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ABSTRACT: Applying an electric field (EF) to a molecule is known Increase Decrease +z EF
to induce rearrangement of its electron charge density, p(r). Previous %AN [ ] #

experimental and computational studies have investigated effects on
reactivity by using homogeneous EFs with specific magnitudes and
directions to control reaction rates and product selectivity. To best
incorporate EFs into experimental design, a more fundamental
understanding of how EFs rearrange p(r) is necessary. To gain this
understanding, we first applied EFs to a set of 10 diatomic and linear
triatomic molecules with various constraints on the molecules to
determine the importance of rotation and altering bond lengths on
bond energies. In order to capture the subtle changes in p(r) known
to occur from EFs, an extension of the quantum theory of atoms in
molecules called gradient bundle (GB) analysis was employed,
allowing for quantification of the redistribution of p(r) within atomic
basins. This allowed us to calculate GB-condensed EF-induced densities using conceptual density functional theory. Results were
interpreted considering relationships between the GB-condensed EF-induced densities and properties including bond strength, bond
length, polarity, polarizability, and frontier molecular orbitals (FMOs).

H INTRODUCTION Investigations of p(r) with QTAIM and EFs have revealed
how electrons transfer between atomic basins, volumes
bounded by zero-flux surfaces (ZFSs) in the gradient field of
the charge density, Vp(r), which correspond to each atom in a
molecule.”"””> However, in addition to transferring electrons
between atoms, EFs can significantly rearrange p(r) within
atomic basins. Furthermore, the changes occurring between
atomic basins may or may not be representative of the overall
changes in chemical reactivity. For example, Clarys et al.

Properly oriented electric fields (EFs) have recently been
shown to be capable of controlling the rates of chemical
reactions and the specific structures of products that are
formed during reactions. These studies have been performed
both computationally' ™ and experimentally.'~"® A frequent
term in EF-driven catalysis coined by Shaik et al. is the reaction
axis, which is defined as the direction in which a homogeneous

EF should be applied to control reactivity such that the demonstrated that atomic charges of diatomic molecules do
subsequent electron reorganization stabilizes a transition state not change at all when homogeneous EFs are applied
(TS) or preferentially forms a specific product.”” A perpendicular to the bond, despite plots of the EF-induced
homogeneous EF will generally move electrons in the direction charge density indicating significant changes in p(r)."”
of the field, but there is rearrangement of electron charge Similarly, Wilson et al. calculated the change in the number
density, p(r), that occurs in addition to this overall one- of electrons in bond wedges as well as atomic basins due to
dimensional movement of electrons. While the energetic EFs in ketosteroid isomerase.”” Bond wedges are volumes
changes incurred by EFs can be substantial, the changes to

p(r) often appear to be more subtle.!™>! In this work, we Received: March 15, 2023

propose a method to create a general description of the exact Revised:  May 1, 2023

rearrangement of p(r) occurring due to an EF. The Published: May 18, 2023

redistribution of p(r) is investigated with gradient bundle
(GB) analysis, an extension of the quantum theory of atoms in
molecules (QTAIM).
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bounded by ZFSs in the bonding regions of atomic basins. It
was shown that the amount of p(r) lost and gained in bond
wedges was often more significant than the overall change in
atomic charge calculated from the entire atomic basin. While
bond wedge electron counts provide a more detailed picture
than atomic charges, this model still does not capture all of the
redistribution of p(r) that occurs in molecules due to EFs.
Attempts at describing changes to p(r) due to EFs have been
made by overlaying contour plots of p(r),”" measuring changes
in distance of specific p(r) isosurfaces from nuclei,'” and
calculating the curvature of p(r) isosurfaces.”***

We further quantify the redistribution of p(r) due to EFs
using a set of 10 diatomic and linear triatomic molecules. We
first show how bond energies change due to EFs for both the
case where nuclei are fixed in place and the case where they are
allowed to move with various levels of geometry constraints.
Based on these results, we use primarily fixed-nuclei
calculations moving forward, which is in line with the
conceptual density functional theory (CDFT) definition of
the EF-induced density.'” We then describe general trends in
the GB-condensed induced density before comparing the
rearrangement of p(r) due to EFs to Fukui functions, which
show how p(r) rearranges due to adding or removing electrons
from a system.”>~*” Since homogeneous EFs applied along the
bond of a diatomic molecule will generally increase the atomic
charge in one atom and decrease the charge in the other, one
might assume that these results would be similar to Fukui
functions. However, we show that electron rearrangement from
these two different types of perturbations are distinct.

We hope that these developments in the fundamental
understanding of how EFs redistribute p(r) will aid in the
incorporation of EFs in experimental design for catalysis and
product selectivity. Specifically, the exact determination of the
reaction axis for a given system is not always straightforward.
We aim to develop a model capable of predicting the EF
direction best suited for altering reactivity. The first step in this
process is quantifying the redistribution of electrons due to
EFs.

B THEORY AND COMPUTATIONAL METHODS

Gradient Bundles. In QTAIM, an atomic basin is defined
as the volume bounded by unique ZFSs in Vp(r) around each
nucleus, allowing for quantum-mechanically well-defined
properties to be integrated over these basins.”**° While
atomic basins have unique ZFSs bounding them, these are not
the only ZFSs in Vp(r) if surfaces intersecting nuclei are
included.*' > QTAIM analysis of the full atomic basin
provides information about the overall region surrounding an
atom, such as atomic charge and atomic energy, but does not
account for changes happening within atomic basins. However,
atomic basins can be further partitioned into smaller volumes
still bounded by ZFSs. These smaller volumes, called gradient
bundles, also have quantum-mechanically well-defined proper-
ties. GBs thus allow for finer analysis of how p(r) is distributed
throughout the atomic basin.***"~*’

GBs can be created using a variety of methods depending on
available p(r) data and the symmetry of the molecules
studied.”” Rotational GBs can be created for linear molecules
and have the advantage of being simple to analyze with 1D
plots. To create rotational GBs, gradient paths are seeded from
equally spaced points on a small semicircle on a cut plane of
p(r) centered at a nuclear critical point. Due to the symmetry
of linear molecules, a 360° rotation of these gradient paths
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about the internuclear axis creates ZFSs that bound the GBs.
Details on this method are provided elsewhere.”* This work
studies linear molecules to take advantage of the ease of
analysis of rotational GBs.

Conceptual Density Functional Theory. CDFT defines
chemical properties in terms of partial derivatives of energy, E.
This theory originally focused on derivatives taken with respect
to the number of electrons, N, and the external potential,
v(r).*'~* Important to this work, the Fukui function is defined

ol )

where u is the chemical potential. The Fukui function is
generally determined using a finite difference method where an
electron is either added to or removed from the system (AN =
+1), providing information on where nucleophilic or electro-
philic attack is most likely to take place within a chemical
system.”>~*” Furthermore, Fukui functions can be condensed
to give a change in electron count for an atom or GB.
Condensed Fukui functions for the removal of an electron are
calculated as
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= f p(x, N) dr — f p(r, N = 1) de
@ w(N) w(N-1) (2)
and for the addition of an electron as
f: = / p(r, N+ 1) dr — / p(r, N) dr
. o(N+1) ®(N) (3)

where w indicates an atomic basin, GB, or other region. Note
that the region most likely to undergo electrophilic or
nucleophilic attack in a molecule will have the largest positive
value for eq 2 or 3, respectively.

CDFT has recently been extended to include the effect of
EFs as well as other external factors.'”** The most relevant
first- and second-order response functions including electric
fields, €, are
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where % is the dipole vector and A is the polarizability
tensor. The quantity given by eq 6 is referred to as the EF-
induced density and will be discussed in detail in this work. In
eq 6, the vector character of € is no longer considered, as the
fields used in this work are homogeneous and oriented along a
Cartesian axis; thus, € is the value of the corresponding
component of the EF.

Fukui functions can also be calculated for systems in EFs."”
For the addition of an electron, this is calculated as

[ a)=py,,(e=a) - p,(r;e=a)

(7)

where a is is the strength of the EF. Note that eq 7 considers
how p(r) will rearrange due to the addition of an electron
where both the neutral and charged molecule are perturbed by

https://doi.org/10.1021/acs.jpca.3c01757
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the EF. In this work, however, we consider how p(r) is
redistributed due to an EF rather than from a change in overall
electron count.

Molecules Studied. The set of molecules studied in this
work include H,, N,, O,, F,, Cl,, HF, HCl, CO, CO,, and
HCN. This set of molecules was chosen based on the fact that
they all have at least C,,, symmetry and include a variety of
bond types as well as magnitudes of dipoles and polar-
izabilities, as shown in Table 1. As mentioned above, molecules

Table 1. Dipole Moment Magnitudes, Polarizabilities, Bond
Lengths, and Bond Energies (BEs) with no EF for the set of
molecules studied

dipole moment  polarizability =~ bond length BE
molecule (D) (A3~ (A)° (keal/mol)?
H, 0 0.787 0.7386 —211.16
N, 0 1.710 1.0862 —600.06
(0 0 1.562 1.1921 —452.52
F, 0 1.160 1.3678 —247.57
Cl, 0 4.610 1.9902 —181.97
HF 1.827 0.800 0.9208 —297.44
HCl 1.093 2.51S8 1.2787 —218.20
CcO 0.112 1.953 1.1204 —535.21
CO, 0 2.507 1.1549 —830.90
HCN 2.980 2.593 1.0663,° —660.41
114157

“Experimental values from NIST.* PTheoretical values from this

work. ‘H-CN. “HC—N.

with Cg, (or Dg,,) symmetry can be analyzed using rotational
GBs. This method creates 1D plots of data which can be
interpreted more easily than triangulated GB data from less
symmetric systems. Even when an electric field is applied along
the bond axis, C, symmetry is maintained. The molecular set
includes single, double, and triple bonds with a large range of
bond strengths. Bond energies (BEs) are calculated as the
difference in energy of the entire compound and its individual
isolated atoms.* For example, the bond energy for CO, is
calculated as

BE = E(CO,) — [E(C) + 2E(0)] (8)

The dipole moment magnitudes range from zero to 2.980 D
(HCN), and the polarizabilities range from 0.787 A* (H,) to
4.610 A3 (Cl,).

This set expands on the pioneering work by Clarys et al.
studying eqs 4—6 primarily for dihalogens subjected to EFs."
In their work, they focused on trends related to polarizabilities
and hence studied nonpolar molecules. We now investigate the
EF-induced density of molecules with permanent dipole
moments.

Computational Details. All calculations were performed
with the Amsterdam Density Functional package within the
Amsterdam Modeling Suite.”>*” The M06-2X functional was
used for all reported results, as it performs well for dispersion-
dominated systems.**** Since DFT methods are known to not
always be accurate for polarizability,”® we tested CCSD
methods for carbon monoxide and obtained qualitatively the
same results as those shown in Figure 4 using M06-2X. We
plan to perform a more in-depth systematic study comparing
EF-induced densities from various calculation methods in the
future. A nonrelativistic augmented triple-{’ double polarized
basis set’’ with no frozen core was used to properly account
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for the redistribution of p(r) from the added EFs, as has been
done in other works."”>*™>* All calculations were restricted
except for O, which was unrestricted in a triplet state.
Calculations were performed with a Becke 4 numerical
integration quality (estimated bonding energy accuracy AE
of <0.0005 mHartree),” default convergence tolerance, and
QTAIM analysis with 0.1 A spacing in the grid searching for
critical points.‘%’57 All reported atomic charges are QTAIM
(Bader) charges.

Optimized geometries were obtained for the unperturbed
systems aligned to the z axis with symmetry enforced. We
define atom 1 as the atom at the origin and atom 2 (and atom
3, when applicable) in the +z direction. Subsequent con-
strained nuclear position (CNP) and geometry optimization
(GO) calculations were performed with a 1.0 V/A EF
(approximately 0.02 au) applied as a perturbation to the
Fock operator. Other works have found this EF strength to be
appropriate for modeling effects on small molecules, as it is on
the high end of the EF strengths observed in enzyme active
sites and what can be achieved experimentally in STM
experiments.'">** EFs are discussed following the physicist
convention of negative charge terminating at positive charge.
For parallel and antiparallel EFs, rather than applying EFs in
the positive and negative z direction, we chose to change the
molecule orientation and always apply +z-direction EFs, as
shown in Figure 1. We then discuss the effect of EFs on

G—

n

1)
H
F

H
Atom 2

y

Atom 1

Figure 1. EFs are applied in the +z and +x directions in this work,
which generally redistribute electrons in the —z and —x directions,
respectively. All molecules are initially aligned on the z axis with atom
1 at the origin and additional atoms in the +z direction.
Heteronuclear molecules are subjected to +z-direction EFs using
both possible molecular orientations, as shown for HF and FH.

heteronuclear molecules in terms of which atom is at the
origin, e.g, HF (atom 1 = H) and FH (atom 1 = F), rather than
a +z- and —z-direction EF acting on HF.

For GB analysis, cube files of p(r) data were created with
0.003 A grid spacing and imported to Tecplot’® using the
Bondalyzer add-on package.’” Thirty-six GBs for each atom
were constructed in Tecplot from gradient paths seeded 0.1 A
from each atom’s nucleus with equal spacing, as has been done
in other works.”**" 7>’ GBs were cut off at p(r) = 107 /A3,
Electron integrations were performed with the second-order
trapezoidal method in Tecplot. All gradient paths were
reseeded in the systems perturbed by an EF resulting in
differences according to the response of a molecular fragment

https://doi.org/10.1021/acs.jpca.3c01757
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(RMF) method,®™® as has been done in other works
calculating GB-condensed Fukui functions.>”*°

B RESULTS AND DISCUSSION

Bond energies from full geometry optimization calculations of
molecules subjected to parallel and perpendicular EFs are first
compared to results of calculations with various levels of
geometry constraints. GB analysis is then performed on EF-
induced densities from CNP calculations. Finally, the GB-
condensed EF-induced densities are compared to expected
regions of electron gain and loss using frontier molecular
orbital (FMO) theory.

Effect of Fixed External Potential on EF-Induced
Density. While the CDFT definition of induced density, eq 6,
requires a fixed external potential (CNP calculation), one can
also observe the change in p(r) due to an EF when the nuclei
are allowed to move (GO calculation). If the bond energies
from these different calculations are similar, one can then apply
results from EF-induced density calculations to situations
where nuclei are free to move. Experimentally, there are some
instances where nuclei can move freely, such as in gas-phase or
solution reactions. However, there are also times when the
motion of nuclei is at least somewhat restricted, such as in the
solid phase or in the active sites of enzymes. To explore these
differences, calculations with 1 V/A parallel (along z axis) and
perpendicular (along « axis) EFs were performed on the set of
10 linear molecules. All bonds were initially positioned along
the z axis as shown in Figure 1. Four types of calculations were
performed: (1) full geometry optimization (GO), (2)
constrained bond length (CBL), (3) constrained angles
(CA), and (4) constrained nuclear positions (CNP). The
changes in bond energies and bond lengths were determined
for each calculation, where bond energy values encompass all
bonds in a molecule using eq 8 rather than considering
individual bonding interactions.

Bond Energy. 1t is known that EFs applied to homonuclear
diatomic molecules always lower the energy of the system.
Heteronuclear molecules can be stabilized or destabilized by an
EF depending on the direction in which it is applied.”* The
change in energy of a molecule due to a homogeneous EF can
be approximated with the power series®>**

AE = E(e) — E(0)

i 1
—u%Pe cos O — Eauez cos” @ — qqe” sin® O + -
)

where ¢ is the magnitude of the EF, %" is the magnitude of the
dipole moment of the unperturbed (no EF) molecule, a; and
a, are the parallel and perpendicular components of the
unperturbed polarizability tensor, respectively, as given by eqs
4 and 5, and 6 is the angle between the dipole moment vector
and the direction of the homogeneous EF.

Figure 2 shows the percent change in bond energy dueto a1
V/A perpendicular EF. Performing a full GO resulted in the
largest change in bond energy for all molecules since each
molecule could alter its bond lengths and rotate to align with
the EF. Constraining the bond length gave almost identical
results to the geometry optimization. In this case, molecules
were still allowed to rotate in order to align with the EF along
the x axis. Alternatively, constraining the molecule along the z
axis did not result in as large of a stabilizing effect from the EF
as observed when rotation was allowed. This difference in
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Figure 2. Changes in bond energy from a perpendicular 1 V/A EF
with various levels of geometry optimization: (1) full geometry
optimization (GO); (2) constrained bond length (CBL); (3)
constrained angles (CA); (4) constrained nuclear positions (CNP).

stabilization was greater for polar molecules than for molecules
with no permanent dipole moment or a small dipole moment
(CO), as can be seen in eq 9.

When a molecule is allowed to rotate and align with an EF,
the change in energy can be approximated as

i 1
AE x —pu%Pe — —qe?
TR (10)
since € = 0. When rotation is not permitted, a perpendicular
EF causes the change in energy approximated by

~ 2
AE = —q¢

(11)

as @ = m/2. Thus, the dipole moment has a strong effect on the
energy of a molecule in a parallel field (or perpendicular field
that a molecule is allowed to align with by rotation) according
to eq 10 but should not affect the energy of a molecule in a
perpendicular field if rotation is not allowed, as shown in eq 11.

Whether or not the bond length was allowed to change
along with the rotation had a negligible effect on the change in
bond energy, with the slight exception of CO,, which had a
difference of 0.44 kcal/mol between the GO and CBL
calculations due to the large change in bond lengths seen in
this molecule from an applied EF. The uniqueness of CO, in
this regard is discussed in more detail below. For an EF to have
the largest energetic effect on a molecule, the molecule must be
allowed to rotate, but changing bond length is generally
insignificant. While molecules are able to rotate to align with
EFs in the gas phase, this rotation is often prohibited by steric
considerations such as in enzymes. However, molecular
rotation is far more important than changes in bond lengths
for stabilization of molecules in an EF. This is in line with the
idea proposed by Wang et al. of using oriented external EFs as
catalytic tweezers to position molecules in space to lower
activation barriers.*®

For parallel EFs applied to linear molecules, CNP
calculations can be used in place of GO calculations with
minimal differences in bond energies, as demonstrated in
Figure 2. The important exception here is for highly polar
heteronuclear molecules such as HCN. In this case, a CNP
calculation would not capture realistic changes in energy for a
+z-direction EF, as this direction of EF caused the HCN
molecule to rotate 180° to align its dipole moment with the
EF. An optimization of HCN that does not allow for rotation
with a +z-direction EF had a 1.8% change in bond energy,
while a —z-direction EF incurred a —2.6% change in bond

https://doi.org/10.1021/acs.jpca.3c01757
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energy. This discrepancy is not shown in Figure 2 since a
perpendicular field was used rather than a +z-direction EF (see
Table S1 for parallel/antiparallel EF data). For CO, the dipole
moment is of a small enough magnitude that the dipole
switched direction rather than the molecule rotating when a
—z-direction EF was added to the system and a full GO was
performed.

Bond Length. Figure 3 shows the percent change in bond
lengths due to a 1 V/A parallel or perpendicular EF when

Effect of 1 V/A EF on Bond Lengths
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Figure 3. Percent changes in bond length due to parallel (z-direction)
and perpendicular (x-direction) 1 V/A EF. No rotation of the
molecules was allowed. Note that for C,,, molecules, the z-direction
EF was applied for both orientations of the molecule along the z axis.

rotation of the molecules was not allowed. For molecules with
only C,, symmetry, the z-direction EF was applied for both
orientations of the molecule along the z axis. Also note that the
x-direction EF gave identical results for both orientations.
Bond lengths for all molecules changed significantly more for
the parallel EFs compared to the perpendicular EFs, as has
been noted in other work."” The small changes in bond lengths
for these systems (<1% for most molecules) support the
energetic data showing that allowing bond lengths to change
does not have a significant effect on bond energies. Previous
work has demonstrated that bond lengths change quadratically
with the strength of EF.'””” Since a relatively large EF strength
(1 V/A) was used in this work, most experimental bond length
changes due to EFs will be even smaller than the data shown in
Figure 3.

The most significant changes in bond lengths occurred in
CO,, with changes greater than 1% for the z-direction EF. The
next largest changes all involved hydrogen atoms (FH, CIH,
and NCH). None of the homonuclear diatomic molecules had
significant changes in bond length when the 1 V/A EF was
applied. For the remainder of this paper we show only results
from EFs in the z direction to maintain C,, symmetry.
Additionally, after an initial test of GB analysis performed on
GO and CNP calculations, we only present data from CNP
calculations, as EFs have a minor effect on bond length and
this small change in bond length subsequently plays a minor
role in bond energies.

Gradient-Bundle-Condensed EF-Induced Densities.
GB analysis was performed on molecules subjected to parallel
1 V/A EFs in order to quantify the redistribution of p(r)
within atomic basins.

Overview of Data Interpretation. To more easily interpret
the changes in GBs due to EFs, simplified 1D representations
were created to show the relative percent changes in electron
counts. An example of these data for carbon moxide is shown

4686

in Figure 4. The GB image in Figure 4a shows the shape and
size of a cutplane of the 36 GBs created in each atomic basin.
The GBs are colored to show where loss of electrons (red) and
gain of electrons (blue) occur. Each of these electron changes
is quantified as a percent change in electron count according to

NEF — NNoEF]

%AN = 100(
NoEF

(12)

where Ngg and Ny,gr give the electron counts in each GB with
an EF or no EF, respectively. A percent change in electron
count is used to account for the fact that GBs can have
drastically different sizes even when the gradient paths defining
each GB are seeded with equal spacing. For example, GB36 in
the carbon atom of CO is significantly larger than GB1 of the
carbon atom, as shown in Figure 4a.

For diatomic molecules, GBs are numbered starting with
GBI along the bond/interatomic surface (IAS) and moving
out from the IAS for each atom until GB36 is reached. GB1 is
thus always along the bond/IAS for diatomic molecules. For
triatomic molecules, GBs are simply numbered from left to
right, such that GB1—GB36 are in atom 1, GB37—GB72 are in
atom 2, and GB73—GB108 are in atom 3. Figure 4b shows the
%AN in each GB, which is then converted to a simplified 1D
representation of the data in Figure 4c for ease of comparing
the GB-condensed EF-induced densities across molecules. The
darkness of the color for each GB is linearly scaled with %AN,
and the darkest color is determined internally to each atom
using the largest value of I%ANI. For less symmetric C,
molecules, both orientations of the molecule along the z axis
are included, where the EF always points from atom 1 (left) to
atom 2 (right). Figure 5 shows simplified 1D representations
of the %AN in all molecules studied in this work. Plots of
%AN for all molecules are shown in Figures S1—S14.

Comparison of GO and CNP EF-Induced Densities. GB-
condensed EF-induced densities were initially calculated for
both GO and CNP calculations to ensure that there were not
large discrepancies in the data between these two calculation
methods (simplified 1D representations of GO results are
shown in Figure S15). As expected from the results in Figures
2 and 3, whether or not bond lengths were allowed to change
did not have a large effect on the EF-induced densities, with
the exception of CO,. Results for F,, Cl,, HF, HCI], CO, and
HCN were essentially identical for the two calculation
methods, and slight differences occurred for H,, N,, and O,.
For these three molecules, the differences in GB-condensed
EF-induced densities occurred in GBI of either atom 1 (H,
and O,) or atom 2 (N,), meaning discrepancies along the
bond and IAS. GB1 in H, had a slight decrease in electron
count in atom 1 when the bond length was allowed to change
but a slight increase when the nuclear coordinates were fixed.
Similarly, O, had a greater decrease in atom 1 GB1 for the GO
calculation than in the CNP calculation. For N,, atom 2 GB1
had a slight decrease for the GO calculation and slight increase
for the CNP calculation.

In CO,, the discrepancies between GO and CNP
calculations occurred in the carbon atomic basin. For the
GO, the carbon basin gained electrons near O(1) in GB37—
GB40 and lost electrons near O(3) in GB70—GB72. The
opposite behavior is shown in the EF-induced density for the
CO, CNP calculation. Here the GBs near O(1) lost electrons
and the GBs near O(3) gained electrons. This behavior in CO,
can be rationalized by the change in the C—O bond lengths

https://doi.org/10.1021/acs.jpca.3c01757
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Figure 4. GB-condensed induced densities from +z-direction 1 V/A EF applied along the bond axis for CO. (a) Sizes and shapes of the GBs with
no EF, colored to match the %AN due to the EF. (b) Plots of the %AN in each of the 36 GBs around each atom from the EF. (c) Simplified 1D
representation of the EF-induced density for each GB. Blue indicates an increase in electron count, and red indicates a decrease in electron count in

all figures.

due to an EF and the size of the carbon atomic basin. As shown
in Figure 3, the C—O(1) bond length increased by 1.3% and
the C—O(3) bond length decreased by 1.1% from a 1 V/A EF
in the +z direction. Considering all the other molecules in this
study, the next largest changes in bond lengths were an
increase of 0.8% in the C—H bond of NCH and a decrease of
0.5% in HF. Substantial changes in bond lengths were required
in CO, for the molecule to be most stabilized by an EF. This
may be partially due to the small size of the carbon atomic
basin in CO, (30.9 au with a cutoff of p(r) = 107 ¢/A3
compared to the carbon atoms in CO and HCN having
volumes of 111.6 and 87.4 au, respectively).
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Since allowing the bond length to change when a molecule is
perturbed by an EF generally plays an insignificant role in how
p(r) is rearranged, we only include CNP calculations moving
forward, which corresponds to the CDFT EF-induced density
definition given by eq 6. Whether or not the nuclei are allowed
to move when a linear molecule is subjected to a 1 V/A parallel
EF gives essentially the same results for the EF-induced density
of molecules tested here, with the exception of CO,.

General Trends in EF-Induced Density. While significant
rearrangement of p(r) within atomic basins did occur for all
molecules tested, few consistent trends were found between
the GB-condensed EF-induced density of molecules included
in this study and bond strength, bond length, polarity, and

https://doi.org/10.1021/acs.jpca.3c01757
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Figure S. Relative changes in electron counts of gradient bundles for
molecules subjected to +z-direction 1 V/A EF. (a) Homonuclear
diatomic molecules and (b) heteronuclear diatomic molecules have
GBI (along bond path/IAS) in the center of each image, and GB36 is
seeded 180° away from the bond path for each atom. (c) Triatomic
molecules have the 36 GBs in each atomic basin numbered from left
to right such that GB1—GB36 are in atom 1, GB37—72 are in atom 2,
and GB73—108 are in atom 3.

polarizability. However, more trends were discovered with the
diatomic molecules than the triatomic molecules, and these
molecules will thus be focused on in this section. Despite the
fact that an EF in the +z direction should increase the amount
of p(r) in atom 1 and decrease the amount of p(r) in atom 2
for diatomic molecules, most atoms in the molecules tested
here had some “unexpected” electron gain (atom 2) and loss
(atom 1) as well.

For all of the molecules tested, hydrogen is the only atom
with no unexpected gain or loss in its EF-induced density, even
in the triatomic HCN molecule. The greatest %AN occurred
in the larger-numbered GBs away from the bonding region.

For most other atoms, the largest %AN occurred closer to the
bonds and IASs. The other exceptions were the fluorine atom
in FH, which had a similarly large %AN in GBs near the bond
and 180° away from the bond, and the carbon atom in CO and
OC, which also had the largest change 180° from the bond.

In all of the homonuclear diatomic molecules shown in
Figure S other than H,, there was unexpected loss/gain of
electrons in various GBs. For N, the only significant
unexpected loss or gain occurred in GB1 of both atoms. For
O,, there was slight unexpected loss and gain in the GBs
furthest from the bond. For the dihalogens, unexpected gain
and loss occurred in the GBs centered around GB18.
Considering the entire molecular set, all of the molecules
with unexpected loss in GBIl of atom 1 (or 2) also had
unexpected gain in GB1 of atom 2 (or 3) and occurred in triple
bonds (N,, CO, and OC, CN in HCN, and NC in NCH).
There seems to be a compensating effect along the bond paths
and IASs for these molecules.

Most atoms gained/lost electrons in similar regions
regardless of whether they were atom 1 or atom 2 (or atom
3 for triatomics). For example, atom 1 in F, had unexpected
loss in GB15—GB21, and atom 2 had unexpected gain in
GB15—GB21. Considering a triatomic molecule, O(1) in CO,
lost electrons in GB1—GB8 and GB31—36 while gaining
electrons in the central GBs. O(3) had the opposite behavior,
as it gained electrons in GB73—GB80 and GB104—GB108 and
lost electrons in the central GBs. The amounts of electrons
gained/lost were also similar, as shown in Table S2. These
results were unexpected, as electron gain/loss often corre-
sponds to locations of HOMO and LUMO lobes, which are
generally not identical. We explore the relationship between
frontier molecular orbitals (FMOs) and electron loss/gain due
to an EF in more detail in the following section.

Additionally, GB behavior within each atom varied depend-
ing on which molecule the atom was part of in most cases.
Consider that O(2) in O, only gained electrons in the GBs
away from the bond while the O in CO gained electrons in
GB1—-GBS as well as in GB32—GB36. The O in OC lost
electrons in GB1—-GB4 and GB31-GB36. Considering the
triatomics, O(3) in CO, gained electrons in GB73—GB81
(near the O(1)—C bond) and GB103—GB108 (pointing away
from the C—O(3) bond). A similar pattern of electron loss
occurred in O(1) of CO,. Thus, the GB-condensed EF-
induced density of atoms does not appear to be transferable
between all molecules. The exception here was for halogen
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Figure 6. Correlation of experimental polarizabilities of molecules*® with the sum of absolute values of changes in electron counts due to a 1 V/A
parallel EF. (a) Changes in electron counts for each GB. (b) Changes in electron counts for each atomic basin. F, is a clear outlier for GB
correlation and is shown as an open circle but still included in the linear regression.
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atoms. Whether a halogen atom (X) is in a HX or X, molecule
did not generally change the regions of GBs that gained or lost
electrons. While few consistent trends were found between
regions of electron gain/loss and the molecular properties in
Table 1, the next section considers how these regions
correspond to FMOs.

Rather than considering the specific GBs that lose or gain
electrons due to an EF, one can also observe the absolute value
of the change in the number of electrons in all GBs of an atom,
Y ,/ANI, where @ indicates a GB. Here there was a clear
correlation with polarizability of molecules as shown in Figure
6a, as expected since polarizability can be interpreted as how
easily p(r) can be rearranged. The outlier in this trend was F,,
which had a larger rearrangement of p(r) than expected from
its experimental polarizability. If F, is removed from the data,
the R* value increases from 0.701 to 0.912.

Interestingly, the correlation of polarizability with the
absolute changes in atomic charges, g, due to EFs using
QTAIM shown in Figure 6b is not as strong as when the
changes in each GB were considered in Figure 6a. Despite
some atoms having small changes in atomic charge, there was
often still a large rearrangement of p(r) within the atomic
basin. The most striking examples of this occurred in
molecules with halogen atoms. For example, CIl, had
2 ,ANI = 0.78 but Y IANI = 0.27. HF had },JANI = 0.15
but Y IANI 0.06. This is a clear example of where
condensing properties over atomic basins does not provide an
accurate picture of how molecules respond to perturbations. A
finer partitioning of space is required to capture the full
redistribution of p(r) due to an EF.

Relationship to Frontier Molecular Orbitals. Here we
determine whether regions of electron loss and gain due to an
EF correspond to the frontier molecular orbitals (FMOs) in
molecules, as one might expect. Previous work with GB
analysis investigated the rearrangement of p(r) with GB-
condensed Fukui functions.”” The change in electron count of
each GB was compared for a system’s unperturbed p(r) to the
p(r) of the same system with an electron removed or added. A
key finding from this work was that electron count differences
in GBs correlated to regions where FMO lobes existed,
corresponding to regions most likely to undergo nucleophilic
or electrophilic attack. When an electron was removed from
the system, the GBs experiencing a decrease in p(r) spatially
aligned with the neutral system’s HOMO. When an electron
was added to the system, the GBs experiencing an increase in
p(r) spatially aligned with the neutral system’s LUMO.
Additionally, GBs with negative Fukui functions, regions with
“unexpected” electron gain/loss, occurred where FMO nodes
existed, as anticigated from work studying (noncondensed)
Fukui functions.”*”%*

In the case of an applied +z-direction EF, no electrons are
removed from or added to the molecular system, but p(r) is
rearranged such that there is an expectation for atom 1 to
generally gain electrons and atom 2 to generally lose electrons.
Therefore, one might hypothesize that GBs with a loss of
electrons in atom 2 due to the EF would correspond to loss of
p(r) from the HOMO. Similarly, addition of electrons to GBs
in atom 1 due to the EF would correspond to the lobes of the
LUMO, which gain p(r). However, our results indicate that
p(r) rearrangement due to an EF is quite different from
rearrangement caused by adding or removing an electron. It is
worthwhile to note that although the previous work®” observed
strong agreement between GB changes and the shapes of
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FMOs with Fukui functions, GBs and orbitals are intrinsically
different volumes. Molecular orbitals are often displayed with
isosurfaces of p(r), while GBs are created with ZFSs in Vp(r).
It is thus unlikely to ever have perfect spatial alignment
between orbitals and GBs.

For diatomic molecules, there was little to no spatial
alignment between electron loss in atom 2 GBs and the lobes
of the unperturbed molecule’s HOMO. The only systems
which appeared to correlate for electron loss were H, and O,.
As shown in Figure 7b, the GBs in O, atom 2 which lost

0, LUMO

Gainine-

Loss of e
GB 1-32

Figure 7. Overlay of O, GBs with the (a) LUMO (isosurface = 0.03
au) and (b) HOMO (isosurface = 0.03 au). Orbitals are from
calculations with no EF. Each GB is colored according to its relative
%AN due to +z-direction 1 V/A EF.

electrons due to the EF spatially aligned with the z HOMO
lobe. GBs in atom 2 with minimal change or slight increases in
p(r) corresponded to nodes. Similarly in Figure 7a, the atom 1
GBs which gained electrons aligned to the £ LUMO while
decreases in p(r) occurred along nodes. Of the molecules
studied, H, and O, are the only diatomic systems where
expected spatial alignment existed for electron loss and gain
with both the HOMO and LUMO lobes, respectively.
However, note that H, and O, both have identically shaped
HOMO and LUMO orbitals (see Figures S16—S21 for FMO
overlays for additional molecules).

Other molecules, such as N, shown in Figure 8, gained
electrons in atom 1 GBs that generally corresponded to the z
LUMO but have no agreement for the loss of electrons in atom

https://doi.org/10.1021/acs.jpca.3c01757
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N, LUMO

Gainine-

Loss of e

(b)
Figure 8. Overlay of N, GBs with the (a) LUMO (isosurface = 0.03

au) and (b) HOMO (isosurface = 0.03 au). Orbitals are from
calculations with no EF. Each GB is colored according to its relative
%AN due to the EF.

2 with the 6 HOMO. Instead, the loss of electrons in atom 2
generally aligned to a node in the HOMO mirroring the gain
of electrons in atom 1. Due to the symmetry of electron loss/
gain, the GBs that lost electrons in atom 2 actually
corresponded better with the LUMO than the HOMO.

All other diatomic molecules except CO presented similar
patterns as N,. There was generally consistency between
electron gain in atom 1 GBs with the lobes of the unperturbed
molecule’s LUMO, but no spatial alignment of the loss of
electrons in atom 2 GBs and the unperturbed HOMO. With an
applied EF, there appeared to be a much stronger preference
for LUMO lobes to gain electrons than for HOMO lobes to
lose electrons. Interestingly, the loss of electrons in multiple
molecules suggested general agreement with the shape of the
LUMO. However, this may simply be due to the symmetry of
electron loss and gain in each atom.

Since EFs allow for mixing of orbitals that was previously
forbidden, it is possible that regions of electron loss/gain due
to an EF better correspond with the product of filled and
unfilled orbitals with the EF direction as given by

(¢lz19,) (13)

where ¢, and ¢, could represent, for example, the unperturbed
HOMO and LUMO, respectively. For the molecules tested
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here, the product of the HOMO and EF LUMO do not
visually appear to spatially align with GB-condensed EF-
induced densities, but it is possible that eq 13 would more
accurately correspond to the induced density if orbitals other
than the HOMO and LUMO were also considered.

The only diatomic molecule without any agreement for
either the HOMO or LUMO was CO, as displayed in Figure 9.
The GBs which lost electrons in atom 2 corresponded to a
node in the 6 HOMO, as shown in Figure 9c. Conversely, the

CO EF LUMO

Gainin e
GB 31-36, 3-24

CO LUMO

Gainin e
GB 31-36, 3-24

/
D

V=

:

N

CO HOMO

|
<
K | \\\1{{

(

Loss of e

GB 7-29

Figure 9. Overlay of CO GBs with the (a) +z-direction 1 V/A EF
LUMO (isosurface = 0.01 au), (b) no-EF LUMO (isosurface = 0.03
au), and (c) no-EF HOMO (isosurface = 0.03 au). Each GB is
colored according to its relative %AN due to the EF.
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atom 1 GBs with the greatest gain in electrons shown in Figure
9b corresponded to a node in the unperturbed system’s &
LUMO. There are some GBs with electron gain spatially
present in the 7 LUMO lobe, but there are GBs that lost
electrons in this region also.

An additional point of consideration is that FMOs can
become distorted in shape and change energy when an EF is
applied to the molecule. None of the molecules tested here had
any significant differences in their HOMO beyond the relative
sizes of lobes changing. Size changes also occurred for the
LUMOs, but three of the diatomic molecules, N,, H,, and CO,
had completely different LUMOSs with and without the EF due
to energy changes. For example, the unperturbed CO molecule
had two degenerate # LUMOs (only one is shown in Figure
9b) but its LUMO+1 was a ¢ orbital. When an EF was applied
in the +z direction, the 7 LUMO of the CO molecule
remained relatively unchanged whereas the ¢ LUMO+1
drastically lowered in energy. This energy change caused the
0 LUMO+1 to become lower in energy than the unperturbed 7
LUMO. Thus, the # LUMO and ¢ LUMO+1 switched places
in the molecular energy diagram whena 1 V/ A EF was applied.
Similar cases existed for N, and H,, as shown in Figures S22—
S24. The shape of the 6 EF LUMO of CO is displayed in
Figure 9a. However, this EF LUMO also did not have any
obvious correlations with the atom 1 GB gains or losses.

The change in ordering of LUMOs due to EFs has been
noted in other works®**~"" but to the best of our knowledge
has not been studied in detail. We are currently investigating
this phenomenon for the set of molecules studied here.

The analysis comparing FMOs and GB-condensed EF-
induced densities of triatomic molecules was more challenging
than for diatomics. Atom 1 was still expected to generally gain
electrons, but atom 3 was expected to lose electrons while
atom 2 could both lose and gain electrons. For CO,, the
HOMO aligned with GBs that lost electrons, as shown in
Figure 10c. There was an increase of p(r) along nodes and
decreases of p(r) that lined up with the HOMO lobe for atom
3. Analysis of atom 2 was challenging not only because of the
competing loss and gain but also because the carbon atomic
basin itself resided along a node in the HOMO. Furthermore,
consideration of the LUMO was difficult because the donut-
shaped 0 LUMO does not spatially correspond well to any GB
position. Similar to CO, the LUMO of CO, changed to a ¢
orbital when a 1 V/A EF was applied as shown in Figure 10a.
This EF LUMO still did not appear to have any obvious
agreement to electron gain in O(1) or carbon GBs. For HCN
and NCH, there was some agreement of the loss and gain of
electrons with the LUMO and HOMO, but the size and
overlap of the orbitals compared to the GBs themselves again
hinder direct comparison.

Based on the molecule set tested here, there is rarely
alignment of HOMO lobes with GBs that lose electrons.
However, there is slightly better agreement with LUMO lobes
and GBs that gain electrons. Overall, it appears that FMOs are
not the driving factor for how EFs redistribute p(r) within
atomic basins, which is fundamentally different than results for
GB-condensed Fukui functions. Additionally, LUMOs can
drastically change energies due to EFs, causing a change in
unoccupied FMOs. We are currently investigating whether the
geometry of GBs is a better predictor of EF-induced density
than FMOs, as the volumes of GBs and the curvature of their
ZFSs have shown some correlation to EF-induced densities in
a preliminary study.*
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Figure 10. Overlay of CO, GBs with the (a) +z-direction 1 V/A EF
LUMO (isosurface = 0.015 au), (b) no-EF LUMO (isosurface = 0.03
au), and (c) no-EF HOMO (isosurface = 0.03 au). Each GB is
colored according to its relative %AN due to the EF.

B CONCLUSIONS

This work studied the rearrangement of p(r) in a set of
diatomic and linear triatomic molecules when subjected to
homogeneous EFs. We first demonstrated how allowing bond
lengths to change when EFs are applied has a minimal impact
on the resulting bond energies, in line with the small changes
in bond lengths incurred by EFs. This validates using the
CDFT-defined EF-induced density'’ to understand the effect
of EFs on molecular systems whether or not the bond lengths
of molecules are restricted such as in the active site of an

https://doi.org/10.1021/acs.jpca.3c01757
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enzyme. Rotation of molecules does have a significant effect on
the energetic changes of molecules in external EFs.

To quantify the EF-induced density within atomic basins, we
partitioned each atom into 36 gradient bundles bounded by
ZFSs in Vp(r). Few clear trends were found between the GB-
condensed EF-induced density values and bond strength, bond
length, polarity, or polarizability. All atoms except hydrogen
had some regions of unexpected electron gain (in atoms that
lost electrons overall) and unexpected electron loss (in atoms
that gained electrons overall). The exact GBs where this
unexpected loss and gain occurred varied from atom to atom
and generally were not transferable between the same atom
type in different molecules. We plan on expanding our original
set of 10 molecules and studying the geometry of the charge
density to determine why these unexpected regions of electron
loss and gain occur in specific GBs.

We did find, however, that polarizability correlates better
with changes in electron counts in GBs than it does with
changes in atomic charges. Changes in atomic charges do not
consider electron rearrangement within an atomic basin, only
between basins. Since a large amount of unexpected electron
loss/gain occurred in many atoms, changes in atomic charges
therefore often drastically underestimate the total rearrange-
ment of p(r). Rearrangement of p(r) within atomic basins
must be considered to see the full effects of EFs on molecules,
which we have shown can be accounted for using GBs.

Surprisingly, the regions of electron loss in the GBs of each
atom did not correspond to the HOMO of most molecules, yet
electron gain often aligned to the location of LUMO lobes.
This is a drastically different picture than how p(r) rearranges
when electrons are gained/lost in a total molecule as shown by
the Fukui function.® Apparently, the transfer of electrons
between atoms and GBs within a molecule due to an EF is less
influenced by molecular orbitals than the transfer of electrons
during chemical reactions involving nucleophilic or electro-
philic attack. However, unoccupied orbitals are often
influenced by EFs, as the LUMOs of many molecules were
shown to change when EFs were applied to the systems. While
this has been noted in other works,”***~”! we are unaware of a
systematic study of the phenomenon. Our preliminary results
show that the strength of EF for which the crossing of the
LUMO and LUMO+1 varies for each molecule, and this
crossing is the focus of a current study.

The detailed study of the redistribution of p(r) through GBs
may provide insight on designing both external and internal
EFs for catalysis. While defining a reaction axis along which to
apply a homogeneous EF to control reactivity has been highly
successful in many recent computational and experimental
studies, it is not always straightforward to predict how an EF
will affect a reaction, especially when heterogeneous EFs are
considered. GB analysis thus allows for a high-resolution
picture of electron rearrangement due to perturbations which
may shed insight on how best to design EF-catalyzed reactions.
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