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Abstract: Hydrogen transfer from hydroquinone to the methoxy radical was 
studied using the density functional theory. The energy decomposition tech-
nique, interacting quantum atoms, was employed for a detailed investigation of 
the changes that the bonds of interest go through along the minimum energy 
path in the vicinity of the transition state. The whole system was divided either 
into two or three fragments. The two-fragment analysis enabled investigation 
of the bond that is formed or the one that is cleaved by defining the fragments 
as reactants and as products, respectively. The three-fragment analysis (the 
fragments being semiquinone, hydrogen atom and methoxy radical) was used 
for the simultaneous analysis of the two phenomena, bond cleavage and bond 
formation. Additionally, it enabled the interaction between the particle that 
donates the hydrogen atom and the one that accepts it to be investigated. This 
interaction is characterized by attractive non-classical and repulsive classical 
interactions. It was demonstrated that the transferring hydrogen atom under-
goes the most pronounced energy changes and gives the largest contribution to 
the deformation energy. 
Keywords: interacting quantum atoms; density functional theory; antioxidants; 
polyphenols; radicals. 

INTRODUCTION 
Due to their importance in living organisms, scavenging properties of num-

erous antioxidants have been extensively investigated both by experimentalists 
and theoreticians.1–7 Most of such investigations focused on the determination of 
the rate constants for the analyzed reactions,8,9 the theoretical estimation of 
which rests on precise determination of barrier heights.10–12  

Polyphenols are well-known as efficient antioxidants.13,10 Recently, the 
reactions between the smallest representative of polyphenols, hydroquinone, and 
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the hydroxyl/hydroperoxyl radical were analyzed.14 The mechanism of the for-
mal hydrogen transfer and the sequence the two species (the proton and the elec-
tron) are transferred were studied. In a subsequent paper,15 hydrogen transfer 
from hydroquinone to the methoxy radical was investigated by employing the 
interacting quantum atoms methodology to obtain a deeper insight into the 
energy changes that accompany this reaction. In the current contribution, the 
analysis of the same system, hydroquinone (HQ) and the methoxy radical (Me•), 
is continued with the focus on the properties of the two O–H bonds that play a 
crucial role in this hydrogen transfer reaction, i.e., the one that is broken O(HQ)–H 
and the one that is formed O(Me)–H. More precisely, the energy components of 
the two bonds along the intrinsic reaction path in the vicinity of the transition 
state are analyzed by employing interacting quantum atoms methodology, which 
has hitherto been widely used for the investigation of interactions between frag-
ments in various systems.16–23 

COMPUTATIONAL PROCEDURE 
All calculations were performed at the uM06-2X/6-31+G(d,p) level24-28 with the Gaus-

sian program package29 using an ultrafine integration grid. It has already been shown that the 
M06-2X functional successfully describes numerous systems,30,31 including open shell sys-
tems such as organic radicals.32 Optimization of the stationary points was performed with 
tight convergence criteria. The optimized transition state is characterized with a single imagin-
ary frequency. The intrinsic reaction coordinate (IRC) calculations confirmed that the opti-
mized first order saddle point connects the species of interest: the hydrogen bonded complexes 
of the reactants HQ…Me• and the hydrogen bonded complex of the products HQ•…Me. IRC 
was performed by employing the Hessian-based predictor-corrector integrator.33-35 

The energy decomposition analysis was performed using the interacting quantum atoms 
(IQA) method. The interaction energy between two fragments (interacting particles) that form 
a complex (a supermolecule) was computed along the IRC in the reactant and in the product 
valley close to the transition state. 

The IQA methodology rests on the Bader theory of atoms in molecules36 according to 
which the total space is divided into subspaces, each belonging to a certain atom. Pendás and 
co-workers extended Bader’s idea to the IQA37 methodology, and its variant interacting quan-
tum fragments procedure38 (for simplicity, the abbreviation IQA will be used for the interact-
ing quantum fragments methodology, which is employed in this manuscript). The interaction 
energy, E(IQA), between two fragments F1 and F2 is represented as the sum of four terms: 

 ( ) ( ) ( )cl xc def 1 def 2IQA F FE E E E E= + + +  (1) 

where Ecl and Exc stand for the classical and the non-classical energy component, respectively. 
Edef represents the deformation energy estimated by subtracting fragment's energy in vacuum 
at its geometry in the complex from the corresponding value in a supermolecule. The IQA 
analysis was performed with the AIMAll program package.39 The Promega5 basin integration 
method insured small deviation of the IQA energy from the density functional theory (DFT) 
values (the largest discrepancy amounted to 3 kJ mol-1). The reported charges are the Bader’s 
charges computed with the AIMAll program. 
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RESULTS AND DISCUSSION 

As mentioned in the Introduction, the reaction between hydroquinone and 
the methoxy radical:15 HQ…Me• → HQ•…Me, has recently been analyzed. 
Both the reactants and the products are hydrogen bonded and hence, this reaction 
could be viewed as transformation of the reactant complex into the product 
complex. Two transition states were reported that differ in the orientation of the 
reactants.15 Although the corresponding barrier heights differ by only 2 kJ mol–1 
and the two mechanisms are thus equally probable, it was demonstrated that the 
energy components obtained according to the interacting quantum atoms (IQA) 
methodology substantially differ. In the current contribution, the focus was on 
the description of the system in the vicinity of the slightly more stable transition 
state by applying the interacting quantum fragments methodology not just at the 
transition state but also on non-stationary points. Such analysis was previously 
employed for the investigation of nucleophilic substitution in α-haloketones 
describing the whole transformation of the reactants into products.40 Herein, the 
focus is on a small fragment of intrinsic reaction coordinate (IRC) around the 
transition state. For a detailed analysis, the first ten points starting from the first- 
-order saddle point in the reverse and in the forward direction will be considered. 
This segment of the IRC will be named as the segment of interest. According to 
the geometric properties,15 the transition state resembles the reactant complex, 
Fig. 1. This is also the case in hydrogen transfer reactions from hydroquinone to 
the hydroxyl and the hydroperoxyl radical.14 Consequently, energy changes in 
the segment of interest are much more pronounced in the product valley, Fig. 2A. 
The difference in O(HQ)–H and O(Me)–H bond lengths along the IRC are depicted 
in Fig. 2B. In accord with the above discussion, this value is positive at the TS. 

 
Fig 1. Transition state for hydrogen transfer from hydroquinone to the methoxy radical. The 

chosen fragments are HQ and Me• (left) or HQ• and Me (right). 

First, what is meant by fragments needs to be defined. One would assume 
HQ and Me• to represent fragments until the top of the barrier, and HQ• and Me 
beyond the saddle point. In the former case, information about the O(Me)–H 
bond would be obtained and in the latter, about the O(HQ)–H bond. In order to 
describe changes in both O–H bonds, both representations in the vicinity of the 
transition state in the whole segment of interest must be considered. 
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Fig. 2. Change of electronic energy (A) and difference in O(Me)–H and O(HQ) bond lengths 

(B) along the intrinsic reaction path in the vicinity of the transition state. 

This discussion will contribute to gain a deeper understanding of the pro-
perties of the two bonds, the one being broken and the one being formed. 

First, the focus will be on interaction energy between HQ and Me•. The 
results of the IQA analysis are presented in Fig. 3A. E(IQA) displays very small 
changes in the reactant valley, but significantly decreases beyond the transition 
state. Both the classical and the non-classical interaction energy have negative 
values with the latter being dominant in the reactant valley. They have almost the 
same values around 0.5a0(amu)1/2 and the classical term becomes more negative 
beyond this point. The deformation energy of HQ significantly rises upon hydro-
gen detachment. It reaches a maximum around 0.5a0(amu)1/2 and slightly dec-
reases thereafter. Edef(Me) is also characterized with positive values, although 
considerably lower compared to its counterpart.  

 
Fig. 3. Energy changes along the reaction coordinate when the fragments are: A) HQ & Me• 

and B) HQ• & Me. 

Now, let the same system be analyzed from another perspective. Since this 
reaction might proceed in the opposite direction, the interacting fragments could 
be defined as HQ• and Me. The corresponding IQA energy components are dis-
played in Fig. 3B. As the reaction advances, the IQA energy and both interaction 
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terms become less negative. The classical and the non-classical interaction part 
have comparable contribution of around –1.0a0(amu)1/2, whereas the exchange- 
-correlation term is more pronounced in the product valley. The deformation 
energy terms are positive with noticeably large values for Me in the reactant 
valley. The presented results indicate the covalent character of the O(HQ)–H 
bond and clearly demonstrate its weakening as the reaction advances. 

Note that the energy terms presented in Fig. 3A and B roughly represent 
mirror images of each other. An energy decrease accompanies the formation of 
the O(Me)–H bond, whereas the increase in the interaction energy characterizes 
cleavage of the O(HQ)–H bond. Particular energy components display the same 
trend. Concerning the deformation energy in the HQ & Me• system, hydroquin-
one is substantially disturbed upon hydrogen detachment. On the other hand, in 
the HQ• & Me system, deformation energy of methanol is very large as long as 
the hydrogen atom is bonded to O(HQ). Reaction advance is accompanied with 
decrease in both the classical and non-classical interaction energy in the HQ & 
Me• pair, whereas their increase characterizes reaction progress considered 
through HQ• & Me interaction.  

Since the interaction energy terms according to IQA methodology contain 
only pair interactions, the whole system could be divided into three components: 
HQ•, Me• and a hydrogen atom. Such analysis would enable the simultaneous 
investigation of both bonds of interest. To the best of our knowledge, this is the 
first application of interacting quantum fragments on more than two particles, 
i.e., more than two fragments (note that interaction among more than two frag-
ments has already been performed, for example see Ref. 41). The energy com-
ponents describing HQ•/Me• and H interaction are presented in Fig. 4A and B. 
Deformation energies of all three fragments are positive, with the hydrogen atom 
being significantly more disturbed than either of the other two species. Both the 
classical and the non-classical component of the inter-particle interaction become 
less negative upon bond cleavage and more negative as the bond is formed. 

The interaction between HQ• and Me• is presented in Fig. 4C. Interestingly, 
slightly beyond the transition state, the deformation energies of the two particles 
can be viewed as mirror images of each other. This is also the case with the clas-
sical and the non-classical part of the interaction energy. Note that the classical 
interaction is repulsive. Finally, the overall energy changes are depicted in Fig. 
4D. The deformation energy strongly destabilizes the whole system, but is over-
powered by the total interaction energy between the three pairs of particles, res-
ulting in the negative overall binding energy, the changes of which in the region 
of interest can hardly be noticed on this energy scale. Despite the positive Ecl 
values in Fig. 4C, classical interactions between the three pairs of fragments 
become more pronounced beyond 0.6a0(amu)1/2.  
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Fig. 4. Energy changes along the reaction coordinate when the fragments are HQ• & H & Me•. 

Interaction and deformation terms between: A) HQ• & H; B) Me• & H; C) HQ• & Me•; 
D) overall deformation energy and interaction energy.  

Positive values of the classical interaction energy between HQ• and Me• 
prompted an examination of the charges of the three fragments. The results are 
presented in Fig. 5A. In the part of the region of interest where this energy term 
shows a maximum, the electron is being transferred from hydroquinone to the 
methoxy radical and at around 0.08a0(amu)1/2, the two particles have identical 

 
Fig. 5. A) The Bader charges of H, HQ• and Me•. B) Interaction energy among the atoms 

O(HQ) & H, O(Me) & H, O(HQ) & C(HQ) and O(Me) & C(Me). 
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charges of approximately –0.3 e. The fact that the charge of the hydrogen in the 
region of interest amounts to +0.65 e raises a question of whether it should be 
considered as a positive ion (a proton) instead of an atom. However, the charges 
of Me• at the beginning of the segment of interest and of HQ• at its end are close 
to zero, which is the reason why these two fragments were considered as neutral. 
Consequently, the charge of the hopping fragment was set to zero to keep the 
whole system uncharged. 

Finally, the interaction energy between the hydrogen atom and the two oxy-
gen atoms, Fig. 5B, will be examined. Both interactions are attractive and nicely 
demonstrate O(HQ)–H cleavage and O(Me)–H formation. These changes are ref-
lected in interactions between oxygen atoms and their other neighbours, the car-
bon atoms. O(HQ)’s interaction with C(HQ) (the carbon atom in the aromatic 
ring) becomes significantly stronger, in accord with a transformation of a single 
bond into one with a partial double bond character. On the other hand, accumul-
ation of the negative charge on O(Me) strengthens the O(Me)–C(Me) bond, 
although to a lesser extent. 

CONCLUSIONS 

Hydrogen transfer reactions represent a dominant mechanism in the deactiv-
ation of dangerous radical species. In the example discussed in this contribution, 
hydroquinone and methoxy radical, cleavage of O–H bond of the antioxidant is 
coupled to the formation of an O–H bond with the radical, which transforms it 
into a harmless (i.e., non-reactive) molecule. In order to gain deeper insight into 
energy changes associated with the transformations of the two bonds, energy 
decomposition analysis was performed using the interacting quantum atoms 
approach. Since the very moment when the two bonds change their nature (from 
a covalent to a hydrogen bond and vice versa) was of interest, the part of the 
intrinsic reaction path in the vicinity of the transition state was analyzed in the 
direction of the reactants and in the direction of the products. The energy decom-
position approach rests on computation of the interaction energy between the 
selected fragments. Defining the fragments as hydroquinone and methoxy radical 
allows analysis of the O(Me)–H bond, whereas interaction between semiquinone 
and methanol enables investigation of the O(HQ)–H bond. The presented results 
describe bond changes from the perspective of interacting quantum atoms, desta-
bilization of the O(HQ)–H bond and stabilization of the O(Me)–H bond. It has 
been demonstrated that by appropriately choosing the fragments, energy decom-
position methods could be successfully employed for analysis of bond cleavage 
and bond formation. Decomposition of the whole system into three particles allowed 
the simultaneous monitoring of O(HQ)–H cleavage and O(Me)–H formation. 
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И З В О Д  
РЕАКЦИЈА ПРЕНОСА АТОМА ВОДОНИКА: НАСТАНАК И КИДАЊЕ ВЕЗЕ СА АСПЕКТА 

ИНТЕРАГУЈУЋИХ КВАНТНИХ АТОМА 

БРАНИСЛАВ Ж. МИЛОВАНОВИЋ, МИХАЈЛО Р. ЕТИНСКИ и МИЛЕНА. М. ПЕТКОВИЋ 

Факултет за физичку хемију, Универзитет у Београду, Студентски трг 12–16,  
ПАК 105305, 11158 Бeоград 

Пренос атома водоника са хидрохинона на метокси радикал анализиран је помоћу 
теорије функционала густине. Метода разлагања енергије на одговарајуће доприносе, 
интерагујући квантни атоми, коришћена је за детаљно испитивање промена кроз које 
пролазе две најбитније везе у овом процесу дуж пута минималне енергије у околини 
прелазног стања. Цео систем је подељен или на два, или на три фрагмента. Анализа 
заснована на два фрагмента је омогућила проучавање везе која настаје или везе која се 
кида, у зависности од тога да ли су фрагменти дефинисани као реактанти или као произ-
води реакције. Анализа заснована на три фрагмента (при чему фрагменте представљају 
семихинон, атом водоника и метокси радикал) је коришћена за истовремену анализу 
оба феномена, настајање и кидање везе. Поред тога, омогућила је проучавање интер-
акције између даваоца и примаоца атома водоника. Ова интеракција је окарактерисана 
привлачним интеракцијама које не представљају Кулонове интеракције и одбојним кла-
сичним интеракцијама. Показано је да атом водоника који се преноси подлеже најизра-
женијим енергетским променама и даје највећи допринос деформационој енергији. 

(Примљено 26. фебруара, прихваћено 6. маја 2019) 
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