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Abstract: Similarities and differences of halogen and hydrogen bonding were explored via UV-
Vis and 'H NMR measurements, X-ray crystallography and computational analysis of the as-
sociations of CHX3 (X=I, Br, Cl) with aromatic (tetramethyl-p-phenylenediamine) and aliphatic
(4-diazabicyclo[2,2,2]Joctane) amines. When the polarization of haloforms was taken into account,
the strengths of these complexes followed the same correlation with the electrostatic potentials on
the surfaces of the interacting atoms. However, their spectral properties were quite distinct. While
the halogen-bonded complexes showed new intense absorption bands in the UV-Vis spectra, the
absorptions of their hydrogen-bonded analogues were close to the superposition of the absorption
of reactants. Additionally, halogen bonding led to a shift in the NMR signal of haloform protons to
lower ppm values compared with the individual haloforms, whereas hydrogen bonding of CHX3
with aliphatic amines resulted in a shift in the opposite direction. The effects of hydrogen bonding
with aromatic amines on the NMR spectra of haloforms were ambivalent. Titration of all CHX3 with
these nucleophiles produced consistent shifts in their protons’ signals to lower ppm values, whereas
calculations of these pairs produced multiple hydrogen-bonded minima with similar structures
and energies, but opposite directions of the NMR signals’ shifts. Experimental and computational
data were used for the evaluation of formation constants of some halogen- and hydrogen-bonded

complexes between haloforms and amines co-existing in solutions.

Keywords: halogen bonding; hydrogen bonding; haloforms; Amines; NMR spectroscopy; UV-Vis
spectroscopy; DFT calculations; X-ray crystallography

1. Introduction

While hydrogen bonding (HB) has been extensively studied for more than a century [1,2],
similar interactions involving other atoms have captivated the attention of the chemical
community only during the last two decades [3-5]. Halogen bonding (XB) is a prominent
example of these newly recognized interactions. It has already become a powerful tool for
molecular recognition, crystal engineering, catalysis and many other applications [6-8].
The ubiquity of molecules containing both hydrogen and halogen substituents and the
similarity in the factors determining XB and HB strength implies that many of them might
be involved in both types of interactions. In fact, many X-ray structural studies revealed
a co-existence of XB and HB bonds, or a dominance of one of them in co-crystals of such
molecules with various nucleophiles [9-13]. However, the experimental characterization of
these competing or complementary intermolecular interactions in solutions represents a
challenging task which requires an accurate knowledge of the distinctions between XB and
HB complexes formed by the same molecule with the same nucleophile.

The haloforms, CHX3 (X=I, Br or Cl) are characterized by the areas of positive poten-
tials (o-holes) along the extensions of the C-H and C-X bonds (Figure 1) [14]. As such,
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Figure 1. Surface electrostatic potential of iodoform (at 0.001 a.u. electron density) showing areas of
positive potentials (o-holes) along the extensions of C-H and C-I bonds.

These simple molecules can form both HB and XB complexes via the attraction of nu-
cleophiles (Lewis base) B to their halogen or hydrogen substituents (Equations (1) and (2)):

Kxs

CHX3+B = [XzHC—Xo -+ B] 1
Kyp

CHX3+B = [X3C-H~ -+ B] 2)

where Kxg and Kyp are formation constants of the corresponding complex. Most frequently,
such complexes were studied using NMR spectroscopy [15-18]. The earlier NMR studies
of the complexes of halides with haloforms by Green and Martin showed that CHI; forms
predominantly XB complexes in which the signal of the proton is shifted to lower ppm
values [17]. The HB associations (in which NMR signals of the haloforms” protons are
shifted to higher values) prevail in the solutions of halides with CHBr3 or CHCl;. Sim-
ilar conclusions were obtained by Bertran and Rodrigues based on NMR studies of the
interaction of haloforms with aza-containing solvents [18]. In the recent study by Schulz
et al., the relative strengths of the XB/HB interactions of haloimidazolium derivatives
were measured experimentally, and the quantitative comparison of the interaction energies
and free energies of different association modes were derived from quantum mechanical
calculations and molecular dynamics simulations [19].

UV-Vis spectroscopy represents another method with a high potential for the differ-
entiation of HB and XB interactions [14]. Our recent study showed that a combination of
NMR and UV-Vis measurements together with computational analysis allows quantitative
characterization of the concurrent XB and HB complexes between haloforms and (pseudo-
)halide anions in solutions [14]. We have also demonstrated that the common anesthetic,
halothane, acts as a XB and HB donor in solutions, which gives an atomic rationale for its
eudismic ratio [20]. To establish generalities and limitations of the application of the NMR
and UV-Vis spectroscopies for the identification and characterization of the co-existing XB
and HB complexes, we turned in the current work to complex formation of haloforms with
aromatic and aliphatic amines (which represent an important class of XB and HB acceptors).
While the crystallographic literature contains a number of X-ray structures of either XB
and HB complexes with these neutral nucleophiles [21-25], and these interactions were
compared via computational analysis [26-29], the efforts of differentiating and characteriz-
ing the concurrent formation of the corresponding XB and HB complexes in solutions are
lacking. As such, we carried out liquid-phase measurements and computational analysis of
the interaction of haloforms with N,N,N’,N'-tetramethyl-p-phenylenediamine (TMPD) and
4-diazabicyclo[2,2,2]octane (DABCO) (Scheme 1).

N\/\N >N N<

Scheme 1. Structures of DABCO (left) and TMPD (right).
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The general character of the spectral features observed with these nucleophiles were
verified via measurements of interactions of haloforms with other aliphatic and aromatic
amines (trimethylamine and various N,N-dimethylanilines). Such a study facilitates the
identification and quantitative characterization of the co-existing XB and HB complexes
involving the same pair of reactants in chemical and biochemical systems, and clarification
of the factors which determine the strengths and preferences of one or another mode
of interaction.

2. Results and Discussion
2.1. UV-Vis Study of Interaction of CHX3 with Amines

Although the UV-Vis spectrum of DABCO is transparent at A > 300 nm, an addition
of this amine to an acetonitrile solution containing iodoform resulted in an increase in
absorption in the 300-400 nm range. The subtraction of the absorption of each component
showed that this increase is related to the appearance of a pair of close absorption bands
(Figure 2). In solutions with a constant concentration of iodoform, the intensity of these
bands increased with the increase in concentration of DABCO. The addition of DABCO to
bromoform also resulted in the appearance of a new absorption band in the UV-Vis spectra,
as described earlier [24]. This new band is substantially blue-shifted compared with that
observed with CHI;, and it was partially overshadowed by the absorption of DABCO itself.
In comparison, solutions of DABCO and CHCl3 did not show any new absorption beyond
280 nm (spectra of the solutions containing CHCl3 and DABCO are the same as the spectra
of individual DABCO), and the strong absorption of DABCO hinders measurements below
this wavelength.
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Figure 2. Spectra of solutions with a constant concentration of CHI3 and various concentrations of
DABCO (left) and TMPD (right). Spectrum of the solutions of individual reactants are shown as
dashed red (CHI;3) or blue (DABCO and TMPD) lines. Inserts: Spectra of the complexes obtained by
subtraction of the absorption of components from the spectra of their mixtures.

Similar UV-Vis measurements of interactions of haloforms with TMPD were hindered
by the strong absorption of TMPD in the 200-380 nm range. As such, only part of the
new absorption of the complex of TMPD with CHI3 could be observed at A > 380 nm,
and the corresponding bands of the complexes with CHBr3 or with CHCl; are appar-
ently overshadowed by the absorption of TMPD. As such, the spectra of the solutions
containing either CHBr3 or CHCl3 and TMPD are the same as the spectra of individual
TMPD. Appearances of new absorptions were also observed upon the addition of the other
N,N-dimethylanilines or trimethylamine to CHI;5 (Figures S1-54 in the Supplementary Ma-
terials). A Benesi—-Hildebrand treatment [30] of the variations of the absorption intensities
with concentrations of amines produced straight lines with R? > 0.99, and the data were
also well fit by 1:1 binding isotherms (Figures S5 and S6 in the Supplementary Materials).
However, such treatments did not take into account the presence of the two equilibria
(Equations (1) and (2)). To further elucidate competitions of XB and HB, we carried out
NMR measurements of the analogous solutions.
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2.2. 'H NMR Study of the Interaction of CHX;3 with Amines

The addition of DABCO to the solution of CHI3 in deuterated acetonitrile resulted in
the shift in the signal of the haloform’s proton to lower ppm values (Figure 3), indicating
an increased shielding of this proton. A similar addition of DABCO to bromoform or
chloroform produced a shift in its proton signal to higher ppm values. These results are
consistent with earlier studies of the interaction of haloform with halide anions [17], and
they suggest a prevalence of XB complexes in solutions of iodoforms with aliphatic amines,
and a domination of HB in similar solutions with bromoform or chloroform. The opposite
shifts in the proton signals in the XB and HB complexes with DABCO are apparently related
to the polarization of haloform by this electron-rich nucleophile. In XB complexes, it results
in the shift in electron density from the bonded halogen to the unbonded halogen and
hydrogen atoms, increasing the shielding of the latter. In contrast, the polarization of HB
complex results in a shift in the electron density from the bonded proton, decreasing its
shielding. However, an addition of TMPD to any of the haloforms under study produced
a shift to lower ppm values, indicating an increased shielding of this proton (Figure 3).
NMR measurements of interactions of haloforms with the other aliphatic and aromatic
amines confirm the trends observed with DABCO and TMPD. Specifically, the addition of
trimethylamine to CHI3 resulted in the shift in the proton signal lower ppm and similar
experiments with CHBr3 or CHCl; resulted in a shift in the opposite direction. On the other
hand, the titrations of any of the haloforms with aromatic amines led to shifts in the proton
signals to lower ppm values (Figures S7-5S9 in the Supplementary Materials). To clarify the
results of the UV-Vis and NMR measurements, we turned to the X-ray structural analysis
of the associations and computational analysis of the XB and HB complexes of haloforms
with amines.

0.1
¢
0.05 - s ¢ ° s
0o 88° o
® @ oo
-2 o O o g
g. * < © o “ . o
o '0.05 N . o o o
7e) * Lod
34 014 *, o
-0.15 - ‘. ¢
¢
-0.2 A * R
* o
-0.25 : : . : ¥

0 0.1 0.2 0.3 0.4 0.5

[Amine], M

Figure 3. Dependencies of the chemical shifts in the proton of CHI3 (<), CHBr3 (0) and CHCl3 (L)
(as compared to that in the corresponding isolated molecules) on the concentration of DABCO (filled
symbols) or TMPD (open symbols) (in CD;CN, 22 °C).

2.3. X-ray Structural Analysis of Co-crystals of lodoform with TMPD or DABCO

Cooling down acetonitrile solutions containing equimolar quantities of iodoform
and either TMPD or DABCO led to formation of co-crystals suitable for X-ray structural
measurements. X-ray analysis showed that these co-crystals comprise zigzag chains con-
sisting of alternating iodoform and either TMPD or DABCO molecules (Figure 4A,C).
Co-crystallization of CHI3 with TMPD also produced discrete 2:1 complexes (Figure 4B).
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Figure 4. X-ray structures of co-crystals of iodoform with TMPD ((A): 1:1, (B): 2:1) and DABCO
(C) showing alternating halogen (and hydrogen)-bonded zigzag chains or discrete 1:2 complexes.

Chains of TMPD with iodoform in their 1:1 co-crystals were formed by I-N halogen
bonding between these molecules involving two iodine substituents of each CHIz and two
amino groups of each TMPD. The I-N distances of 2.902 A were about 22% shorter than
the sum of the van der Waals radii of these atoms, and the C-I-N angles were close to
linear (177.9 deg), as is typical for halogen bonding. The (centrosymmetric) discrete 2:1
CHI3:TMPD complexes also show a pair of halogen bonds with a slightly shorter bond
length of 2.842 A and the C-I-N angles of 172.4 deg. In comparison, DABCO molecules
were linked with iodoform by I-N halogen and H-N hydrogen bonding. Both these
bonds were close to linear (177.1 deg and 174.2 deg for HB and XB, respectively) and
quite short (HB and XB bond length of 2.152 A and 2.756 A, respectively). Interestingly,
the I-N distances in associations of DABCO with iodoform were shorter than the Br—N
distances of 2.877 A reported earlier [24] in the similar zigzag chains formed by both halogen
and hydrogen bonding of this nucleophile with bromoform. This indicates substantially
stronger XB involving iodine atoms. Overall, similar to the co-crystals with halide anions,
the interaction of haloforms with aromatic or aliphatic amines shows both modes (X-N
and H-N) of interactions.

2.4. Computational Analysis of XB and HB Complexes

Surface electrostatic potentials of TMPD and DABCO are illustrated in Figure 5. Both
these molecules show areas of negative potentials corresponding to the location of lone
pairs on the surface of the nitrogen atoms. The magnitude of the minimum (most negative)
potential, Vg min, of —36.4 kcal/mol on the surface of DABCO is somewhat higher than
that on the surface of the nitrogen atom of TMPD (—33.2 kcal/mol), apparently due to the
partial delocalization of nitrogen’s lone pairs to the aromatic ring in the latter.



Molecules 2022, 27, 6124

6 of 16

+35 kcal/mol

—
-35 kcal/mol

Figure 5. Electrostatic potential (calculated at 0.001 electron bohr—2 electronic density) on the
molecular surfaces of DABCO (left) and TMPD (right).

For the TMPD molecule, the negative potential is extended from the surface of the
nitrogen atom to the aromatic ring. The center of the aromatic ring shows another minimum
potential of about —30 kcal/mol. The locations of Vg min on the surfaces of nitrogen atoms
in TMPD and DABCO suggest they would be attracted to o-holes on the surface of either
hydrogen or halogen atoms in haloforms. Indeed, DFT M062X/def2tzvpp calculations (see
Experimental for details) produced energy minima corresponding to XB and HB complexes
between all three haloforms and nitrogen atoms of aromatic or aliphatic amines. The
structural features of halogen (and, for the complexes with DABCO, hydrogen bonds found
for these minima (illustrated in Figure 6) were consistent with the geometries obtained via
X-ray crystallographic analysis of the solid-state associations. (In addition, calculations of
complexes with TMPD produced minima in which hydrogen or halogen substituents of
haloforms were directed toward carbon atoms in an aromatic ring or the middle of C-N
bonds; vide infra.

A B

Figure 6. Superposition of the results QTAIM and NCI analyses onto the structures of the XB
complexes of CHBr3 with DABCO (A) and TMPD (C) and HB complexes with DABCO (B) and
TMPD (D). The bond paths and critical (3,—1) points (from QTAIM) are shown as orange lines and
spheres, respectively, and blue-green discs indicate areas of bonding interactions (from NCI).

Quantum Theory of Atoms in Molecules (QTAIM) analysis [31] of the optimized
structures showed bond paths (orange lines in Figure 6) from nitrogen atoms to halogen or
hydrogen substituents of haloforms in XB and HB complexes, respectively. It also revealed
(3,—1) bond-critical points (BCPs) along these bond paths (small orange spheres). Bonding
interactions between nucleophilic nitrogen atoms and halogen or hydrogen of haloform
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were further confirmed by the non-covalent index (NCI) analysis [32]. The NCI treatment
showed the presence of the blue-colored discs located at the BCPs between nitrogen atoms
of amines and halogen or hydrogen atoms of haloforms, which indicates moderately strong
intermolecular attraction between these atoms. It should be mentioned that besides the
bond paths and BCPs between nitrogen atoms and hydrogens, HB complexes showed
bond paths and BCPs between halogen atoms of haloforms and hydrogen substituents
or aromatic carbons of amines. The NCI analysis showed green surfaces corresponding
to non-bonding or very weak bonding interaction along these bond paths. This indicates
that they represent secondary interactions most likely supported by the close approach of
haloform to amines. Interaction energies, XB and HB lengths and C-I-N or C-H-N angles
for the representative complexes are listed in Table 1.

Table 1. Interaction energies and interatomic distances in the XB and HB complexes.

CHX;3 B XB Complexes HB Complexes
AE, kcal/mol dxn, A Rxn 2 AE, kcal/mol dun, A Run 2
CHI; DABCO —-7.0 2.694 0.72 —47 2.051 0.75
TMPD —-55 2.845 0.76 -55 2.163 0.79
CHBr; DABCO -35 2.802 0.79 —44 2.043 0.78
TMPD —-33 2.872 0.81 —47 2.095 0.76
CHCl; DABCO -18 2.931 0.89 —40 2.095 0.76
TMPD -19 2.892 0.88 —42 2.183 0.79

2 Normalized interatomic separations Rxn = dx...n, (rx + rn), where rx and ry are van der Waals radii [33].

The characteristics of the BCPs on the XB and HB bond paths obtained from the
QTAIM analysis corroborate the similarities of these associations between amines and
haloforms. The electron densities and energies at these BCPs are listed in Table 2.

Table 2. Electron densities and energies (p(r) and H(r), in a.u.) at BCPs along XB and HB bond paths.

CHXj3 B XB Complexes HB Complexes
p(¥) x 102 H(@) x 103 p(¥) X 102 H(r) x 103
CHI; DABCO 3.65 —3.70 2.76 —1.11
TMPD 2.70 —1.11 2.15 0.44
CHBr3 DABCO 2.39 0.51 2.81 —1.31
TMPD 2.07 0.76 2.16 0.34
CHCl; DABCO 1.52 1.61 2.53 —0.37
TMPD 1.66 1.51 2.05 0.57

TD DFT calculations showed that UV-Vis spectra of all XB complexes contain ab-
sorption bands (Table 3) which are red-shifted and substantially more intense than the
absorption bands in the individual compounds. These bands are related to the transition
involving orbitals localized on both haloform and amines. On the other hand, UV-Vis spec-
tra of the optimized XB complexes are very close to that of the superposition of individual
components. These results are consistent with the reported data, and they indicate that the
appearance of new absorption bands in the UV-Vis range is related to the formation of
XB complexes.
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Table 3. Calculated UV-Vis and NMR characteristics of the XB and HB complexes 2.

CHX;

XB Complexes HB Complexes
e X 1073, e X 1078,

M~ 1em? M~ lem~1! AS, ppm

Amax, M AS, ppm P Amax, M

CHI;
CHBI‘3

CHCl,

DABCO
TMPD
DABCO
TMPD
DABCO
TMPD

311 9.0 —1.539 302 1.4 1.847
335 7.2 —0.669 295 4.5 1.506
259 7.5 —0.452 212 2.8 2.502
285 8.0 —0.437 245 20.0 1.503
216 3.3 —0.230 220 250 2.119
290 3.0 —0.344 247 20.1 1.353

al/mol

0.4

kc

AAE,

0.2

0.0

2 A, in nm, (¢) for individual compounds are: CHI5: 304 (3050), CHBr3: 223 (2500), CHCl3: 175 (1600), DABCO-
TMPD 245 (24,400), 6 (in ppm) for CHI3: 7.0287, CHBr3: 7.6825, CHCl3: 7.582. b Relative to the protons’ chemical
shifts in the individual haloforms.

The proton signals of haloforms in the NMR spectra of the optimized XB complexes
were shifted to lower ppm values indicating increased shielding of these protons. In the
case of all HB associations, the signals were shifted to higher ppm values. These results
agree with earlier observations of opposite shifts in the haloforms’ proton signals related to
halogen and hydrogen bonding [14-17]. However, despite the fact that calculations (and
the data on similar associations) suggest that CHBr3; and especially CHCl3; form stronger
HB complexes with TMPD, experimental measurements showed a uniform shift in the
haloforms’ proton signal to lower ppm values upon addition of this amine to any of the
haloforms (Figure 3). It should be noted, however, that in contrast to the singular solid-
state donor/acceptor arrangement, solution-phase complexes are subject to fluctuations
around the optimized minimum (or several local minima) which might affect spectral
characteristics. Indeed, an analysis of the potential energy landscape shows that the XB
and HB complexes between CHX3 and TMPD are characterized by a shallow minimum.
The variations of the X-N or H-N separations by about 0.5 A are accompanied by energy
changes of less than 1 kcal/mol (Figure 7, note that complexes of CHBr3 and CHCl3 with
TMPD, and associations of haloforms with DABCO showed similar shallow minima; see
Figure 510 in the Supplementary Materials).
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Figure 7. Dependencies of the energies (blue circles) of HB (left) and XB (right) complexes relative to
that of the energy minimum and the chemical shifts in the proton (red circles) relative to that in the
individual CHI3 on interatomic separations.
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These structural variations are accompanied by changes in NMR spectra, i.e., the
increase in the separation is accompanied by a decrease in the difference in the position of
the signal in the complex compared with that of the individual haloform. While shallow
minima imply the co-existence of assemblies of associations with varying separations, the
average distances and NMR shifts for these assemblies seem to be close to those found
for the minimum. As such, they would not substantially affect general trends of the NMR
shifts. However, the analysis of the potential energy landscape also revealed the presence
of the additional minima for the complexes of haloforms with TMPD. Such minima are
apparently related to the presence of additional binding sites on the surface of TMPD due
increased electron density on the aromatic ring, as shown in Figure 5). The structural
overlap (Figure 8) demonstrates that the alternative HB structures were quite similar. The
main structural difference was the shift in the position of the protons in the alternative
structures from the nitrogen atom toward the aromatic ring, so it was directed toward
the middle of the C-N bond or toward the aromatic carbon in ortho-position with respect
to the amino group. The differences in energies of these alternative structures and the
corresponding minima showing hydrogen bonding with nitrogen atoms were 0.9 kcal /mol,
1.1 kcal/mol and —0.1 kcal /mol for associations with CHI3, CHBr3 and CHCl3, respectively.
Despite such seemingly minor structural and thermodynamic differences, the proton signal
in the NMR spectra of the haloform in the alternative complexes were shifted to lower ppm
values by 1.41 ppm, 1.21 ppm and 0.72 ppm in complexes of TMPD with CHI3, CHBr3 and
CHCI3, respectively, compared with the signal of the individual haloform molecules.

Figure 8. Structural overlap of the associations between TMPD and CHIj3 (left), CHBr; (middle) and
CHClj3 (right) formed via H-N bonding and alternative complexes (shown as red structures).

Computational analysis also revealed the presence of the XB complexes with TMPD in
which the halogen atom is directed toward aromatic carbons. Specifically, in the alternative
structure of CHI; with this molecule, the iodine substituent of iodoform is directed toward
a nitrogen-bonded carbon atom (Figure S11 in the Supplementary Materials). The energy
of this structure was about 2.0 kcal/mol higher than that of the complex with the I-N bond.
Most notably, similarly to the structure with the I-N interaction, the iodoform proton in the
alternative XB structure was shifted by about 0.55 ppm to lower ppm values, and its UV-Vis
spectrum contained a new absorption band with Apax = 392 nm, € = 2900 M 1em 1.

2.5. Unified Correlation of Strength of the XB and HB Complexes with the Surface Electrostatic
Potentials in the Polarized Molecules

The differentiation and simultaneous measurements of XB and HB complexes which
are formed by the same pairs of molecules in solutions are challenging tasks that require an
accurate knowledge of the distinctions between these two interactions.

In accordance with the results of the X-ray crystallographic analysis, computations
of complexes of haloforms with DABCO or TMPD produced energy minima showing
I-N or H-N bonding. The data in Table 1 show that XB strength between CHX3 and
amines decreased in the expected order for this interaction with X as I > Br > CL. For
iodoform, this interaction was somewhat stronger in XB complexes with DABCO than
that with TMPD. These computational results agree with the experimental X-ray struc-
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tural data, i.e., shorter I-N separations in the solid-state complexes of CHI3 with DABCO
than that in associations with TMPD, and shorter I-N distances in complexes of iod-
oform with DABCO than Br-N distances reported in the similar associations with CHBrs.
The differences in the AE values for complexes of these aromatic and aliphatic amines
with either bromoform or chloroform were small, if any. The HB complexes of iodoform
with amines were also slightly stronger than with those with bromoform and chloro-
form, and all energies were within a —5 £ 1 kcal/mol range. To clarify the reasons for
the variations of the interaction energies, we compared their values with the changes in
the maximum (Vs max) and minimum (Vs min) electrostatic potentials on the surfaces of
haloforms and amines, respectively [34]. The dependence of the AE values on the difference
Vs, max — Vs,min (found for the individual haloforms and amines) is shown as open circles
in Figure 9, left (red and blue colors denote HB and XB complexes, respectively).
S,
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Figure 9. Correlations between the interaction energies in the XB and HB complexes (blue and red
circles, respectively) with DABCO and TMPD and the difference of the electrostatic potentials on the
surfaces of interacting atoms in the individual molecules (left) and in polarized molecules (right).

For the XB complexes, the increase in the difference of potentials is accompanied by
an increase in the magnitude of (negative) AE values. For the HB complexes, however,
no such correlation was observed. Furthermore, while the Vg .« values on the surfaces
of hydrogens atoms are higher than those on the surfaces of halogen in all individual
haloforms (which is reflected in the Vg max — Vs min differences), halogen bonding is the
dominant mode of interaction of iodoform. As such, the overall R? value for the whole set
of XB and HB complexes is just 0.33.

It should be noted, however, that the presence of the electron-rich species near the
haloforms may substantially affect electron distributions in these species (and the same is
true for the amines). Such polarization represents an important factor in the strength of
intermolecular complexes [35]. Thus, we evaluated electrostatic potentials on the surfaces
of haloforms in the presence of the partial charge located at the positions of the bonded
nitrogen atoms in the HB and XB complexes (see Experimental for details). The values of
Vs max on the surface of halogen and hydrogen atoms in the presence of the charges are
substantially higher than those of the individual molecules (see Table S1 in the Supple-
mentary Materials). The corresponding correlation between AE and Vg max — Vs min values
calculated using Vg may in the polarized CHX3 molecules is shown in Figure 9 (right) as the
filled circles. While this approach takes into account only the polarization of haloforms,
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it considerably improves the correlation. The points corresponding to the HB complexes
follow the same trend line as the XB associations (with R? = 0.88 for the whole series).
This indicates that once polarization is taken into account, the strengths of the HB and XB
complexes between haloforms and aromatic and aliphatic amines can be uniformly related
to the electrostatic potentials on the surfaces of HB/XB donors and acceptors.

The variations in the electron densities and energies at BCPs (which are most com-
monly used for characterization of bonding strength and nature [36]) for different complexes
in Table 2 follow the trends observed in energies and bond lengths listed in Table 1. In
particular, electron densities at the BCPs for XB complexes of CHIj are higher than that of
the corresponding HB associations, and the values in the range 0.02-0.04 a.u. are consistent
with the strong intermolecular bonding in these complexes [36,37]. For the XB complexes,
p(r) values decrease from complexes of CHI; to those of CHBr3 and CHCls; however, the
values for the XB complexes are rather uniform. As such, the relative values of electron
density for the HB complexes of chloroform and bromoform are higher than those for the
XB associations. Very small negative or positive values of the energy density H(r) for the
complexes in Table 2 are also consistent with the strong intermolecular interactions [36,37],
and their variations are consistent with the changes in AE.

2.6. Differentiation of XB and HB Complexes Based on Their UV-Vis and NMR Characteristics

While bonding characteristics of the optimized HB and XB complexes were quite
similar, the UV-Vis and NMR spectral characteristics of these associations were different.
Most notably, formation of the XB complexes is accompanied by the appearance of new
intense absorption bands in the UV-Vis spectra of the solutions containing haloforms
and amines (although they were overshadowed by the absorption of their components
for some systems). In comparison, the electronic spectra of HB complexes are close to
the superposition of the spectra of the individual reactants. Additionally, halogen and
hydrogen bonding of CHX3 with aliphatic amines led to the shift in the NMR signals of
haloforms in opposite directions, i.e., halogen bonding resulted in the signal shift to the
lower ppm values, and hydrogen bonding led to the shift to the higher values. These
data were consistent with earlier studies of the interactions of haloforms with the other
nucleophiles [14-18]. Thus, the multivariable analysis of the data obtained from the UV-
Vis and NMR measurements (as described in our previous work [14]) of the solutions
containing constant concentrations of haloforms and variable concentrations DABCO
(Figure 10) allowed us to evaluate equilibria constant for the XB and HB complexes co-
existing in solutions. For the DABCO complexes with CHI;, this treatment produced values
of Kx =3.74+ 0.3 M~ ! and Kiy = 2.0 £+ 0.2 M~ ! and the formation constants for associations
with CHBr3 were Kx = 0.27 + 0.03 M~! and Ky = 0.12 + 0.01 M~

1.0
08 . 0.0
@ 0.6 " g_
< Q--0.11
<04 <
0.2 05
0.0 : : : . . : : : . . ‘
0.0 0.1 0.2 0.3 0.0 0.1 0.2 03
[DABCO], M [DABCO], M

Figure 10. Dependencies of the AAbs and Ad values in the solutions with constant concentration of
CHIj3 (0.01 M) and variable concentrations of DABCO. Solid lines show the simultaneous multivari-
able fitting of the UV-Vis and NMR titrations data.
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The differentiation of the effects of HB and XB with aromatic amines using NMR
data is complicated by the possible presence of the XB complexes with the rather small
differences in energies, but opposite directions of shifts in proton signals (compared with
those in the individual molecules). As such, the values of these constants were estimated
using UV-Vis spectral data which reflected formation of XB associations Assuming that the
ratio Ky /Kx = exp (AAE/RT) ~ 1 (where AAE = 0 is a difference of interaction energy of
XB and the most stable HB complex for CHI3/TMPD pair, see Table 1), the values of both
formation constants are roughly 0.3 M.

3. Materials and Methods

Commercially available haloforms, TMPD and DABCO, were purified by distillation
or sublimations.

The UV-Vis measurements were carried out on a Cary 5000 spectrophotometer (Agi-
lent, Santa Clara, CA, USA) in dry (HPLC grade) acetonitrile. NMR measurements were
performed on a 400 MHz spectrometer Jeol 400 (Jeol USA Inc., Peabody, MA, USA) in
deuterated acetonitrile with internal TMS standard. The intensities of the absorption of
[CHX3, D] complexes, AAbs, were obtained by the subtraction of the absorption of the com-
ponents from the spectrum of the mixtures of CHX3 and amine. The Kxg and Kyp values
were obtained by the simultaneous nonlinear fitting (using the multiple variable option
with Levenberg-Marquardt iteration algorithm in OriginPro 2016) of the dependencies
of AAbs and Ad on the concentrations of amines measured at the same concentrations of
CHX;3 using Equations (3) and (4), as described in detail earlier [14]:

AAbs = el x Cxp = el x {(C° +C°p + 1/(Kxp + Kpgp)) — (C°A + C°p + 1/(Kxp + Kup))? — 4C°AC°p)*}/(2 (1 + Kup/Kxg)  (3)

AS = Adxp/COp x Cxp + Adp/COp x Ciip = [Adxg/C°p X {(C°A + C°p + 1/(Kxp + Kpp)) — (C°A+Cp + 1/(Kxg + Kp))* —4C°AC°p)°}
+ Adup/COp X {(C4 + C°p + 1/(Kxp + Kpp)) — ((C°4 + C°p + 1/ (Kxp + Kpgp))? — 4C°AC°p)*5}11/(2 (1 + Kxp/Kup))

4)

where Ccom is the concentration of the complex, and C°p and C°y are initial concentrations
of CHX3 and amine, € and / are extinction coefficient of the complex and the length of the
cell which was used in the UV-Vis measurements, and Ade = 80 — 8y is the difference
between the ppm of the CHXj3 proton in the presence of an infinite concentration of amine,
dco (obtained from the calculations of these complexes) and that of the separate CHX3, &g
and Kxp and Kyp are formation constants of the XB and HB complexes.

Geometries of the XB and HB complexes and their components were optimized
without constraints in acetonitrile via M06-2X/def2tzvpp calculations (with a polariz-
able continuum model) using the Gaussian 09 suite of programs [38-40]. The interaction
energies were determined as: AE = Ecomp — (Ecuxs + Ea) + BSSE, where Ecomp, Echxs
and E, are sums of the electronic and ZPE of the complex, CHX3; and amine (DABCO
or TMPD) and BSSE is a basis set superposition error [41]. UV-Vis spectra of complexes
and trihalomethanes were calculated via TD-DFT calculations, proton NMR shifts were
obtained via GIAO calculations using geometries of the complexes optimized in acetoni-
trile. Molecular electrostatic potentials of the polarized molecules were calculated by
placing point charges corresponding to the charge of nitrogen in DABCO (calculated as ESP
charges) at the position where such atoms are located in the optimized complexes. Such
approximation allowed to take into account various polarizabilities of interacting atoms in
XB and HB complexes and led to reasonable correlation between electrostatic potentials
and interaction energies. QTAIM and NCI analyses were performed with Multiwfn [42]
using win files generated by Gaussian 09. The results were visualized using the molecular
graphics program VMD [43]. Details of the calculations, energies, geometric and spectral
characteristics of HB and XB complexes as well as atomic coordinates of the calculated
complexes are listed in the ESI
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The single crystals were measured on a Bruker Quest diffractometer (Bruker AXS, LLC,
Madison, WI, USA) with a fixed chi angle, a sealed tube fine focus X-ray tube, single crystal
curved graphite incident beam monochromator (Bruker AXS, LLC, Madison, WI, USA), a
Photon100 area detector (Bruker AXS, LLC, Madison, WI, USA) and an Oxford Cryosystems
low-temperature device (Hanborough House, Oxford, United Kingdom). Examination
and data collection were performed with Mo K« radiation (A = 0.71073 A). Reflections
were indexed and processed, and the files were scaled and corrected for absorption using
APEX3 [44]. The space groups were assigned, and the structures were solved by direct
methods using XPREP within the SHELXTL suite of programs [45] and refined by full
matrix least squares against F? with all reflections using ShelxI2018 [46,47] using the
graphical interface Shelxle [46]. If not specified otherwise, H atoms attached to carbon
and nitrogen atoms were positioned geometrically and constrained to ride on their parent
atoms, with C—H bond distances of 1.00, 0.99 and 0.98 A for aliphatic C-H, CH; and CHj;
moieties, respectively. Methyl H atoms were allowed to rotate but not to tip to best fit the
experimental electron density. Uis,(H) values were set to a multiple of Ueq(C) with 1.5 for
CH3, and 1.2 for C-H units, respectively. Crystallographic, data collection and refinement
details are listed in Table S2 in the Supplementary Materials. Complete crystallographic
data, in CIF format, have been deposited with the Cambridge Crystallographic Data Centre.
CCDC 2202934, 2202935 and 2206546 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge via www.ccdc.cam.ac.uk/data_
request/ cif.

4. Conclusions

Experimental and computational analysis of interactions of haloforms with aromatic
and aliphatic amines highlighted the similarities and distinctions of HB and XB complexes,
which will be helpful for the identification and quantitative characterization of these
competing interactions in chemical and biochemical systems. We demonstrated that when
polarization of haloforms is taken into account, the interaction energies within the HB and
XB complexes of CHX3 molecules with TMPD and DABCO follow the same correlation with
the difference electrostatic potentials on the surfaces of the interacting atoms. The electron
densities and energies at BCPs along the H-N and N-X bond paths also follow the same
trends. These data confirm that the thermodynamics of these moderately strong associations
is dominated by electrostatic interactions. However, spectral properties of the XB and HB
complexes were quite different. The most consistent distinction is observed in the UV-Vis
spectra of the complexes. Halogen bonding is accompanied by an appearance of strong
absorption bands related to the formation of the XB associations (which suggests substantial
molecular-orbital interactions between haloform and amine within these complexes). In
contrast, the spectral of the HB associations were close to the superposition of the spectra
of the individual reactants. The effects of intermolecular interactions on the NMR spectra
were dependent on the nature of the amine. In particular, the HB and XB associations of
haloforms with aliphatic amines led to the opposite shifts in their protons’ signals in the
NMR spectra. Thus, combination of the UV-Vis and NMR data allows to differentiate XB
and HB complexes of haloforms with these amines in solutions. XB with aromatic amines
led to the shift in the same direction as the aliphatic ones; however, the corresponding
effects of HB of CHX3 with aromatic amines were complicated by the presence of multiple
HB minima in which hydrogens were directed either toward the nitrogen atom or C-N
bond or aromatic carbon. The haloforms’ protons signals in the NMR spectra of these
complexes were shifted in the opposite direction, which hinder the application of this
method for quantitative analysis of XB and HB complexes.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /molecules27186124/s1. Figure S1: UV-Vis spectra of the so-
lutions of CHI3 and 4-methoxy-N,N-dimethylaniline in CH3CN. Figure S2: UV-Vis spectra of
the solutions of CHI3 and 3-methoxy-N,N-dimethylaniline in CH3CN. Figure S3: UV-Vis spec-
tra of the solutions of CHI3 and 4-(dimethylamino)benzonitrile in CH3CN. Figure S4: UV-Vis
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spectra of the solutions of CHI3 and 3-(dimethylamino)benzonitrile in CH3CN. Figure S5: Benesi-
Hildebrand plots based on the UV-Vis spectra of solutions of CHIz with TMPD and DABCO.
Figure S6: Fit of spectral changes in solutions of CHI3 with TMPD and DABCO to 1:1 binding
isotherm. Figure S7: Dependencies of the chemical shifts in the protons of CHI3 on the concen-
tration of added trimethylamine, N,N-dimethylaniline, 4-(dimethylamino)benzonitrile, p-bromo-
N,N-dimethylaniline or 3-(dimethylamino)benzonitrile. Figure S8: Dependencies of the chemical
shifts in the protons of CHBr3 on the concentration of added trimethylamine, N,N-dimethylaniline,
4-(dimethylamino)benzonitrile, p-bromo-N,N-dimethylaniline or 3-(dimethylamino)benzonitrile. Fig-
ure S9: Dependencies of the chemical shifts in the protons of CHBr3 on the concentration of added
trimethylamine, N,N-dimethylaniline, 4-(dimethylamino)benzonitrile, p-bromo-N,N-dimethylaniline
or 3-(dimethylamino)benzonitrile. Figure S10. Effect of variation of interatomic H-N and X-N
separations on the energy of HB and XB complexes and chemical shifts in the haloforms” protons.
Figure S11. Alternative structure of XB complex between CHI3 and TMPD. Table S1: Values of
the maximum electrostatic potentials on the surfaces of halogen and hydrogen atoms in individual
and polarized haloforms. Table S2. Crystallographic, data collection and refinement details. Table
S3: Energies of the HB and XB complexes and their components. Table S4: Atomic coordinate of the
HB and XB complexes of haloforms with DABCO and TMPD.

Author Contributions: Conceptualization and methodology, S.V.R., UV-Vis and NMR measure-
ments, E.A., O.G., Z.S., X-ray structural analysis, M.Z., computations, E.A., O.G. and S.V.R,; data
curation, E.A., O.G., Z.S., S.V.R; writing—original draft preparation, S.V.R.; writing—review and
editing, E.A., O.G., Z.S.,, M.Z,, S.V.R,; visualization, supervision, project administration, funding
acquisition, S.V.R. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Science Foundation, grant number CHE-2003603.
Calculations were carried out on Ball State University’s beowulf cluster, which is supported by The
National Science Foundation (MRI-1726017) and Ball State University. X-ray structural measurements
were supported by the National Science Foundation through the Major Research Instrumentation
Program under Grant No. CHE 1625543 (funding for the single crystal X-ray diffractometer).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Crystallographic data have been deposited with the Cambridge Crys-
tallographic Data Centre and can be obtained free of charge (see above). Atomic coordinates and
energies of the calculated complexes are available in the Supplementary Information.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Substances used in the study are commercially available and they are not
available from the authors.

References

1. Vinogradov, S.N.; Linnell, R H. Hydrogen Bonding; Van Nostrand Reinhold: New York, NY, USA, 1971.

2. Scheiner, S. Hydrogen Bonding: A Theoretical Perspective; Oxford University Press: New York, NY, USA, 1997.

3.  Metrangolo, P; Neukirch, H.; Pilati, T.; Resnati, G. Halogen bonding based recognition processes: A world parallel to hydrogen
bonding. Acc. Chem. Res. 2005, 38, 386-395. [CrossRef] [PubMed]

4.  Politzer, P; Murray, ].S.; Clark, T. Halogen bonding and other o-hole interactions: A perspective. Phys. Chem. Chem. Phys. 2013,
15,11178-11189. [CrossRef] [PubMed]

5. Scheiner, S. The pnicogen bond: Its relation to hydrogen, halogen, and other noncovalent bonds. Acc. Chem. Res. 2013, 46, 280-288.
[CrossRef]

6.  Cavallo, G.; Metrangolo, P.; Milani, R.; Pilati, T.; Priimagi, A.; Resnati, G.; Terraneo, G. The halogen bond. Chem. Rev. 2016, 116,
2478-2601. [CrossRef] [PubMed]

7. Gilday, L.C.; Robinson, S.W.; Barendt, T.A.; Langton, M.].; Mullaney, B.R.; Beer, P.D. Halogen bonding in supramolecular chemistry.
Chem. Rev. 2015, 115, 7118-7195. [CrossRef] [PubMed]

8.  Pennington, W.T.; Resnati, G.; Taylor, M.S. Halogen bonding: From self-assembly to materials and biomolecules. CrystEngComm
2013, 15, 3057. [CrossRef]

9. Awwadi, FF; Taher, D.; Haddad, S.E; Turnbull, M.M. Competition between hydrogen and halogen bonding interactions:

Theoretical and crystallographic studies. Cryst. Growth Des. 2014, 14, 1961-1971. [CrossRef]


http://doi.org/10.1021/ar0400995
http://www.ncbi.nlm.nih.gov/pubmed/15895976
http://doi.org/10.1039/c3cp00054k
http://www.ncbi.nlm.nih.gov/pubmed/23450152
http://doi.org/10.1021/ar3001316
http://doi.org/10.1021/acs.chemrev.5b00484
http://www.ncbi.nlm.nih.gov/pubmed/26812185
http://doi.org/10.1021/cr500674c
http://www.ncbi.nlm.nih.gov/pubmed/26165273
http://doi.org/10.1039/c3ce90042h
http://doi.org/10.1021/cg500094b

Molecules 2022, 27, 6124 15 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.
34.

35.
36.

37.

38.

Aakeroy, C.B.; Panikkattu, S.; Chopade, P.D.; Desper, ]. Competing hydrogen-bond and halogen-bond donors in crystal engineer-
ing. CrystEngComm 2013, 15, 3125-3136. [CrossRef]

Posavec, L.; Nemec, V,; Stilinovi¢, V.; Cin¢i¢, D. Halogen and hydrogen bond motifs in ionic cocrystals derived from 3-
halopyridinium halogenides and perfluorinated iodobenzenes. Cryst. Growth Des. 2021, 21, 6044-6050. [CrossRef]

Zapata, F; Caballero, A.; Molina, P.; Alkorta, I.; Elguero, J. Open bis(triazolium) structural motifs as a benchmark to study
combined hydrogen- and halogen-bonding interactions in oxoanion recognition processes. J. Org. Chem. 2014, 79, 6959-6969.
[CrossRef]

Aakerdy, C.B.; Fasulo, M.; Schultheiss, N.; Desper, J.; Moore, C. Structural competition between hydrogen bonds and halogen
bonds. J. Am. Chem. Soc. 2007, 129, 13772-13773. [CrossRef] [PubMed]

Watson, B.; Grounds, O.; Borley, W.; Rosokha, S.V.; Resolving halogen, vs. hydrogen bonding dichotomy in solutions: Inter-
molecular complexes of trihalomethanes with halide and pseudohalide anions. Phys. Chem. Chem. Phys. 2018, 2, 21999-22007.
[CrossRef] [PubMed]

von der Heiden, D.; Vanderkooy, A.; Erdélyi, M. Halogen bonding in solution: NMR spectroscopic approaches. Coord. Chem. Rev.
2020, 407, 213147. [CrossRef]

Lu, J.; Scheiner, S. Effects of halogen, chalcogen, pnicogen, and tetrel bonds on IR and NMR Spectra. Molecules 2019, 24, 2822.
[CrossRef]

Green, R.D.; Martin, J.S. Anion-molecule complexes in solution. I. Nuclear magnetic resonance and infrared studies of halide
ion-trihalomethane association. J. Am. Chem. Soc. 1968, 90, 3659-3668. [CrossRef]

Bertran, ].F,; Rodriguez, M. Detection of halogen bond formation by correlation of proton solvent shifts. 1. Haloforms in n-electron
donor solvents. Org. Magn. Reson. 1979, 12, 92-94. [CrossRef]

Schulz, N.; Sokkar, P.; Engelage, E.; Schindler, S.; Erdélyi, M.; Sanchez-Garcia, E.; Huber, S.M. The interaction modes of
haloimidazolium salts in solution. Chem. Eur. |. 2018, 24, 3464-3473. [CrossRef]

Nayak, S.K.; Terraneo, G.; Piacevoli, Q.; Bertolotti, F; Scilabra, P.; Brown, J.T.; Rosokha, S.V.; Resnati, G. Molecular bases for
anesthesia: Halothane as a halogen and hydrogen bonds donor. Angew. Chem. Int. Ed. 2019, 58, 12456-12459. [CrossRef]
Corradi, E.; Meille, S.V.; Messina, M.T.; Metrangolo, P; Resnati, G. Halogen bonding versus hydrogen bonding in driving
self-assembly processes. Angew. Chem. Int. Ed. 2000, 39, 1782-1786. [CrossRef]

Liantonio, R.; Luzzati, S.; Metrangolo, P; Pilati, T.; Resnati, G. Perfluorocarbon-hydrocarbon self-assembly. Part 16: Anilines as
new electron donor modules for halogen bonded infinite chain formation. Tetrahedron 2002, 58, 4023-4029. [CrossRef]
Raatikainen, K.; Rissanen, K. Interaction between amines and N-haloimides: A new motif for unprecedentedly short Br- - - N and
I- - - N halogen bonds. CrystEngComm 2011, 13, 6972-6977. [CrossRef]

Weinberger, C.; Hines, R.; Zeller, M.; Rosokha, S.V. Continuum of covalent to intermolecular bonding in the halogen-bonded
complexes of 1,4-diazabicyclo[2.2.2]octane with bromine-containing electrophiles. Chem. Commun. 2018, 54, 8060-8063. [CrossRef]
[PubMed]

Riel, AM.S.; Rowe, RK,; Ho, E.N,; Carlsson, A.-C.C.; Rappé, A.K.; Berryman, O.B.; Ho, P.S. Hydrogen bond enhanced halogen
bonds: A synergistic interaction in chemistry and biochemistry. Acc. Chem. Res. 2019, 52, 2870-2880. [CrossRef] [PubMed]
Grabowski, S.J. Hydrogen and halogen bonds are ruled by the same mechanisms. Phys. Chem. Chem. Phys. 2013, 15, 7249-7259.
[CrossRef] [PubMed]

Wolters, L.P.; Bickelhaupt, FM. Halogen bonding versus hydrogen bonding: A molecular orbital perspective. ChemistryOpen
2012, 1, 96-105. [CrossRef] [PubMed]

Li, S;; Xu, T.; van Mourik, T.; Friichtl, H.; Kirk, S.R.; Jenkins, S. Halogen and hydrogen bonding in halogenabenzene/NHj
complexes compared using next-generation QTAIM. Molecules 2019, 24, 2875. [CrossRef]

Nepal, B.; Scheiner, S. Competitive halide binding by halogen versus hydrogen bonding: Bis-triazole pyridinium. Chem. Eur. ].
2015, 21, 13330-13335. [CrossRef]

Benesi, H.A.; Hildebrand, ].H. A spectrophotometric investigation of the interaction of iodine with aromatic hydrocarbons. J. Am.
Chem. Soc. 1949, 71, 2703-2707. [CrossRef]

Bader, REW. A quantum theory of molecular structure and its applications. Chem. Rev. 1991, 91, 893-928. [CrossRef]

Johnson, E.R.; Keinan, S.; Mori-Sanchez, P.; Contreras-Garcia, J.; Cohen, A.].; Yang, W. Revealing noncovalent interactions. J. Am.
Chem. Soc. 2010, 132, 6498-6506. [CrossRef]

Bondi, A. Van der Waals volumes and Radii. J. Phys. Chem. 1964, 68, 441-451. [CrossRef]

Politzer, P.; Murray, ].S.; Clark, T. Halogen bonding: An electrostatically-driven highly directional noncovalent interaction. Phys.
Chem. Chem. Phys. 2010, 12, 7748-7757. [CrossRef] [PubMed]

Clark, T. Halogen bonds and o-holes. Faraday Discuss. 2017, 203, 9-27. [CrossRef] [PubMed]

Popelier, PL.A. The QTAIM Perspective of Chemical Bonding. In The Chemical Bond: Fundamental Aspects of Chemical Bonding;
John Wiley & Sons: Hoboken, NJ, USA, 2014; pp. 271-308.

Miller, D.K,; Loy, C.; Rosokha, S.V. Examining a transition from supramolecular halogen bonding to covalent bonds: Topological
analysis of electron densities and energies in the complexes of bromosubstituted electrophiles. ACS Omega 2021, 6, 23588-23597.
[CrossRef]

Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.; Mennucci, B.;
Petersson, G.A.; et al. Gaussian 09, Rev. C.01; Gaussian, Inc.: Wallingford, CT, USA, 2009.


http://doi.org/10.1039/C2CE26747K
http://doi.org/10.1021/acs.cgd.1c00755
http://doi.org/10.1021/jo501061z
http://doi.org/10.1021/ja073201c
http://www.ncbi.nlm.nih.gov/pubmed/17956090
http://doi.org/10.1039/C8CP03505A
http://www.ncbi.nlm.nih.gov/pubmed/30109311
http://doi.org/10.1016/j.ccr.2019.213147
http://doi.org/10.3390/molecules24152822
http://doi.org/10.1021/ja01016a010
http://doi.org/10.1002/mrc.1270120210
http://doi.org/10.1002/chem.201705032
http://doi.org/10.1002/anie.201907829
http://doi.org/10.1002/(SICI)1521-3773(20000515)39:10&lt;1782::AID-ANIE1782&gt;3.0.CO;2-5
http://doi.org/10.1016/S0040-4020(02)00264-8
http://doi.org/10.1039/c1ce05447c
http://doi.org/10.1039/C8CC04629H
http://www.ncbi.nlm.nih.gov/pubmed/29967915
http://doi.org/10.1021/acs.accounts.9b00189
http://www.ncbi.nlm.nih.gov/pubmed/31318520
http://doi.org/10.1039/c3cp50537e
http://www.ncbi.nlm.nih.gov/pubmed/23576180
http://doi.org/10.1002/open.201100015
http://www.ncbi.nlm.nih.gov/pubmed/24551497
http://doi.org/10.3390/molecules24162875
http://doi.org/10.1002/chem.201501921
http://doi.org/10.1021/ja01176a030
http://doi.org/10.1021/cr00005a013
http://doi.org/10.1021/ja100936w
http://doi.org/10.1021/j100785a001
http://doi.org/10.1039/c004189k
http://www.ncbi.nlm.nih.gov/pubmed/20571692
http://doi.org/10.1039/C7FD00058H
http://www.ncbi.nlm.nih.gov/pubmed/28731102
http://doi.org/10.1021/acsomega.1c03779

Molecules 2022, 27, 6124 16 of 16

39.

40.

41.

42.
43.
44.
45.
46.
47.

Zhao, Y.; Truhlar, D.G. The M06 suite of density functionals for main group thermochemistry, thermochemical kinetics, noncova-
lent interactions, excited states, and transition elements: Two new functionals and systematic testing of four M06-class functionals
and 12 other functionals. Theor. Chem. Acc. 2008, 120, 215-241.

Tomasi, J.; Mennucci, B.; Cammi, R. Quantum mechanical continuum solvation models. Chem. Rev. 2005, 105, 2999-3093.
[CrossRef]

Boys, S.F.; Bernardi, F. The calculation of small molecular interactions by the differences of separate total energies. Some
procedures with reduced errors. Mol. Phys. 1970, 19, 553-566. [CrossRef]

Lu, T.; Chen, F. Multiwfn: A multifunctional wavefunction analyzer. . Comput. Chem. 2012, 33, 580-592. [CrossRef]

Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual molecular dynamics. J. Mol. Graphics 1996, 14, 33-38. [CrossRef]

Bruker Apex3 v2016.9-0, SAINT V8.37A. Bruker AXS Inc.: Madison, WI, USA, 2016.

SHELXTL Suite of Programs, version 6.14; Bruker AXS Inc.: Madison, WI, USA, 2003.

Sheldrick, G. Crystal Structure Refinement with SHELXL. Acta Cryst. C 2015, 71, 3-8. [CrossRef]

Hiibschle, C.; Sheldrick, G.; Dittrich, B. ShelXle: A Qt Graphical User Interface for SHELXL. J. Appl. Crystallogr. 2011, 44, 1281.
[CrossRef] [PubMed]


http://doi.org/10.1021/cr9904009
http://doi.org/10.1080/00268977000101561
http://doi.org/10.1002/jcc.22885
http://doi.org/10.1016/0263-7855(96)00018-5
http://doi.org/10.1107/S2053229614024218
http://doi.org/10.1107/S0021889811043202
http://www.ncbi.nlm.nih.gov/pubmed/22477785

	Introduction 
	Results and Discussion 
	UV–Vis Study of Interaction of CHX3 with Amines 
	1H NMR Study of the Interaction of CHX3 with Amines 
	X-ray Structural Analysis of Co-crystals of Iodoform with TMPD or DABCO 
	Computational Analysis of XB and HB Complexes 
	Unified Correlation of Strength of the XB and HB Complexes with the Surface Electrostatic Potentials in the Polarized Molecules 
	Differentiation of XB and HB Complexes Based on Their UV–Vis and NMR Characteristics 

	Materials and Methods 
	Conclusions 
	References

