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Anion—Tri-s-triazine Bonding: A Case for Anion Recognition
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An ab initio study of the possible interaction between several anionsGF, Ns~, N,~, and N°) and tri-
s-triazine molecule, an electron-deficient aromatic ring, has been carried out at the B3LYP and MP2 levels
of theory. Minima are located corresponding to hydrogen bonding,stacking, and reactive complexes.

This novel mode of bonding suggests the development of new cyclophane-type receptors for the recognition
of anions.

Introduction were the density functional theory (DFT) with Becke’s three-
parameter (B3} exchange functional along with the Lee
Yang—Parr (LYP) nonlocal correlation functional (B3LY)3
and the second-order MgltePlesset perturbation (MP2) theory.
The standard valence douhidasis set augmented with d-type
polarization functions and s- and p-type diffuse functions,
6-314+G (d)* was used. In the B3LYP/6-31G (d) level
calculations of harmonic vibrational frequency, the force
constants were determined analytically for all of the supermol-
ecules. Basis set superposition error (BSSE) was corrected for
all calculations by applying Boys and Bernardi’s counterpoise
procedure (CP)® The Gaussian 98 program was used in the
ﬁalculationsl.6

To analyze the bonding characteristics of supramolecular
complexes, the atoms in molecules (AIM) theory of Bader
was applied with the AIM 2000 program packadd&he AIM
theory is based on a topological analysis of the electron charge
density and its Laplacian. This theory has proved itself a
valuable tool to conceptually define what is an atom and, above
all, what is a bond in a quantum calculation of a molecular
structure. The analysis went further with those obtained by
means of the natural bond orbital (NBO) theory of Weinhold
and co-workerd? This analysis allows us to isolate the
é'nteraction energies in low-order perturbative expressions of
easily interpretable form and to relate these expressions to
fshemical explanations. The bond interaction in the various
supermolecules is discussed in terms of stabilization energies,
AE(), which is calculated by the second-order perturbation
analysis of the Fock matrix obtained in the NBO analysis. By
this perturbational approach, the dorarcceptor interaction
dinvolving a filled orbitalo (donor) and an unfilled antibonding
orbital ¢* (acceptor) can be quantitatively described. Specifi-
cally, this stabilization energy is calculated by the following

Cation recognition attracted considerable interest many years
ago and is now a well-developed and mature area of supramo-
lecular chemistry.By contrast, the recognition and binding of
anions received more attention only in recent years due to their
important roles in the areas of biology, medicine, catalysis, and
environment However, the design of anion receptors is
particularly challenging. One reason is that anions are larger
than isoelectrionic cations and therefore have a lower charge-
to-radius ratio, which means the electrostatic binding interactions
are less effective than they would be for the smaller cation.
Another reason is that concentrations of positive potential are
less accessible and manageable on the molecular scale tha
concentrations of negative potential, namely, localized electron
deficits involved in Lewis acidic sites are inconveniently
integrated into receptor design.

The types of noncovalent interaction used in anion recognition
include electrostatic interactions, hydrogen bonding, hydropho-
bicity, coordination to a metal ion, and combinations of these
interactions working together. In the previous work, many
macrocyclic ammonium molecules were synthesized as anion
receptors and were applied to both van der Waals interaction
and hydrogen binding with halides and various oxyanfors.
Although several such macrocycles are cyclophanes, in no cas
does the aromaticr-system participate in the coordination.
Generally, the aromatic rings are regarded as sources of electro
density and are thus respected to interact repulsively with anions.
However, Mascal and co-workers have recently reported the
interaction between s-triazine and the fluoride, chloride, and
azide ion® This is the first theoretical demonstration of an
interaction between a formally negatively charged species an
ther-system of an aromatic ring. Our interest in the properties
of tri-s-triazine molecul®!®led us to consider whether it could

also interact with these anions and whether the interaction XP€SSION:
intensity could exceed that of s-triazine. 5
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The local minima of the supramolecular complexes were fully
optimized by analytic gradient techniques. The methods usedwhere F is the Fock operator and, and ¢,+ are the NBO
energies of the donor and acceptor orbitals, respectively.
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workers?324 The rigorous topographical parameters, namely,
the critical points (CPs) of the MEP distribution, represent
structural as well as reactivity indices of the molecule as has
been demonstrated by Gadre et2%alMEP topographical
parameters were obtained in terms of the CPs of the MEP
distribution. The CPs are the points at which the gradient of
the scalar field vanishes, i.ev\V(r) = 0. The CPs are further
characterized from the eigenvalues of the Hessian matrix. A
simple notation for the description of CPs is in termsRfg),

with R being the rank of the Hessian matrix asid the signature
(which is simply algebraic sum of the sign of the eigenvalues).
Thus, there are four types of nondegenerate CPs:+@®,
minimum, (3,—3) maximum, and (3+1) and (3,—1) saddles.
The amount of eigenvalues at the CP indicates the relative
change of function in a direction. The MEPs of s-triazine, tri-
s-triazine, and anions concerned in this paper were calculated
at MP2/6-31%G (d) level at the optimized geometries with
Gaussian98, and the 3D contour maps were plotted using
gOpenMol 2.32627

(b)

-

Results and Discussion

Gadre et al. had studied the molecular electrostatic potential
(MEP) maps of some anions containing™N829To gain insight
into the electron distribution of the anions concerned in this
study, we first investigated the MEPs o™ N4-, and N5
anions in details. Figure 1 displays the MEP contour maps of
these anions in the molecular plane containing the molecular
axis. There is a positive valued saddle point (denoted by a solid
circle) between two adjacent nitrogen nuclei in each anion.
Furthermore, there exist four minima (shown by plus) and four
negative valued saddle points (shown by asterisk) for &hd
N4~ anions. As for N5 anion, five minima and five negative
valued saddle points can be found. Starting from any nucleus
in the outward direction, there always exists a directional
minimum. The minimum valued contour engulfing all the nuclei
of the anion has value-0.18 au for N-, —0.18 au for N,
and—0.20 au for N~. The distance between the negative valued
saddle points along the molecular axis is 5.035 A, and the
distance between the negative valued saddle points along axis
perpendicular to molecular axis is 3.664 A forN These
distances suggest that the radius @f ldnion should be within
the range of 1.8~ 2.5 A. N,~ and Ny~ anions have a planar
cyclic structure. The distances from the negative valued critical
points to the center of the ring amount to 2.384 and 2.520 A
for Ny~ and 2.116, 2.424, and 1.855 A fogN As predicted in
the above cases, the radius of Nshould not be less than 2.384
A and not exceed 2.520 A, and the radius of Nhould be
greater than 1.855 A and less than 2.424 A.

Figure 1. Molecular electrostatic potential of sN N4~, and N5

Mascal et al. investigated the interaction between s-triazine
and the fluoride, chloride, and azide anions at the MP2 level of
theory® In the present work, MP2 failed to locate some minima
confirmed with DFT, and we therefore considered both MP2
and B3LYP in our study.

Hydrogen Bonding ComplexesFigure 2 illustrates the initial
H-bondingsupramolecular structures X6Ay. The subscript
P denotes a planar complex, and V, a nonplanar one. All the
local minima of these supermolecules are depicted in Figure 3.
It should be noticed that local minima of 44&nd 4A, with
N4~ anion could not be obtained with MP2 method, and5A
with N5~ anion could not be obtained with either MP2 or
B3LYP methods.

These H-bonds are of good quality, as judged by the short
H---X (X=F, Cl, N) distances (about 2.2 A) and
C—H---X angles at 182 Since all of the calculations are

anions in the plane containing the molecular axis. The red line represents
the positive part of the electrostatic potential, and the blue line represents
the negative part of the electrostatic potential. The contour spacing is
0.02 au for the negative part and 0.2 au for the positive part. All the
units are in a.u. (@) The nitrogens are at (2.308, 0.0, 0.0), (0.0, 0.0,
0.0), and £2.308, 0.0, 0.0). The coordinates and MEP at the critical
points are® (1.399, 0.0, 0.0) 1.10; * (4.757, 0.0, 0.6)0.15 and (0.0,
3.462, 0.0)-0.19; + (3.231, 2.423, 0.0)-0.27. (b) The nitrogens are

at (1.266,—1.387, 0.0), (1.266, 1.387, 0.0);-1.266, 1.387, 0.0) and
(—1.266,—1.387, 0.0). The coordinates and MEP at the critical points
are® (1.287, 0.0, 0.0) 0.60 and (0.0, 1.383, 0.0) 0.80; * (4.505, 0.0,
0.0) —0.19 and (0.0, 4.762, 0.6)0.19; + (3.218, 3.475, 0.0)-0.25.

(c) The nitrogens are at (2.056, 0.668, 0.0), (0.0, 2.161, 0.0), (1.270,
—1.748, 0.0), £2.056, 0.668, 0.0) and—1.270,—1.748, 0.0). The
coordinates and MEP at the critical points @¢1.00, 1.375, 0.0) 0.80,
(1.618,—0.525, 0.0) 0.80, and (0.6,1.700, 0.0) 0.80; * (2.740, 2.912,
0.0)-0.21, (4.421-1.201, 0.0)-0.21, and (0.0;-3.505, 0.0)-0.21;

+ (4.501, 1.256, 0.0)-0.23, (2.720,—3.020, 0.0)—0.23, and (0.0,
3.595, 0.0)-0.23.
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Figure 2. Initial structures of aniontri-s-triazine supermolecules.

TABLE 1: MP2/6-31+G(d) and B3LYP/6-31+G(d) Binding
Energies (kcal molt) for Complexes of Tri-s-triazine and
Anions

AEwvp2 AEwvp2-Bsse AEgzLvp AEgzLvp-psse
1A —28.93 —26.54 —30.69 —29.37
1B —36.21 —31.69 —31.69 —29.81
1D —88.67 —80.26 —84.78 —82.08
1E —86.72 —79.51 —83.58 —81.20
2A —15.31 —12.24 —12.99 —12.86
2B —27.48 —20.52 —17.45 —17.13
2D —54.28 —41.85 —40.98 —40.29
2E —56.10 —45.37 —23.59 —23.22
3A —13.68 —11.73 —13.93 —13.49
3B —26.42 —21.34 —18.45 —17.38
3C —28.55 —21.02 —16.51 —15.25
4Ap —10.17 —9.98
4Ay —10.92 —10.54
4C —28.05 —18.83 —13.43 —11.80
5Av —11.73 —9.48 —9.54 —9.22

performed at the same level of theory with ref 8, the slightly

—tri-s-triazine(5A/) complexes have been evaluated to be
—26.54 kcal mot?, —12.24 kcal mot?, —11.73 kcal mot?,
and—9.48 kcal mot?, respectively. The corresponding B3LYP
values are very close to MP2 results. For N-tri-s-triazine
complexes, we can get two local minimagénd 4A, only at
the B3LYP level. The H-N distance in planar complex 4A
amounts to 2.143 A, about 0.08 A larger than that in nonplanar
complex 4A,, and corresponding binding energy for former is
smaller than that for latter. For thesN—tri-s-triazine complex,
only nonplanar local minimum 5Acan be obtained. These
results indicate that when /N and N~ anions attack the
hydrogen atom of tri-s-triazine molecule, a nonplanar hydrogen
bonding complex forms more easily than does a planar one.
The rigorous AIM theory” has been successfully applied in
interpretation of charge density concerning a wide variety of
chemical system¥:3! Popelier proposed a set of criteria for
the existence of H bonding within the AIM formalis#33The
most prominent evidence of hydrogen bonding is the existence

shorter H-bond distances of our results suggest that the H-bondof a bond path between the donor hydrogen nucleus and the
strengths of tri-s-triazine-anion complexes are little stronger than acceptor, and a bond critical point (BCP) at which the electron
those of s-triazine-anion complexes. This result can be confirmeddensity fp) ranges from 0.002 to 0.035 au and the Laplacian
by checking binding energies listed in Table 1. The counterpoise of the electron densityM?pp) ranges from 0.024 to 0.139 au.

corrected MP2 binding energies for fluorid#i-s-triazine(1A),
chloride-tri-s-triazine(2A), azide-tri-s-triazine(3A), and N~

The five other criteria deal with changes of atomic chay@d),
atomic polarization momem(H), atomic volumey(H), atomic
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Figure 3. Optimized structures of anieftri-s-triazine supermolecules along with selected bond lengths (in A) and bond angi@si(iB3LYP/
6-31+g (d) level of theory. MP2/6-3tg (d) results listed in parentheses.

TABLE 2: Charge Density (pp) and Its Laplacian (V2pp) at BCPs between Anions and Tri-s-triazine at B3LYP/6-3%+G(d) Level
of Theory (a.u.)

1A 2A 3A 4Ap 4Ay 5Av 1D 2D 1E 2E

Pb 0.075 0.024 0.024 0.021 0.025 0.024 0.202 0.119 0.205 0.135
V2pop 0.236 0.064 0.084 0.060 0.068 0.068 —0.156 —0.060 —0.240 —0.112

energyE(H), and atomic radius(H) of the hydrogen atom upon H10 0.08

formation of the hydrogen bond. The AIM calculations in the

present study were performed at the B3LYP/6+&L(d) level c, 18

of theory. The charge densities of the BCPs are listed in Table -0.97 N1/ \N3 -0.99

2. The large value (0.075) of the density at the BCP of the

H-+-F bond coincides with its short bond length in 1A, and other l-ﬁcga -1.08_Caal 3

values all fall in the range considered by the criterion of the -0.97 Ng \Ngb/ Ny -0.99

H-bond. According to Table 2, all th&2py, are positive, which I

confirms their H-bonding property. Another important criterion 118 _Cg _Ces /051'18

of hydrogen bond formation is based on the mutual penetration 0.08 H N7 1437Ng \H11 0.08

of the hydrogen (H) and acceptor atom (A). The penetration is -0.98 -0.99

defined as the nonbonded radius minus the bonded radius.Figure 4. AIM atomic charges for tri-s-triazine (the integration radius
According to Table 3, the acceptor atom is penetrated more is 0.5 au for all the atoms).

than the hydrogen atom. Again, the strongest mutual penetration

occurs in the fluoridetri-s-triazine (1A) complex. Upon  Table 3 also shows that the magnitude of the dipolar polarization
dimerization, the net charges of the donor hydrogen atoms all (My) of the hydrogen atomic distribution is decreasing upon
increase, as illustrated by Table 3. From this table, we can alsocomplex formation, and this is primarily a result of the loss of
see that the energies of all hydrogen atoms are augmented, whiclthe nonbonded density of the hydrogen atom. In view of the
means that the hydrogen atom is destabilized in the complex.hydrogen atom’s volume given in Table 3, all the quantities
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Figure 5. Calculated MP2/6-3tG (d) electrostatic potential textured vdW surfaces for s-triazine and tri-s-triazine molecules.

TABLE 3: H Atomic Basin Integrated Properties and H and A (F~, CI~ or N) Bond Radii in the H-bond Complex (unit: a.u.)
OH AQH My AMy UH Avy En AEq IH Ary I'a Ara

1A 0.4232 —0.3123 0.0586 0.0885 19.044  24.021 -0.4202 —0.1621 0.9061 1.5399 1.8786  1.7214
2A 0.2672 —0.1563  0.1294 0.0177 32.582 10.483—-0.4959 —0.0864 14484 0.9976 2.8329 15171
3A 0.2609 —0.1500 0.1141  0.0330 31.044 12.021-0.5124 —0.0699 14171 1.0289 2.3739  1.2261
4Ap  0.2584 —0.1475 0.1334 0.0137 32.583  10.482-0.5101 —0.0722 14971 0.9489 25518 1.2901
4Ay  0.2794 —0.1685 0.1252 0.0219 30.754  12.311-0.4983 —0.0840 14164 1.0296 2.4796  1.3623
5Av  0.2666 —0.1557 0.1198 0.0273  31.055 12.010-0.5070 —0.0753  1.4353 1.0107 2.5077  1.2923

TABLE 4: Stabilization Interaction Energies E (kcal
mol~1) at B3LYP/6-31+G (d) Level for Hydrogen Bonding
Complexes

donor NBOs acceptor NBOs AE()
1A F lone pair C-H antibond 60.03
2A Cl lone pair C-H antibond 17.95
3A N lone pair C-H antibond 13.94
4Ap N lone pair C-H antibond 5.05
4Ay N lone pair C-H antibond 6.67
5Av N lone pair C-H antibond 12.85

are decreasing for all the hydrogen atoms. In general, the degree
of hydrogen atom shrinking is in proportion to the strength of
the hydrogen bond.

Formation of a H-bonding complex involves CT from the
proton acceptor to the proton donor. This results in the increase
of charge density in the XH antibonding orbitals of the proton
donor. Since the charge transfer accompanies the formation of
hydrogen bonds and plays a major role ilNE,) can be taken
as an index to judge the strength of hydrogen bonds. To obtain
AE(), we performed NBO analysis at the B3LYP/6-8G (d)
level. The calculated results listed in Table 4 suggest that the
stabilization energy terms completely come from lone-pair
empty-orbital interaction. The value &fE,) for fluoride—tri-
s-triazine (1A) complex is outstanding, which is in accordance
with the order of binding energy, suggesting that the CT is an
important factor in these intermolecular interactions.

From the above discussion, we can confirm that these
H-bonds are of good quality.

Electrostatic Complexes.The AIM atomic charges of tri-
s-triazine are illustrated in Figure 4. Although the net charge
for central nitrogen (bb) of tri-s-triazine ring is negative, the
3D MEP map of tri-s-triazine (Figure 5) clearly indicates an
area of positive charge concentrated on the center of the ring. ) | o o
Moreover, checking the 2D MEP maps of tri-s-triazine on the Figure 6. Electrostatic potential maps of s-triazine and tri-s-triazine

: on the molecular plane. The red line represents the positive part of the
molecular plane (Figure 6) and 1.5 A above the molecular plane electrostatic potential, and the blue line represents the negative part of

(Figure 7), the results are similar to that of 3D map. Therefore, e gjectrostatic potential. The contour spacing is 0.1 au for the positive
from the viewpoint of electrostatic interactions, this molecule part and 0.01 au for the negative part. The unit of the axes is angstroms.
is expected to form electrostatic complexes with anions. This

type of interaction contains complexes 4BB, 3C and 4C of them can be obtained with both B3LYP and MP2 methods.

illustrated in Figure 2. With regard to 28B, the local minima The counterpoise corrected MP2 binding energies—8&.69

tri-s-triazine
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Figure 7. Electrostatic potential maps of tri-s-triazine; WN,~, and N~ on the 1.5 A above molecular plane. The red line represents the positive
part of the electrostatic potential, and the blue line represents the negative part of the electrostatic potential. The contour spacing istBed2 au for
positive part and 0.01 au for the negative part. The unit of the axes is angstroms.

kcal mol®for 1B, —20.52 kcal mot?! for 2B, and—21.34 kcal and 1.923 A for 2E, only slightly longer than the typicah&-F
mol~! for 3B, respectively, much stronger than corresponding and G3—Cl bonds. Due to the strong interactions, tri-s-triazine
H-bonding complexes. As shown in Figure 3, the anions locate molecule has lost its plane geometry in these complexes. As
on the C; axis of the tri-s-triazine molecule, which is as expected, the counterpoise corrected MP2 binding energies for
anticipated from electrostatic augments. B3LYP results indicate 1D, 1E, 2D, 2E were evaluated to b&30.26,—79.51,—41.85,
that the distances between anions and central nitrogen of tri-s-and —45.37 kcal mot?, respectively. These values are much
triazine are 2.372 A for 1B, 3.067 A for 2B, and 2.675 A for larger than those for the corresponding H-bonding and electro-
3B, respectively. These amounts are very close to those of MP2static complexes.
results. Regarding these-complexes, it is important to analyze the
The Ns~ and N~ anions were found to participate in an  |ocal properties of anioncarbon bonds. Table 2 lists the
apparentr-z staking interaction with tri-s-triazine, i.e., 3C and  electron density d) and its Laplacian?o,) at the BCPs of
4C (Figure 3). B3LYP and MP2 calculations both predict that anion—carbon bonds. The general features of these magnitudes
the mean interplanar distance is about 2.7 A for 3C and 2.8 A are common of covalent bonds, i.@y values about 0:40.2
for 4C. The close approach of the two fragments is consistent au, negative values 6f2p, indicative of local concentration of
with the substantial binding energy calculated for 3C and 4C charge at the bond. It has been shown hais related to the
(Table 1). Efforts to find an analogous minimum fog N-tri- bond order and thus to the bond strength. As a result, the value
s-triazine were not successful. We calculated the MEPf N for py, is much higher for FC bond compared to the €C
N4~, and N~ anions; the 2D counter maps of them are depicted bond. Natural bond orbital (NBO) analysis indicates that these
in Figure 7. From the MEP map above 1.5 A molecular plane, anion-carbon bonds are composed of &bital of F, Cl, and
it is clear that the negative MEP displays successively smaller C atoms, and the Wiberg bond indexes are about 0.7 for the
value in the order B, Ns~, and Ny—. The MEP of N~ is too F—C bond and 0.6 for the €IC bond.
small to form am-r staking complex with tri-s-triazine.
o-Complexes.When F and CI anions attack the carbon
atoms of a tri-s-triazine molecule, four minima (1D, 1E, 2D,
and 2E, Figure 3) can be obtained with both B3LYP and MP2  In summary, we have systematically described the results of
methods. These new minima are suggestive of reactant com-quantum chemical calculations (MP2 (B3LYP)/643& (d)
plexes. The MP2 predicted aniecarbon distances of ap- level) on the intermolecular interaction of tri-s-triazine molecule
proximately 1.456 A for 1D, 1.458 A for 1E, 1.993 A for 2D,  with several anions. The geometry, energy, and electron density

Conclusion
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properties of these hydrogen bonding, electrostatic and reactant (16) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

complexes have been studied. The calculations have shown thag't-Ir

A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
atmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.

all the complexes studied are local minima of the potential p . kyudin, K. N.: Strain, M. C.: Farkas, O.: Tomasi, J.; Barone, V.: Cossi,
energy surface. The binding energies for these interactions rangeM.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;

from —9 to —80 kcal moft. Our calculation results suggest

that the tri-s-triazine ring should be applicable as a new anion 3
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forming adjuvant for nitrogen clusters, such as NN4—, and
N5~
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