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Impact of Covalent Modifications on the Hydrogen Bond
Strengths in Diaminotriazine Supramolecules

Andre Nicolai Petelski,*™ " Silvana Carina Pamies,”” Maria Josefina Verénica Marquez,”

Gladis Laura Sosa,® "’

Melamine (M) is a popular triamine triazine compound in the
field of supramolecular materials. In this work, we have
computationally investigated how substituents can be exploited
to improve the binding strength of M supramolecules. Two
types of covalent modifications were studied: the substitution
of an H atom within an amine group —NHR, and the replace-
ment of the whole —NH, group (R=H, F, CH; and COCH,).
Through our dispersion-corrected density functional theory
computations, we explain which covalent modification will
show the best self-assembling capabilities, and why the binding
energy is enhanced. Our charge density and molecular orbital

Introduction

Melamine (M) or 1,3,5-triazine-2,4,6-triamine is a widely used
building block in self-assembled supramolecular chemistry!
During the last decades, chemists have been pursuing two of
the most craved self-assembled systems: supramolecular
polymers®? and hydrogen-bonded organic frameworks®®
(HOF). The former can be obtained by the stacking of cyclic
dimers®®® or hexamers® of substituted M, while the HOFs are
porous materials synthesized by the spontaneous association of
M derivatives"” via hydrogen bonds (HBs). The supramolecular
diversity of these potential materials is gained through covalent
decoration of the diamine triazine moiety.

Melamine is rarely used in its pure form."""¥ Instead,
organic chemists have modified M structure in several ways in
order to obtain complex supramolecular systems. There are
three kinds of modifications. The first one comprises the
replacement of a hydrogen atom of an amine group
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analyses indicate that the best substituents are those that
generate a charge accumulation on the endocyclic N atom,
providing an improvement of the electrostatic attraction. At the
same time the substituent assists the main N—H--N hydrogen
bonds by interacting with the amino group of the other
monomer. We also show how the selected group notably
boosts the strength of hexameric rosettes. This research, there-
fore, provides molecular tools for the rational design of
emerging materials based on uneven hydrogen-bonded ar-
rangements.

(=NHR).""! This strategy includes —R groups like long alkyl
chains with or without rings, the presence of unsaturated
sections, and carbonyl groups.'® Chlorine is also used to
produced trichloromelamine. This M derivative is commercially
used as a sanitizer in food processing establishments."” Even
more, Basu etal® have engineered M in such a way to
introduce a fluorophore molecule (R;) with biological activity
and a protein inhibitor (R,) within the same amine group of M
(—NR;R,). The second modification consists of the whole
replacement of an amine group. For instance, there are reports
of substituted M whit chlorine,"® methyl®” and aryl®'*? groups.
The third approach is the interlocking of two??* or three™?®
diamino triazine moieties. The idea of this technique is to pre-
organize the assembling and therefore to assist the self-
association of a desired structure.

On the other hand, the effects of remote substituents on
HBs have been the subject of many theoretical studies. Fonseca
Guerra et al. have demonstrated how to tune HBs in guanine-
cytosine dimers® and other Watson—-Crick base pairs.”® They
have also developed design principles to rationally modulate
the HBs in DDAA-AADD (D =donor, A=acceptor, D—H--A) and
DAA-ADD dimers.” Recently, Rodgers et al.*” have also shown
that 5-methylation on protonated cytidine dimers increases its
hydrogen bonding energy. Besides, Szatylowicz et al.?” have
analyzed the effects of substituents like NO,, Cl, F, H, CHs, and
NH, in three remote positions of adenine and its three cyclic
tetramers. In one of their complexes with a nitro group, they
have also shown that the presence of side weak interactions
can increase the stability of the quartet. Given the vast library of
M derivatives in the literature,***¥ one may wonder what the
impact of the substituents on the self-assembly of M is if there
is any.

In this contribution, we aim to investigate and rationalize
the influence of substituents (H, F, CH;, and COCH,;) on M

© 2022 Wiley-VCH GmbH
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clusters using dispersion-corrected Density Functional Theory
(DFT-D). We first analyzed the dimeric forms and then the cyclic
and collinear hexamers. Herein, we demonstrate how some
substituents can improve the HB energy of M supramolecules,
and which one will show the best self-assembling capabilities.
This job is of relevance for the design of hydrogen bonding
patterns by using diamino triazines as a fundamental building
block.

Computational Details

To analyze the interplay between substituents effects and hydrogen
bonding, two types of covalent modifications were chosen, as
shown in Figure 1. First, one of the hydrogens of the amine group
was fully substituted by fluorine, a methyl group, and a carbonyl
group. Then, the whole amine group was substituted by the same
groups, including hydrogen (—H, —F, —CH;, and —OCH;). These
modifications are commonly used by experimentalists in the design
of M rosettes. All monomers and hydrogen-bonded complexes
were then fully optimized with Gaussian 09®? by using the
BLYP®*3¢ functional with the refined version of Grimme dispersion
(D3) and the Becke-Johnson®” damping function (BJ). The empirical
dispersion correction was implemented with the 3/124=40 10p
keyword. This functional has shown a great performance in M
clusters and similar hydrogen-bonded systems.*® The electronic
wave function was represented with contracted gaussian-type
orbitals® augmented with diffuse”” and d and p polarization
functions"" by using the split valence 6-311+ +G(d,p) basis set.
The vibrational frequency analysis was used to verify the minimum
energy nature of the optimized structures and to compute the
Gibbs free energies of bonding.

The interaction energies were computed as the difference between
the energy of the supramolecule and the sum of energies of the
monomers with the structures they acquire in the complex. The
basis set superposition error (BSSE) was corrected using the
counterpoise procedure of Boys and Bernardi*® according to
Equation (1):

AE = Epg — ER® — ERP Q)]

where E,; is the energy of a general A-B dimer and E, and Eg
energies with the superscripts AB are the monomer energies with
their dimer-centered basis sets. The interaction energies where
then subjected to a localized molecular orbital energy decomposi-
tion analysis"®’ (LMOEDA) at the same level of theory using the
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Figure 1. Molecular structure of melamine (R=NH,) and selected substituent
R groups.
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GAMESS™ quantum chemistry package. This method partitions the
interaction energy into five components, according to Equation (2):

AEir\t = AEele + AEex + AErep + AEpol + AEdisp (2)

where the term AE,,. describes the classical electrostatic interaction
(Coulombic) of the occupied orbitals of one monomer with those of
another monomer; AE,, is the attractive exchange component
resulting from the Pauli exclusion principle; AE,, is the interelec-
tronic repulsion (AE,); AE,, accounts for polarization and charge
transfer components; and AEy,, corresponds to the dispersion
term.

Secondary interactions were analyzed within two electron density
methods. Bond critical points (BCPs) were evaluated within the
framework of the quantum theory of atoms in molecules (QTAIM)
of Bader,” and the local properties at the BCPs were computed
using the AIMAII®® software. To analyze the nature of the
interactions that occur in the different clusters we computed the
following topological parameters: The electron charge density p at
the BCP; the Laplacian of the electron density Vo that provides
information about the local charge concentration (V’p<0) or
depletion (V?p>0) of p; the total electronic energy density H that
can be associated with the covalent character of a bond when it
takes negative values;*”’ the bond ellipticity &, that gives informa-
tion about the instability of the bond path when it takes high
values;*® and finally, the delocalization index 8(A,B) that measures
the number of electrons delocalized between atoms A and B and it
is straight related with the covalent contribution of a bond.“**"
Regions of non-covalent interactions were analyzed with the
reduced density gradient®" (RDG) method and computed with the
Multiwfn®? program. Molecular electrostatic potential (MEP) surfa-
ces for an isosurface of p(r)=0.001 a.u. were computed with
AIMAIL® and Vg, and Vs, values with Multiwfn software.” All
wave functions were obtained with the hybrid M062X functional of
Truhlar and Zhao®® in conjunction with the split valence 6-311+ +
G(d,p) basis using Gaussian 09.59 Orbital interactions were also
calculated with the Natural Bond Orbital (NBO) analysis®® as
implemented in Gaussian 09.5%

All figures were created with CYLview,*” VMD®® and Marvin.®”

Results and Discussion
Structure and Energies of Dimers

When an amine group of M is substituted by an R group, three
types of dimers (A, B, and C) can be originated as shown in
Figure 2. It has been suggested that the type A dimer is the
most favored due to the distance of the bulky groups.”
However, as can be seen in Figure 2a, the so-called secondary
electrostatic interactions (SEls), attractive or repulsive, or
substituent effects will code the relative stability of the dimers
and finally their binding strengths. Nevertheless, in cases where
the substituent is massive, the A-type dimmer will probably
prevail."” Depending on the size and length of the substituent,
the dimeric forms could generate different types of hydrogen-
bonded patterns. For instance, typeB could form cyclic
hexamers or the so-called rosettes, while type C could form
tape-like motifs, as shown in Figure 2b.

We started with the computation of the binding strengths
of the three types of dimers. It should be noticed that the
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be the case of the —COCH, group. Therefore, we considered all
possible structures.

Figure 4 shows the Gibbs free energies of bonding AG,.q
and the interaction energies AE,, of the most stable con-

H\ H\

_<N—H _<N—H
H  N= H H N= H
NG NeHN N—(  N-H-N
R N =N R N =N

Figure 3. Conformers of B and C dimers.
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Figure 4. Gibbs free energies of bonding and interaction energies of dimers
A, B, and C.

formers. This figure clearly shows that the A-type dimer is not
the most energetically favored, at least for these simple —R
groups. On the contrary, the most favored dimers are the
type C, followed by the Type B. The substituent that produces
the most stabilized AG,,.q and AE,, energies are —NHF and
—COCHs;. With regards to the other conformers, we found out
that type A dimers have the same interaction energy as those
of B1 and C1, while B2 dimers have the same energy as C2
dimers (see Table S1 in the Supporting Information). In addition,
Figure 4 also shows that all type A dimers show almost the
same interaction energies independently of their substituents.
As previously demonstrated by Fonseca Guerra et al,”? the
interaction energy of uneven arrangements systems with the
same number of HB donor (D) and acceptor (A) atoms cannot
be tunable by remote substituents in a predictable way. In
systems with DA-AD arrangements, like M dimers, the electronic
effects exerted by the remote —R groups are mutually canceled.
Even strong electron-withdrawing groups like —CN and —NO,
do not affect so much the interaction energy of a diamine
triazine dimer. Type A dimers (see Figure ST) with R=CN, NO,
gives interaction energies of —11.6 and —11.5 kcalmol™', which

© 2022 Wiley-VCH GmbH

85US0| 7 SUOWIWOD BA 181D 3ot |dde 8y Aq pauenob ake sspie YO ‘8Sn JO S9N oy AkeiqiTauljuQ 481 UO (SUOIIPUCO-pUe-SWISIW00" A8 | 1M Afelq | pUI|UO//:SdNY) SUONIPUOD pue swie | 8y 8es *[£20z/0T/.2] uo Ariqiaulluo A8|im ‘fuoioeN eolbojouds | pepsieAlun - NLN Aq TST00ZZ0Z 2udo/Z00T 0T/I0p/wod A8 m Aeiq 1 puluoadoine-Ans iweyo//sdny wouy pepeojumod ‘et 20z ‘TrI.L6ErT



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemPhysChem doi.org/10.1002/cphc.202200151

is 1.8 kcalmol™ below pure M, dimer. Consequently, the main
reason that could explain the differences in the interaction
energies is the additional interactions between the —R group of
one monomer and the —NH, group of the other one.

Secondary Interactions

Now that we know the relative stability of the dimers, we will
identify whether there are secondary interactions between the
monomers and the substituents, and how they perturb the
main HBs. Since the interaction energy of C1 is equivalent to
that of A and B1 dimers, and the interaction energy of C2 is
equivalent to that of B2 dimer (see Table S1), we computed the
molecular graphs of the C1, C2, and C3 series of dimers for the
—NHF system. We also computed the RDG surfaces and plotted
both analyses as shown in Figure5. Table 1 collects local

Figure 5. Left: Reduce density gradient surfaces superimposed on the
molecular graphs of C1, C2 and C3 dimers with R: —=NHF. Right: close-up
views of the HBs.

Table 1. Local topological parameters (in a.u.) of N-H--N and N—H--F

interactions for the C1, C2 and C3 dimers with R=NHF at H--N and H--F

BCPs.?

Conformer Interaction p vV H € O(H,N/F)

(@ N—H--N 0.028 0.090 0.001 0.070 0.091
N—H--N 0.028 0.090 0.001 0.070  0.091

(@] N—H--F 0.008 0.034 0.001 2417 0.009
N—H--N 0.028 0.090 0.001 0.069  0.085
N—H--N 0.030 0.092 0.000 0.071 0.096

c N—H--F 0.008 0.036 0.001 1.931 0.008
N—H--F 0.008 0.036 0.001 1.931 0.008
N—H--N 0.030 0.094 0.000 0.069  0.091
N—H--N 0.030 0.094 0.000 0.069 0.091

[a] All values were obtained at B3LYP/6-311 + + G(d,p).
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topological values at BCPs. Figure S2 and Table S2 collect the
results of the most stabilized system with R=COCH;.

As can be seen in Figure 5, C2 and C3 dimers show side
interactions between fluorine and the amine group of the
opposite monomer. According to the RDG approach, green
surfaces are associated with weak attractive interactions. Be-
sides, blue regions are associated with strong attractive
interactions.”" Many topological ratios have been defined to
classify interactions as closed-shell or shared shell®® For
instance, the ratios |V|/G®” and —G/V."*” Since all the BCP show
ratios | V|/G<1 and —G/V>1 (values not included in Table 1),
they can be classified as weak hydrogen bonds (pure closed
shell). For weak HBs it is also verified that V?0 and H are
positive at the BCP.®" Figure 5 also shows that the H atom of
the amine group is involved in a bifurcated HB, this is a BCP
between N and H, and between F and the same H. The
topological parameters of these interactions (see p and d(H,N)
in Table 1) indicate that the F.-H interaction perturbs both
N—H--N HBs. The high ellipticity of the F--H BCP indicates the
instability of this interaction. Within the C2 conformer, one of
the N—H--N HBs experiences an increment of p and d(H,N) with
regards to C1, while in C3 both N—H--N HBs show slightly larger
values of p and lower values of H and &. In other words, the side
interactions are strengthening the N—H--N HBs. Therefore,
type C3 dimers show larger interaction energies than C2 and C1
because of the addition of two side interactions that also
improve the main HBs. Besides, the close-up of the C2 dimer
(see Figure 5, right side) clearly reveals that one of the HB is
stronger than the other one because the RDG surface has a
wider blue zone in one of the spots.

Energy Decomposition Analysis

We can dive more into the nature of the interactions by
decomposing the interaction energy of three conformers under
the same conditions. To this end, we performed a relaxed scan
with the same bond constrains on both N—H--N interactions
within the C1, C2 and C3 dimers with R=NHF. We then
decomposed the interaction energies at each point and
displayed the values in Figure 6 (see full data set in the
Supporting Information File). The systems were optimized with
C, symmetry, and both N--N distances were varied from 2.7 to
3.0 A with a 0.02 A step (15 optimizations).

It is verified that the interaction energy of the C3 conformer
is more stabilizing along all the scanned distance. The electro-
static, polarization and dispersion curves follow the same trend
of the interaction energy. The three attractive components are
more stable for the C3 dimer. These results agree with the
analyses of the side interactions. For instance, the first addi-
tional N—H--F interaction will increase the electrostatic attrac-
tion between the monomers. This is because when the —R
group includes an electron donating atom, like F in —NHF or O
in —COCH,, one of the endocyclic N experiences a larger
accumulation of charge. This fact, which is in line with previous
observations,”® can be clearly observed in the MEP surfaces
and their corresponding Vs, values as shown in Figure 7. For
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example, NHF and COCH; systems show the largest charge
accumulation on the endocyclic N near the R group: —40 and
—50 kcalmol™" respectively. These MEPs also explain why the
system with R=H will also show a higher electrostatic attraction
between the diamine triazine moieties. The endocyclic N atoms
near the H substituent show larger charge accumulation than

g " F o ﬂ those of pure M. Therefore, B and C dimers will show a stronger
] 46 electrostatic attraction, and thus stronger interaction energies

B -20 @ 17 than the M, dimer. Besides, when analyzing the system with

™ /_) - i R=NHCOCH,, the molecular graph and MEP of Figure 7 explains

-21 G -32 \/ why the C3 dimer is not more stabilized than the C1 (see also

d; 4;3 Table S1). The monomer with the NHCOCH,; substituent is

NHCH, o CHy g4 stabilized by an intramolecular BCP between the endocyclic N

atom and the sp® C atom of the CH; group, or the so called
tetrel bond. This conformer will generate a more stable dimer
with a quadruple HB (ADAD-DADA) as shown in Figure S3. To

-28 g -31 get the C3 dimer with an AD-DA arrangement, the —COCH,
NHCOCH; = COCH; - group must rotate and therefore break the stabilizing tetrel
_18 - bond with an energy penalty. Therefore the AGy,,4 favors the
’-\ 44 ADAD-DADA arrangement instead of the AD-DA one. This
y 4 observation agree with the supramolecules studied by Meijer
et al.®¥
== “)43 The side N-H--F interactions also contribute with weak
40 orbital interactions. The second order perturbation energy E?

Figure 7. Molecular electrostatic potential maps of monomers. The max-
imum (Vs ..., blue values) and minimum (Vs ..., red values) electrostatic
potentials (in kcal mol™") are indicated on the frontier atoms.
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associated to this HB (n,—o*_) is 0.5 kcalmol™". In addition,
the energy of the ny—o*,_, charge transfer is 14.1 kcal mol™' for
both N—H--N interactions within the C1 dimer, 14.6 and
16.5 kcal mol™" within C2, and 16.9 kcal mol™" within C3. There-
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fore, the side interactions improve the orbital interaction of the
main HBs, as shown in the previous section.

With regards to the repulsion contribution, the C3 dimer
shows slightly higher AE,, . ., values than C2 and C1. To analyze
these differences in Pauli repulsion, we computed the inter-
molecular overlaps S between their filled orbitals. When looking
this parameter between endocyclic nitrogen lone pairs (HOMO-
2) under the same conditions (both distances between N--N),
the reported S value is larger for the C3 dimer, while C1 dimer
shows the lowest orbital overlap (see Figure S4 in the
supporting Information file). These results agree with the trends
in AE,,, p Values of Figure 6.

With regards to the repulsion contribution, the C3 dimer
shows slightly higher AE,, . ., values than C2 and C1. To analyze
these differences in Pauli repulsion, we computed the inter-
molecular overlaps S between their filled orbitals. When looking
this parameter between endocyclic nitrogen lone pairs (HOMO-
2) under the same conditions (both distances between N--N),
the reported S value is larger for the C3 dimer, while C1 dimer
shows the lowest orbital overlap (see FigureS1 in the
supporting Information file). These results agree with the trends
in AE,,, ., values of Figure 6.

Structure and Energies of Hexamers

In this section we will test how the secondary interactions
operate within larger supramolecules. Hexameric rosettes are
one of the most wanted architectures in supramolecular
chemistry. Therefore, following our previous analysis on C1, C2
and C3 dimers with —NHF substituents we constructed cyclic
and linear hexamers as shown in Figure 8. We also computed
the cooperativity effect AE.,, that occur within the supra-
molecules according to Equation (3).

AECOOp = AEinthEsum 3)

Where AE,,, is the summation of the individual pair
interactions as reported previously.®¥

If we consider the rotation of the —NHF group, there will be
two distinct rosettes as shown in Figures 8a and 8b. The first
one is based on the B1 dimer ®(M-NHF),, while the second one
is based on the B2 dimer ®(M-NHF),. We have shown that the
interaction energies of B2 dimers are more stabilizing than the
B1 dimers, and this trend also prevails within the rosettes. The
B2(M-NHF); hexamer has an interaction energy 19.2 kcalmol™
larger than the ®'(M-NHF), conformer. In addition, both rosettes
have the same cooperativity effect. This means that one of the
N—H--N HBs is stronger than the other one, as was demon-
strated by the computed local topological parameters. Further-
more, an hexameric rosette of pure M, this is (M-NH,),, has the
same interaction energy as that of ®(M-NHF),. Therefore, the
electronic effect exerted by the F atom is cancelled due to the
DA-AD arrangement of the HBs. Thus, in these cases, the
supramolecular binding strength can only be tuned by
secondary interactions.
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Figure 8. Top and side structures of cyclic and linear hexamers with R=NHF.
Energies are in kcal mol~". a) ®'(M-NHF), rosette, (b) 3(M-NHF), rosette,

(c) C3—C1—C3—C1—-C3 linear hexamer, and (d) C3—C2—C2—C2—C2 linear
hexamer.

When analyzing the linear hexamers, there can be many
conformers because of the rotation of the NHF group. Here in
we analyzed only two combinations of dimers. Figure 8c shows
a combination of C3-C1-C3—C1-C3 dimers, and Figure 8d
shows a colinear arrangement of C3—C2—C2—C2—C2 dimers.
Both conformers display almost the same interaction and
bonding energies, and they do not develop a positive
cooperativity. Thus, it is easy to think that any other arrange-
ment will have the same interaction energy. Lastly, the ®'(M-
NHF)¢ cyclic hexamer is around 7 kcalmol™' more stable than
both linear hexamers, while the ¥(M-NHF); rosette is more
stabilized by around 12 kcalmol™. For this reason, the secon-
dary interactions not only improve the interaction energy of the
dimers, but also increase the difference in stability between
cyclic and linear hexamers, favoring thus the self-assembling of
rosettes.

Conclusions

In conclusion, we have analyzed the impact of two types of
substituents on the supramolecular self-assembly of melamine
derivatives. Through our quantum chemical computations, we
have provided a fundamental basis to rationally improve the
binding strength of diaminotriazines through covalent decora-
tion. We assessed the performance of the interactions with
different charge density and molecular orbital analyses.

Our results demonstrate that the best substituent group are
those that generate a larger charge accumulation within the
endocyclic nitrogen near the R group. This effect will therefore
increase the electrostatic attraction between the monomers.

© 2022 Wiley-VCH GmbH
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Since the remote substituent effects are mutually cancelled
within DA-AD arrangements, the R group must also interact
with the —NH, group of the other monomer via hydrogen-
bonding. This secondary interaction increases the electrostatic
attraction and contributes with weak orbital interactions. The
substituents that fulfill these requirements are the methyl
ketone group (—COCHj;) followed by the —NHF group.

Finally, our results indicate that secondary interactions can
be used as a tool not only to improve the dimerization energy
between diamino triazine moieties, but also to improve the
stability of cyclic hexamers and tune other uneven hydrogen-
bonded arrays.
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