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Abstract

Quantum calculations (mainly DFT) and molecular dynamics are increasingly effective tools to
evaluate the physico-chemical properties of natural and bio-inspired antioxidants.
Thermodynamic parameters (mainly bond dissociation enthalpies (BDE) of the O-H phenolic
bond) allowed an accurate prediction of the Free Radical Scavenging Capacity of natural and
hemi-synthetic compounds. Based on the Transition State and the Marcus Theories (for atom-
and electron-transfers, respectively), kinetics was also evaluated providing a better prediction of
the antioxidant behaviour in solution or in the organism. Also pro-oxidant effects have been
studied including the oxidatively-induced dimerization capacity. In this case, thermodynamic
and kinetic calculations explain regio- and stereo-selectivity. MD simulations have been
performed to provide an accurate picture of the interaction between natural antioxidants
(polyphenols and other m-conjugated derivatives) and lipid bilayer membranes. Molecular
dynamics allows evaluation of the ability of these molecules to approach and penetrate the
membrane, and to predict their “exact” location and orientation.

Keywords: Antioxidants, polyphenols, DFT, free radical scavenging mechanisms, lipid bilayer
membranes

1. Introduction

Antioxidants are defined as “species able to decrease oxidative stress in organism”. An
antioxidant can i) inhibit enzymes involved in oxidative stress (e.g., cycloxygenase,
lipoxygenase, xanthine oxidase, myeloperoxidase, NADPH Oxidase), ii) chelate metals (Fe**
and Cu"), which are important mediators of reactive oxygen species (ROS) production, iii)
scavenge free radicals (Burton et al. 1985; Rice-Evans et al. 1996). Antioxidants are crucial to
regulate oxidative stress in plants, animals and food. Either they are produced endogenously or
delivered exogenously (e.g., diet, food supplement). Many antioxidants exist including vitamin
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E, vitamin C, glutathione, licopen, lipoic acid, B-caroten, melatonin, metformin, curcumin, and
also enzymes (catalase, superoxide dismutase and glutathione peroxidase).

Polyphenols constitute one of the widest sources of natural antioxidants (Fig. 1) (Rice-
Evans et al. 1996). Chemically, these compounds contain at least one phenol moiety in their
chemical structure. They are largely distributed in the plant kingdom particularly in food plants
i.e., fruit, vegetables, spices, oils, chocolate and different sorts of beverage (e.g., tea, wine, beer
and fruit juices). Polyphenols are known for their numerous biological activities and as potential
therapeutic compounds against various diseases (e.g., cardiovascular diseases, cancer, liver
diseases and liver pathologies). In addition to their biological activities, they are known as
powerful antioxidants i.e., free radical scavengers, lipid peroxidation inhibitors and metal
chelators. Over the past years, numerous joint experimental and theoretical studies rationalized
the structure-antioxidant properties for large series of polyphenols. Different physico-chemical
parameters (descriptors) have been identified to correlate with the antioxidant capacity (Anouar
et al. 2009a; Anouar et al. 2009c; Calliste et al. 2010; Di Meo et al. 2013; Kozlowski et al.
2007a; Kozlowski et al. 2007b; Trouillas et al. 2008; Trouillas 2006).

Numerous in vitro, in vivo and epidemiological studies
demonstrated beneficial effects of diets rich in fruit,
vegetables, plants and certain beverages (tea, fruit juices,
wine...), presence of vitamin antioxidants (e.g.,
Mediterranean diets, French paradox, SUVIMAX)
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Fig. 1. Characteristic examples of polyphenols having various biological activities including
antioxidants activities.

The major mechanism of free-radical scavenging has been shown to be H-atom transfer from
the active OH group(s) of the phenolic antioxidant (ArO-H) to the free radical (R"), following:

ArO-H + Re — ArO+ + R-H

Four mechanisms may drive this reaction: (Di Meo et al. 2013; Musialik et al. 2009; Trouillas et
al. 2011; Zhang et al. 2006)

i) HAT (H-atom transfer) and PCET (proton-coupled electron transfer)

This is the direct HAT, which is purely governed by the homolytic dissociation of the O-H
bond of the active OH groups. PCET is distinguished from the pure HAT as it involves several
molecular orbitals. PCET occurs in an H-bonding pre-reaction complex in which the proton
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transfer occurs along the H-bond to one of the lone pair of the O-atom of the free radical. This
transfer is coupled to the electron transfer that occurs from a lone pair of the antioxidant to the
SOMO (singly occupied molecular orbital) of the free radical.

ii) ET-PT (Electron Transfer - Proton Transfer)

Depending on the oxidative system reacting with ArO-H, this mechanism could also occur
as a secondary mechanism. The first step of this reaction (i.e. ArO-H + R® — ArOH™ + R))
leads to the formation of the radical cation ArOH™, which easily undergoes heterolytic
dissociation leading to the same final products than those yielded by PCET (i.e. ArO" + R-H).

iii) SPLET (Sequential Proton-Loss-Electron-Transfer)

In this mechanism a proton is lost prior to electron transfer from the subsequent anion to
the free radical (i.e. ArO-H — ArO” + H; ArO" + R — ArO" + R; R" + H" — RH). This
mechanism is strongly enhanced under alkaline conditions, which may favour the first step (i.e.,
proton loss). Again the same final products as with PCET and ET-PT are formed (i.e. ArO" + R-
H).

iv) AF (Adduct Formation)
ArO-H + R" — [ArOH-R]" — metabolites or ArO" + RH

This mechanism is relatively specific to ‘'OH free radicals. It has been observed in
radiolytic solutions. The radical may add on double bonds and aromatic rings.

The four mechanisms exhibit the same thermodynamic balance since reactants and
products are the same (AG"" = AGF™"T = AG™™ET = AG""). Consequently this process is well-
described by the capacity to remove an H-atom from the polyphenol. The O-H bond
dissociation enthalpy (BDE) has been found as the descriptor of choice to rationalize the
antioxidant activity (Anouar et al. 2009b; Kozlowski et al. 2007b; Trouillas et al. 2006;
Trouillas et al. 2008). Density functional theory (DFT) has appeared very efficient to estimate
this thermodynamic parameter. We recently demonstrated that DFT can also efficiently estimate
kinetics of the first three mechanisms (PCET, ET-PT and SPLET), which is mandatory in order
to tackle the relative importance of these different mechanisms of free radical scavenging. Both
thermodynamics and kinetics of free radical scavenging will be described in section 3.1 and 3.2,
respectively. The corresponding methodologies of calculation are developed in sections 2.1 and
2.2.

To be efficient as lipid peroxidation inhibitor, antioxidants must be active as free radical
scavenger but, as for other biological activities, the compounds must interact and penetrate lipid
bilayer membranes. Force fields and molecular dynamic (MD) simulations can now accurately
simulate supramolecular assemblies including lipid bilayers. These simulations may provide a
true molecular picture of the equilibrated location and orientation of a molecule in membranes.
We recently published such works on antioxidants compounds, providing a molecular picture of
their capacity to incorporate lipid bilayer membranes. This will be summarized in section 3.3.

2. Methods of Calculation

2.1. Thermodynamics

All ground-state (GS) geometries (ArOH and ArQO°) were obtained at the DFT level. The B3P86
hybrid functional has been shown to accurately reproduce the chemical and antioxidant
behaviours of polyphenols. Following each optimization, the frequency calculation has been
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performed at the same level of theory, which confirms the absence of any imaginary frequency
for GS and allows to estimate enthalpies (H).

The integral-equation-formalism polarizable continuum model (IEF-PCM) was used to take
into account the solvent effect. PCM models consider the studied structure confined in a shape-
adapted cavity surrounded by a dielectric continuum characterized by its macroscopic dielectric
constant (¢ = 78.4 for water). Calculations were performed in water to understand the behaviour
in a very polar solvent, while calculations in the gas phase appeared to be a good estimation of
behaviour under non-polar conditions (e.g., inside lipid membrane). Indeed PCM calculations
using the benzene dielectric constant (¢ = 2.27) provided very similar enthalpies to the gas
phase values (data not shown). (Anouar et al. 2009c; Calliste et al. 2010; Di Meo et al. 2012;
Gazak et al. 2013; Kosinova et al. 2011a; Kosinova et al. 2011b; Kozlowski et al. 2007a;
Kozlowski et al. 2007b; Trouillas et al. 2013; Trouillas et al. 2008; Trouillas 2006; Velu et al.
2013; Zatloukalova et al. 2011)

BDEs are calculated as follows:
BDE = H(ArO’, 298K) + H(H", 298K) — H(ArOH, 298K)

2.2. Kinetics

Concerning PCET, the transition states (TSs) were confirmed by the presence of one imaginary
frequency assigned to the normal mode corresponding to the reaction studied (i.e., O-H bond
cleavage and the concomitant O-H or C-H bond formation in the polyphenol and the free
radical, respectively). TSs were also confirmed by the calculation of the minimum energy path
(MEP) evaluated with the IRC (intrinsic reaction coordinate) algorithm as implemented in the
Gaussian09 program. The activation barriers were corrected by scaling factors of 0.9686 and
0.9537 for B3P86 and MPWB1K, respectively.

Hybrid functionals (e.g., B3P86) are shown to underestimate the energy of the transition
states (TSs) of various reactions including HAT. Meta-GGA hybrid functionals such as
MPWBI1K appear to be more accurate to reproduce 4G*scer values. Therefore, all the activation
barriers involving HAT (PCET) were evaluated at the (U)MPWB1K/6-31+G(d,p) level.

The rate constants of PCET were calculated within the conventional TST framework:

| CPET = ST Kol AG per
= (DK™ = (T K2 eXp( RT )
AG" pepr is calculated as the difference in Gibbs energy between the TS and the reactants; x(T)
is the transmission coefficient; k; is the Boltzmann constant; and T is the temperature (298K).
The «(T) transmission coefficient associated to quantum tunneling along the reaction coordinate
was evaluated by the Skodje & Truhlar (S/T) method. (Anouar, et al. 2009a; Di Meo, et al.
2013)

Concerning ET-PT and SPLET, the Marcus-Levich-Jortner formalism was used, the rate
constant of the electron transfer (for the ET-PT and SPLET mechanisms) between the donor
(quercetin) and the acceptor (the free radical) is expressed as: (Di Meo, et al. 2013)

(AG°+ As+ v'h(a)})z
4 2ske T

4r?
kLJ—Marcus: V §
h 47r Asky T

where

— AG° is the Gibbs energy difference of reactions (2) or (5),
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— ) the external reorganization energy related to the electronic and nuclear polarization of the
solvent,

—Vgp the electronic coupling term, calculated between antioxidant MOs and free radical
SOMO, in the geometry of the complexes-of-approach. The coupling Vj; between two orbitals
¢; and ¢; (belonging to molecules i and j, respectively) can be classically recast in an atomic

orbital basis set:
Vij= <¢i|h|¢j> = chiuciv<ﬂfi|h|li>)’
v

— the Huang-Rhys factor S (=Ay/hw) is directly related to the internal reorganization, and v a
vibrational quantum number.

— The summation runs over all vibrational levels of effective modes.

All quantum calculations were performed using the Gaussian 09 package.

2.3. Interaction with membranes

Different types of lipids can be wused e.g., DOPC (1,2-dioleoyl-sn-glycero-3-
phosphatidylcholine) as the most abundant lipid in mammal cell membranes and PLPC (1-
palmitoyl-2-linoleoyl-sn-glycero-3-phosphatidylcholine), is often used experimentally to
observe differences in the lipid peroxidation activity. In our calculations, the former model
comprised 128 DOPC molecules, in which the oleoyl chains contain one double bond between
carbons Cq and Cyo. The latter model contained 144 PLPC molecules. For these phospholipids,
the palmitic chain is a fully saturated fatty acid, whereas the linoleyl chain contains two double
bonds (Cy=Cyo and C;,=C;3). The presence of the double bonds makes PLPC more sensitive to
oxidation. In both lipid bilayer models, both leaflets contain the same number of molecules. The
structures of the lipids were taken from the literature and a united-atom Berger's force field was
used. The bilayers were oriented perpendicularly to the z-axis of the box containing the
molecular assembly. The bilayers were first equilibrated in the absence of any antioxidant. They
were surrounded by an explicit SPC water model and the physiological concentration of NaCl
(0.15 mol.L™") in water was used. The MD simulations were carried out using the GROMACS
4.0.7 package with periodic boundary conditions in all directions.

The conformations of the antioxidants were optimized using the hybrid DFT functional
B3P86 combined with the 6-31+G(d,p) basis set B3P86/6-31+G(d,p). The topology was
generated from the PRODRG2 Beta server using the Gromos53a6 force field. The partial
atomic charges were assigned using the program Antechamber and RESP method after single
point calculation at the HF/6-31G™ level.

After the equilibration step, in which the system was heated to 310K, several MD
simulations were carried out from different initial orientations and positions (in the middle of
the lipid bilayer or outside the bilayer in the bulk water). The v-rescale thermostat controlled the
temperature; the pressure was kept constant using the anisotropic Berendsen barostat at 1 bar.
All bonds were constrained by the LINCS algorithm. The electrostatic interactions were
evaluated using the smooth particle-mesh Ewald method. Both the long-range and Lennard-
Jones interactions were truncated at 1.4 nm. The MD simulations were performed with different
random initial velocities sampled according to a Maxwell distribution.

Partitioning into the membrane was computed using the potential of mean force method to
obtain free energy profiles. A series of initial structures was obtained from unbiased MD
simulations to define windows along the bilayer normal (z-axis). The molecule was pulled from
the center of the lipid bilayer (z=0nm) to the edge of the box along the z-axis. To ensure
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convergence, 20 to 80 ns windows of constraint simulation were used. The free energy profiles
were reconstructed from the last part of the MD simulations. (Kosinova, et al. 2011; Podloucka,
et al. 2013)

3. Results and Discussion

3.1. Thermodynamic descriptors

Over the past decade, our group has extensively contributed to the effort of using theoretical
calculations to rationalize the antioxidant properties of series of natural compounds. Performing
joint experimental and theoretical works, the adapted methodologies have been identified to
accurately describe and even predict the free radical scavenging capacity of many polyphenols.
Thermodynamic descriptors, mainly the bond dissociation enthalpies (BDE) of the O-H groups
were efficiently evaluated and correlated to the antioxidant capacity. These are major
descriptors that can be used to quickly screen the antioxidant capacity of large series of
compounds, which is adapted with the sake of industrial applications. (Anouar et al. 2009c;
Calliste et al. 2010; Di Meo et al. 2012; Gazak et al. 2013; Kosinova et al. 2011a; Kosinova et
al. 2011b; Kozlowski et al. 2007a; Kozlowski et al. 2007b; Trouillas et al. 2013; Trouillas et al.
2008; Trouillas 2006; Velu et al. 2013; Zatloukalové et al. 2011)

Number of OH groups. As the free radical action is mainly assigned to the HAT capacity
from the OH groups, the number of OH groups is obviously an important descriptor. From a
general overview, active compounds have usually more than 2 or 3 OH groups. Nonetheless,
this descriptor (number of OH groups) is not independent i.e., what is mandatory for the
antioxidant activity is the number of active OH group(s). In other words, the antioxidant activity
correlates with the number of OH groups having a low BDE (i.e., high HAT capacity).

Position of OH groups and z-conjugation. Over the past ten years numerous theoretical
studies have confirmed the experimental structure antioxidant-activity relationship for
polyphenols. For flavonoids, the B-ring and the 3-OH group in the presence of the 2,3-double
bond (flavonols) have been clearly identified as crucial OH positions to enhance the antioxidant
capacity. The 3’- and 4’-OH groups are the most active. This is clearly confirmed by the low
BDEs 80.0, 82.4 and 79.7 kcal/mol obtained for the 3-, 3’- and 4’-OH groups (Fig. 2). The A-
ring has a minor role in the free radical scavenging capacity. This is also well-confirmed by the
high BDE obtained for the 5-OH and 7-OH groups. The high BDE obtained for the 5-OH group
is partly attributed to the presence of a strong H-bond that exists with the keto group at C4. This
demonstrates that the number of intra H-bonds can also be considered as a secondary and non-
independent descriptor. The 7-OH group has also been demonstrated to indirectly participate in
the antioxidant activity. This is not clearly explained by the BDE values, which indicate the
importance of other secondary parameters. Including acidity since 7-OH is the most acidic
group. The 6’-OH group of chalcones also enhances the antioxidant activity, which is correlated
with a relatively low BDE (83 kcal/mol).
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Fig. 2. Structure activity relationship established according to thermodynamic descriptors,
mainly O-H BBE.

The presence of a catechol moiety is particularly efficient; its role is slightly enhanced in the
presence of the 2,3-double bond since n-electron delocalization helps to stabilize the subsequent
ArO’ radical (e.g., BDE of the 4’-OH group is lower for flavonols compared to flavanones).
Again, m-conjugation may appear as an important descriptor.

3.2. Kinetic Descriptors

As thermodynamics is not enough when dealing with in vitro and vivo activities in which
numerous competitive reactions exist, rate constants should be evaluated. They are rather
difficult to obtain experimentally and experimental data cannot easily distinguish between the
different mechanisms. Quantum calculations may appear as an innovative and promising tool to
evaluate these kinetic rate constants. These calculations have been performed on quercetin,
taken as a prototype, characteristic of the wide flavonoid-subclass of polyphenols. (Anouar et
al. 2009a; Di Meo et al. 2013)

With this aim, the pre-reaction complexes (formed between the antioxidant and the free
radicals) are crucial in the different mechanisms. They drive the bimolecular approach.
Concerning the PCET mechanism, H-bonding complexes (HB-type complexes) are formed,;
while concerning ET-PT and SPLET both H-bonding and z-stacking interactions (v—n-type
complexes) are allowed (Fig. 3). These complexes involved non-covalent interactions that must
be carefully evaluated (e.g., using DFT-D).

Whatever the polarity of the solvent, ET-PT is totally inefficient due to the high instability
of the ArOH™ radical cation, except for the specific case of the ‘OH free-radical.

In non-polar environments (e.g., lipid bilayer membranes), PCET is the only active process
since the deprotonation of quercetin is highly unlikely, making SPLET infeasible. In other
words, PCET is the major process able to break the chain reaction in lipid peroxidation, i.e.,
LOO" free radical scavenging inside the membrane. At low pH (e.g., in the stomach), PCET is
also the only possible process. In this case, the most active group (lowest rate constant) is the
4’-OH group (Fig. 4).
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Fig. 3. Importance of non-covalent pre-reaction complexes formed betweenthe antioxidant
(e.g., quercetin) and the free radicals (e.g., ROO¢).

In polar solvents, e.g., in plasma, the pH is ranging from 7.35 to 7.45, so that quercetin is
partially deprotonated. Both PCET (from the neutral form) and SPLET (from the deprotonated
form) are in competition, the latter appearing as the fastest and hence as the dominant process in
agreement with the literature. Nonetheless, an important point highlighted in the present work is
that this competition strongly depends on the pre-reaction complex and the deprotonation site.
From a statistical point of view, SPLET offers much more possibilities since the number of
complexes-of-approach with free radicals associated to high rate constants is higher with
SPLET than with PCET (Fig. 4). For an effective scavenging by H-atom abstraction, the free
radicals should approach: i) all OH groups and the aromatic rings to form v—z complexes (e.g.,
[v—r]c) with SPLET, or ii) only the OH groups with a low BDE (i.e., 3-OH, 3°-OH and 4’-OH)
with PCET. In the case of SPLET, the 3-OH group as also a major role, together with the 4’-OH
group (Fig. 4).

The competition also depends on the pH: the higher the pH, the higher the number of
deprotonated sites and the higher the contribution of SPLET (yielding high to very high rate
constants). This is in good agreement with the increase in the free radical scavenging with the
pH experimentally observed for flavonoid. As previously suggested from experimental studies
under non-acidic conditions, SPLET is the fastest and major mechanism, PCET is slower and
minor, modifying the kinetic regime. This picture, involving both mechanisms, is probably the
most adapted to rationalize scavenging of peroxyl radicals (and also DPPH radicals that have
shown a similar behavior and are widely used in antioxidant evaluations). For free radical
scavenging of carbon-centered and alkoxyl radicals, the major process is PCET and SPLET,
respectively. To scavenge ‘OH free radicals, both mechanisms are diffusion-controlled. (Di Meo
et al. 2013)
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Fig. 4. Kinetic structure activity relationship.

These conclusions are drawn out for quercetin, which is a relevant model of antioxidant highly
representative of flavonoids. However, it must be stressed that these results can easily be
extrapolated to a large class of compounds including other natural polyphenols, bioavailable
metabolites and new hemi synthetic derivatives. Quantum chemistry is shown here as a
powerful tool to rationalize structure antioxidant activity relationships for both thermodynamic
and kinetic aspects. In this way, this tool appears as very promising to support experimental
expertise in food chemistry, cosmetology and pharmaceutical applications. Even if the
evaluation of kST appears quantitatively accurate, that of k™" requires further
methodological developments to reach accuracy for a broad class of antioxidants.

3.3. Interaction of polyphenol antioxidant with lipid bilayer membranes

Molecular dynamic simulations provide a molecular picture of the capacity of natural
antioxidants to interact with lipid bilayer membranes. Quercetin and quercetin metabolites
incorporate into the DOPC lipid bilayer, most of these compounds lying just below the surface
of bilayer close to the polar head region (Fig. 5). Their exact penetration depth and orientation
in bilayer is largely determined by their polarity, charges and H-bonding capacity. The position
of quercetin and its metabolites in lipid bilayers depends on i) the type of substituent ii) the
substituted OH group and iii) charge of the compound. This picture might differ in
polyunsaturated and/or oxidized lipid bilayers, for which changings of location/orientation
should be systematically evaluated in future.

The partial decrease of lipid peroxidation inhibition observed for 3'-O-methyl-quercetin
and quercetin-3-O-glucuronide compared to quercetin is partially explained by their location
and orientation in lipid bilayer. For both compounds the substituents pull the compounds very
close to the surface in comparison with quercetin. As a consequence, the active OH groups may
be less efficient as regenerator of vitamin E and even less efficient at direct LOO« free radical
scavenging. For quercetin-3'-O-sulfate, the charged sulfate group pulls the compound out of
lipid bilayer, thus explaining its weaker inhibition activity compared to
quercetin-3-O-glucuronide.
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Fig. 5. (Left) Snapshot of the location of quercetin in a DOPC lipid bilayer and average position
of the center of mass (black) and phosphorus atoms (red). (Right) Free energy profile showing
the potential well of the equilibrated position.

MD simulations demonstrate that flavonoids are concentrated at the lipid bilayer/water
interface, just below the membrane surface. Insertion of non-polar groups increases the
penetration depth (methoxy derivatives) while insertion of polar groups decreases the
penetration depth (sulfate, glucuronide). Positions and orientations make these compounds
potential protector against exogenous attacks (e.g., oxidative stress) being i) potentially active
as lipid peroxidation inhibitors mainly by the scavenging of free radicals initiating lipid
oxidation and occasionally those produced during lipid peroxidation propagation or ii) potential
regenerators of antioxidants incorporated in the membrane such as vitamin E. (Ko$inova et al.
2011; Podloucka et al. 2013).

As flavonoids and their derivatives are preferentially localized in the membrane or on the
membrane/water interface, they concentrate in a relatively narrow membrane region. This is of
great significance because even if their concentration in food is relatively low, the spatial
confinement of flavonoids inside membranes greatly enhances their local concentration in this
vital region, thus increasing their importance for in vivo biological activities including oxidative
stress defense.
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Pe3ume

KBanTo-mexannuku npopauynu (yrnasaom DFT) u Monekyscka quHaMHKa cy cBe epUKacHUja
CpeACTBa 3a MpOLEHY (HU3NYKO-XEMHUJCKHX OCOOMHA TPHPOAHUX M OWO-MHCIHMPHUCAHUX
aHTHOKcHaHaTa. TepMOTMHAMUYKY MapaMeTpH (YriIaBHOM eHTaimuja aucounjauuje (BDE) O-
H ¢denonne Bese) omoryhamajy ma ce mpeaBHOM CIOCOOHOCT MPUPOJHMX M CHHTETUYKHX
XEMHjCKHX jelnberba Ja pearyjy ca ciIo00HUM paaukaniMa. KruHeTndKa mporeHa Ha OCHOBY
MpeNa3HuX cTama W MapkycoBe TeopHje (3a TpaHchep aTromMa W €JIeKTPOHA, PECHEKTHBHO),
ypaheHna je ma Oum ce Oospe 00jacHMIIO TIOHANIAKE AHTHOKCHAAHATa y pAcTBOPY WIH Y
opranmsMy. Takohe Cy mpoydyaBaHHM YTHIQjH TPOOKCHIAHATa, YKJbYdyjyhH H KamamuTer
JMMepu3alje MHAYKOBaHE OKCHIALHUjOM. Y OBOM Clly4ajy, TEPMOAMHAMUYKH U KHHETHYKH
NpOpavYyHH 1ajy 00jalllibehe PETHo- U CTepeo- celaekTuBHOCTH. M/l cumMynaije cy u3BpIicHe
Ja Ou ce nobuia jacHa CiMKa O UWHTEpakUMju u3Mel)y TPHPOIHUX aHTHOKCHIAHATa
(monudeHona u APYrHX T-KOHjYrOBaHMX JEpUBATa) W JBOCIOJHHMX JIMIMIHUX MeMOpaHa.
MornekyJIcKOM JUHAMHKOM C€ MpPOIEHYje CHOCOOHOCT OBHX MOJIEKyJia Aa ce IMpUOJIKE |
npol)y kpo3 MemMOpaHy, kao u npeasuhame HUXOBE ,,TaYHE" JOKAIHje U OpHjeHTalH]e.

Kbyune peunm: Auntvokcunmantu, noiudenonu, DFT, mexanusmu ykinamama CI000IHUX
paaukana, IBOCIOjHE TUIUIHE MeMOpaHe
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