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ABSTRACT: Use of coantioxidant systems is a prospective way to increase the
effectiveness of antioxidant species in tissue repair and regeneration. In this paper, we
introduce a novel scheme of a reactive oxygen species (ROS) trap and neutralization
during self-assembly of supramolecular melamine barbiturate material. The performed
reaction chain mimics the biological process of ROS generation in key stages and enables
one to obtain stable hydroperoxyl and organic radicals in a melamine barbiturate
structure. Melamine barbiturate also neutralizes hydroxyl radicals, and the effectiveness of
the radical trap is controlled with ROS scavenger incorporation. The number of radicals
dramatically increases during light-inducing and depends on pH. The proposed scheme of
the ROS trap and neutralization opens a way to the use of supramolecular assemblies as a
component of coantioxidant systems and a source of organic radicals.

■ INTRODUCTION
Bioinspired material design has been a great trend in tissue
engineering for at least a decade.1−4 One crucial aspect of tissue
engineering is oxygen delivery or production that requires novel
derivatives of previously known functional materials.5 Several
metal−organic frameworks are considered to trap oxygen due to
their high porosity and specific surface area.6−8 Some layered
perovskites show the same function but without oxygen
release.9,10 Bioinspired materials that mimic biological systems’
functions or composition release oxygen under mild conditions,
which is a great advantage of these materials.11

A wide range of nanostructured biomaterials for tissue repair
tends to respond only under external stimuli.12 Some of them
respond in the presence of O-centered radicals and turn into the
activated state.13,14 On the other hand, O2 delivery is often
associated with undesired O-centered radicals’ increase in the
tissue, which requires antioxidant incorporation.15

O-centered radicals are a class of an oxygen-bearing species
that commonly are extremely active. They play an important role
in a wide range of biological processes, e.g., aging and age-
dependent diseases.16 Both radical and nonradical oxygen
derivatives can promote oxidizing. This class of substances is
called reactive oxygen species (ROS), also called oxygen free
radicals. This class includes both radical and nonradical
substances. The first group includes superoxide (O2

•−),
hydroxyl (HO•), peroxyl (ROO•), and hydroperoxyl (HO2

•)
radicals. The second one consists of hydrogen peroxide (H2O2),

lipid hydroperoxide (ROOH), hypochlorous acid (HOCl),
ozone (O3), and singlet oxygen (1O2).

17

The oxidizing function is not the same for O-centered
radicals. The hydroperoxyl radical HO2

• greatly contributes to
oxidation stress in living systems, while its conjugated base,
superoxide O2

•−, is inactivate as an oxidizing initiator.18 HO2
•

initiates the lipid peroxidation of polyunsaturated fatty acids
with the formation of unstable and reactive fatty acid molecules,
which contribute to membrane and tissue damage.19 HO2

•

contribution increases the rate constant of polyunsaturated fatty
acid oxidation.20

However, HO2
• is an important part of coantioxidant systems

as it regenerates antioxidant agents such as nitroxides, phenols,
amines, and quinones due to the fast hydrogen atom transfer
(HAT).21−23 This approach, combined with antioxidant
nanoparticle synthesis, enables the increase of antioxidant
activity by several times.24 A wide range of nanoparticles that
produces antioxidant enzymes has been synthesized, but the
question of HO2

• radical stability has still remained open.25 One
prospective way of stabilizing radicals is a noncovalent approach,
e.g., the applicability of supramolecular materials as organic
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radical cages.26,27 In previous studies, we had presented
melamine barbiturate (M-B) supramolecular assembly as a
nanostructured material that traps O-centered radicals and
shows significant radical activity.28,29

Here, we present an M-B behavior study in the presence of
ROS and ROS scavengers to specify the radical’s trap and
stabilization function. Surprisingly, the process of melamine
barbiturate assembly almost mimics ROS formation in the
mitochondria and its further neutralization in the cytoplasm.

We propose melamine barbiturate as a novel material for
hydroperoxyl radical trap for the purposes of stable radical
storage and antioxidant regeneration. Besides, we show that
melamine barbiturate can prevent the oxidation action of
hydrogen peroxide and hydroxyl radical through organic radical
formation in the M-B structure. Furthermore, light-induced
radicals expand and the pH control of radical number is
performed.

■ RESULTS AND DISCUSSION
According to the performed density functional theory (DFT)
calculations,28,29 one radical center likely links up the O-
centered radicals. The previously proposed O2

•− is in
equilibrium with its protonated form HO2

• in the aqueous
medium. However, M-B crystalline aggregates go through
thermal processing, and then their radical activity is measured.
Heterogeneous uptake and stabilization are typical for HO2

•

radicals in a nonaqueous medium.30 Here, we present a batch of
reactions for hydroperoxyl generation in M-B without
corrections on O2

•− formation.
The HO2

• radical can regenerate antioxidants such as
phenols. Tocopherol as a methylated phenol is one of the active

compounds of the vitamin E group that occurs in plasma to
prevent membrane damage by ROS.31 Hydroperoxyl and
hydroxyl radicals form in the mitochondria during incomplete
oxygen reduction and further reaction chain with superoxide
dismutase (SOD) and Fe2+ ions (Figure 1a).32 HO2

• and HO•

radicals relocate in the plasma via the mitochondrial electron
transport chain and attack −OH and −CH3 functional groups of
the tocopherol correspondingly (Figure 1b). As a result, both
ROS are neutralized, and two organic radicals appear. In a real
biological system, tocopherol stays as a radical and no more acts
as an antioxidant, so its antioxidant activity is limited at all. The
question of antioxidant activity control and increase stays open
in the case of lipid membrane repair.

However, tocopherol radicals can be regenerated via fast
hydrogen atom transfer (HAT) from initial HO2

• radicals.33 For
this purpose, a source of stable hydroperoxyl radicals is needed.
We applied the performed scheme of ROS generation and
neutralization to the M-B assembly process, and several similar
key stages were indicated.

Barbituric acid (BA) as a single component shows no electron
paramagnetic resonance signal, and a weak signal is observed
during UV-light irradiation. Thus, we considered that light-
inducing can be an essential stimulus for radical generation as
was stated for a wide range of nanomaterials.34,35 UV-light
irradiation promotes oxygen transition from the triplet state to
the singlet state, while compounds with the carbonyl group in
the excited state present in the reaction medium.36,37 BA has
three carbonyl groups and easily goes into the excited state, so
singlet oxygen formation is highly probable.38 The reaction of
BA with the formed singlet oxygen can theoretically go via two
BA sites (Figure S1, top). It is thermodynamically preferable that
singlet oxygen as a strong oxidizer takes the proton off the

Figure 1. Reactive oxygen species production in mitochondria (a), and its neutralization by vitamin E in the cytoplasm (b). Bioinspired way of HO2
•

generation andHO• neutralization by barbituric acid (c), andHO2
• trap and stabilization into the melamine barbiturate structure (d). Radical trap and

formation depend on pH and light irradiation: EPR kinetic curves of the melamine barbiturate system under light irradiation at 298 K as a function of
pH values (e).
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−CH2. Energy is required, and a heating of up to 120 °C can
cover it during the experiment. It is in good accordance with X-
ray diffraction data of M-B, which show deprotonated BA
molecules in the structure.39 The same calculations were
conducted for melamine (M) oxidation and reactions with
triplet oxygen (Figure S1, bottom). These reactions also are not
energetically favorable.

Thus, BA produces an active HO2
• radical via the reaction

chain with oxygen under light irradiation (Figure 1c), and this
stage matches mitochondrial hydroperoxyl radical generation.
An important difference is that BA produces no HO• radicals,
and we decided to artificially add it to the M-B assembly.

When BA reacts with melamine (M), the hydroperoxyl radical
is not stabilized yet and can act as an oxidizer via HAT

RH HO R H O2 2 2+ +• • (1)

We calculated HAT of M and BA with both hydroperoxyl and
hydroxyl radicals, in comparison. The HAT of M and BA via
HO2

• is thermodynamically unfavorable at 298 K, while three
reactions with HO• have significant negative ΔG values (Figure
S2). Thus, the hydroperoxyl radical stays nonactive in M-B
(Figure S2).

Figure 1d shows that there are stable hydroperoxyl radicals
and organic radicals −CH• at BA molecules in the M-B
assembly. We consider that not only the −CH• radical can occur
in M-B but also −C• if BA is deprotonated during the assembly.
This stage is similar to ROS neutralization in the plasma. Despite
the rigidity of HO2

• in M-B, it can become active in the presence
of other agents. Thus, we propose using M-B as the regenerating
agent for antioxidant systems.

However, the question of the controllable increase of the
HO2

• radical number still remains significant. As was confirmed
in previous research, the M-B radical activity depends on pH
values. At first, we decided to determine the optimal conditions
for M-B formation. EPRmeasurements were conducted for M-B
samples prepared at five different pH values. As an example,
Figure S3 presents the experimental EPR spectra of M-B
recorded at 298 K before and after 20 min of light irradiation
prepared at pH 3.9 and 6.2 and also a sample of M-B + 2.0%
H2O2. One can see that there are at least two radical centers in
the M-B complex, whose nature has been presumably discussed
in refs 28, 29. Symbols R1, R||, and R2 in Figure S3 show line
positions of two stable free radicals, most likely HO2

• (R⊥, R||)
and C• (R2), probably CH• centers, in BA correspondingly. The
samples were irradiated by UV light during 25 min, and the ratio
of the total radical signal intensity after and before irradiation
was calculated for each sample. The radical signal intensity
increases by about 2 times in cases of pH = 6.2 and 5.1 (Figure
1e). This effect is related most likely to the protonation and
deprotonation of functional groups of melamine (M) and
barbituric acid (BA) and the locked site for singlet oxygen attack.
For further research, pH = 6.2 was considered the most
preferable condition as it almost matches the pH value of the M-
B suspension after complete formation, and no extra treatment is
required.

It should be noted that EPR line intensities sufficiently change
under illumination (Figure S3). Indeed, it is evidently seen that
the intensity of the R2 line noticeably increases in the case of
spectra (b) and (d) in comparison with spectra (a) and (c) in
parallel to the amplitude of the whole spectrum. Therefore, we

Figure 2. Melamine barbiturate (a), M-B formed in the presence of sodium benzoate (b), H2O2 (c), H2O2 and sodium benzoate (d): bright-field,
FITC channel fluorescence, polarized light optical microscopy, and scanning electron microscopy (from left to right).
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may conclude that UV−vis light irradiation results in the
generation of new C• radicals in the M-BA system.

DFT calculations showed that HO• preferably reacts with the
−CH2 site of BA via HAT. Theoretically, it means that M-B can
convert HO• into H2O during M-B treatment with the hydroxyl
radical source. As has been mentioned before, EPR spectra show
that there are two radical centers in M-B. The first type of such a
center is definitely the HO2

• radical. The second one likely links
up C-centered radicals, most probably, CH• of BA. Thus, HO•

treatment of M-B should increase the total radical activity due to
the CH• expansion, which is in agreement with EPR data.

To confirm this statement, we obtained M-B samples
prepared from solutions of M and BA containing 2 wt % H2O2
as a source of hydroxyl radicals. To check the effect of hydroxyl
radicals, we conducted experiments with 0.05 wt % sodium
benzoate as the HO• scavenger. The control experiment with
sodium benzoate was also performed. The suspensions of M-B
were centrifuged, the precipitates were dried at 120 °C and
rewashed with deionized water, and the procedure was repeated
three times to remove traces of H2O2 and sodium benzoate.

The obtained crystalline aggregates show changes in the M-B
morphology (Figure 2). Bright-field optical microscopy images
demonstrate that the size distribution ofM-B remains almost the
same, but the shape changes. In the case of pure M-B and the
adding of sodium benzoate, aggregates show an eight-star shape
with strong twinning from the center. Sodium benzoate
presence leads to a high increase of surface defects. Two
samples of M-B that formed in the presence of H2O2 are also
aggregates with strong twinning. Themain difference is the rose-
like shape consisting of thin platelets. Platelets become thinner,
to 1 μm thickness, from the bottom of the aggregate to its top.
Each platelet is represented by a single crystal. M-B formed in
the presence of sodium benzoate consists of a hexagonal prism
with triangular pyramidal head single crystals also as pure M-B
aggregates.

MB aggregates show distinct anisotropy in cross-polarized
light. In general, separate single crystals exhibit uniform
extinction when rotated in polarized light. The light extinction
has a radially radiant form, which indicates the presence of a

clear crystallization center. This makes it possible to attribute the
formation of such aggregates to systems with nucleation control
and high nucleation energy relative to that of the stationary
growth process.40

All samples show luminescence at 517 nm under light
irradiation (495 nm, FITC channel). Pure M-B has a weak
luminescence with a raise at the edges of single crystals.
Luminescence becomes stronger when M-B forms in the
presence of sodium benzoate, and the maximum is observed at
both the edges and surface defects of aggregates. We associate
the luminescence of M-B with radical contribution to the π-
system and electron localization.41 Surface binding of
luminescence is considered to depend on the number of radicals
taken up by surface defects.

In the case of H2O2, luminescence is also pronounced mostly
on the edges of platelets where the number of defects is themost.
When we add sodium benzoate to H2O2, the formedM-B shows
a dramatic increase of luminescence among all of the aggregates.
We also see that the luminescence strengthens at the edges of
each platelet. The number of platelets is significantly more than
for the M-B formed in the presence of only H2O2. Often, we also
observe the increase of defects on the M-B surface in the case of
small aggregates like it occurs when we add only sodium
benzoate.

Four samples were analyzed by X-ray powder diffraction
(XRD) in comparison to initial compounds (Figure S4). No
traces of M, BA, and sodium benzoate fractions are observed.
For all M-B samples, we obtained similar reflex patterns, but the
plane (002) extremely increases in the case of sodium benzoate
addition. According to the previous study, sodium benzoate can
be incorporated into the structure of M-B with the mentioned
increase in interplanar spacing.

Figure S4A also shows that a little reflex appears in the case of
H2O2 addition. We suppose that some structural changes can
occur; however, the intensity of the reflex is too small to
correctly interpret it. The calculated crystallinity values decrease
to 87.1 and 63.0% for pureM-B andM-B formed in the presence
of H2O2, respectively. Amorphous phases are 29.1 and 32.4% for
M-B formed with only sodium benzoate and both sodium

Figure 3.Change of Gibbs free energy during associate formation ofM, Bwith the benzoate anion (a), H2O2 (b), and both benzoate anion andH2O2 in
contrast to melamine barbiturate dimers and trimers (c).
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benzoate and H2O2, respectively. It seems that sodium benzoate
promotes overgrowth of M-B and, as a result, a decrease in
crystallinity.

To assess whether sodium benzoate incorporates into the M-
B structure, we modeled several associates via DFT calculations,
and values of Gibbs free energy change during associates’
formation of M, B, H2O2, and benzoate anion were obtained
(Figure 3). Formation of melamine and benzoate anion
associates (M-Benz) such as structures 3 and 4 is less
thermodynamically favorable than BA-Benz (structures 1, 2).
During BA-Benz formation, it was observed that the hydrogen
atom transfers from the N−H bond of BA to the −COO−

functional group. M-B-Benz trimers (structures 5, 6) also form
with a decrease in the Gibbs free energy in contrast to melamine
barbiturate dimers and trimers (structures 14, 15, 16). The
benzoate anion association with BA via a hydrogen bond
(structure 5) is more thermodynamically favorable for trimers.

The H2O2 hypothetically can associate with BA in two ways
(structures 7, 8), and structure 8 is the least thermodynamically
favorable. H2O2 association with M (structure 9) occurs
preferably than with BA. H2O2 association with the M-B
dimer (structure 10) is thermodynamically favorable, and H2O2
coordinates preferably to M than to BA. H2O2 association with
M-B trimers (structures 11, 12, 13) is thermodynamically
favorable. Note that despite numerous attempts to obtain an
equilibrium structure 12, corresponding to the supramolecular
associate of BA with the benzoate anion, as a result of geometry
optimization, an associate 12′, corresponding to the barbiturate
anion and benzoic acid, was always obtained (see the attached
animation of the geometry optimization steps for one of the
attempts, in which BA and the benzoate anion in the starting
geometry are spaced by 3 Å). H2O2 coordination toM in B−M−
B (structure 13) leads to a significant gain in the Gibbs free
energy of formation in contrast to all other calculated associates.
According to DFT calculations, H2O2 and sodium benzoate
possibly associate with M and BA during melamine barbiturate
formation in experiments performed above. DFT calculation

results correspond to XRD data that sodium benzoate likely
temporarily incorporates into the M-B structure. Molecular
dynamics simulations show that M-BenZ and BA-BenZ
associates exist and the M-BA dimer seems more stable and
has a longer life period (Figure S5). Moreover, BA-BenZ dimers
have a longer life period than M-BenZ dimers, but the
interaction between barbituric acid and sodium benzoate can
go only after melamine barbiturate formation as this interaction
is less preferable. Breaking of barbituric acid and benzoate anion
interaction through the washing of the process and explains the
defects. Molecular dynamics simulation also shows that M−Na
dimers exist but have a much smaller period of life. However, it
seems that BA-Na does not exist in the solution or has a
negligible period of life (Figure S6). The stability of M-B and
H2O2 associates casts a doubt, but microscopy images confirm
that the growth of M-B crystals is blocked for one axis.

We recorded four M-B samples using EPR to assess whether
the radical’s chemical redox activity also changes. One can see
from Figure 4a that the type of the EPR spectrum shape is similar
in all cases of studied samples, while their amplitudes and
integral intensities differ much initially and also after light
irradiation as shown by their their kinetic curves (Figure 4b).
Characteristic EPR parameters such as g-values g⊥ and g|| as well
as the line width ΔH⊥ were estimated and are shown in Figure
4a. Both sodium benzoate and H2O2 revealed a strong effect on
the concentration of the created stable radicals. Measured total
concentrations were performed (Figure 4c). M-B samples
formed in the presence of H2O2, sodium benzoate, and both
reagents show an increase in the number of spins almost in 3
orders in contrast to the pure M-B sample. Considering the
accuracy, we see that the M-B formed with both reagents shows
almost the same increase of spin amount as theM-B formed with
H2O2.

We associate the difference with targeted activation of specific
radical centers via sodium benzoate and hydrogen peroxide.
H2O2 seems to increase the amount of stable CH• radicals
according to the scheme shown above, while hydrogen peroxide

Figure 4. (Panel a) EPR spectra of M-B samples formed in the presence of H2O2 (a) and sodium benzoate (b) before and after 20 min of light
irradiation (*) at T = 298 K. (Panel b) Kinetic curves at 298 K under light irradiation of M-B samples obtained in the presence of H2O2 (a), sodium
benzoate (b), and both H2O2 and sodium benzoate (c). (Panel c) Total concentration of spins in the dark atT = 298 K inM-B samples obtained at pH
= 6.2.
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decomposes into HO• radicals. Sodium benzoate likely
increases the amount of both stable CH• and HO2

• radicals.
As was shown by microscopy methods, sodium benzoate
increases the overgrowth of M-B and surface defects’
appearance. It leads to an increase in the triplet oxygen number
near the nucleation center and further trapped HO2

•. Expansion
of two stable radicals explains the strong effect on the spin
concentration, but it limits with the singlet oxygen formation
stage.

However, sodium benzoate reduces the decomposition of
H2O2 and weakens the effect of HAT between HO• radicals and
BA molecules. It explains the smaller gain in the spin
concentration than we expected for M-B samples formed in
the presence of both sodium benzoate and H2O2. UV−Vis light
illumination intensifies HAT that was blocked before and
explains the difference in kinetic curves.

■ CONCLUSIONS
In this study, we performed a nanostructured supramolecular
melamine barbiturate assembly for bioinspired radical trap,
neutralization, and stabilization. The melamine barbiturate
supramolecular assembly generates hydroperoxyl radicals via a
light-induced reaction chain. The HO2

• radical remains stable in
the M-B structure and seems to be activated as an antioxidant
regenerator. An equilibrium between the hydroperoxyl radical
and the superoxide radical can occur, and the presence of two
conjugated radicals in M-B is probable. Moreover, the
superoxide radical is also considered an effective oxidant
regenerator as well as a hydroperoxyl radical.42

Barbituric acid is oxidized with CH• radicals’ formation that
are stabilized into melamine barbiturate. Besides, oxidation of
barbituric acid involves a singlet oxygen and neutralizes it as well.
Thus, melamine barbiturate traps HO2

• radicals and generates
CH• radicals.

We show that addition of reactive oxygen species such as
H2O2 leads to a significant increase in radical activity. Melamine
barbiturate neutralizes HO• radicals via hydrogen atom transfer
with the increase in CH• radicals.

Addition of sodium benzoate intensively promotes HO2
•

radical trapping even while H2O2 and HO• radicals are
neutralized. Besides, the amount of spin increases by 1.4 times
during UV−vis light irradiation.

Thus, in this study, we show a novel scheme of ROS
stabilization and neutralization with supramolecular materials
for antioxidant activity increase. The performed reaction chains
mimic biological processes such as mitochondrial ROS
generation and their neutralization in key stages.

■ EXPERIMENTAL SECTION
Materials.Melamine (M), barbituric acid (BA), and sodium

benzoate were purchased from Sigma-Aldrich, and hydrogen
peroxide (H2O2) was purchased from Lenreactiv. The chemicals
were used without further purification: BA (C4H4N2O3, 99.0%,
Sigma-Aldrich), M (C3H6N6, 99.0%, Sigma-Aldrich), sodium
benzoate (C6H5COONa, 99.0%, Sigma-Aldrich), and H2O2
(35%, Lenreactiv). Deionized water (18 MΩ·cm2/cm) was
used as a solvent.
Synthesis. Stock 20 mm solutions of M and BA in water

were prepared in advance to obtain four samples. Solutions were
mixed and vigorously stirred in a 1:1 volumetric ratio to obtain a
pure M-B suspension. The suspension was centrifuged, and the
precipitate was dried at 120 °C and rewashed with deionized

water; this procedure was repeated three times to remove traces
of initial compounds. Sodium benzoate powder was weighed to
get 0.05 wt % in solution. Each stock solution was mixed with
sodium benzoate powder and heated until powder dissolution.
Solutions of M and BA with sodium benzoate were mixed, and
the suspension was proceeded according to the above-
mentioned protocol. First, 35% H2O2 was mixed with each
stock solution to obtain solutions of M and BA in 2% H2O2.
Solutions were mixed to obtain a suspension, and the following
steps were the same as mentioned previously. Then, 35% H2O2
was diluted in 8.75 times; sodium benzoate was added to get a
0.1 wt % solution, and it was heated until powder dissolution.
The obtained solution was mixed with each stock M and BA
solution in a 1:1 volumetric ratio, and solutions of M and BA in
H2O2 with sodium benzoate were mixed. Further steps were
performed according to the procedure mentioned before.
Microscopy and Microanalysis. All of the prepared

powders were investigated by means of optical and scanning
electron microscopies. Microimages were acquired using a Zeiss
Axio Imager.A2m. A Tescan Vega 3 scanning electron
microscope equipped with an Oxford x-act energy-dispersive
X-ray spectrometer was used for imaging and microanalysis.
Operating conditions were as follows: 5 kV accelerating voltage,
100 s dwell time per spectrum. All data were processed using
Oxford Aztec One software. Image analysis was performed using
ImageJ software.
XRD. Powder diffraction data of M-BA, M-BA-Benz, M-BA-

H2O2, M-BA-Benz-H2O2, and reference M, BA, and Benz were
collected by means of D2 PHASER (Bruker) with Cu Kα
radiation from the 5 to 60° angular range with a 0.02 step size
and 1 s resonance time. Phase analysis was carried out using the
software package Eva (Bruker) utilizing the ICSD crystal
database (PDF4+).
EPR Measurements. The EPR spectra were recorded at

room temperature with a Bruker spectrometer ELEXSYS-E500
(X-band, sensitivity up to 1010 spin/G). For investigating the
photoactivity and behavior of paramagnetic centers (PCs), the
samples were illuminated directly in the cavity of the
spectrometer with the use of a 50 W high-pressure mercury
lamp. The concentration of PCs was evaluated using a CuCl2·
2H2O monocrystal with a known number of spins as the
standard. The EPR spectra simulation permitting determination
of g-factor values of radicals was carried out with the use of the
EasySpin MATLAB toolbox. EPR spectra analysis was carried
out using a computer program package developed by Prof. A.
Kh. Vorob′ev (Chemistry Department, M. LomonosovMoscow
State University) and kindly provided to us.
Quantum Chemical Computations. The full geometry

optimization of all model structures was carried out at the
B3LYP-d3/def2-SVP level of theory utilizing the ORCA 5.0.3
program package.43 Spin-restricted approximation for structures
with closed electron shells and the unrestricted approach for
structures with open electron shells have been employed. The
RIJCOSX approximation utilizing the def2-SVP/C auxiliary
basis set was employed.44,45 The convergence tolerances for
geometry optimization were energy change = 5.0 × 10−6 Eh,
maximal gradient = 3.0 × 10−4 Eh/Bohr, RMS gradient = 1.0 ×
10−4 Eh/Bohr, maximal displacement = 4.0 × 10−3 Bohr, and
RMS displacement = 2.0 × 10−3 Bohr. The couple perturbed
self-consistent field (CPSCF) equations were solved using the
conjugated gradient (CG) method with convergence tolerance
on a residual of 1.0 × 10−6 Eh. The Hessian matrices were
calculated for all optimized model structures to prove the
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location of correct stationary points on the potential energy
surfaces (no imaginary frequencies were found in all cases) and
to estimate the thermodynamic properties (viz. enthalpy,
entropy, and Gibbs free energy) for all model systems at
298.15 K and 1 atm.
Molecular Dynamics Simulations.MD simulations of M-

BA association with Rh6G were performed utilizing the
GROMACS program package46 for topology preparation and
OpenMM47 for calculation. Interatomic interactions were
described by the OPLS-AA/CM1A force field,48 with topology
and charges generated by LigParGen.49−51 For the water model,
the rigid nonpolarizable TIP3P52 model was used. The cutoff for
nonbonded and long-range interactions was 1.2 nm. For the
calculation of long-range Coulomb interactions, the particle-
mesh Ewald method was used.53 Energy minimization was
performed with the steepest descent algorithm. Simulations
were performed in the NPT ensemble at T = 300 K and P = 1
atm in the cubic unit cell (∼85 × 85 × 85 Å3). The integration
time step for trajectories’ calculations was 2 fs, and for relaxation,
it was 0.5 fs. Radial distribution functions, spatial distribution
functions, and dimer existence autocorrelation functions were
calculated from the resulting trajectories using the TRAVIS
program package.54
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