Journal of
the Serbian
Chemical Society

JSCS-info@shd.org.rs « www.shd.org.rs/JSCS
J. Serb. Chem. Soc. 84 (4) 391403 (2019) UDC 547.587.52°562+54.06:544.032.72
JSCS-5192 Original scientific paper

Determination of the pK, for caffeic acid in mixed solvent using
the net analyte signal method and the ab initio theory

ABBAS DADRAS', ALI BENVIDI'*, MANSOOR NAMAZIAN!, SALEHEH ABBASI',
MARZIEH DEHGHAN TEZERJANI', MOHARRAM ROOZEGARI! and REZA TABARAKI?

!Department of Chemistry, Yazd University, Yazd, Iran and ?Department of Chemistry, llam
University, Ilam, Iran

(Received 14 June, revised 5 October, accepted 6 November 2018)

Abstract: Due to the biological effects of phenolic acid components, polyphenol-
-rich foods are a significant part of human and animal diets. In this study, the
acidity constants of caffeic acid (3,4-dihydroxycinnamic acid) in binary mixtures of
ethanol-water were determined spectrophotometrically using the introduced net
analyte signal (NAS) algorithm and an ab initio quantum mechanical method. The
NAS is an efficient chemometric algorithm for analysis of acid-base equilibrium
systems by a spectrophotometric method. At different pH values, the distribution of
acid species is obtained from an absorption data matrix and this procedure enabled
the pK, of caffeic acid to be obtained alternatively. The results showed that pK,,
(4.02, 4.26, 4.39, 4.57 and 5.11) and pK,, (8.43, 8.68, 8.79, 9.00 and 9.34) were
increased by increasing the percent ethanol in water (0, 10, 20, 30 and 40 vol. %)
and these results were in agreement with the results of the Gaussian method. The ab
initio calculated Gibbs energy change showed that para-hydroxy group is more
acidic than meta-hydroxy group. The red shifts of different species of caffeic acid
obtained using the ab initio quantum mechanical method are in good agreement
with the results of UV—Vis spectroscopy.

Keywords: net analyte signal (NAS); caffeic acid; acidity constants; Gibbs
energy change; ab initio; spectrophotometry.

INTRODUCTION

Foods and beverages derived of plants include considerable amounts of
phenolic acids.!=3 Phenolic compounds, one of the secondary metabolites of
plants, are an essential part of both animal and human diets.# In addition, they
have significant effects on color, flavor, stability, nutritional value and other food
qualities.> They possess different effects, such as metal chelation, free-radical
scavenging, and modulation of enzymatic activity. Due to their biological effects,
dietary polyphenols are useful for human health. Researchers reported that there
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are relationships between consuming polyphenol-rich foods and some diseases,
such as osteoporosis, cancer and coronary heart disease. These results led to more
interest in the research of polyphenols.® Caffeic acid has been found to be phar-
macologically active as an antioxidant, antimutagenic, anticarcinogenic agent,
lipoxygenase inhibitor, and to have antimicrobial, anti-inflammatory and styptic
activities.! Due to the biological effects of caffeic acid, it has been applied in
supplement foods, as well as pharmaceutical formulations.” The structure of
caffeic acid as a phenolc compound is shown in Fig. 1.

(o)

HO. \

HO Fig. 1. The structure of caffeic acid.

As is known, the acidity constant, K,, is a quantitative measurement of the
strength of an acid in solution.8 Thermodynamic information of K, plays a key
role in determining the endpoint of acid—base titrations, solvent extraction, com-
plex formation, and medical properties of acid-base organic compounds.?-10 The
determination of the K, values of polyphenolic acids is important because they
can provide important information for the thorough understanding of some
phenomena, such as reacting rates, biological uptake and receptor—ligand inter-
action at the molecular level.!l Although the determination of K, is very import-
ant, there is several problems in determining K, of organic compounds, e.g., low
solubility in aqueous solutions and the low values of acidity constants. Solvent
mixtures facilitate the determination of K,.12-15 Mixtures of two or more sol-
vents are used to achieve appropriate solvent properties. Mixtures of water and
organic solvents are most frequently used.!® The acidity constants in various
solvents are important in variety of fields, such as chemistry, medicine and the
food industry.!7 Both theoretical (ab initio quantum mechanical methods!8) and
experimental methods (Fourier transform-infrared (FT-IR) spectrometry,!9 ultra-
violet-visible (UV—Vis) absorption and fluorescence spectrophotometry20-21)
have been introduced for the determination of acidity constants in different
chemical environments. Among these methods, spectrophotometry (UV-Vis) is
preferred due to its simplicity, low cost and high sensitivity. However, spectral
overlapping of species and lack of selective wavelengths for all species are con-
sidered as great limitations in the use of the preferred method. Nowadays, with
the development of mathematics in chemistry (chemometrics), some new tech-
niques have been suggested to solve these limitations. The coupling of these
inexpensive methods with UV—Vis spectroscopy, enabling the determination of a
number of desired analytes in many signal (NAS), was defined by Lorber22 based
on spectroscopic complex samples, without the need of separation of interfer-
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ences. In the present work, due to the high spectral overlap of caffeic acid
species, the net analyte signal method was performed on the spectrophotometric
data of caffeic acid in the ethanol-water solvent mixtures. Net analyte methods,
as the part of the spectrum of a mixture that is unique for the analyte of interest,
is orthogonal to the spectra of the interferences. Following a previous work for
the determination of the acidity constant of TAR (4-(2'-hiazolylazo)resorcinol) in
water—organic solvent binary mixtures by spectrophotometry using the Data Ana-
lysis (DATAN) program,!4 the acidity constant of TAR was determined by
wavelet neural network (WNN).10 The DATAN program, proposed by Momeni-
-Isfahani and Niazi,?3 calculates spectral profiles, concentrations and equilibrium
constants. To the best of our knowledge, there is no report for determination of
acidity constants of caffeic acid using NAS. Thus, in this work, a simple and
non-expensive procedure is introduced for the determination of the acidity cons-
tants of caffeic acid by applying NAS to pH gradual change-UV—Vis spectral
data (pH-spectra). In order to determine both the pK,; and pKj» values of caffeic
acid in binary mixtures of ethanol-water, ab initio calculations were also emp-
loyed in this study. The ability of the novel method of NAS and ab initio calcul-
ations was compared with well-known algorithms, such as DATAN. The Gibbs
energy changes calculated by the ab initio method show red shifts of different
species of caffeic acid. In addition, the theoretical calculations show that the
para-hydroxyl group is more acidic than the meta-hydroxyl group.

Theoretical background of the net analyte signal

The net analyte signal (NAS) was defined by Lorber,22 based on spectro-
scopic methods, as the part of the spectrum of a mixture that is unique for the
analyte of interest, i.e., it is orthogonal to the spectra of the interferences. The
NAS method enables the separation of the net signal of each available species in
acid-base equilibrium that have spectral overlapping with other species in each
pH solution and it facilitates the ability to access the K, value. In the present
research, the introduced (NAS) algorithm was applied to determine the disso-
ciation constant of caffeic acid. The electronic absorption spectrum was recorded
in a range of acidic or basic pH. To achieve NAS, the mix vector or the mixture
spectrum (m) is decomposed into the sum of the two vectors,24 which can be
described as:

m=r+p (1)
where p is obtained by b multiples x (p = bx) where b equals any non-zero scalar,
and r is orthogonal to x (Fig. 2). To calculate p, there are different method-

ologies. In this study, the proposed method by Gram and Schmidt?> which inv-
olves Eq. (2) was used. r is orthogonal to x if and only if:

rx=0 2
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Fig. 2. Geometrical representation of the
NAS vector. The orthogonal projection
P x of m on the non-zero vector x.

The vector p (spectra of the interferences) is named orthogonal projection of
m to x and the vector r is the fraction of m orthogonal to x, which r is named the
NAS vector:26

p =Wx (3)
X
Hence:
r=m-— %x 4)
X

The norm NAS of the species of interest as a function of pH (||7||) has the
same length as the concentration profiles of the favorite species of a (i.e., c;). The
variation of the concentrations of the protogenic species of H3A can be calculated
according to the following equations:

CCA = CH A T CH,A- TCHA2- TCA3- ®))
CHAA = c’cca (6)
T e+ Kaen™? + Ky Kppen™ + Ka Ko Kas
CHoA = cu?Kaicca 7
: CH+3 + Kach+2 + Ka1Kappent + Ka1 Koo K3
Az = cuKarKacca )
CH+3 + Kach-i_2 + Ka1Kaent + K1 Ko K3
K1 KapKazc
CA- = alfra2 K a3CCA 9)

CI-I+3 + Kach+2 + Ka1Kapen™ + Ko1K Ka3

where CH3A is the analytical concentration of caffeic acid. Caffeic acid is dis-
sociated stepwise. H3A is undissociated caffeic acid and cy ,A- » CHA2- CA3-, are
different equilibrium forms of the acid that are produced by stepwise dissociation
of acid. The K, values can be considered as being close to their true value when
the correlation coefficient between the c, and ||7|| achieves its maximum value.
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AD initio calculations

In this paper, all calculations were realized using the Gaussian 09 program.
The solvation energies were calculated using the SMD model at the HF/6-31G*
level in conjunction with G4MP2 gas-phase energies. Here, the pK, values were
calculated using Eq. (10) and the deprotonation energy is shown in Eq. (11).27
Benzoic acid was used as reference species (RefH) for the calculation of the
pKa.28 Based on Eq. (12), the pK, for the dissociation of an acid (AH) in binary
mixtures of ethanol-water can be given by Eq. (10), where R and T are gas cons-
tant and temperature, respectively. Ref~ and A~ are the conjugate base of a refer-
ence acid molecule (RefH) and the conjugate base of an acid (AH), respectively:

Aeroln
Koa = ——— 4 pK 10
PAaAH RT Inl0 P& 3 RefH (10)
A;GooinAGioin (A9 + AG g1y (RefH™ | = AGyop, (HAT) - Ay, (Ref ™) (1)

The Gibbs energy change of the reaction (A,Ggoln) is calculated only with
the Gibbs energy changes in the solution of the reactants and products (Eq. (11)).
For calculating the acidity constant of hydroxycinnamic acid in mixed solvent
solutions of water—ethanol, it is necessary to introduce a general equation for the
Gibbs energy change of solvation in mixed solvents. The solvation Gibbs energy
change of a binary solution at a specified temperature and pressure with ideal
behavior is given by:

AGsolv, mix = xAGsolv, ethanol T (1 - x) AGsolv, water (12)

where x represents the mole fraction of ethanol. The AGgoly, ethanol and
AGsoly, water are calculated using the SMD solvation model.29 The AGqq, at a
defined temperature can be calculated according to the following equation:2°

AGgoly = AGgas + AGsov, mix (13)

where AGgas, AGsoln and AGgoly are the Gibbs energy changes in gas phase, in
solution and of solvation, respectively.

EXPERIMENTAL
Chemicals

All the applied chemicals were purchased from Merck and used without further purific-
ation. The materials used in this work were caffeic acid, potassium chloride, ethanol, phos-
phoric acid and sodium hydroxide. Double distilled water was used for providing the experi-
mental solutions.

Preparation of the samples

The absorbance spectra of the solution of 1.0x10"* mol L! caffeic acid in various binary
ethanol and water mixtures were recorded after each pH adjustment by the convenient phos-
phate buffer solution (0.10 mol L") ranging from 2.0 to 10.0 in the wavelength range 200400
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nm. The ionic strength was adjusted to 0.10 mol L-! by addition of an appropriate amount of
KCIl. All experiments were performed at a temperature of 25.0+0.5 °C.
Instrumentation and software

A Cintra 101 spectrometer GBC UV-Vis was used to record UV—Vis spectra and a
Metrohm 692 pH-meter with a combined glass—saturated calomel electrode was used to mea-
sure pH values. Solutions of Metrohm buffers were employed to calibrate the pH meter in the
various binary ethanol and water mixtures. However, when the pH-meter was standardized
using aqueous buffers, the pH values in ethanol-water solvent mixtures were corrected using
the equation pH* = pH(R) — d, where pH* is the corrected reading, pH(R) is the pH meter
reading obtained in a partially aqueous organic solvent, and J is the correction parameter det-
ermined by Douheret.”-10:14:30-33 MATLAB R2011A software was used for writing programs
for the net analyte signal.

RESULTS AND DISCUSSION

The absorption spectra of the caffeic acid solution in ethanol/water mixture
with different volume ratios of organic solvent (1040 vol. %) were recorded in
the wavelength range of 200—400 nm. Typical absorption spectra of caffeic acid
at different pH values (from pH 2.0-10.0) in ethanol/water (10 vol. % of ethanol)
are shown in Fig. 3A. This figure reveals that there is an intense overlap between
the absorbance spectra of caffeic acid species and a high overlap between the
absorbance spectra of caffeic acid species at various pH values. Hence, it is dif-
ficult to achieve the number of species in the equilibrium. Principal component
analysis (PCA) is a powerful method to obtain the number of components in a
mixture, which was used to obtain the number of components in this study. As
can be seen in Fig. 3B, the estimated numbers of components were obtained as 3
in the pH range of 2.0 to 10.0. In Fig. 4, it is observed that the maximum
wavelength for different species of caffeic acid slightly shifted to longer wave-
lengths (red shift) with increasing percent ethanol. This shift could be related to

A B
25 80
i, ]
“ 10 % of ethanol in water s
8 2 60
E >
£ 15 &
: 2
2 g w
1
20
0.5
0 0
200 250 300 350 400 0 5 10
A/nm Number of component

Fig. 3. A) Absorption spectra of caffeic acid at different pH values (from pH 2.0-10.0) in
ethanol/water (10 vol. % of ethanol); B) Principal component analysis on the data matrix of
caffeic acid in water solvent at different pH values.
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the electrostatic properties of the hydrogen bond between caffeic acid and the
solvent. The ground state of caffeic acid in ethanol is stabilized less than in water
and thus, less energy is required to transfer electrons from the ground state to its
excited state. As a result, longer wavelengths were observed in 40 percent etha-
nol in water.14 The described red shifts of the different species of caffeic acid
obtained using the ab initio quantum mechanical method are in good agreement
with the results of UV—Vis spectroscopy.

5 -
—0 % of ethanol in water H,A

4.5 1 ——0 % of ethanol in water H,A-
4 A =—{) % of ethanol in water HAZ
3.5 4 =10 % of ethanol in water H3A
g: 3 | =10 % of ethanol in water H,A-
g ——10 % of ethanol inwater HAZ
E 23 ——40 % of ethanol in water H;A
_g 2 ——40 % of ethanol in water HyA~
1.5 ——40 % of ethanol in water HA?
1
0.5
0 + T T ¥
200 250 300 350 400
Alfnm

Fig. 4. Comparison of the obtained pure spectrum for species from the dissociation of caffeic
acid in solution containing caffeic acid (1.0x10* mol L-!) with 0, 10 and 40 vol. % of ethanol
in water at pH 2.0-10.0.

The ab initio calculated Gibbs energy change shows red shifts of different
species of caffeic acid. As can be seen from Table I, Gibbs free energy change
for caffeic acid species in different percentages of ethanol-water increases by
increasing the percentage of ethanol. By increasing the percentage ethanol in the
binary mixture, the ground state of all species of caffeic acid is destabilized. The
increased Gibbs free energy showed these changes. Caffeic acid (Fig. 1) has three
acidity constants. One of them (Kcoop) is due to the dissociation of the carb-
oxylic group (COOH) and two to the ionizable phenolic (OH) groups (Kop). In
this work, two acidity constants (pK,| and pK,y) of caffeic acid were determined.
The values of the acidity constants for each mixture were obtained by applying
NAS on the data matrix with 10, 20, 30 and 40 vol. % of ethanol. The acid dis-
sociation constant is obtained, when correlation between ¢, and ||7|| reached its
highest value. The concentration profiles of caffeic acid obtained in 10 vol. %
mixed solvent of ethanol/water using NAS are shown in Fig. 5.
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TABLE 1. Gibbs energy changes (kJ mol'!) of the different deprotonated forms of caffeic acid
in binary mixtures of ethanol-water

Content of ethanol in

meta-Hydroxy

para-Hydroxy

water, vol. % HyA HpA” HAZ HA?-
0 —647.9264721 —647.4882156  —647.0094688 -647.0368731
10 —647.9264626 —647.4875721 —-647.0078167  —-647.0354099
20 —647.9264531 —647.4869286  —647.0061646 —647.0339468
30 —647.9264436  —647.4862851 —647.0045124 —647.0324836
40 —647.9264341 —-647.4856416  —-647.0028603 —-647.0310205
1.2 -
HA-
14, B HA>

= 0.8 1

2

o

E 0.6 1

K

-]

Z 04 -

0.2
0 T Y J
2 6 8 10
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Fig. 5. Concentration profile of caffeic acid in binary mixtures of 10 vol. % of ethanol at
different pH values by the NAS method.

With enhancement of pH, higher than 2, the concentration of H3A decreases
while the concentration of HyA™ increases. At the point when cy;A = cH,A—, the
pH equals pK,1. The value of pKjy, is obtained as the value when the concen-
trations of HyA~ and HAZ~ are equal. According to Fig. 5, the values of pK,; and
pKao were calculated as 4.28 and 8.77, respectively and these results are in agree-
ment with the results of the NAS method in Table II (4.28 and 8.78). The

obtained pKj,; values are summarized in Table II.

TABLE II. Comparison of net analyte signal, ab initio and DATAN for calculation of acidity
constants of caffeic acid (1.0x10-* mol L) with various percentages of ethanol in water

Content of ethanol pK,; by pK,p by pK,; by pK,, by pK,1 by

in water, vol. % NAS NAS DATAN DATAN ab initio theory
0 4.02 8.43 4.27 8.76 4.69

10 4.26 8.68 4.32 8.75 4.72

20 4.39 8.79 4.55 8.92 4.84

30 4.57 9.00 4.62 9.02 5.07

40 5.11 9.34 5.19 9.38 5.33
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The pK,> values for caffeic acid were also predicted using the ab initio
quantum mechanical method in binary mixtures of ethanol-water. In this process,
the study of A;Ggoln accurately predicts pKyp from Eq. (14):

AG

soln

RefH)—

soln (

= AGy (HA™ ) +AG
(14)
~AGyoin (H2A™ ) = AGgqy (Ref |

As can be seen from Table III, A.Ggg), increases with increasing the per-
centage of ethanol in the binary solvent. By increasing the value of A;Ggon,
HAZ2- becomes unstable so pKj) increases.

TABLE III. Gibbs energy changes of the deprotonated of caffeic acid anion (H,A") in binary
mixtures ethanol/water

Content of ethanol in water, vol. % AGg,p, / kJ mol'!
0 2332.7
10 2337.0
20 2341.3
30 2345.6
40 2349.9

The validity of the obtained pK, values was checked with the famous

chemometrics algorithm DATAN (Table II). As can be seen from Fig. 6, acidic
constants (pKa1, pKa2) in different percentages of ethanol in water increased with
increasing percentage of ethanol in the solvent. This phenomenon can be exp-
lained with the fact that the solvation powers of water and ethanol are different.
Water has a high solvation power (dielectric constant ¢ = 78.36, donor number =
= 33) but the solvation power of ethanol (dielectric constant ¢ = 24.55 donor
number = 15) is less than that of water.14 According to the Coulomb law,!5 the
attraction force (F) between two oppositely-charged ions, namely ¢~ and ¢g*, at a
distance r is given by:
F:8.988><1o9% (15)
Er
where ¢ is the dielectric constant of the solvent. As can be seen from Eq. (15), the
attraction force is inversely proportional to the dielectric constant. The dielectric
constants of water and ethanol are 78.36 and 24.55, respectively. Thus, the larger
value of the dielectric constant leads to the smaller attraction between two ions.
One practical consequence is that the dissociation of acid into ions (H and A7) is
greater in water than in ethanol.

When the percent of ethanol is increased in the solution, the dielectric cons-
tant of the solvent decreases and, consequently, the extent of dissociation of an
acid decreases.34 Moreover, water has a high donor number, making it a strong
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Lewis base. Ethanol is less basic than water and hence, acids are weaker in this
solvent. Thus, it is expected that the addition of ethanol with a lower donor
number and dielectric constant to water decreases the extent of interaction of the
acid anions and protons with the solvent, which decreases the acidity constant of
the acid.14 At pH < 9.0, caffeic acid is stable and above pH 9.0, its oxidation
produces the semiquinone radical and therefore, the accuracy of the pK,3 value
will be poor.35 Since there are two hydroxyl groups in the benzene ring of caffeic
acid, it is important to determine which hydroxyl group is the more likely subject
of deprotonation in binary mixtures of ethanol-water. In the process,
only AGsoin(HAZ™) varies while AGgon(HoA™) and AGso1n(H™) are the same for
these two deprotonation processes. Therefore, the study of AGgyn(HAZ") can
accurately predict the most acidic hydroxyl group.

91/’_}/*’—{/—4
3
8.
74 * PK,
6 * pKaZ
N 5-%/
(=9
43
3.
2_
1_
0 T T T T
0 10 20 30 40

Content of ethanol in water, %

Fig. 6. The acidic constants (pK,, pKyy) in different percentages of ethanol in water.

According to Table I, Gibbs energy change shows that the para-hydroxy
anion is more stable compared with meta-hydroxy anion form and thus, the para-
-hydroxy group is more acidic than the meta-hydroxy group. Furthermore, the
acidity constants of caffeic acid obtained in this work were compared with other
works36-38 and the results are listed in Table IV. According to Table IV, the
acidity constants of caffeic acid obtained in this work are in good agreement with
those previously reported.

TABLE IV. Comparison of the pK, values of caffeic acid obtained in this work with those
previously determined

Method Solvent pKai PKa Ref.
UV-Vis spectroscopy Water 4.44 7.60 37
Potentiometry—chemometrics Water 4.38 8.58 38
Potentiometry Water 4.45 8.66 39
UV-Vis spectroscopy Water 4.02 8.43 This work
ab initio Water 4.69 — This work
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CONCLUSIONS

Due to the important role of polyphenols in human health, in the present
paper, the behavior of the acidity constants of caffeic acid in binary ethanol/water
mixtures was studied by a multi-wavelength spectrophotometric method and an
ab initio quantum mechanical method. The results obtained by NAS indicate that
the proposed method is an effective method for the calculation of the acid dis-
sociation constants of caffeic acid solution with high spectral overlap. The
obtained results for investigation of pKj,| and pK,) of caffeic acid in mixtures of
water and ethanol revealed that pK,; values (4.02, 4.26, 4.39, 4.57 and 5.11) and
pKao (8.43, 8.68, 8.79, 9.00 and 9.34) increase with increasing the ethanol per-
cent (0, 10, 20, 30, 40 vol. %) in water and the obtained results are in good
agreement with the results of the Gaussian method. In strong alkaline solution,
oxidation of the acid is inevitable and therefore, the accuracy of the pK,3 value is
poor. Briefly some novelties of this work are: i) calculating Gibbs energy change
of HAZ to confirm that pKy,, and pK,3 are related to the para and meta positions
of caffeic acid, respectively; ii) good agreement between the ab initio quantum
mechanical method and NAS on the results of UV—Vis spectroscopy.

Acknowledgement. The authors wish to thank Yazd University Research Council for fin-
ancial support of this research.

U3BOJ
OOPEBUBAIBLE pK, KOPEMHCKE KUCEJIMHE Y MEIIOBUTOM PACTBAPAUY
KOPUITREEM METOJA CUTHAJIA YUCTOT AHAJIUTA U ab initio TEOPUJE

ABBAS DADRAS', ALI BENVIDI', MANSOOR NAMAZIAN' SALEHEH ABBASI', MARZIEH DEHGHAN TEZERJANT',
MOHARRAM ROOZEGARI' 1 REZA TABARAKI*

IDepartment of Chemistry, Yazd University, Iran u 2Department of Chemistry, Ilam University, Iran

36or duomnomkux edexaTa KOMIIOHEHTH (EHOTHUX KHUCENIWHA, XpaHa doraTa monugeHo-
JIMMa je 3HayajaH [Ieo0 XyMaHe U KUBOTHUIbCKe HCXpaHe. Y 0BOj CTyOuju ofpeheHa je koHCcTaHTa
KHcenocTH KodenHcke kucenuse (3,4-TUXUOPOKCHLUMETHE KHUCeTHHe) y DUHapHUM cMecama
€TaHO/I—-BOJia, CIEKTPOOTOMEPHjCKH, KOpUCTENX anropuTtaM CUrHaaa AOJaTor YUCTOT aHaIUTa
(NAS) u ab initio kBaHTHOMeXaHUYKH MeTox. NAS je edrkacaH XeMOMETPHjCKH aJITOPUTAM 3a
aHanM3y KHcemo—Da3HUX paBHOTeXa CUCTeMa CHeKTpPodOTOMETpHjckuM MeTomom. Ha pasnu-
yuTUM pH BpepHOCTHMa, pachofesa KHCeMMHCKUX BpPCTa ce Jo0Hja U3 MaTpulle alCOPILHOHUX
nojiaTaka Y oOBa Ipoliefypa faje MoryhHOCT fia ce ajTepHaTHBHO Nodujy pK, xodenHcke kuce-
nuHe. PesynraTtu cy nokasanu na cy pK,1 ¥ pK,; nosehane ca mosehaweM MoJCKOT OfHOCA
eTaHo/Ia y BOIH Kao pacTteapady. Ab initio n3pauyHare npomeHe I'udcose eHepruje nokasyjy na
jé para-XumpoKcH Ipyla KUcenWja of metd-XUgpokcu rpymne. LIpBeHM momauu pasiuuuTHX
MOJIEKYJICKUX BpCTa KOEHHCKe KUCeTHHe NOOUjeHH! ab initio KBAHTHOMEXaHUYKHUM METOZIOM Cy
y Do0poj carmacHocTy ca pe3ynratuma UV-Vis ciekTpockonuje.

(ITpummeno 14. jyHa, peBunupaHo 5. oktodpa, npuxsaheHo 6. HoBembpa 2018)
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