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ABSTRACT

This study assessed ten density functionals, including CAM-B3LYP, LC-oPBE, M11, M11L,
MNI12L, MN12SX, N12, N12SX, ®B97X, and ®B97XD related to the Def2TZVP basis set
together with the SMD solvation model in the calculation of the molecular properties and
structures of the Red-M1 and Red-M2 intermediate melanoidin pigments. The global and lo-
cal chemical reactivity descriptors for the systems were calculated via the Conceptual Densi-
ty Functional Theory. The choice of the active sites applicable to nucleophilic, electrophilic
as well as radical attacks was made by linking them with the Fukui function indices, the elec-
trophilic Parr functions, and the condensed dual descriptor Af(r) over the atomic sites. The
prediction of the maximum absorption wavelength directly from the HOMO-LUMO tended
to be considerably accurate relative to the experimental values for the MN12SX and N12SX
density functionals. This study found the MN12SX and N12SX density functionals to be the
most appropriate to predict the chemical reactivity of the molecules under consideration.

Keywords: Melanoidins; Red-M1; Red-M?2; Conceptual DFT; Chemical Reactivity; Dual De-
scriptor; Parr Function;, Maximum Absorption Wavelength
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INTRODUCTION

Melanoidins are brown pigments formed during the
reaction of reducing sugars with amino groups, de-
rived from amino acids, amines, and proteins. Their
chemical structure is largely unknown, but their func-
tional properties have been a matter of intensive study
because of their abundance in heat-treated foods.
Melanoidin formation contributes to the development
of aroma and color in processed foods, as well as
food texture and beverage viscosity [1].

Melanoidins are considered as the final products of a
process known as non-enzymatic browning or the
Maillard reaction. A similar reaction between reduc-
ing sugars and biological molecules takes place under
physiological conditions, in a process usually called
glycation. Glycation has a significant impact on the
aging of living organisms and the pathology of some
diseases [1]. We have recently dedicated much effort
to understand the glycation process, which is mainly
associated with certain diseases like Diabetes, Alz-
heimer, and Parkinson, as well as the chemical reac-
tivity of the reducing carbohydrates, amino acids, and
small peptides that participate in it [2-9].

Although color formation is the primary characteristic
of the Maillard reaction, our knowledge of the col-
ored moieties responsible for the coloration is still
only rudimentary. The low-weight intermediate col-
ored products are known as colored Maillard reaction
products (CMRP) and the color produced can be
readily measured by reading the absorbance in the
visible region of the spectrum, with the typical wave-
lengths used being 360 and 420 nm [10].

These CMRPs are of great interest not only in the
food industry, but also for their potential application
as photosensitizers, as antioxidants related to health
and as colorants to be used in dye-sensitized solar
cells for the production of alternative energy. Thus,
there is a great interest in studying their chemical
properties, with special emphasis on their molecular
reactivity.

Conceptual Density Functional Theory (CDFT, also
known as Chemical Reactivity Theory) is a powerful
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tool for the prediction, analysis, and interpretation of
the outcome of chemical reactions [11-14].

Two interesting CMRPs amenable to being studied
through conceptual DFT are Red-M1 and its diastere-
omer Red-M2 [15], which are red pigments isolated
from the reaction system between D-xylose and gly-
cine. Therefore, we believe that it could be of interest
to apply the concepts of DFT to the study of the
chemical reactivity of these red pigments.

In order to obtain quantitative values of the conceptu-
al DFT descriptors, it is necessary to utilize the Kohn
—Sham (KS) theory through calculations of the mo-
lecular density, the energy of the system, and the or-
bital energies - specifically those related to the fron-
tier orbitals; that is, the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) [16-21].

In recent years, there has been significant interest in
the use of range-separated (RS) exchange-correlation
functionals in KS DFT [22]. These functionals parti-
tion the 1/r;; operator in the exchange term into short-
and long-range components, with a range-separation
parameter, ®, controlling the rate at which the long-
range behavior is attained. The value of ® can be
fixed or it can be “tuned” on a system-by-system ba-
sis by minimizing some tuning norm. The optimal
tuning approach is based on the knowledge that in
exact KS and generalized KS theory, the energy of
the HOMO, eH(N), for an N-electron system should
be exactly —IP(N), where IP is the vertical ionization
potential calculated with a given functional as the
energy difference E(N—1) — E(N). With approximate
functionals, the differences between ¢éH (N) and —IP
(N) can be very large. Optimal tuning implies a non-
empirical determination of a system-specific range-
separation parameter @ in an RSE functional and,
optionally, other parameters, such that eH(N) = —IP
(N) is satisfied to the best possible degree [23]. Alt-
hough there is no equivalency to this prescription for
the electron affinity (EA), and the LUMO of the neu-
tral species, it can be said that eH(N+1) = —EA(N),
thus making it possible to find an optimized ® value
that is simultaneously optimized for getting both
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properties, rendering it useful for an easy prediction
of conceptual DFT descriptors. In previous works [2—
9], we have termed this simultaneous prescription as
the “KID procedure” for its analogy with the
Koopmans’ theorem.

This means that the goodness of a given density func-
tional for the purpose of predicting the conceptual
DFT descriptors directly from the properties of the
neutral molecule can be estimated by checking how
well it follows the KID procedure. However, this tune
optimization is system-dependent, and it must be per-
formed for each molecule. Thus, it will be interesting
to consider several recent density functionals that
have shown great accuracy across a broad spectrum
of databases in chemistry and physics and where the
value of ® is fixed to evaluate their performance in
fulfilling this practical technique.

The objective of this work is to conduct a compara-
tive study of the performance of some recent density
functionals for reproducing the chemical reactivity
descriptors of the Red-M1 and Red-M2 pigments
within the KID formalism to gain insight into their
molecular properties that can be used for future stud-
ies on the chemical reactivity of colored melanoidins
of larger molecular weights formed in the reaction of
reducing sugars with peptides and proteins.

Theoretical Background

As this work is part of an ongoing project, the theo-
retical background is similar to that presented in pre-
vious research [2-9] and will be shown here for the
sake of completeness. The chemical potential p is
defined within the conceptual framework of DFT
[12,24] as:

where y is the total electronegativity. In turn, the
global hardness 7 is defined as:

_ d%E )
n= 352 (2)
v(r)

“ T2 T8I —A4) 8(sL —¢H)
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If we consider the KID procedure mentioned in the
introduction together with a finite difference approxi-
mation, then the above expressions can be written as:

1 1

n=0U—-A)~ (eL — eH) (4

where eH and €L are the energies of HOMO and LU-
MO, respectively.

The electrophilicity index ® has been defined as [25]:

p? I+ A)? (el +eH)?

(5)

Applying the same ideas, two definitions of Fukui
functions depending on total electronic densities are

obtained:
) = pusr () — py() (6)
f )= pn() —py-1() (7)

where Av+1(1) | v () and Pv-1(r) | are the electronic
densities at point r for the system with N1, N, and N1

electrons, respectively. The first function, f (), has
been associated to reactivity for a nucleophilic attack,
and thus it measures the intramolecular reactivity at

the site r towards a nucleophilic reagent. The sec-

ond, f~ () has been associated to reactivity for an
electrophilic attack, and thus this function measures
the intramolecular reactivity at the site r toward an
electrophilic reagent [24].

Morell et al. [13,26-31] proposed a local reactivity
descriptor (LRD), which is called the dual descriptor

(DD): @) = af(r)

d
AFCr) = ( gi’,’)) ®)
v(r)

This can be condensed over the atomic sites: when
Atk > 0, the process is driven by a nucleophilic attack
on atom k, and then the atom acts as an electrophilic
species; conversely, when Afk < 0, the process is
driven by an electrophilic attack over atom k, and
atom k acts as a nucleophilic species.
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Finally, it should be noted that Domingo proposed
the Parr functions P(r) [32,33], whose definitions are
given by the following equations:

P~(r) = pt* (9)
for electrophilic attacks, and
P*(r) = pi° (10)

for nucleophilic attacks, which are related to the
atomic spin density (ASD) at the r atom of the radical
cation or anion of a given molecule, respectively
[34].

Settings and Computational Methods

Following the lines of our previous works [2-9], the
computational studies were performed with the
Gaussian 09 [35] series of programs with density
functional methods as implemented in the computa-
tional package. The basis sets used in this work were
Def2SVP for geometry optimization and frequencies,
whereas Def2TZVP was considered for the calcula-
tion of the electronic properties [36,37]. All the cal-
culations were performed in the presence of water as
a solvent by performing integral equation formalism-
polarized continuum model (IEF-PCM) computations
according to the solvation model density (SMD) solv-
ation model [38].

For the calculation of the molecular structures and
properties of the studied systems, we chose ten densi-
ty functionals that are known to consistently provide
satisfactory results for several structural and thermo-
dynamic properties:

Daniel Glossman-Mitnik et al.

In these functionals, GGA stands for generalized gra-
dient approximation (in which the density functional
depends on the up and down spin densities and their
reduced gradient) and NGA stands for non-separable
gradient approximation (in which the density func-
tional depends on the up and down spin densities and
their reduced gradient, and also adopts a non-
separable form).

RESULTS AND DISCUSSIONS

This study took the molecular structures of the Red-
M1 intermediate melanoidin pigment from PubChem
(https://pubchem.ncbi.nlm.nih.gov), a public reposi-
tory for information pertaining chemical substances
together with the biological activities with which they
are associated. The molecular structure with [UPAC
Name is  1,4,6,9-tetracarboxymethyl-5-(1,2,3,4-
tetrahydroxybutyl)-8-hydroxymethyl-3-
(2,3dihydroxy-propyl)-5,6-dihydro-pyrrolo[2°,3°:4,5]
pyrrolo[2,3-e]pyrrolo[3,2-b]azepine-9-ium.Red-M2
was built as the diastereomer of the Red-M1 mole-
cule. The pre- optimization of the resultant system
involved selecting the most stable conformers. The
selection was done using random sampling that in-
volved molecular mechanics techniques and the in-
clusion of various torsional angles via the general
MMFF94 force field [48—52] using the Marvin View
17.15 program, which is an advanced chemical view-
er suited to multiple- and single-chemical queries,
(https://
www.chemaxon.com). Afterwards, the structures that
the resultant lower-energy conformer assumed for

structures, and re-actions

each molecule were reoptimized using the ten density
functionals mentioned in the previous section, togeth-
er with the Def2SVP basis set as well as the SMD
solvation model, in which the solvent was water.

The analysis of the results obtained in the study
aimed at verifying that the KID procedure was ful-
filled. On doing it previously, several descriptors as-
sociated with the results that the HOMO and LUMO
calculations obtained are related with results obtained
using the vertical I and A following the ASCF proce-
dure. A link exists between the three main descriptors
and the simplest conformity to the Koopmans’ theo-
rem by linking €¢H with -1, €L with -A, and their be-

Long-range-corrected
CAM-B3LYP [ p31 ypy the CAM method | %]
Long-range-corrected oPBE
LC-oPBE density functional [40]
Range-separated hybrid meta
Ml11 GGA [41]
MI1L Dual-range local meta-GGA [42]
Non-separable local meta-
MNI12L NGA [43]
Range-separated hybrid non-
MNI25X separable meta-NGA [44]
Ni12 Non-separable local NGA [45]
Range-separated hybrid
N12SX NGA [44]
©B97X Long-range coqected densi- [46]
ty functional
®BI7XD ©B97X version mclydmg [47]
empirical dispersion
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havior in describing the HOMO-LUMO gap as
Ji=leH+Eqs (N-1)-Egs (N)|, Jy=|eL+Eg (N)-Eg (N+1)
| , and Ju=N(I7+I3E ). Notably, the JA4 descriptor
consists of an approximation that remains valid only
when the HOMO that a radical anion has (the SOMO)
shares similarity with the LUMO of the neutral sys-
tem. Consequently, we decided to design another de-

scriptor ASL, to guide in verifying the accuracy of the
approximation.

Daniel Glossman-Mitnik et al.

Tables 1 and 2 illustrate the electronic energies of
neutral, positive, and negative molecular systems of
the Red-M1 and Red-M2 intermediate melanoidins;
the HOMO, LUMO, and SOMO orbital energies (all
in au); and the calculation of the JI, J4, JHL, and ASL
descriptors involves using the ten density functional
as well as the Def2TZVP basis set with water as a
solvent, which is simulated through the SMD para-
metrization of the IEF-PCM model.

Table 1. Electronic energies of the neutral, positive and negative molecular systems (in au) of Red-M1; the HO-
MO, LUMO and SOMO orbital energies (also in au); the J;, J,, Juz and ASL descriptors calculated with the ten
density functionals and the Def2TZVP basis set using water as a solvent, simulated with the SMD parametriza-
tion of the IEF-PCM model.

E, E+ E- HO- LUMO | SOMO JI JA JHL ASL
MO

CAM- -2432.5212 | -2432.3343 | -2432.6334 | -0.2360 | -0.0626 | -0.1607 | 0.0490 | 0.0496 | 0.0697 | 0.0982

B3LYP
LC-0oPBE -2432.0877 | -2431.8951 | -2432.2131 | -0.2797 | -0.0389 | -0.2092 | 0.0871 | 0.0865 | 0.1227 | 0.1703
M11 -2432.3786 | -2432.1828 | -2432.4990 | -0.2739 | -0.0431 | -0.1961 | 0.0781 | 0.0774 | 0.1100 | 0.1531
M11L -2432.2581 | -2432.0594 | -2432.3776 | -0.1905 | -0.1296 | -0.1101 | 0.0082 ]| 0.0101 | 0.0130 | 0.0196
MNI12L -2431.3635 | -2431.1766 | -2431.4687 | -0.1792 | -0.1136 | -0.0979 | 0.0077 ] 0.0085 | 0.0115 | 0.0157
MN128X -2431.5013 | -2431.3063 | -2431.6142 | -0.1944 | -0.1130 | -0.1126 | 0.0006 | 0.0001 | 0.0006 | 0.0004
N12 -2433.1637 | -2432.9889 | -2433.2615 | -0.1654 | -0.1093 [ -0.0880 | 0.0095 | 0.0115 | 0.0149 | 0.0214
N12SX -2432.4786 | -2432.2928 | -2432.5870 | -0.1866 | -0.1068 [ -0.1094 | 0.0008 ]| 0.0015 | 0.0017 | 0.0026
®0B9I7X -2433.0096 | -2432.8204 | -2433.1264 | -0.2692 | -0.0370 | -0.1949 | 0.0800 ] 0.0798 | 0.1129 | 0.1579
®wB9I7XD -2432.8597 | -2432.6701 | -2432.9735 | -0.2583 | -0.0444 | -0.1822 | 0.0687 | 0.0694 | 0.0977 | 0.1378

Table 2. Electronic energies of the neutral, positive and negative molecular systems (in au) of Red-M2; the HO-
MO, LUMO and SOMO orbital energies (also in au); the J;, J,, Ju and ASL descriptors calculated with the ten
density functionals and the Def2TZVP basis set using water as a solvent, simulated with the SMD parametriza-
tion of the IEF-PCM model.

Eo E+ E- HO- LUMO | SOMO JI JA JHL ASL
MO

CAM- -2432.5212 | -2432.3343 | -2432.6334 | -0.2360 | -0.0626 | -0.1607 | 0.0490 | 0.0496 | 0.0697 | 0.0982

B3LYP
LC-0oPBE -2432.0877 | -2431.8951 | -2432.2131 | -0.2797 | -0.0389 | -0.2092 | 0.0871 | 0.0865 | 0.1227 | 0.1703
M11 -2432.3786 | -2432.1828 | -2432.4990 | -0.2739 | -0.0431 | -0.1961 | 0.0781 | 0.0774 | 0.1100 | 0.1531
MI11L -2432.2581 | -2432.0594 | -2432.3776 | -0.1905 | -0.1296 | -0.1101 | 0.0082 ]| 0.0101 | 0.0130 | 0.0196
MNI12L -2431.3636 | -2431.1766 | -2431.4687 | -0.1792 | -0.1136 | -0.0979 | 0.0077 ] 0.0085 | 0.0115 | 0.0157
MN12SX -2431.5013 | -2431.3063 | -2431.6142 | -0.1944 | -0.1130 | -0.1126 | 0.0006 | 0.0001 | 0.0006 | 0.0004
N12 -2433.1637 | -2432.9889 | -2433.2615 | -0.1654 | -0.1093 | -0.0880 | 0.0095 | 0.0115 | 0.0149 | 0.0213
N12SX -2432.4786 | -2432.2928 | -2432.5870 | -0.1866 | -0.1068 [ -0.1094 | 0.0008 ]| 0.0015 | 0.0017 | 0.0026
owB97X -2433.0096 | -2432.8204 | -2433.1264 | -0.2692 | -0.0370 | -0.1949 | 0.0800 ] 0.0798 | 0.1129 | 0.1579
oB9I7XD -2432.8597 | -2432.6701 | -2432.9735 | -0.2583 | -0.0444 | -0.1822 | 0.0687 | 0.0694 | 0.0976 | 0.1378

Next, we consider four other descriptors that analyze how useful the studied density functionals are for the pre-
diction of the electronegativity y, global hardness 1, and global electrophilicity ®. For a combination of these
conceptual DFT descriptors, considering only the energies of the HOMO and LUMO or the vertical I and A:
J=x-xx |, Jy=n-nx |, and JCDFT=\/((JX2-I-J,72-1-Jw2 )) ,, where CDFT stands for conceptual DFT. The results of the
calculations of Jy, Jy, Jw, and Jeprrfor the low-energy conformers of the Red-M1 and Red-M2 intermediate
melanoidin pigments are displayed in Tables 3 and 4.
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Table 3. Jy, Jy, Jo, and Jcppr for the Red-M1 intermediate melanoidin pigment.

Jx Jn Jo Jeprr
CAM-B3LYP 0.0003 0.0986 0.0852 0.1303
LC-oPBE 0.0003 0.1736 0.1354 0.2201
Mi11 0.0004 0.1555 0.1115 0.1914
M11L 0.0010 0.0183 0.0505 0.0538
MNI12L 0.0004 0.0162 0.0329 0.0367
MN12SX 0.0003 0.0007 0.0008 0.0011
N12 0.0010 0.0210 0.0477 0.0521
N12SX 0.0004 0.0024 0.0048 0.0054
oB97X 0.0001 0.1597 0.1109 0.1945
oBI7XD 0.0004 0.1381 0.0983 0.1695
Table 4. Jy, Jy, Jo, and Jcppr for the Red-M2 intermediate melanoidin pigment.
Jx Jn Jo Jeprr
CAM-B3LYP 0.0003 0.0986 0.0852 0.1303
LC-oPBE 0.0003 0.1736 0.1354 0.2201
M11 0.0004 0.1555 0.1115 0.1914
MI11L 0.0010 0.0183 0.0505 0.0538
MN12L 0.0004 0.0162 0.0329 0.0367
MN12SX 0.0003 0.0007 0.0008 0.0011
N12 0.0010 0.0210 0.0477 0.0521
N12SX 0.0004 0.0023 0.0048 0.0054
oB97X 0.0001 0.1597 0.1109 0.1945
®oB97XD 0.0004 0.1381 0.0983 0.1695

As Tables 1 to 4 show, the KID procedure applies
accurately from the MN12SX and N12SX density
functionals that are RS hybrid meta-NGA and RS
hybrid NGA density functionals, respectively. In fact,
the values of JI, J4, and JHL are not zero. Neverthe-
less, the results tend to be impressive, especially for
the MN12SX density functional. Additionally, the
ASL descriptor reaches the minimum values when
the MN12SX and N12SX density functionals are
used in the calculations. This implies that there is

sufficient justification to assume that the LUMO of

the neutral approximates the electron affinity.

The same density functionals follow the KID proce-
dure in the rest of the descriptors, such as Jy, Jy, Jo,
and Jeprr. The significance of these results is at-
tributable to their illustration that reliance on JI, JA,
and JHL would not be sufficient. For instance, if Jy
were considered on its own to apply to each density
functional covered in this study, the values would be
considerably near zero. In the case of the other de-
scriptors, only the MNI12SX and NI12SX density

functionals exhibit this behavior. This implies that
the results from Jy are likely to be because of the
cancellation of errors done by chance.

The Red-M1 and Red-M2 intermediate melanoidin
pigments would be best studied using the time-
dependent DFT (TDDFT), because the pigments are
colored molecules. In the past, various TDDFT stud-
ies of molecules of different size have used optimally
tuned RSH density functionals [23,53-71].

The considerable success of this approach is however
undermined by the issue of tuning being system-
dependent. Therefore, the focus should be on estab-
lishing the effectiveness of the behaviors of the fixed
RSH density functionals in describing the excitation
characteristics. Becke has recently mentioned that the
adiabatic connection and the ideas of Hohenberg,
Kohn, and Sham applying only to electronic ground
states is a common misconception [72]. Furthermore,
consistent with Baerends et al., the KS model is not
appreciated for being superior because of its lowest
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excitation energy in molecules. Physically, this
amounts to an excitation of the KS system rather than
electron addition, as would be the case in Hartree—
Fock. Thus, it can be effectively used as a measure of
the optical gap and is an effective approximation to
the gap (in molecules) [73]. In their conclusion, van
Meer et al. proposed that the HOMO-LUMO gap
associated with the KS model tends to be an approxi-
mation of the lowest excitation energy, which is a
desirable characteristic with no concerns regarding it
[74].

Therefore, the calculation of the maximum wave-
length absorption of the Red-M1 and Red-M2 pig-
ments involved conducting ground-state calculations
with the aforementioned ten density functionals at the
same level of model chemistry and theory and deter-
mining the HOMO-LUMO gap. Figure 1 provides an
illustration that graphically compares the results in-
volved in the ground-state approximation derived
from the HOMO-LUMO gap together with the ex-
perimental value of 564 nm for the Red-M1 molecule
and 554 nm for the Red-M2 isomer [15].

Red-M1

& L o O 4 o S 4
> = . g Nl - N N > o
" c ¥ ¥ % & ]

Red-M2

Q & S Y & O & o
™ & <™ o _r Q) o A
%) ¥+ . o - ~ N & o
2 ¢ S - - & &5
Wt . o *

Figure 1. Graphical comparison of the results for the
calculation of the Amax of the Red-M1 and Red-M2
pigments between the HOMO-LUMO gap and the
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experimental data.

Notably, the presented results suggest that the differ-
ences with the experimental value for Amax tend to
have the same order in the various functionals that
the current study considers, apart from the N12 den-
sity functional. If the Amax values that the HOMO-
LUMO gap generates were those considered,
MNI12SX and N12SX would appear to be especially
accurate in predicting this value. This finding does
not apply to the rest of the density functionals that
this study considered.

These results can be explained by considering that
both functionals have been built as the screened ex-
change (SX) version of range separation in which the
electron exchange for small interelectronic distances
is treated with a finite percentage of nonlocal HF ex-
change, but the nonlocality is screened at large dis-
tances, and electron exchange at long range is treated
by a local approximation. This can be justified on the
physical grounds that nonlocal exchange may be
screened at long range by correlation effects and
make those functionals as the perfect choice for pre-
dicting outer valence and Rydberg excitations. More-
over, it can be seen from Tables 1 to 4 that the values
of the descriptors are very small in these cases and
also the ASL values are also small meaning that the
values of the energy of the LUMO are predicted ac-
curately in addition to the HOMO energies.

Upon verifying that the MN12SX density functional
has the tendency of peaking in calculating the global
reactivity density descriptors and in predicting Amax,
Figures 2 and 3 graphically present the optimized
structures of the Red-M1 and Red-M2 pigments, as
calculated based on the theory. Tables 5 and 7 illus-
trate the bond lengths, and Tables 6 and 8 demon-
strate the bond angles.
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Figure 2. Schematic representation of the optimized
structure of the Red-M1 pigment calculated with the
MN12SX density functional showing the numbering
of the atoms.

Table 5. Calculated bond lengths (in A) of the Red-M1
density functional.
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Figure 3. Schematic representation of the optimized
structure of the Red-M2 pigment calculated with the
MN12SX density functional showing the numbering
of the atoms.

intermediate melanoidin pigment with the MN12SX

Bond Distance Bond Distance Bond Distance Bond Distance
R (1-2) 1.383 R (15-16) 1.417 R (36-38) 1.361 R (62-63) 1.219
R (1-3) 1.406 R (15-17) 1.386 R (38-39) 0.982 R (62-64) 1.372
R (1-5) 1.103 R (16-19) 1.414 R (40-41) 1.107 R (64-65) 0.982
R (2-8) 1.450 R (17-18) 1.384 R (40-42) 1.117 R (66-67) 1.540
R (2-9) 1.402 R (17-40) 1.447 R (40-43) 1.524 R (66-68) 1.124
R (3-13) 1.400 R (18-19) 1.397 R (43-44) 1.226 R (66-75) 1.442
R (3-14) 1.429 R (18-47) 1.497 R (43-45) 1.365 R (67-69) 1.545
R (4-6) 1.118 R (19-20) 1.093 R (45-46) 0.983 R (67-70) 1.122
R (4-7) 1.464 R (21-22) 1.114 R (47-48) 1.536 R (67-77) 1.457
R (4-14) 1.513 R (21-23) 1.114 R (47-49) 1.112 R (69-71) 1.536
R (4-66) 1.559 R (21-24) 1.438 R (47-50) 1.112 R (69-72) 1.120
R (7-8) 1.362 R (24-25) 0.981 R (48-51) 1.525 R (69-79) 1.442
R (7-59) 1.451 R (26-27) 1.111 R (48-52) 1.120 R (71-73) 1.115
R (8-10) 1.415 R (26-28) 1.109 R (48-55) 1.443 R (71-74) 1.114
R (9-12) 1.362 R (26-29) 1.527 R (51-53) 1.121 R (71-81) 1.447
R (9-26) 1.449 R (29-30) 1.225 R (51-54) 1.117 R (75-76) 1.003
R (10-11) 1.093 R (29-31) 1.363 R (51-57) 1.438 R (77-78) 0.983
R (10-12) 1.395 R (31-32) 0.983 R (55-56) 0.985 R (79-80) 0.988
R (12-21) 1.504 R (33-34) 1.108 R (57-58) 0.981 R (81-82) 0.987
R (13-16) 1.369 R (33-35) 1.113 R (59-60) 1.109 R (37-82) 1.940
R (13-33) 1.441 R (33-36) 1.522 R (59-61) 1.118 R (75-80) 1.965
R (14-15) 1.403 R (36-37) 1.227 R (59-62) 1.522 R (76-81) 1.700

Table 6. Calculated bond angles (in °) of the Red-M1 intermediate melanoidin pigment with the MN12SX den-
sity functional.
Bond Angle Bond Angle Bond Angle Bond Angle

A (2-1-3) 123.6 A (9-26-28) 108.0 A (26-29-31) 114.4 A (63-62-64) 121.6
A (2-1-5) 118.0 A (9-26-29) 110.4 A (30-29-31) 121.6 A (62-64-65) 108.4
A (1-2-8) 130.7 A (11-10-12) 124.9 A (29-31-32) 108.8 A (67-66-63) 109.3
A (1-2-9) 1223 A (10-12-21) 128.0 A (34-33-35) 107.3 A (67-66-75) 112.0
A (3-1-5) 118.1 A (12-21-22) 110.0 A (34-33-36) 109.7 A (66-67-79) 115.2
A (1-3-13) 122.3 A (12-21-23) 109.6 A (35-33-36) 109.2 A (66-67-70) 109.2
A (1-3-14) 128.7 A (12-21-24) 111.0 A (33-36-37) 124.8 A (66-67-77) 107.4
A (8-2-9) 105.8 A (16-13-33) 125.7 A (33-36-38) 113.8 A (68-66-75) 107.2
A (2-8-7) 127.4 A (13-16-15) 108.1 A (37-36-38) 121.4 A (66-75-76) 108.0
A (2-8-10) 106.9 A (13-16-19) 143.2 A (36-37-82) 163.0 A (66-75-80) 90.1
A (2-9-12) 110.3 A (13-33-34) 108.8 A (36-38-39) 109.0 A (69-67-70) 108.9
A (2-9-26) 124.1 A (13-33-35) 110.6 A (41-40-42) 108.8 A (69-67-77) 109.7
A (13-3-14) 108.9 A (13-33-36) 1111 A (41-40-43) 110.0 A (67-69-71) 112.1
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A (3-13-16) 108.5 A (14-15-16) 109.1 A (42-40-43) 109.9 A (67-69-72) 103.2
A (3-13.33) 125.8 A (14-15-17) 143.6 A (40-43-44) 124.6 A (67-69-79) 111
A (3-14-4) 127.2 A (16-15-17) 107.2 A (40-43-45) 114.3 A (70-67-77) 106.1
A (3-14-15) 1054 A (15-16-19) 108.7 A (44-43-45) 121.1 A (67-77-78) 107.4
A (6-4-7) 106.8 A (15-17-18) 108.2 A (43-45-46) 103.7 A (71-60-72) 107.6
A (6-4-14) 106.9 A (15-17-40) 125.0 A (48-47-49) 109.4 A (71-69-79) 1112
A (6-4-66) 107.6 A (16.19-13) 105.6 A (48-47-50) 108.9 A (69-71.73) 110.0
A (7-4-14) 1113 A (16-19-20) 1238 A (47-48-51) 111.0 A (69-71-74) 109.6
A (7-4-66) 110.2 A (18-17-40) 126.7 A (47-48-52) 109.5 A (69-71.81) 110.7
A (4-7-8) 122.8 A (17-18-19) 110.2 A (47-48-55) 109.9 A (72-69-79) 106.4
A (4-7-59) 117.6 A (17-18-47) 121.2 A (49-47-50) 106.2 A (69-79-80) 107.3
A (14-4-66) 113.6 A (17-40-41) 108.7 A (51-48-52) 110.1 A (73-71-74) 108.0
A (4-14-15) 127.2 A (17-40-42) 109.1 A (51-48-55) 1034 A (73-71.81) 109.5
A (4-66-67) 110.7 A (17-40-43) 110.2 A (48-51-53) 110.9 A (74-71-81) 108.9
A (4-66-68) 107.5 A (19-18-47) 128.5 A (48-51-54) 1104 A (71-81.82) 109.9
A (4-66-75) 110.1 A (18-19-20) 125.6 A (48-51-57) 107.3 A (71-81-76) 111.2
A (8-7-59) 118.2 A (18-47-43) 112.8 A (52-48-55) 107.8 A (76-75-80) 82.5
A (7-8-10) 125.6 A (18-47-49) 109.5 A (48-55-56) 105.9 A (75-76-81) 160.9
A (7-59-60) 109.2 A (18-47-50) 109.7 A (53-51-54) 107.6 A (79-80-75) 134.0
A (7-59-61) 1114 A (222123 108.1 A (53-51-57) 1104 A (81-82.37) 155.9
A (7-59-62) 110.5 A (22-21-24) 107.5 A (54-51-57) 110.0 A (82-81-76) 1264
A (8-10-11) 127.1 A (23-21.24) 110.6 A (51-57-58) 108.1

A (8-10-12) 107.9 A (21-24-25) 1084 A (60-59-61) 107.1

A (12.926) 125.7 A (27-2628) 108.8 A (60-59-62) 108.9

A (9-12-10) 109.0 A (27-26-29) 109.4 A (61-59-62) 109.6

A (9-1221) 123.0 A (28-26-29) 1111 A (59-62-63) 125.0

A (9-2627) 109.1 A (26-29-30) 124.0 A (59-62-64) 1134

Table 7. Calculated bond lengths (in A) of the Red-M2 intermediate melanoidin pigment with the MN12SX
density functional.

Bond Distance Bond Distance Bond Distance Bond Distance
R (1-2) 1.383 R (15-16) 1.417 R (36-38) 1.361 R (62-63) 1.219
R (1-3) 1.406 R (15-17) 1.386 R (38-39) 0.982 R (62-64) 1.372
R (1-5) 1.103 R (16-19) 1414 R (40-41) 1.107 R (64-65) 0.982
R (2-8) 1.450 R (17-18) 1.384 R (40-42) 1.117 R (66-67) 1.540
R (2-9) 1.402 R (17-40) 1.447 R (40-43) 1.524 R (66-68) 1.124
R (3-13) 1.400 R (18-19) 1.397 R (43-44) 1.226 R (66-75) 1.442
R (3-14) 1.429 R (18-47) 1.497 R (43-45) 1.365 R (67-69) 1.545
R (4-6) 1.118 R (19-20) 1.093 R (45-46) 0.983 R (67-70) 1.122
R (4-7) 1.464 R (21-22) 1.114 R (47-48) 1.536 R (67-77) 1.457
R (4-14) 1.513 R (21-23) 1.114 R (47-49) 1.112 R (69-71) 1.536
R (4-66) 1.559 R (21-24) 1.438 R (47-50) 1.112 R (69-72) 1.120
R (7-8) 1.362 R (24-25) 0.981 R (48-51) 1.525 R (69-79) 1.442
R (7-59) 1.451 R (26-27) 1.111 R (48-52) 1.120 R (71-73) 1.115
R (8-10) 1.415 R (26-28) 1.109 R (48-55) 1.443 R (71-74) 1.114
R (9-12) 1.362 R (26-29) 1.527 R (51-53) 1.121 R (71-81) 1.447
R (9-26) 1.449 R (29-30) 1.225 R (51-54) 1.117 R (75-76) 1.003
R (10-11) 1.093 R (29-31) 1.363 R (51-57) 1.438 R (77-78) 0.983
R (10-12) 1.395 R (31-32) 0.983 R (55-56) 0.985 R (79-80) 0.988
R (12-21) 1.504 R (33-34) 1.108 R (57-58) 0.981 R (81-82) 0.987
R (13-16) 1.369 R (33-35) 1.113 R (59-60) 1.109 R (37-82) 1.940
R (13-33) 1.441 R (33-36) 1.522 R (59-61) 1.118 R (75-80) 1.965
R (14-15) 1.403 R (36-37) 1.227 R (59-62) 1.522 R (76-81) 1.700

Table 8. Calculated bond angles (in °) of the Red-M2 intermediate melanoidin pigment with the MN12SX den-
sity functional.

Bond Angle Bond Angle Bond Angle Bond Angle
A (2-1-3) 123.6 A (9-26-28) 108.0 A (26-29-31) 1144 A (63-62-64) 121.6
A (2-1-5) 118.0 A (9-26-29) 110.4 A (30-29-31) 121.6 A (62-64-65) 108.4
A (1-2-8) 130.7 A (11-10-12) 124.9 A (29-31-32) 108.8 A (67-66-68) 109.3
A (1-2-9) 122.3 A (10-12-21) 128.0 A (34-33-35) 107.3 A (67-66-75) 112.0
A (3-1-5) 118.1 A (12-21-22) 110.0 A (34-33-36) 109.7 A (66-67-79) 115.2
A (1-3-13) 122.3 A (12-21-23) 109.6 A (35-33-36) 109.2 A (66-67-70) 109.2
A (1-3-14) 128.7 A (12-21-24) 111.0 A (33-36-37) 124.8 A (66-67-77) 107.4
A (8-2-9) 105.8 A (16-13-33) 125.7 A (33-36-38) 113.8 A (68-66-75) 107.2
A (2-8-7) 127.4 A (13-16-15) 108.1 A (37-36-38) 1214 A (66-75-76) 108.0
A (2-8-10) 106.9 A (13-16-19) 143.2 A (36-37-82) 163.0 A (66-75-80) 90.1
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A (2-9-12) 110.3 A (13-33-34) 108.8 A (36-38-39) 109.0 A (69-67-70) 108.9
A (2-9-26) 124.1 A (13-33-35) 110.6 A (41-40-42) 103.8 A (69-67-77) 109.7
A (13-3-14) 108.9 A (13-33-36) 1111 A (41-40-43) 110.0 A (67-69-71) 112.1
A (3-13-16) 108.5 A (14-15-16) 109.1 A (42-40-43) 109.9 A (67-69-72) 108.2
A (3-13-33) 125.8 A (14-15-17) 143.6 A (40-43-44) 124.6 A (67-69-79) 111
A (3-14-4) 1272 A (16-15-17) 107.2 A (40-43-45) 114.3 A (70-67-77) 106.1
A (3-14-15) 105.4 A (15-16-19) 108.7 A (44-43-45) 121.1 A (67-77-73) 107.4
A (6-4-7) 106.8 A (15-17-18) 108.2 A (43-45-46) 108.7 A (71-69-72) 107.6
A (6-4-14) 106.9 A (15-17-40) 125.0 A (48-47-49) 109.4 A (71-69-79) 1112
A (6-4-66) 107.6 A (16-19-18) 105.6 A (48-47-50) 108.9 A (69-71-73) 110.0
A (7-4-14) T11.3 A (16-19-20) 128.8 A (47-48-51) 111.0 A (69-71-74) 109.6
A (7-4-66) 110.2 A (18-17-40) 126.7 A (47-48-52) 109.5 A (69-71.81) 110.7
A (4-7-8) 122.8 A (17-18-19) 110.2 A (47-48-55) 109.9 A (72-69-79) 106.4
A (4-7-59) 117.6 A (17-18-47) 121.2 A (49-47-50) 106.2 A (69-79-80) 107.3
A (14-4-66) 113.6 A (17-40-41) 108.7 A (51-48-52) 110.1 A (73-71-74) 108.0
A (4-14-15) 127.2 A (17-40-42) 109.1 A (51-48-55) 1034 A (73-71.81) 109.5
A (4-66-67) 110.7 A (17-40-43) 110.2 A (48-51-53) 110.9 A (74-71-81) 108.9
A (4-66-68) 107.5 A (19-18-47) 128.5 A (48-51-54) 1104 A (71-81.82) 109.9
A (4-66-75) 110.1 A (18-19-20) 125.6 A (48-51-57) 107.3 A (71-81-76) 111.2
A (8-7-59) 118.2 A (18-47-43) 112.8 A (52-48-55) 107.8 A (76-75-80) 82.5
A (7-8-10) 125.6 A (18-47-49) 109.5 A (48-55-56) 105.9 A (75-76-81) 160.9
A (7-59-60) 109.2 A (18-47-50) 109.7 A (53-51-54) 107.6 A (79-80-75) 134.0
A (7-59-61) 1114 A (22-21-23) 108.1 A (53-51-57) 1104 A (81-82-37) 155.9
A (7-59-62) 110.5 A (22-2124) 107.5 A (54-51.57) 110.0 A (82-81.76) 1264
A (3-10-11) 127.1 A (23-21-24) 110.6 A (51-57-58) 108.1

A (8-10-12) 107.9 A (21-24-25) 108.4 A (60-59-61) 107.1

A (12-9-26) 125.7 A (27-26-28) 108.8 A (60-59-62) 108.9

A (9-12-10) 109.0 A (27-26-29) 1094 A (61-59-62) 109.6

A (9-1221) 123.0 A (28-26-29) 1111 A (59-62-63) 125.0

A (9-26-27) 109.1 A (26-29-30) 124.0 A (59-62-64) 1134

The electrodonating (o—) and electroaccepting (m+)
powers have been defined as follows [75]:

. GBI+ A (3eH +el)?
T16(1-4) 16y

w

(11)

And

B (I4+34)* (eH +3¢L)?
T16(1-4) 16m,

_I.

(12)

given that 7k is equal to the right side of Equation 4.
Consequently, a higher o+ value is associated with
improved inclination to accepting change. In contrast,
a lower w— value represents improvement of the sys-
tem as an electron donor. For comparisons of o+ and
-w—, the proposed definition of the net electrophilici-
ty includes [76]:

AvtF= wt —(—w )= 0T +w”

which represents the electroaccepting power in rela-
tion to the electrodonating power.
Table 9 illustrates the results obtained after calculat-

ing the electronegativity y, chemical hardness 7,
global electrophilicity , electroaccepting ", and
electrodonating @™ powers, as well as the net electro-
philicity with the MN12SX density functional. The
Def2TZVP basis set is used with water acting as a
solvent, in line with the SMD solvation model. It can
be seen that the global descriptors cannot discrimi-
nate between the two isomers.

Table 9. Global reactivity descriptors for the Red-M1
and Red-M2 intermediate melanoidin pigments cal-
culated with the MN12SX density functional.

(13)

Electroneg- Chemical Electro-
ativity (y) Hardness philicity
() ()
Red-M1 4.1816 2.2154 3.9464
Red-M2 4.1816 22154 3.9464
Electro- Electroac- Net electro-
donating cepting philicity
power (@) power (") (Aw®)
Red-M1 5.9520 4.5597 10.5117
Red-M2 5.9520 4.5597 10.5117
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The calculations of the condensed Fukui functions
and DD have been done by using the Chemcraft mo-
lecular analysis program to extract the Mulliken and
NPA atomic charges [77], beginning with single-
point energy calculations involving the MNI12SX
density functional that uses the Def2TZVP basis set,
also in line with the SMD solvation model, water is
utilized as a solvent.

Considering the potential application of the Red-M1
and Red-M2 molecules as an antioxidant, it is of in-
terest to get insight into the active sites for radical
attack. A graphical representation of the radical Fu-
kui function f* is presented in Figures 4 and 5 for
both isomers.
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Figure 4. Graphical schematic representation of the
radical Fukui function /° of the Red-M1 intermediate
melanoidin pigment.

Daniel Glossman-Mitnik et al.
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~

Figure 5. Graphical schematic representation of the
radical Fukui function f’of the Red-M2 intermediate
melanoidin pigment.

The condensed electrophilic and nucleophilic Parr
functions P, and P, over the atoms of the Red-M1
and Red-M2 pigments have been calculated by ex-
tracting the Mulliken and Hirshfeld (or CM5) atomic
charges using the Chemcraft molecular analysis pro-
gram [77], starting from single-point energy calcula-
tions of the ionic species with the MN12SX density
functional using the Def2TZVP basis set in the pres-
ence of water as a solvent, according to the SMD
solvation model.

The results for the condensed DD calculated with
Mulliken and NPA atomic charges, Afk (M) and Afk
(N), as well as the electrophilic and nucleophilic Parr
functions with Mulliken atomic charges, Py (M), P
(M), and with Hirshfeld (or CM5) atomic charges Py
(H) and P,"(H) , are displayed in Tables 10 and 11
for Red-M1 and Red-M2, respectively.

Table 10. Condensed dual descriptor calculated with Mulliken atomic charges Afk (M) and with NPA atomic charges Afk
(N), the electrophilic and nucleophilic Parr functions with Mulliken atomic charges, Py (M), P, (M), and with Hirshfeld
(or CMS) atomic charges, P, (H) and P} (H) for the Red-M1 molecule. Only the values of Afk for which the absolute val-
ues is greater than 5 are displayed because lower values are not of significance for the chemical reactivity.

Atom Afk (M) Afk (N) B (M) P (M) B (H) P (H)
1C 22.24 17.19 0.4098 -0.1634 0.2159 -0.0401
2C -10.74 -10.22 -0.0904 0.2599 0.0184 0.1499
3C -13.51 -9.69 -0.1356 0.2527 -0.0046 0.1421
8C 7.07 6.76 0.2303 0.0257 0.1276 0.0560
12C 7.44 5.34 0.2223 0.0625 0.1345 0.0440
14C 6.38 5.66 0.2390 -0.0006 0.1120 0.0331
15C -5.26 -4.85 -0.0482 0.1110 0.0090 0.0790
19C -5.75 -4.43 -0.0495 0.0361 -0.0039 0.0528
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Table 11. Condensed dual descriptor calculated with Mulliken atomic charges Afk (M) and with NPA atomic

charges Afk (N), the electrophilic and nucleophilic Parr functions with Mulliken atomic charges, P, (M) and P,
(M) and with Hirshfeld (or CM5) atomic charges, Py (H) and P} (H), for the Red-M2 molecule. Only the values
of Atk for which the absolute values is greater than 1 are displayed because lower values are not of significance

for the chemical reactivity.

Atom Atk (M) Atk (N) BF (M) P-(M) Pl (H) P (H)
1C 22.24 17.19 0.4098 -0.1634 0.2159 -0.0401
2C -10.74 -10.23 -0.0904 0.2599 0.0184 0.1499
3C -13.51 -9.69 -0.1356 0.2527 -0.0046 0.1421
8C 7.07 6.76 0.2303 0.0257 0.1276 0.0560
12C 7.44 5.34 0.2223 0.0625 0.1345 0.0440
14C 6.38 5.66 0.2390 -0.0006 0.1120 0.0330
15C -5.26 -4.85 -0.0482 0.1110 0.0090 0.0790
19C -5.75 -4.43 -0.0495 0.0361 -0.0039 0.0528
From the results for the local descriptors in Table 10 CONCLUSIONS

and 11, it can be concluded that C1 will be the pre-
ferred site for a nucleophilic attack and that this atom
will act as an electrophilic species in a chemical reac-
tion. In turn, it can be determined that C2 and C3 will
be prone to electrophilic attacks and that these atomic
sites will act as nucleophilic species in chemical reac-
tions in which the Red-M1 and Red-M2 molecules
are involved.

All calculations have been performed in the gas
phase also in order to check the effect of the solvent
in the prediction of the Amax and the local chemical
reactivity of the melanoidins. The main conclusion is
that there are not great differences between the re-
sults in either case. However, we believe that it is
preferably to keep the results in the solvent phase
because they are a better representation of the real
chemical phenomena.

Unfortunately, the only experimental results available
are those for the Amax of the melanoidins Red-M1
and Red-M2. Our predictions for the chemical reac-
tivity should be validated in the future but we believe
that the comparisons between the CDFT descriptors
(the Fukui functions and the Dual Descriptor) and the
MEDT descriptors (the Parr functions) and the good
agreement between them is a good reason to make us
confidence that our results are very accurate.

The ten fixed RSH density functionals, including
CAM-B3LYP, LC-oPBE, M11, MI11L, MNI2L,
MN12SX, N12, N12SX, ®B97X, and ®B97XD were
examined to establish whether they fulfill the empiri-
cal KID procedure. The assessment was performed
by comparing the values from HOMO and LUMO
calculations to those that the ASCF technique gener-
ates for the Red-M1 and Red-M2 molecules. These
are intermediate melanoidin pigments that are of both
academic and industrial interest. The study observed
that the RS and hybrid meta-NGA MN12SX and
N12SX density functionals tend to be the most suited
in meeting this goal. In this case, they emerge as suit-
able alternatives to the density functionals once it is
established that the behaviors of the functionals are
tuned using a gap-fitting procedure. They also exhibit
desirable prospects of how they will benefit future
studies in understanding the chemical reactivity of
colored melanoidins with larger molecular weights
when reducing sugars react with proteins and pep-
tides.

From the results of this work, it becomes evident that
it is easy to predict the sites of interaction of the Red-
M1 and Red-M2 pigments under study. This would
involve having DFT-based reactivity descriptors in-
cluding Parr functions and DD calculations. Evident-
ly, the descriptors were useful in characterizing and
describing the preferred reactive sites. They were
also useful in comprehensively explaining the reac-
tivity of the molecules.
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Furthermore, it is also possible to predict the maxi-
mum absorption wavelength for the Red-M1 and Red
-M2 pigments with considerable accuracy. The pre-
diction would involve the MN12SX density function-
al beginning with the HOMO-LUMO gap instead of
TDDFT calculations. This finding is particularly cru-
cial considering its likelihood of being used to inform
an alternative determination method for the color of
larger systems such as prosthetic chromophore
groups. This would become necessary in circum-
stances in which the TDDFT calculations would be
prohibitive.
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