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Quantum-chemical calculation of the structure of ion
exchangers in the form of multi-charged ions and
predicting the sequence of their retention time in ion
chromatography
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AHHOTauusA

The structure of ion exchangers and electrostateraction energy of the system between counter
and fixed ions were calculated using ab initio quamchemical method. The calculated values of
electrostatic energy have been compared with ttemtien time of the ions in which separation of tunes
of these ions has been carried out by ion chromapdy. The sequences of the retention time of ions
matches with the obtained values of the electrgsitateraction energy.
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HeammupudyecknM MeTOIOM OBLUTHM  PacCYMTAHBl CTPYKTYPhl HOHOOOMCHHHKOB M JHEPTHH
JJEKTPOCTATUYCCKOTO B3aMMOJICHCTBHS B HHUX NPOTUBOMOHOB M (PUKCHPOBAHHBIX HOHOB. [IpoBencHO
pasiencHHe CcMecell  HMOHOB  METOJOM  HMOHHOM  Xpomarorpaguu ©  THOJAYYCHO  COTJIIACOBAHHE
MOCJIEIOBATEILHOCTEH BPEMCH yIICPIKHUBAHUS C BEIMYNHAMH JJICKTPOCTATHUECKOTO B3aUMOICHCTBHSI.

KiaroueBble ciioBa: KBaHTOBO-XMMHYECKHI METOJl, MOHOOOMCHHUK, MHOTO3apsIHBIX  HOHOB,
WOHHASI XpOMaTOrpadust

Introduction

Selectivity is one of the main problems of ion-exwcber materials. Most
researchers solve this problem by using equilibribemmodynamics. To do this it needs to
measure the enthalpy and the temperature dependémeat capacity, which allows the
calculation of the Gibbs energy, and then the émuwim constant. This is a time
consuming experimental work. Ab initio quantum clheahmethods give principally the
possibility to replace this time consuming expenaé work to fast computational. The
aim of this work is the quantum- chemical calcaatof anion-exchangers’ structure in the
form of differently charged ions and to assess thelectivity.

Quantum-chemical calculations of the Columbic interaction between
differently charged counter ions and fixed ions

We calculated the structure of benzyltrimethylammon cations with hydrated
forms of anions; chloride, sulfate and phosph&te.the calculation of the structure and
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electrostatic interaction energy, MMMO method wapled in the sequential order in
which molecular mechanics was applied to calcufa¢ecovalent bonds in the structure,
and then the linear combinations of atomic orlit& AO MO) was used to calculate ionic
and hydrogen bonds. Figure 1 shows the structutbeotlementary unit of highly basic
anion exchanger of a type Dowex 2, Amberlite IRAAW-17 in the form of doubly
charged sulfate ion.

Fig. 1. the structure of the elementary unit obanéxchanger AV-17 in the form
of the doubly charged sulfate ion, calculated bynatin method

The calculated results of the optimized structuréon exchangers allowed us to
measure the effective value of the charges onttiresa the distance between counter ions
and oxygen atoms of the fixed ion (sulfo group)dation exchanger and nitrogen atom of
the ammonium ion for anion exchanger. The intefpah of Coulomb's law was used to
calculate the electrostatic interaction of the eysas shown in equation (1).

2
=52 @)

e’
where Z_- the number of charges of the aniah, - number of charges of cation that

calculated by quantum-chemical method, e - eleatt@arge, r - the distance between the
counter and fixed ions€ - dielectric permittivity. Dielectric permittivitys in accordance
with the theory of Debye and its modern modificatid] which is as a function of the
distance between the charges and calculated byieqya).

r ' /25

2

The obtained results of the calculation are givenTable 1. Fig. 2 shows the
structure of anion exchanger in the form of tripharged phosphate ion, which allows to
calculate the effective charges and the electiosiateraction between the counter and
fixed ions by equations 1 and 2. As indicated by tlsults in Table 1, the electrostatic
interaction energy between the fixed and countes iof different charges naturally
increases from singly to triply charged ions ofoelde to phosphate.

Badessa et al./ Cop6uronnsie u xpomarorpadbmaeckie nponeccst. 2014.T. 14. B, 2



199

Fig.2. the structure of the elementary unit of areachanger AV-17 in the form
of the triply charged phosphate ion calculate@bynitio method

Tablel. The computational results of the electtmstateraction of counter and fixed ions
in the anion exchanger AV-17 and cation exchand$12K

Counter ions RR,A g Z. Z E, kJ/mol
cr 5.36 24.8 0.16 -0.73 1.19
SO~ 5.33 24.6 0.31 -1.01 3.35
PO 5.36 24.8 0.47 -1.23 6.04
Na" 5.48 25.63 0.60 -0.38 2.25

K* 5.22 23.79 0.73 -0.38 3.09
Mg* 4.37 17.93 1.03 -0.76 13.93
Ca®* 3.96 15.25 1.05 -0.75 18.15
Al%* 4.84 20.2 1.36 -1.10 20.80

We have also calculated the structure of sulfoscaéxchanger KU-2 in the form
of ions of different charges and the results of tadculated electrostatic interaction
energies for sulfo-cation exchanger are given ibldd. The values obtained from [2] is
differ from the values listed in Table 1 in that ®&ter molecules were used in the
calculation of the structure of the ionogenic gmupt 6 water molecules for the hydration
of ions. This gave us the opportunity to compare @olumbic interaction energy of
cations in cation exchanger and that of anionkéranion exchanger.

As indicated in Figure 3, with increasing the numbkcharges of counter ions in
the system, the energy of electrostatic interactiso increases. It also shows that the
electrostatic interaction energy of cations in gudation exchanger is significantly higher
than that of anions in anion exchanger. This isabse of the smaller size of the fixed ion
in sulfo-cation exchanger and the higher energyyolration of cations as compared to the
larger size of the fixed ion in the structure ohbg-trimethyl-ammonium and smaller
energy of hydration of the anions. In addition hdstthe sulfo-cation exchanger is more
polar than benzyl-trimethyl-ammonium anion exchantpat leads to the formation of
higher interaction between counter ions (catioms) fixed ion of sulfo-cation exchanger
than that of counter ions (anions) and fixed iohsamon exchanger (benzyl-trimethyl-
ammonium).
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Fig. 3. Dependence of energy of electrostatic atigon on the number of charges
of counter ions

Chromatographic separation of the mixtures of anions

In ion chromatography, retention is based on tlraciton between solute ions and
charged sites bounded to the stationary phaseefichange resins) frequently made by
copolymerization of styrene and divinyl benzenee Tenzene rings in divinyl benzene
can be modified to produce either cation exchamgénr(containing negatively charged
groups) or anion exchange resin (containing pc&l'yitzharged groups) [3].

For the anaIyS|s of common cations (NMg : K Ca ) and common anions
(SO4 PO NO F, CI Br) lon chromatography was carried out using a Dione

gradient HPLC system DX-600 (Dionex USA) equippeithvan ED50 Electrochemical
detector, Dionex LC25 chromatography oven, Eled®ieodyne injection valve, heating
range of 30 to 45 °C Built-in electrochemical célhd Autosampler (Dionex AS50) was
used for sample preparation and temperature consmiratic separation of both cations
and anions were performed on lonpacCS12A catiomange column-Atlas suppressor,
lonpacCS12A analytical column (4 x 250 mm)-0460&13] lonpacAS17 anion exchange
column-Atlas electrolytic suppressor, lonpacASlalgical column (4 x 250 mm)-
055682, respectively. Dedicated lonpacCG12A guadnen (4 x 50 mm)-046074 for
cationic and lonpacAG17 guard column (4 x 50 mnH&8st for anions were also used in
connection with the analytical columns. Dionex GS&fadient pump and EG40 eluent
generator containing cartridge-058900 for genegagluent to the separator system were
used for the analysis of both anions and catiom®e data acquisition and instrument
setting were performed by PeakNet6 Software. Pefkidea chromatography system for
data acquisition, processing, and reporting. livigles real-time bidirectional control via
DX-LAN of GS50 pumps; EDS50 detector; AS50 Autosaempland EG40 Eluent
Generator.
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Fig.4a. Anion Chromatogram of standard solutiontams
F, CI, Br, NOs, SQ7, PQ ions

The order of the retention time of anions in theoatatogram is consistent with the
order of the results of electrostatic interactioergy that was obtained from the quantum
chemical calculation as shown in (3).

Cl™ < sof‘ <PO; . (3)

However, in the first monograph of ionic chromatqgry [4], the sequence of
retention time of these anions differs from thiewalated values (3 ), this is because of the
used eluent was sodium bicarbonate, or whose enkithave lower pH values as
compared to sodium hydroxide or potassium hydroxftelower pH values, phosphate
exists in the form of doubly or singly charged amjb], thus it leads to decrease its energy
of electrostatic interaction with fixed ions asukdowering its retention time. The reason
why lowering the eluent pH values is that to sdwe time of cation exchange resin of
combination column that works in the form of hydead4].
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Fig. 4b. Cation Chromatogram of standard solutiomains
Na', K*, Mg®*, C&* ions
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The retention time of cations in the ion chromasogishown in Fig.4b is consistent
with the values of electrostatic interaction eneofythe ions obtained from the quantum
chemical calculation as shown in (4).

Nat <K* <Mg?* <ca?*. 4)

Conclusion

The structure of highly basic anion exchanger AVirithe form of singly charged
anion chloride, doubly charged anion sulphate aipdlytcharged phosphate, and that of
strongly acidic cation exchanger KU-2 in the forinsingly charged cations sodium and
potassium, doubly charged cations magnesium anduoaland triply charged cation
aluminum have been calculated using ab initio mthHa calculated structures it was
found that the electrostatic interaction betweewdiions and counter ions is increasing
with increasing the charges of counter ions.

In the separation of the mixture of standard sohgiof anions and cations on the
combination column of ion chromatography it wasrduhat the smaller the retention
times of the anions and cations, the less eleettiosinteraction energy of counter and
fixed ions to be.
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