic species in solution, and has been
confirmed as very useful in studies of various complex systems.!8 In the case of
metal-ligand coordination interactions, it is often used for verification of the
stoichiometry of a newly synthesized complex,!? that do not participate in the
liquid phase equilibrium, and after decomposition do not produce other mole-
cular species (if it is still the case, the created equilibrium is usually ignored).
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CHROMIUM-MODEL HUMIC INTERACTION BY ESI-MS 1 39

Studies of solution equilibrium, simultaneous detection, identification and
quantification of numerous species, the distribution of which depends on pH, the
stoichiometric concentration, efc. are less routine, although very interesting appli-
cations of ESI-MS.

Another convenient feature of ESI-MS is its low detection limit; thus, con-
centrations down to 1076 mol L~! can be detected.20-22

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

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

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

EXPERIMENTAL
Chemical reagents, solutions, instrumentations

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

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

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

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

A mixture of methanol and deionized water (< 0.1 uS cm!) in ratio 50/50 (v/v) was used
as the blank. Samples with the appropriate ligand and Cr(IIl) in the same solvent mixture,
were recorded 30 min after mixing the components, to ensure the formation of the complex in
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140 ANDELKOVIC et al.

solution, considering the relatively low concentration range of the components. In the pre-
paration of the samples of ligand, and ligand—chromium(IIT) mixtures, any pH adjustment was
avoided so as not to disrupt the equilibrium in the reaction mixture. Otherwise, the occurrence
of secondary chemical reactions and the formation of various coordination compounds with
buffer components could not be excluded.

For the obtained spectral curves (Fig. 1), the areas of the surface integrals for all spectral
curves were calculated and compared. The calculation was performed in order to obtain the
relative area difference (APo,) between the area of the binary ligand—Cr(III) system (P,) and

09+ .
1 \ —— 1. benzoic acid
084 4 ——2. benzoic acid + Cr(11l)
07 ——3..Cr(Il)
Yy 4. 3 [benzoic acid + Cr(III)]
0.6
3 |
S 054
<
3 |
S 044
B 4
< 034
0.2}
1 (a)
0.0 T T T T T T T y T T 1
200 220 240 260 280 300
A/ nm
0.8 1
| — 1. salicylic acid
0.7 % ——2. salicylic acid + Cr(III)
1A —— 3. Cr(Il)
oedp 4.3 [salicylic acid + Cr(I1I)]
()
Q
=
<
el
=
]
wn
o
<
_ (b)
0.0 — e — T '|

T T T N
200 220 240 260 280 300 320 340

A/ nm

Available online at shd.org.rs/J1SCS/

2013 Copyright (CC) SCS



CHROMIUM-MODEL HUMIC INTERACTION BY ESI-MS 14 1

1_4_- — 1. phthalic acid
1 — 2. phthalic acid + Cr(III)
12 — 3. Cr(IIT)
] 4. X [phthalic acid + Cr(1II)]
1.0 -
[
154 ]
S 08-
-g |
@ 0.6 1
2 ]
0.4
0.2 1
_ (c)
0.0 I T T Y T T 1 T L
200 220 240 260 280 300 320 340
A/ nm
054 . — 1. citric acid
: — 2. citric acid + Cr(1II)
i — 3. Cr(1I)
o4t 4. 3 [citric acid + Cr(IIT)]
It
)
g :
= 0.3
e
=
Q
wn
)
<
(d)
0.0 4

I T T T 1 ' I ' 1 M 1
200 220 240 260 280 300
A/ nm

Fig. 1. UV/Vis Spectra of the ligands: benzoic (a), salicylic (b), phthalic (c) and citric acid (d).
1 — ligand solution, 2 — ligand + Cr(III) solution, 3 — Cr(III) solution and 4 — mathematical
sum of ligand spectrum and chromium spectrum. / =1 cm, solvent: CH;OH/H,O = 50/50.

the area of the arithmetical summation of the two spectra of the monocomponent systems, i.e.,
the solution of ligand and the solution of Cr(III) (P,), according to Eq. (1):
P —P
AR, ==2—"%x100 )
)
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142 ANDELKOVIC et al.

The correlation coefficient () was calculated for range of wavelengths in which the
absorption occurred, from A, = 190 nm to A, = 245 — 330 nm, depending on the ligand.
The sum of absolute values of absorbance differences for every binary ligand—chromium
system was calculated for the wavelength (1), according to Eq. (2):
Amin
Saq= D abs(x; - ;) )
Amin
where the wavelength range was 190 to 245-330 nm, in which the absorption was observed.
The parameter Sy, could be calculated in this way as all the data were equidistant following
the abscise (wavelength), because all spectra were recorded with an identical sampling
interval of A1 =0.5 nm.
The sum of squares of the absorbance differences ( S3 ) for the specific wavelength (1;),
between two series of spectral curves data, was calculated according Eq. (3):

Amax 2
Sta= 2, (xi—») €)
Amin
Experimental procedure for the ESI-MS characterisation of the Cr—ligand interactions

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

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

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

In order to quantitatively describe the interaction between ligand and chromium(III), the
comparison of the obtained areas P and P, in Fig. 2., i.e., the difference of areas AP(_»y,, was
performed following Eq. (4):

B —-PB
ARy 5y, =——2

X100 % (4)

The areas are presented in absolute non-dimensional (arbitrary) units of the Xcalibur™
software (count—second units) that have no physical meaning.

Bearing in mind that the chromium concentration was constant in all the binary systems
but ligand concentrations were different, normalization of all the AP(j_5, values was
performed, providing, the corrected relative area differences APggjo,, expressed as in Eq. (5):

Available online at shd.org.rs/J1SCS/

2013 Copyright (CC) SCS




Fig.

CHROMIUM-MODEL HUMIC INTERACTION BY ESI-MS 143

RT:0.00 - 1.52

0.36 NL:
100 o~ 3.04E5

Relative abundance
Il

LIL 119 132

T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 (a)
Time, min

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

T: - p Full ms [ 50.00-600.00]
100 121.1

80
60

40 113.1
o 1432 1771 2123349 3289 3571
75.1[ l‘l L L | | 265.3 1 1 403.1 4429 4709 546.8 591.1
PV N AP ) ; " ol Bl PR . " "
0 ]‘”‘J\‘J\‘H“.‘\‘\‘l”‘yu«l\\\“\\\‘|.H.NN\\\V||\"l‘\\"WJ [l
100 150 200 250 300 350 400 450 500 550 600
m/z

Relative abundance
[ ]
(=]

RT: 0.00 - 1.51
0.38 NL:
100 N\ 1.90ES
J p .
80—
60—

40—

20— 0.04

Relative abundance

124 132 1.43

O P P e e
0.0 02 0.4 0.6 0.8 1.0 1.2 1.4 (b)

Time, min

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

100 329.1
o
Q
5 80
E
_g 60 121.1
s 91.1

40
2 751 212.2
= : 177.1 211 5852
~ 2 l 143.3 235.0 2553 325.5 449.2 479.1

0k o Lu.x PN PO oY T

LIALUUERAL il 0 A L LA B L e L L A A A B B S G T
100 150 200 250 300 350 400 450 500 550 600
m/z

2. a) ESI-MS Ion current chromatogram for mass range m/z 120—122 of the loop injection

of ligand without chromium: benzoic acid, ¢ = 7.00 umol L'!; b) ESI-MS ion current
chromatogram for mass range m/z 120-122 of the loop injection of ligand with
chromium: benzoic acid, ¢ = 1.00 pmol L-! and chromium, ¢ = 9.0 pmol L-1.
Solvent: CH;0H/H,0 = 50/50, negative ionization mode, flow rate = 100 pL min’!.
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max I d n
APesyy, = ARy _py—— (ligand), o, lZ[cmaX(ligand)J=11.696pm01L‘1 5)

(1 )Y e (ligand), | i
i=l1

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

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

RESULTS AND DISCUSSION

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

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

Spectra of benzoic acid and binary system chromium(IIl)-benzoic acid (Fig.
1a) have very similar absorption profiles, with a small positive (4 > 225 nm) or
negative difference (4, 204-225 and 193-202 nm) between spectrum of the bi-
nary system and mathematical sum of the spectra of the separate components.
Neither shifts of the absorption maximum and minimum nor do significant absor-
bance (4) changes exist, which indicates small coordination or interaction between
the ligand and metal ion, or a similarity in the electronic configuration of the free
and bound ligand, in terms of orbital energy and the probability of electronic
transitions.

In contrast to benzoic acid, salicylic acid showed difference in spectra of free
salicylic acid and binary system of chromium(IIl)-salicylic acid, expressed in
bands, 220-250 nm and 275-325 nm, in terms of increasing the absorption (4)
(Fig. 1b). A bathochromic shift of A1 =2 nm could be seen in the spectrum of
complexed salicylic acid at 4 = 298 nm, while the other bands did not change
their positions.

The binary system Cr(III)—phthalic acid showed suppression of the absor-
bance, except at 266-317 nm, where the absorbance increased with the appea-
rance of a poorly defined peak at Ap3x = 293 nm (Fig. 1c). The most prominent
peak below 200 nm is, in comparison to the other investigated ligands, batho-
chromically shifted by approximately A4 = 6 nm, and also the molar absorption
coefficient (&) shows the highest value compared to the other ligands.

The spectra of citric acid and citric acid complexed with chromium(III)
showed a similarity of the spectral curves, as well as the lack of a bathochromic
effect; only a pronounced peak was located at A3 = 193 nm (Fig. 1d). The slightly
lower absorption intensity of the complex in solution compared to the mathema-
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tical sum of the spectra of the individual components (hypochromic effect) can
be noted, indicating a lower probability of excitation of electrons in the resulting
complex, while the absorption at 4 > 240 nm decreased due to the absence of
n-conjugated electrons and low energy excitation chromophores.

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

The calculated parameters, the relative difference between the areas (APoy),
the linear correlation coefficient (r), the sum of the absolute values of the absor-
bance difference (Sa4) and the sum of the squares of the absorbance difference
(S KA ), according Egs. (1)—(4), are presented in Table 1. These parameters can be
considered only as qualitative or, at most, as semi-quantitative indicators of the
chromium(III)-ligand interaction, bearing in mind the differences in the spectra,
i.e., the intensities and shifts of the positions of 1;,2x and 4 depend on the nature
of the ligands, the characteristics of the molecular orbitals, changes in bond ener-
gies and electronic configuration of the complex in relation to the individual
types of ligands and metal ions, the stability constants of complexes in the cir-
cumstances, etc.

TABLE 1. Comparative overview of the differences in the numerical quantifiers of UV/Vis
spectra between the monocomponent system (ligand solution) and the binary system (ligand—
—Cr(I1I) solution)

Ligand AP | % r Sas S2, Range 4/ nm
Benzoic acid 3.629 0.99756 1.5490 0.06964 190-255
Salicylic acid 8.542 0.99808 2.9655 0.05298 190-330
Phthalic acid -3.056 0.98782 9.0534 1.01692 190-320
Citric acid —6.011 0.99790 1.3350 0.05400 190-245

Generally, a larger AP+, lower r, higher Sp4 and larger S KA reveal signi-
ficant interaction between the ligand and chromium(III), to the extent to which
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146 ANDELKOVIC et al.

the physicochemical nature of the process observed in the binary system can be
reflected in the UV/Vis absorption characteristics.

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

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

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

ESI-MS Analysis of the Cr(lll)-ligand system

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

Quantification was performed by calculating the area of ESI-MS ion current
chromatograms of loop injections for an appropriate mass range (7/z molecular
ion +1.0) obtained by analyzing series of mono-component (ligand without chro-
mium) and two-component systems (ligand with chromium). The recorded MS
spectra of the mono- and two-component systems in the case of benzoic acid—
—Cr(IIT) are shown in the Fig. 2. The areas of the ESI-MS selected mass range
ion current chromatograms of the loop injection that are considered in the cal-
culation are shown in Fig. 2. The same procedure was repeated for the other three
ligands: salicylic, phthalic and citric acid, the spectra of which are not presented
in the paper.

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

The quantification was based on the fact that all areas of the chromatograms
are in direct function of the peak intensities obtained by observing the signal of
ions in the required mass range m/z. In binary systems in which there is inter-
action of the ligand with chromium(III), the intensity of the observed characteris-
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Fig. 3. a) Plot of the peak areas of the ESI-MS ion current chromatograms of the loop
injection of benzoic acid (without chromium) for the mass range m/z 120-122 vs. ligand
concentration; b) plot of the peak areas of the ESI-MS ion current chromatograms of the loop
injection of the benzoic acid—chromium system (with chromium) for the mass range m/z 120—
—122 vs. the ligand. concentration. Solvent: CH;0H/H,O = 50/50, negative ionization mode.

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

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

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

TABLE II. Values of A P(j_3), and A Pggjo, obtained by ESI-MS

Ligand AP(I*Z) / % APESI / %
Benzoic acid 4.8 4.1
Salicylic acid 54.5 54.8
Phthalic acid 60.8 63.7
Citric acid 63.0 66.5

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

The other investigated O-donor ligands have, in comparison to benzoic acid,
an order of magnitude larger acidity constants (citric acid, pK,; = 3.09; phthalic
acid, pKa1 = 2.98 and salicylic acid, pK,; = 2.97)23 allowing them stronger
interactions with the chromium cations in the studied binary systems. These aci-
dity constants are valid for aqueous solutions of these compounds, while in a
mixture of methanol/water 50/50 (v/v), the corresponding constants are about
6—10 times smaller because of the lower basicity of methanol compared to water,
although this does not interfere substantially in the above-described relative re-
lations. Groups in the ortho-positions, such as —OH (salicylic acid), by its +R ef-
fect, lower the acidity of the neighboring —-COOH groups, but also by its strong
—I effect, lower the electronic density of the carboxyl groups, which favor depro-
tonation. In the case of citric, salicylic and phthalic acid anions, stabilization is
enhanced by the presence of intramolecular hydrogen bonds.

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

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

Phthalic acid with two COOH groups in the 1,2-position is subject to two-
step deprotonation and can appear as a monodentate or bidentate ligand at the pH
values of the investigated solutions, providing for complexes of different stoi-
chiometric composition and type. The forms of the neutral ligand, phthalate and
hydrogenphthalate (HoPht, Pht>~ and HPht™) are more convenient for coordina-
tion of Cr(III) than salicylate, as evidenced by the higher value APggye, = 63.72 %.
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As a consequence of intermolecular hydrogen bonds, there is a tendency of
dimerization of hydroxycarboxylic and dicarboxylic acids, especially in non-po-
lar solvents, which therefore have the possibility of forming open or cyclic di-
meric forms, (HgL,) in neutral or ionized form (H3L,~, HyLy2, etc.). This
variety of forms with electron-donor ability favors the formation of different in-
teractions with the chromium in the observed binary systems, which has the con-
sequence of significantly reducing the concentration of the monitored analyte
ions in solution and the relatively high values of A Pgsje, for the O-donor ligands,
except for benzoic acid.

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

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

The general evaluation of the application of ESI-MS technique for the quail-
tative and quantitative analysis of metal-ligand systems, based on the presented
results, is that it can be considered that the idealized descriptions and theoretical
considerations and advantages of ESI-MS techniques often do not match with the
real conditions, which may affect the evaluation of the results obtained by ESI-
MS technique for defining metal-ligand interactions. During the ESI soft ioni-
zation process, the composition of the solution can be changed in relation to the
initial equilibrium conditions: a) the volume changes due to spray evaporation,
which increases the concentration of species and the modification of ionic
strength of solution, b) there is a variation of the temperature in the droplet spray,
due to the high temperature that exists in the ESI source and the constant evapo-
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ration from the droplet surface, c) changing the pH, as influenced by changes in
temperature and concentration in the spray and as a result of redox reactions in
the solution in the capillary ion source, especially in systems with redox-active
ligands and metal ions, while redox reactions may also occur in the other parts of
the ES chamber, not only in the capillaries. The ions produced in the ESI source
may be subject to a variety of reactions in the gas phase, before they reach the
mass analyzer/detector. Among the factors that can complicate the ESI-MS anal-
ysis are the facts, which were also confirmed in this study, that solvent molecules
can be added to (or taken away from) the central metal ion, the ligand or during
the process of ionization. Ion adducts that do not normally occur in the solution
can be formed in the process of ionization, as observed in the present study of the
investigated studied systems. The formation of pseudo molecular or adduct ions
(e.g., with Na™) is very common in ESI-MS analyses. They do not compromise
the analysis but make the recognition the origin of some peaks difficult. Despite
the soft ionization characteristic of ESI-MS, fragmentation or polymerization
phenomena can still play role (e.g., with salicylic acid and other systems). In
addition, the number of acidic protons in the metal-ligand complex cannot be de-
termined. ESI-MS Spectra are sensitive to instrumental parameters for source and
ion optics (recording conditions), such as spray voltage, capillary temperature,
capillary voltage, ion optics potentials (tube lens offset) and the cone voltage.
Change in these parameters can have an impact on the results for a given system.
Different ions can show different response factors. The composition of solutions
that can be subjected to the analysis is conditioned by significant limitations: no
application of high ionic strengths, even relatively low concentrations of non-
volatile components can be disturbing (e.g., Nat, Ca2* and Mg2"); the method
requires the addition of an organic solvent to the aqueous solution before anal-
ysis, which can be somewhat disruptive to the equilibrium state in solution.

Despite these interfering factors, the ESI-MS technique was used in studies
of metal-ligand systems, as evidenced by literature references. ESI-MS was ap-
plied not only to the speciation of particular elements,24.25 which can be defined
by phenomenon of coordination interactions, but also in the domain of studying
the non-covalent interactions between biomacromolecules.26:27

In phase of determining the research methodology, it is necessary to define
whether ESI-MS can provide qualitative determinations, giving reliable data on
the number and stoichiometry of metal-ligand species in solution. It is necessary
to know whether the ESI process introduces interference in equilibria, and whether
gas-phase reactions occur and what are their products. Equilibrium misbalance
can occur only if the metal-ligand system is kinetically unstable in the time range
of ESI process, i.e., about 0.01 sec. As for gas-phase reactions, they can occur
under a variety of specific conditions and hence a simple conclusion on this issue
cannot be given.
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In addition, for quantification purposes, it is important to determine whether
the ESI-MS technique can be successfully applied for the quantification, i.e., if it
provides a proper determination of the concentrations of the species in solution.
For this application, besides the above-mentioned requirements (kinetic inertia
and absence of gas phase reactions), it is essential to know the response factors of
the individual ions. However, the different approaches proposed for their calcul-
ations are still not reliable enough, and in most papers, equivalence of the res-
ponse factors is assumed, which is a relatively debatable assumption, except in
cases of similar types of identical charge (for example, host—guest systems). Fi-
nally, an acceptable method for assessing the usefulness of ESI-MS results is
comparison of the ESI-MS results with those from available conventional tech-
niques, such as potentiometry and other methods.

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

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

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

Technique Species number  Stoichiometry Equilibrium constant ~ Detection limit
determination determination determination mol L!

UV/Vis Not ideal Acceptable Good 1073

ESI-MS Good Excellent Problematic 10¢
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CONCLUSIONS

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

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

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

ITpoyuaBame UHTEpakuuje xpoma ca O-HOHOP XyMaTHUM MOZeEJ JIMTaHOMMa BPILEHO je
KopuuwheweM eneKkTpocnpej-joHu3aluone maceHe cnekrpomerpuje (ESI-MS) u yntpamydu-
yacre/sugpuBe (UV/Vis) cnextpodoromMeTpyuje. XeTeporeHocT (GYHKUHOHANHUX TIpyla
onpaBfiaBa MPUMEHY MOJIEJ jeNHibeha XYMUHCKUX CyNCTaHUu. Kao Mopen cyncTaHLe 3a npo-
yJaBame HMHTepaKklHje XpoMa ca XyMHUHCKUM CyTiCTaHLlama KopuinheHe cy deH3oeBa, casv-
UuiaHa, (TanHa U JUMyHCKa KUCEIHHA, Koje canpxe O-IOHOp aToMe, a KOjH Ce Halase U 'y
XEeTEePOreHOM Y IONUAUCIIEP3HOM JIUTaHAdy, KaKBa je XyMHHCKa WIH QyIBO kucenuHa. MHTeH-
3UTeT MHTepakuyje je y kopenauuju ca auufo—dasHUM U eeKTPOH-JJOHOPCKUM O0COOHMHAaMa,
reOMEeTPHUjCKUM U CTEPHUM kapaKTepUcTHKama, kao U OpojeM u nonoxajem O-TOHOD aToma y
UCNUTHBAaHUM nuranpuma. UV/Vis xapakTepusalyja UHTepaKklMje XpoMa ca XyMaTHUM MO-
Jesl TUraHfuMma je fjoseneHa y kopenauujy ca ESI-MS kapaxkrepusauujoM KOMIIEKCA, Y KBa-
JINTaTHBHOM U KBaHTHUTATUBHOM cmucity. UV/Vis cnexkrpockonuja u ESI-MS kBaHTHDMKaLHja
Cy nokasasne WHQOpPMaTUBHY Pa3lUKy Yy nomieny nedbuHUCama WHTEpaKLdja XpPOM—JIUTaHz, U
TO y kopucT ESI-MS Texnuke. ESI-MS Texnuka ce MOXe KOPUCTUTH 38 KBAHTHTATHBHY aHa-
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nu3y cucrteMa Cr(I111)—nurana. ESI-MS xpomaTorpamu joHCKe CTpyje NOOHjeHH UBEKTHpabeM
20 pL cucrema Cr(I11)—nurang, nokasyjy cTadunHe NUKOBe U UHTEH3UTETE CUTHANA.

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