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Proton Exchange Between 3,6-Di-Tert-Butyl-2-
Hydroxyphenoxyl and Dicarboxylic Acids Studied by
Electron Spin Resonance Spectroscopy and Density
Functional Theory Calculations

Sergey Nikolskiy,* Farida Abilkanova, Alfiya Kurmanova, and Rakhim Rakhimov

The reaction of intermolecular proton exchange between the spin
probe 3,6-di-tert-butyl-2-hydroxyphenoxyl and some dicarboxylic
acids, such as oxalic, maleic, succinic, and adipic, is studied. The
experimental spectra of the radical with acids are recorded using
dynamic electron spin resonance (ESR) spectroscopy. The studies
are carried out at different temperatures in toluene. The rate con-
stants of intermolecular proton exchange are determined by
modeling the ESR spectra of the radical using equations based
on the modified Bloch equations and the four-site jump model.
It follows from the kinetic data that with an increase in the acid’s
carbon chain, the reaction rate slightly decreases, and the value of

1. Introduction

The proton directly reacts in various environments and chemical
and biological systems. Recently, interest in studying complexes
and reactions involving hydrogen has increased significantly. This
is evidenced by numerous publications." ' To explain the mech-
anisms of the processes, theoretical approximations are used, in
which this process is considered from various points of view,
starting from the transfer of a hydrogen atom and ending with
multiple interpretations of proton and electron transfer, including
proton-coupled electron transfer."'~"* The use of various physical
methods for studying the dynamics of such processes is usually
limited, first, by the objects of study for the corresponding
method, and second, by the time range of the method used.
The most widely used method for these purposes is dynamic
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the activation barrier of the reaction increases. Analysis of the
kinetic data using the Bell-Limbach model made it possible to
calculate the components of the reaction’s energy barrier.
Quantum chemical calculations of the studied systems using
the density functional theory B3LYP and the 6-31+G(d,p) basis
set show that the proton exchange mechanism is a cooperative
two-proton exchange. Calculations using the XMCQDPT/SA(4)-
CASSCF(1,4)/6-314-G(d,p) method also show that excited states
do not affect this process. This methodology can be used to
determine the rate constants of intra- and intermolecular pro-
cesses involving various OH- and NH-acids.

nuclear magnetic resonance spectroscopy, which allows study-
ing processes in the time range of ~10—10°s™"."2) Dynamic
electron spin resonance (ESR) spectroscopy allows significant
expansion of the time range from =10° to 10°s™".

One of the problems in obtaining experimental kinetic data is
the search for a suitable model system in which intramolecular
and intermolecular hydrogen transfer processes take place, which
can be monitored using dynamic ESR spectroscopy. One such sys-
tem is stable semiquinone radicals, which can be used as acid-
type spin probes.”’ The use of nitroxyl radicals as spin probes,
despite their good solubility in any medium, is limited by their
lower sensitivity to the acid-base properties of the medium.?>?"
Previously, we obtained the kinetic parameters of intermolecular
proton transfer from 4-triphenylmethyl-6-tert-butyl-3-chloro-2-
hydroxyphenoxyl to various nitroxyl radicals, such as 2,2,3,5,5-
pentamethyl-3-imidazoline-N-oxyl. The corresponding character-
istics of the process were obtained from the spectral changes in
the semiquinone radical.”® A “sensitive” hydroxyl group in the
radicals allows it to study acid-base systems in nonaqueous
media. Semiquinone radicals can participate in proton transfer
reactions with organic bases and proton exchange reactions with
NH and OH acids. The use of semiquinone radicals allows us to
evaluate the kinetic basicity of a number of organic bases and the
protolytic ability of some NH and OH acids.’*3 A significant dis-
advantage of oxyphenoxyl radicals is their insolubility in aqueous
solutions. This paper presents ESR spectroscopic studies of the
protolytic capacity of some dicarboxylic acids of various struc-
tures, such as oxalic, maleic, succinic, and adipic acids, in toluene
medium, using a 3,6-di-tert-butyl-2-hydroxyphenoxyl spin probe,
as well as a quantum chemical interpretation of the obtained ESR
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spectroscopic data. A particular interest in the protolytic reactivity
of dicarboxylic acids is associated with the presence of two iden-
tical acid centers in the molecules; moreover, the thermodynamic
acidity of the acids in question is known to be higher than that of
monocarboxylic acids of similar structure. This fact is explained by
the mutual influence of carboxyl groups, facilitating dissociation
associated with the spatial interaction of electrons of two car-
boxyl groups, characteristic of dicarboxylic acids. Significantly,
due to the presence of two COOH groups, these compounds
exhibit unique coordination properties capable of chelating
reagents.>38

2. Results and Discussion
2.1. Experimental Data

The ESR spectrum of 3,6-di-tert-butyl-2-hydroxyphenoxyl in the
absence of intermolecular interactions exhibits a triplet of dou-
blets. Each component of the triplet (ay = 0.392 mT) arises from
the hyperfine interaction between the unpaired electron and the
ring protons, and further splits into a doublet (a,°" = 0.162 mT)
due to coupling with the hydroxyl group proton. This latter split-
ting remains virtually constant over a wide temperature range.
The spectral pattern changes upon heating the radical-acid sys-
tem. Figure 1 presents the ESR spectra of the studied radical-
oxalic acid system obtained in toluene at various temperatures.
As seen from the spectra, an increase in temperature leads to a
characteristic broadening of the hyperfine structure lines of the
radical and a decrease in the hyperfine coupling constant of the
hydroxyl proton. The observed broadening of the doublet lines of
the radical and the reduction in hydroxyl splitting are attributed
to intermolecular proton exchange (IPE) between the radical and
the acid, as described in detail in references.?*>3 The small mag-
nitude of the spectral changes may indicate that this process
occurs relatively “slowly” on the ESR timescale. Nevertheless,
despite the apparent lack of pronounced spectral variations,
the applied software enables the evaluation of the kinetic param-
eters of the process.*”

The IPE between 3,6-di-tert-butyl-2-hydroxyphenoxyl and car-
boxylic acids, taking into account tautomeric transformations of
the radical, can be represented as shown in Scheme 1.

The scheme represents a four-site jump model, in which the
radical forms differ in the position of the hydrogen atom and its
spin state. IPE occurs within complexes via hydrogen bonding. It
can be described by processes of intramolecular tautomerism
within the radical (A 2 B or C 2 D), as well as IPE between
the radical and the acid (A 2 C) 2 (B 2 D).

ESR spectra of the radical for all studied acids were obtained
in a saturated toluene solution of the respective acid. A factor
influencing the kinetic parameters of IPE is the low concentration
of the acids in toluene, which is due to their limited solubility in
this solvent. The low acid concentrations allowed us to exclude
the influence of processes, such as radical solvation and acid self-
association on the IPE. From the observed spectral changes, the
kinetic parameters of IPE were determined for each acid. The rate
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Figure 1. Experimental (green) and simulated (red) ESR spectra of the spin
probe 3,6-di-tert-butyl-2-hydroxyphenoxyl in the presence of oxalic acid at
selected temperatures: a) 295 K, b) 303K, c) 321K, d) 331K, and e) 341K.
Concentration of OxA =0.007 M in toluene. Linewidth = 0.035 mT. Change
in the constant from 1.62 to 1.48.
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Scheme 1. Scheme of IPE of the 3,6-di-tert-butyl-2-hydroxyphenoxyl
with acids.
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constant of proton exchange between the radical and the acid
was calculated as

k _1 Vexch
ot ™ 4[Acid]’

I-mol~'s™ m

where v,,, is obtained from the model ESR spectra, the coeffi-
cient % accounts for the probability of a change in the proton spin
due to the reaction (Scheme 1), [Acid] - acid concentration.

Table 1 presents the kinetic parameters of the studied acids.
The Arrhenius plot shows a linear correlation between Ink,,, and
7 (Figure 2).

Error bars on the Eyring plots represent the standard error (SE)
of the mean, indicating the precision of the mean value estimate
and the range in which the real value is likely to lie with 95%
probability (95% Cl = x 4 1.96-SE).

As seen from the obtained data, the rate constant of IPE
between the radical and dicarboxylic acids is on the order of
=10’ s™". This value decreases with increasing carbon chain length
of the acid. At the same time, an increase in the activation barrier of
the reaction is observed across the series of acids studied.

A distinctive feature of this process within the four-site jump
model is that IPE occurs only if the rate of intramolecular
tautomerism (A2 B and C=2D) is on the order of = 10°s™".
The pre-exponential factor (=10°s™") also shows a tendency
to increase along the homologous series of acids.

Table 1. Kinetic parameters of the fast IPE reactions between radical and
acids in toluene solution.

Acid Ko [293 K]
[I-mol~'s™"]

K . [I-mol~'s™'] E, [kJ-mol™] pK,
[Reference]

Oxalic (21£03)-10°  (27+02)-10° 175416 1.25'

42779
Succinic  (1.2+£0.1)-10" (7.6 +0.6)-10" 214+18 4.211
5.63[7”
Maleic (1.8£0.1)-100 (70£03)-10" 258+1.0 1.94172
6.22[72]
Adipic ~ (80+08)-10° (8.7+08)-10" 283+27 44373
5.41 [69]
e Oxalic acid
= 7.8
{
-
3 76
7.4 { {
7.2
v
2.8 3 3.2 3.4 3.6

103/T (K?)

Figure 2. The Eyring plot of the intermolecular rate constant exchange for
3,6-di-tert-butyl-2-hydroxyphenoxyl with oxalic acid in toluene.
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Additionally, a correlation has been found between the
kinetic and activation parameters and the thermodynamic acidity
of the acids under investigation.

The difference in the values of the entropy of activation AS*
between maleic and succinic acids is attributed to the specific
structural and electronic features of maleic acid that facilitate
effective preorganization of the reacting system. The double
bond in maleic acid fixes the carboxyl groups in a cis-conforma-
tion, promoting the formation of a stable intramolecular hydro-
gen bond. This results in a rigidly organized geometry already
present in the ground state. Such preorganization significantly
reduces the additional entropy loss that would otherwise occur
during the formation of the transition complex required for syn-
chronous double proton transfer. Moreover, the electronic influ-
ence of the double bond (inductive and conjugative effects) may
contribute to the redistribution of electron density within the car-
boxyl groups, thereby facilitating the activation of proton
exchange.

Thus, despite having a higher enthalpic barrier, maleic acid
exhibits a higher rate of proton exchange due to its internal struc-
tural preorganization.

Note that the relatively small values of pre-exponential coef-
ficients of Arrhenius parameters shown in Table 1 are well
explained within the framework of the Eyring equation.””

ksT —G"\ kT —H S
b = exp () = Bl exp (2 ) @

h RT h RT R

Using the Eyring equation allows us to determine the activa-
tion parameters of proton exchange presented in Table 2.

The data presented in Table 2 indicate that, within experi-
mental error, the Gibbs free energy of activation for the intermo-
lecular double proton exchange remains nearly constant and is
practically independent of the acid structure. The IPE process is
endothermic, with the enthalpy of activation increasing as the
size of the acid increases. As the system approaches the transition
state, the degree of order increases, as evidenced by the negative
values of AS*. This is likely associated with the formation of a
cyclic complex between the reactants. However, this trend
becomes less pronounced as the carbon chain length increases
from oxalic to adipic acid.

The decrease in entropy of activation (AS*) with increasing
acid size can be explained by several molecular factors related
to the geometry and dynamics of the molecules in the transition
state. First, as the carbon chain length of the dicarboxylic acids
increases, so does the conformational flexibility of the molecule in

Table 2. Activation parameters of proton exchange of 3,6-di-tert-butyl-2-
hydroxyphenoxyl with acids. Solvent-toluene.

Acid AG* [KJ - mol™] AH* [kJ - mol™'] AS* J-K ' -mol™']
Oxalic 30.7£0.1 149+16 —53.9+0.1
Succinic 326+ 1.9 188 +£19 —454+0.38
Maleic 311+ 0.1 233+1.0 —265+34
Adipic 33.0+36 256 +27 —253+79
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Table 3. Experimentally obtained kinetic parameters of 3,6-di-tert-butyl-2-hydroxyphenoxyl-acid systems.
Acid k/k, Log A [s'] Am [a.m.u] 2a [A] E,, [kJ-mol™] E4 [kJ-mol™'] Eqps [kJ - mol™']
Oxalic 14 12.6 2 0.5 13 17.5 30.5
Succinic 1.5 12.6 2 0.5 10.8 214 321
Maleic 1.7 12.6 2 0.5 55 258 313
Adipic 1.8 12.6 2 0.5 52 283 334

its ground state. However, in the transition state, a precise orien-
tation of the carboxyl groups is required for efficient proton trans-
fer, leading to an entropic loss due to the restriction of possible
conformations. Thus, more flexible molecules experience a
greater entropy loss upon transitioning into the ordered transi-
tion state.

Second, structural features, such as the distance between
reactive groups, play a key role. In maleic acid (cis-configuration),
the distance between the carboxyl groups is minimal, which facil-
itates proton transfer with fewer structural rearrangements and,
consequently, a smaller entropy loss. In contrast, for succinic and
adipic acids (trans and linear configurations), achieving the
required geometry involves more pronounced reorganization,
accompanied by a greater decrease in entropy.

The obtained kinetic data were analyzed using the Bell-
Limbach theory™! based on a 1D model with a double-well
potential.“>**) The Bell-Limbach model describes the kinetic
and thermodynamic aspects of proton transfer and activation
processes, including quantum tunneling effects and hydrogen
bond interactions. The obtained parameters are summarized in
Table 3. As initial values, the following were used: Log
A =126, barrier width 2a=05A (estimated from theoretical
results), and the effective tunneling mass m = 2 (in atomic units).

In toluene, the experimentally accessible temperature range
lies at the center of the concave region of the Arrhenius curve

14

Oxalic acid

12

10

Logk (s'Y)

0 1 2 3 4 5 6 7
10°3/T (KY)

Figure 3. Arrhenius curve of double H transfer of 3,6-di-tert-butyl-2-hydrox-
yphenoxyl- oxalic acid system in toluene calculated according to the
Bell-Limbach tunneling model. Minimum energy for tunneling to occur

E,, =13 kJ - mol™, barrier heights E; = 17.5 kJ - mol™', and tunneling
masses my = 2 + Am. Barrier width 2, . The blue dashed lines represent
the experimental data, while the orange dashed lines correspond to
theoretical values calculated within the framework of transition state theory
(TST) at 298 K. The calculations were performed using a pre-exponential
factor of kT/h=10"2¢s7",
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(Figure 3). The Arrhenius plots for the IPE reaction between
the radical and the acids exhibit a similar shape to those observed
for hydrogen transfer in the unsubstituted 2-hydroxyphenoxyl
radical and the substituted 3,6-di-tert-butyl-2-hydroxyphenoxyl
radical.*?

Hydrogen transfer in systems with hydrogen bonds is a mul-
tidimensional problem involving multiple factors that contribute
to the reaction coordinate. Experimentally identifying and
accounting for these contributions is challenging. The process
may be related to the structure of the forming transition complex,
the compression of hydrogen bonds within the complex, and the
influence of intramolecular proton transfer within the radical.

In this model, key parameters include the tunneling energy,
E.., and the height of the energy barrier, E,. Analysis of the kinetic
data shows that, in some of the studied systems, the value of E,,
exceeds that of E,. With increasing acid chain length, this
difference also increases, which may be associated with molecu-
lar skeleton reorganization leading to closer proximity of the
radical-acid complex fragments involved in hydrogen transfer.

A slight deviation from linearity in the Arrhenius plot is a char-
acteristic feature and direct evidence of a significant contribution
of quantum mechanical tunneling to the overall reaction rate.
In contrast to a purely thermally activated process, where the
Arrhenius dependence is strictly linear, the presence of tunneling
results in a concave curvature of the plot. This indicates that the
reaction rate decreases more slowly with decreasing temperature
than would be predicted by thermal activation alone. This obser-
vation is consistent with the theoretical predictions of the
Bell-Limbach model and confirms the importance of accounting
for tunneling effects in this system.

As is known, the nature of the solvent can significantly affect
the reaction rate. This is especially evident in environments with
pronounced properties for intermolecular binding of reagents.
Analysis of changes in reactivity in relatively indifferent environ-
ments can provide important information about the reaction
mechanism and the intermediate states formed.

Analysis of the kinetic parameters of the proton exchange
reaction in a toluene medium reveals higher values than those
obtained earlier in a dioxane medium. In this case, the geometry
of the cyclic complex necessary for a favorable exchange reaction
can be distorted, which directly affects the overall reaction rate
while leveling the effect of the medium on the entire mechanism
of the process, which is complex.

Numerous experimental data on fast proton exchange
between radical and various OH acids indicate that an indispens-
able condition for such an intermolecular reaction is, in all likeli-
hood, the obligatory formation of a cyclic complex between the
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reaction partners due to a hydrogen bond. The stage of intracom-
plex proton transfer along the hydrogen bond chain will limit the
rate of IPE. It is also clear that the acidity of the reaction partners
will determine the symmetry of the transient cyclic complex.

2.2. Computational Data

Calculations based on density functional theory (DFT) were car-
ried out to study the mechanisms of the above-described IPE
reactions. Geometry optimization, search for transition, and vibra-
tional analysis were carried out with the B3LYP functional™®®
and the 6—31 + G(d,p) basis set.* Due to the size of the com-
plex, all optimizations were performed in the gas phase and
refined in solution using the polarizable continuum solvation
model (PCM)®® and conductor-like polarizable continuum model
(CPCM)P™ for all solvents. All calculations were done using the
Gaussian 16 and Firefly software packages.®>>* The supporting
information shows optimized geometries, energies, and vibra-
tional frequencies for all species for which we performed
calculations.

Figure 4a shows a fragment of the studied radical-acid
system.

For all the studied systems, the optimized structures corre-
sponding to the initial, final, and transition states and the energy
characteristics of the process under consideration were
calculated. Table 2 in the supporting information provides the
internuclear distances within the cyclic complexes of the studied
systems, calculated for both the gas phase and toluene solution.
Many studies have been devoted to quantum chemical calcula-
tions of the properties of oxalic,”**”! succinic,*® maleic,” and
adipic®® acids, which allowed us to understand their molecular
structure and reactivity better. We calculated the intrinsic reac-
tion coordinate (IRC) for all the studied systems to model the
reaction mechanism and obtained the PES profiles. Figure 4b
shows the PES profile of the Rad-OxA system.

(a) b) |
H1 02 25
01
3 -
™ 5 % 2
2
15
P I 04 1
H2
03

Figure 4 presents the energy characteristics of the radical
complexes with acids corresponding to the process’s initial, final,
and intermediate states under consideration in the gas phase and
toluene. Analysis of internuclear distances in the gas phase of the
Rad-OxA system presented in Figure 4b shows that during the
formation of complexes, the length of the hydrogen bridges
(01-02) and (03-04) changes within the range from 260A to
2.73 A and vice versa in the initial and final states, respectively,
in the gas phase, whereas in toluene, the distance (01-02)
decreases to 2.59 A, and the distance (03-04), on the contrary,
increases to 2.75 A in the initial state and vice versa for the final
state. These changes are characteristic of systems with coopera-
tive hydrogen bonds in which the compression of one bond leads
to the compression of the other.'¥

Moreover, this process is coordinated. Intermolecular hydro-
gen bonds are compressed simultaneously, which we observe in
the transition state for the bond (01—02) to 2.41 A, and for the
bond (03—04) to 2.42 A in the gas phase, and (01—02) to 2.43 A
and for the bond (03—04) to 2.44A in toluene. The bond
(01—02) with radical oxygen is slightly compressed, while the
other bond (0—04) is stretched.

Analysis of distances in the homologous series of acids
showed a slight decrease in the lengths of hydrogen bridges
(01-02) and (03-04) in the series of dicarboxylic acids with
an increase in the chain length. A similar picture is characteristic
of the transition state, in which the lengths of the hydrogen
bridges (01-02) and (03-04) in the cyclic fragment of the inter-
molecular complexes decrease from 2.41 A to 239 A in the gas
phase and from 2.43 A to 2.38 A in a toluene medium with an
increase in the number of carbon atoms in the acid molecule.

Solvation of the complex leads to a slight increase in the dis-
tance between the radical and the acid, while the O—H bond is
compressed in the molecules of the radical and the acid.

In the transition state, the structure of the intermolecular
cyclic complex of the acid with the radical changes. If, in the initial
and final states, a flat structure of the complex is observed, then

-1075.03

01-02
03-04

-1075.034

02-H1

‘n'e ‘ARuUy

03-H2 -1075.038

04-H2

O1-H1
-1075.042

0.5

-10

0 ..
S(agamu'?)

Figure 4. a) A fragment of the radical-acid system. b) Changes in the distance between bonds in the Rad-OxA system. The distances between the
oxygen-oxygen (01-02), (03-04); oxygen-hydrogen (02-H1), (03-H2) and oxygen-hydrogen (O1-H1) (04-H2) bonds are shown here. Here, 02, O3 are

proton donors, and O1, O4 are proton acceptors.
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700 Table 4. Calculated Gibbs free energy of activation (AG*) for IPE between
semiquinone radical and dicarboxylic acids in toluene (DFT/CPCM
600 | calculations).
= Acid Oxalic Succinic Maleic Adipic
g 500
s AG* [k - mol™] 220 215 21.2 179
&4 400 & '
g 300 the reaction process. Only a redistribution of charges on the
H 200 | hydrogen atoms is observed. Quasidegeneracies between the
ground state and excited states were not detected, indicating
100 the feasibility of describing the model within the framework of
DFT, considering only the ground state.
° Quantum chemical calculations at the DFT/CPCM level of
0.1 0.1 0.3 0.5 0.7 0.9 11

H Coordinate (A)

Figure 5. Electron-adiabatic potential energy curves as a function of the
linearly interpolated coordinate for Rad-OxA systems. The blue curve repre-
sents the adiabatic energies of the ground state, the red curve is the first
excited state, the green curve is the second excited state, and the violet
curve is the third excited state, respectively, calculated by the CASSCF/
XMCQDPT method.

in the transition state, there is a distortion of the structure and the
dihedral angle of the fragment (O1-02-03-04) in the studied
series of acids from 39° (for oxalic acid) to 32° (for adipic acid)
in the gas phase, and from 39° to 33°, respectively, in a toluene
medium.

To account for electron correlation within the active space, a
multiconfigurational self-consistent field calculation was per-
formed using the complete active space (CAS) method, followed
by dynamic energy correction with the XMCQDPT method. The
XMCQDPT method represents a novel approach to second-order
multistate multireference perturbation theory, as developed by
Granovsky (Figure 5).16'-¢%

The CAS active space comprised one active electron distrib-
uted across three active orbitals (CAS(1,3)), which corresponds to
the description of the system’s valence electron distribution. The
graphical unitary group approach (GUGA-CI) method, as imple-
mented in the Firefly 8.2.0 program,”* was employed for the
calculation.

The CAS(1,3) active space was selected to explicitly account
for the unpaired electron localized on the n*-orbital of the semi-
quinone radical and the two z-orbitals of the quinoid fragment.
This selection ensures a correct description of the spin density
and electron density delocalization, which is critical for under-
standing the electronic structure of the system. Expansion to
larger active spaces would not yield a significant improvement
in the results. The GUGA-ClI method, as implemented in the
Firefly 8.2.0 program, provides an accurate description of electron
correlation at a reasonable computational cost, which is sup-
ported by the consistency of the results with other methods.

Figure 5 illustrates the changes in electronic energy of various
states as a function of the linearly interpolated reaction coordi-
nate. Analysis of the obtained curves reveals that the singly occu-
pied molecular orbital (SOMO) is localized on the radical, while
the ground electronic state remains unchanged throughout
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theory, performed using the Gaussian software package, were
employed to determine the Gibbs free energy of activation
(AG") for the intermolecular proton transfer reaction between
a series of dicarboxylic acids and the semiquinone radical in tol-
uene (see Table 4). These calculations show a decrease in the
activation energy (AG*) with increasing length of the aliphatic
chain, reaching the lowest value for adipic acid.

This trend indicates that the molecular flexibility of the acid
facilitates a reduction in the energetic barrier for proton transfer.
Longer and more flexible chains, such as those found in adipic
acid, can more readily adapt to the geometry of the transition
state, thereby reducing steric and conformational constraints.

It should be noted that DFT/CPCM calculations, particularly
those utilizing the B3LYP functional, are known to systematically
underestimate the heights of energy barriers. The observed
underestimation of the theoretical (AG*) values relative to the
experimental activation energies (see Table 1) falls within the typ-
ical error range of the method (13-17 kJ mol™"). Nevertheless,
the calculations qualitatively reproduce the trend in reactivity as a
function of chain length.

It is important to emphasize that the calculations describe
only the elementary proton transfer step, whereas the experi-
mental kinetic data may reflect a combined process that includes
diffusional contributions. The discrepancy between the theoreti-
cal trend (decreasing AG* with increasing chain length) and the
experimental dependence of activation energy suggests a shift
toward a diffusion-controlled regime for more hydrophobic,
long-chain acids such as adipic acid. In contrast, better agreement
between theory and experiment is observed for short-chain acids
(oxalic and succinic acids), confirming the adequacy of the CPCM
model in describing the intrinsic proton transfer step in a nonpo-
lar medium.

The supporting information Table 3 presents the charges on
atoms in the cyclic complexes of the studied systems, obtained
for the gas phase and toluene. Figure 6a shows the charge
dynamics on reference atoms during proton exchange.

Comparison of the CHELPG charges of the radical-oxalic acid
system on the oxygen atoms of the radical (O1 and O3) and the
acid (02 and 04) in the initial, final, and transition states, as well
as on the hydrogen atoms (H1 and H2) shows that the charge
dynamics on the oxygen atoms does not undergo significant
changes. The most considerable charge changes occur on the
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Figure 6. Reaction profiles for the radical-oxalic acid system. a) Potential energy along the internal coordinate of reaction, calculated using the B3LYP
6-31 4 G(d,p) method. b) Charge distribution along the reaction internal coordinate. Reaction force profile. The dashed lines indicate the minimum and

maximum of the reaction force, respectively.

(a)

AE, KkJ - mol !

Figure 7. a) ESP maps for the adiabatic ground state, the initial state (minimum 1), the transition state, and the final (minimum 2) along the reaction path
for the hydrogen-transferring positions in the radical-oxalic acid system in toluene. Negatively and positively charged regions are shown in red and blue,
respectively. b) SOMO for the ground electronic states for the Rad-OxA system in toluene, for the initial state (min 1), transition state (TS), and final state

(min 2) positions of the transferring hydrogens.
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radical centers (O1 and 03), while they are insignificant on the
oxygen atoms (02 and O4). A similar picture, presented in
works,®>® is characteristic of the phenol-phenoxyl, toluene-
benzyl, and aroxyl systems, from which it can be assumed that
these dynamics are characteristic of processes involving a hydro-
gen atom. For the Rad-OxA system (Figure 6b), since the config-
urations of the initial and final are almost identical, we see
consistent electronic activity with the onset of the reaction.
Immediately before entering the transition state region, the reac-
tion force drops sharply to a minimum position. Then, it increases
sharply toward the transition state, where the force disappears
along the reaction coordinate. This behavior can be further ana-
lyzed by studying the changes in the distance between the 0O—0O
and O—H bonds along the reaction coordinate (Figure 6b). An
initiating increase in the distance between the O2—H1 and
03—H2 bonds and a significant decrease in the distance between
the 04—H2 and O1—H1 bonds accompanies the sharp drop in the
reaction force.

In contrast, the distance between the O1—02 and 03—04
bonds does not change significantly. It is at this range that a dou-
ble proton transfer occurs. Namely, the O2—H1 and O3—H2
bonds are broken, but the 04—H2 and O1—H1 bonds are formed.

Synchronous destruction and bond formation appear at the
dividing lines of extreme forces. Structural and electronic reor-
ganizations occur throughout the reaction path. Overall, the sub-
tle charge redistribution and structural changes reveal the
mechanism of the concerted DPT reaction.

Analysis of the evolution of electrostatic potential (ESP) maps
along the IRC indicates that the proton exchange process in the
investigated complex is accompanied by a redistribution of elec-
tron density and, consequently, a change in electrostatic interac-
tions. The transition state is characterized by a specific ESP
distribution, reflecting the dynamics of the charge transfer pro-
cess. The obtained data underscore the crucial role of electro-
static factors in determining the energy barrier and
thermodynamic favorability of the proton exchange reaction in
the studied system (Figure 7a).

Analysis of the spin density distribution of the initial (min 1),
final (min 2), and transition states during the transfer showed that
in the initial and final states, the spin density is distributed in the
aromatic ring, oxygen atoms, and partly on the hydrogen atom of
the hydroxyl group of the radical. In contrast, in the transition
state, the spin density is partly distributed on the transferred
hydrogen atoms (Figure 7b). This is consistent with the picture
characteristic of the process observed in the phenoxyl-phenol
system and interpreted as the hydrogen atom transfer (HAT)
mechanism.’®®

The observed changes in the shape and localization of the
SOMO during the proton exchange reaction demonstrate the
dynamic nature of the electronic structure during the elementary
act of chemical transformation. The SOMO of the transition state
is characterized as predominantly localized on the semiquinone
radical fragment, with a potentially negligible degree of delocali-
zation on the oxalic acid fragment. Shifts in the preferential
localization of SOMO from initial state (min 1) to final state
(min 2) indicate which fragment of the molecular complex carries
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the primary unpaired electron density upon completion of the
proton exchange process.

3. Conclusion

This work demonstrated the possibility of applying dynamic ESR
spectroscopy to protolytic processes involving oxyphenoxyl rad-
icals, such as 3,6-di-tert-butyl-2-hydroxyphenoxyl. Due to this
method’s time resolution, dynamic changes during the reaction
can be observed experimentally. Qualitative interpretation of the
experimental Arrhenius plots using the Bell-Limbach model gives
some insight into the reaction mechanism, which requires further
theoretical studies.

A theoretical study of the energy profiles of the double pro-
ton transfer reaction in oxyphenoxyl radical-dicarboxylic acid sys-
tems using the B3LYP 6-31 + G(d,p) DFT showed that taking into
account dispersion and correlation effects is necessary to repro-
duce the experimental activation energies. From the calculated
energies and spin densities along the energetically lower reac-
tion, we concluded that the HAT mechanism is present in the
studied systems. A detailed study of the reaction pathway using
the IRC procedure confirmed that the DPT reaction occurs when
two molecules are combined. At the same time, the hydrogen
bonding pattern remains virtually unchanged.
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