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out for the bis(pyridine)iodonium cation (the pyridine-I"--pyridine complex), a
representative system containing a three-center four-electron (3c4e) halogen bond.
It is shown that, for the infrared intensity generation and enhancement of two
vibrational modes that occur upon formation of this complex, vibration-induced
partial transfer of electron density (called charge flux) plays an essential role. It is
also shown that the effective electric charge of I'" in this complex is 0.6-0.7 e, which
is significantly less than 1 e of an isolated I" ion, suggesting that the 3c4e halogen
bond of the N--I"~N part has a partially covalent character. The extent of
anisotropy in the occupancies of electrons in the p orbitals of the outer-most shell
of I* is ~0.8 in the mixing ratio of p,*p,*p.’. Similarities and differences with the
case of the protonated complex are also discussed.
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1. Introduction

Halogen bonding is a highly directional attractive interaction between an electron-deficient region of a
halogen atom and a (partially) negatively charged atom in a molecular system [1—13]. In its most widely recognized
form, the halogen atom is covalently bonded to another atom (most frequently carbon atom), and the halogen bond
is formed nearly on the line extended from (i.e., on the other side of) the covalent bond. The most important feature
giving rise to this directionality [14—19], or to the formation of halogen bond at all, is the anisotropy in the electron
distribution that is intrinsic [20,21] to the p.*p,*p.' configuration in the outermost shell of the halogen atom, where
z is taken along the covalent bond (with the covalent bond being placed on the —z side in the following argument).
This anisotropy tends to generate a spatial region of positive electrostatic potential around the +z side of the z axis,
which is called o hole [22,23], and hence, to contribute to the formation of halogen bond in a nearly linear shape.
Because the lowest-order electric moment of an isolated halogen atom in the pi’p,?p.' electronic configuration is
a quadrupole, it is in principle most natural to represent this anisotropic electrostatic situation by an electric
quadrupole on the halogen atom [20,21,24-27]. In a practical sense, however, it is convenient to represent it by
placing a partial positive charge at a certain distance from the halogen atom on the +z side of the z axis, called
extra-point model [28-34].
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There is another form of halogen bonding known, formed by a halogen(I) ion (X") and two (partially) negatively
charged atoms (hereafter denoted as D) [35-37]. Here, it is supposed that two of the three p orbitals in the outermost
shell of the X" ion are doubly occupied and the rest (assumed as p. in the following argument) is vacant, and one of
the two D atoms is located on the +z side and the other on the —z side of the z axis to form mutually (nearly) linear
two halogen bonds. Because three centers and four electrons (donated by the two D atoms) are involved, this is also
known as a three-center four-electron (3c4e) halogen bond. In addition to its fundamental properties [38—41],
especially its partially covalent nature [37,42-45], its useful applications in organic chemistry [46—48] and
supramolecular chemistry [49-52] are frequently discussed.

One of the well-studied species in the series of 3c4e halogen-bonded systems of X" would be the
bis(pyridine)iodonium cation (the pyridine---I*:--pyridine complex) [37,38,42-46,53]. In a previous study [53] it
was observed that, upon its formation, an infrared (IR) band is newly generated at 172 cm™! and was assigned to
the antisymmetric stretching of the N---I'+-"N part. A practical aspect of this observation would be that this band
may be used as a marker of the formation of the N---I*:+N 3c4e halogen bond, but from a more basic viewpoint, it
would be preferable to elucidate in the first place how this IR intensity generation takes place. Is it interpretable
by a simple displacement of a charged particle (I" in this case), or is there any more complex mechanism operating?
In our previous studies on some other halogen-bonded systems [54-56], it was clarified that IR intensity
enhancement is induced for some vibrational modes by a spatially extended transfer of electron density, which is
called charge flux [54—62]. If such spatially extended behavior of electrons is involved in the IR intensity
generation also in the case of the bis(pyridine)iodonium cation, it is expected that it is also related to the electronic
structural aspect of this cation, especially the partially covalent nature of the 3c4e halogen bond. By carefully
examining the features of the IR spectrum observed in Ref. [53] by referring to those of liquid pyridine [63,64], it
is also recognized that the IR intensity of the band at 638 cm™!, which is assigned to the antisymmetric mixing of
the 6a vibrations of the two pyridine rings (where, in each molecule, the N and para C atoms are displaced along
the z axis in the opposite directions), is also enhanced in relative intensity. Elucidating the mechanism that gives
rise to these IR intensity generation and enhancement would be helpful for our better understanding of the
properties of the 3c4e halogen bond formed by the X" ions.

In the present study, this problem is tackled by performing theoretical analyses on the electron density
changes occurring upon formation of the bis(pyridine)iodonium cation and their derivatives with respect to
vibrational modes. By analyzing electron density features, it is possible to elucidate the behavior of electrons in
intermolecular interactions and vibrational motions in a spatially resolved manner [33,34,54-56,65,66]. To support
the discussion, calculations were also carried out for the pyridinium—pyridine dimer, which is a hydrogen-bonded
system that has H" instead of I". Based on the results of those analyses, the electronic structural and vibrational
properties of the cation will be discussed.

2. Computational Procedures

Calculations and analyses were carried out for the bis(pyridine)iodonium cation (the pyridine--I"--pyridine
complex) and its related species, focusing on the change in the electron density upon formation of this cation from
its components (two pyridine molecules and the iodonium ion) and the electron density derivatives related to the
two modes that appear strongly in the IR spectra upon formation of this cation. First, the structures were optimized,
and the vibrational frequencies and IR intensities were calculated, with the ®B97XD functional [67] of density
functional theory (DFT) and the def2SVP basis set [68,69]. No scaling was carried out on the calculated
frequencies. The globally optimized structure was found to be of the D,q symmetry, with linear N---I*---N angle,
equal N--I" distances (2.289 A), and mutually perpendicular pyridine rings, in agreement with the results of
previous calculations [37,38,42,43], although a coplanar structure of D, symmetry was suggested in a previous
analysis of observed IR spectra [53]. In the following, the location of I* is taken as the origin, the N--I*--"N direction
is taken as the z axis, and the ring on the —z side is placed on the yz plane.

The change in the electron density upon formation of the bis(pyridine)iodonium cation, denoted as 3[p®(r)]otal,
was calculated as [p(r)]py 1+ py — [P ]1e — Z[PV(F)]pyrigine, Where the sum was taken over the two pyridine
molecules in the third term. In addition, to support the discussion, the changes in the electron density induced by an
electric charge of 0.2 e and a zz axially symmetric traceless electric quadrupole of 1 ea¢® located at the origin
(replacing the I' ion), denoted as [p(r)]charee and S[p(F)]quag, Were also calculated. The evaluation points r of
pE)(r) were taken in a rectangular box of the size of 14.4 x 14.4 x 22.2 A3, so that each boundary of the box is at least
5 A from any atom in the cation, with the interval of 0.02 A. In evaluating [p)(r)]1+, the I" ion was assumed to be in
the singlet state with two doubly occupied and one vacant p orbitals of the outermost shell. For well-founded
discussion, it is required to specify which of those three p orbitals is vacant. For this purpose, small negative electric
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charges of —1 x 107 e or less (in magnitude) were placed at x, y, or z=+50 A. These charges have a negligibly small
effect on the energy but are sufficient to lift the degeneracy to make the specified p orbital vacant [33].

The derivative of the electron density with respect to a vibrational mode Q or a displacement Z of a specified
atom, denoted as dp(r)/0Q or dp(r)/0Z, was calculated by numerical differentiation from p)(r) of the equilibrium
and displaced (40 = 0.03 A amu'? or 4Z = 0.02 A) structures. The change in this electron density derivative upon
formation of the bis(pyridine)iodonium cation was calculated in the same way as 5[p(r)].owr described above.

To support the discussion, calculations were also carried out for the pyridinium—pyridine dimer (the
pyridine---H"---pyridine complex). In this case, the globally optimized structure has the Cs, symmetry [38,70-73]
with linear N---H"-*N angle and mutually perpendicular pyridine rings but unequal N--H" distances (1.128 and
1.513 A), while the optimized structure constrained to the D,q symmetry (with the N---H" distances of 1.283 A) is
a first-order transition state (i.e., with one imaginary-frequency mode). As a result, the electron density derivatives
were calculated for both of these structures.

All the DFT calculations described above were performed by using the Gaussian 09 program [74], and the
analyses (including preparation of vibrationally displaced structures, and numerical differentiation, integration,
and fitting of electron densities) were done with our own programs.

3. Results and Discussion
3.1. Features of Electron Density Derivatives

As stated in Section 1, it was observed in a previous study [53] that, upon formation of the
bis(pyridine)iodonium cation, a strongly IR-active band is newly generated at 172 cm ™!, which is assigned to the
antisymmetric stretching of the N---I"-N part. In the present calculation at the ®B97XD/def2SVP level, it is
calculated at 192.8 cm™! with the IR intensity of 110.1 km mol™'. To elucidate the electronic structural origin of
this generation of IR intensity, the electron density derivative with respect to the displacement of I* along the z
axis (denoted as Z:), which is equivalent to the N--I*-“N antisymmetric stretching, is calculated. The result
obtained in the form of 5[dp)(r)/0Z;.], defined as [dp(r)/0Z1:]py 1+ py — [0p(r)/0Z1:]1+, is shown in Figure 1a.
Here, [0p®)(r)/0Z;.]1+ is subtracted to cancel the contribution of the electrons that simply follow the displacement
of the I* ion. In calculating this [dp"(r)/0Z; 1, the p*p,?p-’ configuration in the outermost shell of I* is assumed.
It is clearly seen that, although only the I" ion is displaced, the electron density changes are delocalized to the
spatial region of the two pyridine molecules. In the two-dimensional plot (integrated projection on the yz plane),
the features on the right-hand side constitute a side view of the pyridine ring placed on the xz plane, and indicate
that both the lone-pair electrons and the © electrons on the N atom of the pyridine molecule contribute to this
electron density derivative. The running integral of the one-dimensional plot shown with a light blue line indicates
that, in fact, the spatial region with large amplitudes of this electron density derivative is extended to the whole
part of the two pyridine rings. The positive sign of this running integral indicates that the electron density is partially
transferred in the —z direction (from right to left) as the I" ion is displaced in the +z direction along the z axis.

Because of the spatially extended nature, this vibration-induced partial electron density transfer (called
charge flux [54-62]) gives rise to a dipole derivative of as large as 12.4 D A™!. In atomic unit, this is 2.58 (eao)ao ',
meaning that it is equivalent to a displacement of a positive electric charge of 2.58 e. This should be further added
by the contribution of [p*(#)/0Z1:]1+ and the displacement of the atomic nucleus, the sum of which is simply 1 e.
However, this result does not mean that the effective electric charge of I' in the bis(pyridine)iodonium cation is
3.58 e. The dipole derivative is significantly anisotropic to the extent that it is as small as 0.16 e for the
displacements in the out-of-line (x and y) directions. Stretching of one N--I" bond and shrinking of the other
concertedly induce a large charge flux and give rise to an enhancement of ~13 (=3.58?) times of the IR intensity.

The features in the spatial region around the I" ion in the two-dimensional plot shown in Figure 1a would
need an additional remark. It may seem as if the positive and negative lobes in the —1 A <z <1 A region are related
to the direction of the partial electron density transfer discussed above. In fact, the signs of these lobes are related
to how we suppose the state of the I' ion in evaluating [dp®(r)/0Zi:]i+ (which is subtracted from
[0p(r)/0Z11]py 1+ py to derive S[dp®(r)/0Z1+]). The result obtained by assuming the average of the p.*p,*p.°,
p*p2p.°, and ppp,° configurations (hereafter referred to as the isotropic average configuration) in evaluating
[0pD(r)/0Z1+]1+ is shown in Figure 1b. It is clearly seen that the signs of the positive and negative lobes in the
—1 A <z <1 A region are inverted. Then, it would be most reasonable to consider that the extent of anisotropy in
the occupancies of electrons in the p orbitals of I" in the bis(pyridine)iodonium cation may be evaluated from the
ratio of p,p,?p.? and isotropic average configurations (assumed in Figure 1a,b, respectively) that best cancels the
features in the —1 A <z <1 A region. From the peak heights of the black lines of the one-dimensional plots shown
in Figure 1a and b, this ratio is estimated as 0.64 (for a) to 0.36 (for b). As shown in Figure lc, the features in the
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—1 A <z <1 A region are indeed mostly canceled by adopting this ratio. According to this reasoning, the ratio of
mixing of the p’p,*p.°, p,*p-*p., and p.*p.*p,® configurations for I* in the bis(pyridine)iodonium cation is estimated

as 0.76, 0.12, and 0.12, respectively.
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Figure 1. Two-dimensional contour plot (integrated projection on the yz plane), one-dimensional plot (integrated
projection on the z axis, black), and its left-to-right running integral (light blue) of the change in the electron density
derivatives S[dp@(r)/0Zi+] (=[dp V()0 Ziloy t+ py — [0pV(#)/0Zi+]1+, in panels a—c) and J[Ip(r)/0Q14]
(=[IpD(#)/0014]py 1+ py — [OpD(#)/Q14]1+ — Z[IpD(r)/dQ14]pyridine, in panels d and ) occurring upon formation of the
bis(pyridine)iodonium cation, where Zi- represents the displacement of I* along the z axis and Q14 denotes the 14th
normal mode (655.9 ¢cm™"), calculated at the ®B97XD/def2SVP level. The N--I"-N direction is taken as the z
(horizontal) axis, and the ring on the left-hand side is placed on the yz plane. In calculating [0p®)(r)/0Z:+]i+ and
[0pCN(#)/0Q14]1+, the p?p?p-" configuration in the outermost shell of I" is assumed in panels a and d, and the isotropic
average configuration in panels b and e. In panel ¢, the mixing of the p?p,?p., p,?p-*p:°, and p-*p.p,° configurations
with the ratio of 0.76, 0.12, and 0.12 (see text) is assumed. The contours are drawn with the interval of 1.4 x 1072 a0
in the range from —35 to 35 x 1072 a¢™> (in panels a—c) and with the interval of 0.6 x 107 a¢™> m™'2 in the range from
—15t0 15 x 10* ao3 me "2 (in panels d and e), with the color code shown on the lefi-hand side of panels a and d. The
locations of the atoms are indicated with black filled circles in the two-dimensional plot, and those of the N atoms and
the I* ion (at z = £2.289 and 0 A) with pink dotted lines in the one-dimensional plot. As the guide to the eye, the
locations of z=+1 A (see text) are indicated in the two-dimensional plots of panels a—¢, and those of z==+2 and +3 A
(see text) are indicated in the one-dimensional plots of panels d and e, with black dotted lines.
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Upon formation of the bis(pyridine)iodonium cation, the IR band at 638 cm™!, which is assigned to the
antisymmetric mixing of the 6a vibrations of the two pyridine rings, is also enhanced in relative intensity [53] (i.e.,
relatively to the nearby strong IR band at ~700 cm™! assigned to mode 11) compared with the band of the same
mode observed at 604 cm™ in the IR spectrum of liquid pyridine [63,64]. In the present calculation at the
®B97XD/def2SVP level, it is calculated at 655.9 cm™! with the IR intensity of 67.1 km mol™'. Compared with the
IR intensity of 4.7 km mol ! of this mode (at 615.2 cm™!) of an isolated pyridine molecule calculated at the same
theoretical level, the IR intensity is indeed significantly enhanced upon formation of the bis(pyridine)iodonium
cation. The electron density derivative with regard to this mode (the 14th mode counted from the lowest frequency
and hereafter denoted as Qi4) obtained in the form of S[dp©(r)/0Q14], defined as [IpD(r)/0Q1slpy 1+ py —
[0p(r)/dQ14]1+ — Z[Ip(r)/dQ14]pyridine, 1S shown in Figure 1d,e. Here, the signs of the 6a vibrations of the two
pyridine rings in their antisymmetric mixing in Q14 are set in a way that the two N atoms are displaced in the +z
direction (and, concomitantly, the two C atoms in the para position are displaced in the —z direction) for Q14 > 0.
In contrast to the case of 5[dp)(r)/0Z1+] discussed above, because the vibrational amplitude of I" is very small, the
features of this electron density derivative are essentially the same whether the state of the I' ion in evaluating
[0p(r)/dQ14]1+ is assumed as p,p,?p-® (shown in panel d) or the isotropic average (shown in panel €).

In the two-dimensional plot shown in the upper part of Figure 1d (or 1e), large amplitudes of the electron density
derivative are clearly recognized around the two N atoms. In the one-dimensional plot shown in black in the lower
part, each of these features in the -3 A <z<—2 A and 2 A <z <3 A regions appears as a combination of a high (or
deep) peak and two lower side peaks of the opposite sign, and because the outer one (i.e., at a larger |z|) of the side
peaks has a larger amplitude than the inner one, it gives rise to a dipole derivative in the —z direction. However, from
the running integral of the one-dimensional plot shown in light blue, it is noticed that the partial electron density
transfer induced by this vibrational mode is spatially much more extended, i.e., an extended charge flux is generated.
This running integral is negative over almost the whole range, including the spatial regions of the two pyridine rings,
and as a result, a large dipole derivative is induced in the —z direction. It amounts to —0.838 D A™! amu ', which
constitutes a major part of the total dipole derivative of —1.260 D A™! amu? (corresponding to the IR intensity of
67.1 km mol™") of this vibrational mode.

Therefore, it is concluded that a large charge flux extended over the whole spatial region of the
bis(pyridine)iodonium cation plays an important role in the IR intensity generation and enhancement of the two
vibrational modes calculated at 192.8 and 655.9 cm ™.

3.2. Electronic Anisotropy of I'" and Polarization of Pyridine Molecules

The change in the electron density 5[p)(¥)]ta Occurring upon formation of the bis(pyridine)iodonium cation,
defined (as described in Section 2) as [pV(r) ]y 1+ py — [P ]1+ — Z[pD(r)]pyridine, is shown in Figure 2a—d. The
state of the I" ion in evaluating [p©"(r)]i+ is assumed as p,°p,?p.” in panel a and as the isotropic average in panel b.
It is (rather naturally) recognized that the features around the center (—1.5 A <z < 1.5 A) depend strongly on how
we suppose the state of the I" ion in evaluating [p©)(r)]i+; negative lobes are clearly recognizable along the y axis
at z= 0 and positive lobes are prominent at (y, z) = (0, £1.0) A when we suppose the p.’p,?p.’ configuration, while
positive lobes are present with large amplitudes along the y axis at z = 0 and smaller but clear negative lobes are
seen at (y, z) = (0, £0.86) A when we suppose the isotropic average configuration. For the electron density
derivatives shown in Figure 1a—c, it has been discussed in Section 3.1 that the features around the center are mostly
canceled by mixing the three configurations with the ratio of 0.76, 0.12, and 0.12. However, by applying this ratio
in calculating 6[p)(F)]tal, clearly recognizable positive lobes remain along the y axis as shown in Figure 2c, so
that the anisotropy of the electron distribution in I* that is effective in d[p"(#)]iowal looks more or less different
(discussed later in this section, by referring also to Figure 2d).

In Figure 2a—d, the electron density changes are also recognized in the spatial regions of the two pyridine
rings. The running integral (light blue line) is negative over the spatial region of the pyridine ring on the left-hand
(z<0) side and vice versa on the right-hand (z > 0) side, meaning that electron density is partially transferred from
the outer part to the inner part, inducing an electric polarization in the outward direction on each (right- and left-

hand) side.
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Figure 2. (a—d) Two-dimensional contour plot (integrated projection on the yz plane), one-dimensional plot
(integrated projection on the z axis, black), and its left-to-right running integral (light blue) of the change in the
electron density S[p@()]woa E[p(F)py 1+ py — [P — Z[p(r)]pyridine) occurring upon formation of the
bis(pyridine)iodonium cation calculated at the ®B97XD/def2SVP level. The location of I* is taken as the origin,
the N---I*+-"N direction is taken as the z (horizontal) axis, and the ring on the left-hand side is placed on the yz plane.
In calculating [p©(r)]1+, the px’py?p:° configuration in the outermost shell of I* is assumed in panel a, the isotropic
average configuration in panel b, and the p.?p,*p:°, p,*p-*p.°, and p-2p.*p,® configurations are mixed with the ratio
0f 0.76, 0.12, and 0.12 in panel ¢ and with the ratio of 0.86, 0.07, and 0.07 in panel d. The contours are drawn with
the interval of 0.48 x 1072 a¢™2 in the range from —12 to 12 x 1072 a2, with the color code shown on the left-hand
side of panel a and d. The locations of the atoms are indicated with black filled circles in the two-dimensional plot,
and those of the N atoms and the I'* ion with pink dotted lines in the one-dimensional plot. As the guide to the eye,
the location of z=—2 A (see text) is indicated in each two-dimensional plot, and the locations of z==+1 A (see text)
are indicated in the one-dimensional plot of panel d, with black dotted lines. (e,f) The same type of plots of the
change in the electron density J[p®)(r)]charge and S[p©D(r)]quad induced by an electric charge of 0.2 e (panel e) and a
zz axially symmetric traceless electric quadrupole of 1 eao? (panel f) located at the origin (replacing the I ion). The
locations and the structures of the two pyridine molecules are the same as those in the bis(pyridine)iodonium cation.
The contours are drawn with the interval of 0.3 x 107 ao 2 in the range from —7.5 to 7.5 x 107 ao 2, with the color
code shown on the left-hand side of panel e.
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To help examine the nature of this polarization in more detail, the electron density changes induced by an
electric charge of 0.2 e and a zz axially symmetric traceless electric quadrupole of 1 eaq® located at the origin
(replacing the I* ion), denoted as [pD(¥)]charee and S[p(r)]quad, are calculated. The results are shown in Figure 2e
and f. It is seen that the spatial regions with large amplitudes of electron density change are extended to the far end
of the pyridine rings in the polarization induced by an electric charge shown in Figure 2e, while it is shorter-ranged
and rather localized around the N and ortho C atoms in the polarization induced by an electric quadrupole shown
in Figure 2f. The feature of the electron density change J[p(F)]wt that occurs in the real cation shown in
Figure 2a—d seems to be in between those of the two types of electrostatic polarizations. Therefore, we have tried
to fit 5[p(r)] o shown in Figure 2b by a linear combination of 6[p)(r)]charee and J[p () ]quad, by minimizing the
integral of (S[p"(F)]wota — ¢1 O[P(F)]charge — €2 I[P ()]quad)’, in the z < =2 A (or its symmetrically related
z > 2 A) region. The values of ¢; and ¢, obtained in this way are c; = 8.643 and ¢, = 6.013. The one- and two-
dimensional plots of S[p ()]l — 1 S[PV(F)charee — €2 I[P D(F)]quaa using these values of ¢; and ¢, (hereafter
denoted as 6[p (F)]residuat), Which are shown in Figure 3a, clearly indicate that 5[p(¥)]ot is reasonably well fitted
by ¢1 S[p(#)]charge + €2 I[P (#)]quaa in the z < =2 A and z > 2 A regions. However, the effective electric charge
and quadrupole of I" in the cation estimated by these values, 1.729 e and 6.013 eaq?, seem to be too large compared
with 1.0 e and 4.847 ea¢? of an isolated I* ion of the p,*p,*p.? configuration.

The features of 5[pD(¥)]resiqual around the center are considered to provide us information on the state of I' in
the cation. As a reference, the electron density difference between the p,?p,’p.? and isotropic average configurations
of an isolated I" ion is shown in Figure 3b. Compared to this, each positive lobe (y > 0 and y < 0) along the y axis
at z= 0 in 0[p(r)]residuat Shown in Figure 3a has a similar shape and amplitude, but each negative lobe (z > 0 and
z <0) along the z axis at y = 0 looks double peaked and is somewhat more extended to the spatial region around
the N atom. The latter feature originates from the positive lobes sticking out (in the |z| < 2 A region) from the N
atoms in the electron density changes due to electrostatic polarizations 6[p(F)]charee and S[p(r)]quaa Shown in
Figure 2e,f, which are considered to be suppressed in the real cation because of the existence of I' at the center.
To make the situation clearer, the difference between the electron densities shown in Figure 3a,b is plotted in
Figure 3c. It is recognized that electron density is partially transferred in the N — I" direction from |z ~ 1.7 A to
~0.8 A within each N--I" halogen bond, with the magnitude estimated as ~0.15 (i.e., corresponding to an electric
charge of ~0.15 e) from the amplitude of the running integral. In contrast, along the y axis at z = 0, the amplitude
of I[pCD(F)]residual is only slightly smaller by a factor of ~0.9 (at |y| ~ 0.75 A) than that of I" in the p’p,*p.°
configuration. Because of this extended nature of 6[p"(¥)]esiqual along the z axis, the zz component of the electric
quadrupole corresponding to S[p)(F)]resiqual in the =2 A < z <2 A region is calculated to be as large as 7.1 eao’.
This may be the reason for the abovementioned enhanced electric quadrupole (6.013 eao?) that is effective in the
polarization of the pyridine rings in the cation. In contrast, for the enhanced effective electric charge (1.729 e),
there is no quantitative reasoning at present. It might be that the deshielding of the electron density around the N
atoms due to N — I" partial transfer is responsible for it.

Following the idea adopted in Section 3.1 for estimating the extent of anisotropy in the occupancies of
electrons in the p orbitals of I* in the cation, the mixing ratio of the p.*p,*p.°, p,?p-*p:°, and p.*p*p,° configurations
is derived so that the one-dimensional plot of 6[p®"(r)]wt becomes essentially flat around the center. The plots of
S[p®(#) ot calculated in this way, with the mixing ratio of 0.86, 0.07, and 0.07, are shown in Figure 2d. Then,
integrating it in the —1 A <z <1 A region, the amount of excess electron density around I" in the cation is estimated
as ~0.4, roughly in accord with the extent of partial electron density transfer estimated above from the features of
O[pY(¥)]residuat, Which is ~0.15 per N--I* halogen bond. Therefore, it would be most reasonable to consider that the
effective electric charge of I" in the cation is 0.6-0.7 e, and the extent of anisotropy in the occupancies of electrons
in the p orbitals is ~0.8 in the mixing ratio of p.?p,?p.’. The former is slightly larger than the value of 0.41 and 0.43
e obtained from natural population analyses in previous studies [39,43], but its qualitative implication is the same
in that the 3c4e halogen bond of the N---I"N part has a partially covalent character. With regard to the effects of
the electric charge and quadrupole of I" on the polarization of pyridine rings, however, the effective values are
much larger because of some extent of redistribution of electron density.
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Figure 3. (a) Two-dimensional contour plot (integrated projection on the yz plane), one-dimensional plot
(integrated projection on the z axis, black), and its left-to-right running integral (light blue) of the difference taken
as I[P D)ot — ¢1 [P V() ]charge — c2 S[p(F)quad that best cancels the amplitudes in the z < 2 A and z > 2 A
regions. In calculating 6[p®)(r)]iotal, the isotropic average configuration in the outermost shell of I* is assumed
(shown in Figure 2b). The contours are drawn with the interval of 0.6 x 1072 a2 in the range from —15 to 15 x
1072 a2, with the color code shown on the left-hand side. (b,c) The same type of plots of the difference in the
electron density between the p.?p,*p-" and isotropic average configurations in the outermost shell of an isolated I*
ion (in panel b), and of the difference between the electron densities shown in panels a and b (in panel ¢). The

contours are drawn with the same setting as in panel a.

3.3. The Case of H' Bridging Pyridine Molecules

Photochem. Spectrosc. 2026, 2(2), 6

To deepen understanding on the results discussed above for the bis(pyridine)iodonium cation, calculations

and analyses have also been carried out for the pyridinium—pyridine dimer (the pyridine--H*--pyridine complex).
The one- and two-dimensional plots of the electron density derivative [dp(r)/0Zu]py 1+ py With respect to the
displacement of H" along the z axis (denoted as Zy:+) calculated for the structure of D»g symmetry are shown in
Figure 4a. (Here, [0p©)(r)/0Zu+]u+ is not subtracted because there is no electron around an isolated H".) The most
conspicuous feature would be the positive and negative lobes in the +z and —z sides, respectively, around the center,
so that it might seem as if the partial electron density transfer in the +z direction is the most important. However,
the running integral of the one-dimensional plot shown in light blue is positive over almost the whole range, clearly

https://doi.org/10.53941/ps.2026.100017
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indicating that a larger partial electron density transfer (i.e., charge flux) occurs in the —z direction. The positive
and negative lobes around the center originate from the electrons that simply follow the displacement of H.
Although there is no electron around an isolated H, some electron density is partially donated from the pyridine
rings, giving rise to the feature seen around the center. As a reference, the same type of plots obtained for an
isolated electrically neutral H atom is shown in Figure 4c. Comparing the depth of the dip around the center of the
running integral in Figure 4a,c, the integrated electron density donated by the pyridine rings is estimated to be
~0.56, meaning that the effective electric charge of H' in this complex is ~0.44 e. In the case of the
bis(pyridine)iodonium cation, the discussion in this regard developed in Section 3.1 was much more complicated
because of the intrinsic anisotropy in the electron density of an isolated I" ion of a particular occupancy of p orbitals.

(a)

2

x10" a2

AN oN s

Figure 4. (a,b) Two-dimensional contour plot (integrated projection on the yz plane), one-dimensional plot
(integrated projection on the z axis, black), and its left-to-right running integral (light blue) of the electron density
derivative [dp)(r)/0Zi+]py 1+ py of the pyridinium—pyridine dimer with the symmetric location of H' (panel a) and
in the equilibrium structure (panel b), where Zu+ represents the displacement of H* along the z axis, calculated at
the ®B97XD/def2SVP level. The N--H*--N direction is taken as the z (horizontal) axis, and the ring on the left-
hand side is placed on the yz plane. The contours are drawn with the interval of 1.2 x 1072 o™ in the range from
=30 to 30 x 1072 a0, with the color code shown on the left-hand side of panel a. The locations of the atoms are
indicated with black filled circles in the two-dimensional plot, and those of the N atoms and the H ion with pink
dotted lines in the one-dimensional plot. (¢) The same type of plots for the displacement of a hydrogen atom located
at the center. The contours are drawn with the same setting as in panel a and b.
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The spatially extended charge flux described above gives rise to a dipole derivative of as large as 9.83 D A1,
or 2.05 (eap)ao " in atomic unit. This should be further added by the contribution of the displacement of the atomic
nucleus, which is simply 1 e. As a result, the total dipole derivative is equivalent to a displacement of a positive
electric charge of 3.05 e, but similarly to the case of the bis(pyridine)iodonium cation, this should not be regarded
as an effective electric charge of H' in the pyridinium—pyridine dimer; the dipole derivative is strongly anisotropic so
that the value for the out-of-line displacements (i.e., in the x and y directions) is as small as 0.13 e. The similarity in
the magnitude and anisotropy of the dipole derivative tensor between the two cases suggests that the situation of I in
the bis(pyridine)iodonium cation is quite similar to that of H' in the pyridinium—pyridine dimer in this regard.

As stated in Section 2, the structure of D»q symmetry of the pyridinium—pyridine dimer is a first-order
transition state. The mode of an imaginary frequency calculated as 679.8 i cm™' mainly consists of the N---H*---N
antisymmetric stretching. The IR intensity is calculated as 8128.9 km mol™!, which is in accord with the dipole
derivative of 3.05 (eao)ao ' of the N---H"---N antisymmetric stretching internal coordinate and the reduced mass of
the normal mode of approximately 1 amu. In the case of the bis(pyridine)iodonium cation, the N--I*+N
antisymmetric stretching mode calculated at 192.8 cm™! has the IR intensity of 110.1 km mol ' as stated in Section 3.1,
which is about 74 times smaller than the N---H™N antisymmetric stretching mode of the pyridinium—pyridine
dimer. The main factor of this smaller IR intensity would be the heavier mass of the iodine atom (126.9 amu),
whose effect is partially cancelled by the larger dipole derivative [3.58 vs. 3.05 (eao)ao '], considering that the IR
intensity is proportional to the square of the dipole derivative. Note that, in the real atomic displacements in the
N--I"N antisymmetric stretching normal mode, the I" ion and the pyridine rings move concertedly, because
pyridine is lighter than iodine.

The feature of the electron density derivative [dp)(r)/0Zu+]py 1+ py is quite similar also for the structure of
C,y symmetry at the global minimum, as shown in Figure 4b; the positive and negative lobes in the +z and —z sides,
respectively, around the center are conspicuous, but the running integral of the one-dimensional plot is positive
over almost the whole range, indicating that a larger partial electron density transfer (i.e., charge flux) occurs in
the —z direction. The dipole derivative induced by this charge flux is slightly smaller, 7.57 D A" or 1.58 (eao)ao
in atomic unit. This is still larger than a typical value of the OH stretching mode of strongly hydrogen-bonded
water molecules, which is ~5 D A" amu™""? [65]. (Note that the reduced mass of the OH stretching normal mode
is approximately 1 amu.) In the latter case also, a charge flux that is extended to the spatial region of the hydrogen-
bond acceptor is the major factor of the dipole derivative; for non-hydrogen-bonded molecules, where there is no
such charge flux, the dipole derivative is as small as ~1 D A-' amu "2 [65]. These results emphasize the importance
of charge flux in generation and enhancement of the IR intensities of strongly IR active modes.

4. Concluding Remarks

In the present study, focusing on the case of the bis(pyridine)iodonium cation, a representative system
containing a three-center four-electron (3c4e) halogen bond, the behavior of electrons in the formation of this
cation and in the resultant IR intensity generation and enhancement of vibrational modes has been examined by
calculating and analyzing electron density features. The main conclusions may be summarized as follows. (1) For
the IR intensity generation of the antisymmetric stretching vibration of the N--I"--N part, which appears at 192.8 cm!
with the IR intensity of 110.1 km mol !, a spatially extended charge flux plays a crucial role. It is so long ranged,
being extended to the whole part of the two pyridine rings, that the dipole derivative induced by it is as large as
2.58 (eao)aq”', resulting in an enhancement of ~13 [=(2.58 + 1)?] times of the IR intensity compared with the case
of a simple displacement of a positive charge of 1 e. (2) The same type of spatially extended charge flux is
generated by the mode consisting of the antisymmetric mixing of the 6a vibrations of the two pyridine rings
(denoted as (Qi4), and also in the case of the pyridinium—pyridine dimer (the protonated counterpart) by the
antisymmetric stretching of the N--H"'N part. In the latter case, mainly because of the lighter mass of H*
compared to I7, the generated IR intensity is as large as 8.1 x 103 km mol™'. (3) From the electron density features,
the effective electric charge of I" in the cation is estimated as 0.6—0.7 e, and the extent of anisotropy in the
occupancies of electrons in the p orbitals of the outer-most shell is estimated as ~0.8 in the mixing ratio of p.?p,p.’.
The former indicates that the 3c4e halogen bond of the N---I"-N part has a partially covalent character. (4) With
regard to the effects of the electric charge and quadrupole of I* on the polarization of pyridine rings, the effective
values are much larger, estimated as 1.729 e and 6.013 eao?, because of some extent of redistribution of electron density.

Having concluded that essentially the same type of charge flux is induced in the 3c4e halogen- and hydrogen-
bonded systems by the motions of I" and H" bridging two electronegative atoms, it would be rather natural to
expect that it is possible to achieve a uniform understanding of the electronic structural properties related to the
dynamics of halogen(I) ions and protons interacting with surroundings. For example, it is well known that there is
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an extremely broad feature in the mid-IR region of the IR spectra of acidic water called proton continuum [75,76],
and one of the representative configurations supposed for hydrated protons is the Zundel complex HO-+-H"---OH, [77],
where H' bridges two electronegative atoms via hydrogen bonding. Intricate coupling between the behavior of
electrons and the dynamics of ions interacting with surroundings via halogen- and hydrogen-bonding would
deserve further studies.
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