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ABSTRACT: We investigated in this work ruthenium-ligand
bonding across the RuN framework in 12 Ru(II) polypyridyl
complexes in the gas phase and solution for both singlet and triplet
states, in addition to their affinity for DNA binding through 77—z
stacking interactions with DNA nucleobases. As a tool to assess the
intrinsic strength of the ruthenium-ligand bonds, we determined
local vibrational force constants via our local vibrational mode
analysis software. We introduced a novel local force constant that
directly accounts for the intrinsic strength of the m—r stacking
interaction between DNA and the intercalated Ru(II) complex.
According to our findings, [Ru(phen),(dppz)]** and [Ru-
(phen),(11-CN-dppz)]** provide an intriguing trade-off between
photoinduced complex excitation and the strength of the subsequent
n—n stacking interaction with DNA. [Ru(phen),(dppz)]** displays a small singlet—triplet splitting and a strong 7—7 stacking
interaction in its singlet state, suggesting a favorable photoexcitation but potentially weaker interaction with DNA in the excited
state. Conversely, [Ru(phen),(11-CN-dppz)]** exhibits a larger singlet—triplet splitting and a stronger 7—7 stacking interaction with
DNA in its triplet state, indicating a less favorable photoinduced transition but a stronger interaction with DNA postexcitation. We
hope our study will inspire future experimental and computational work aimed at the design of novel Ru-polypyridyl drug candidates
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and that our new quantitative measure of 7—7 stacking interactions in DNA will find a general application in the field.

B INTRODUCTION

Organometallic complexes have attracted attention over the
past decades as potential anticancer drugs,"” with the DNA-
targeting cisplatin being one of the most prominent
representatives. * However, over time, several clinical
problems arose with cisplatin and other platinum drugs,
including bacterial resistance, a limited spectrum of activity,
and considerable side effects.” This spurred efforts to design
new generations of organometallic anticancer complexes to
overcome these deficiencies. Ruthenium complexes have
displayed significant potential for their diverse chemical
properties.” Prior ruthenium drugs that have pioneered these
endeavors include NAMI-A,”®* NKP1339,” and KP1019"°
seeing phase I of clinical trials, and TLD1433'" seeing phase II
of clinical trials in treating colorectal cancers. Modern
contenders include arene ruthenium dru§s such as RM175,
RAPTA-C, and RAPTA-T complexes.'” ™"

Ruthenium(II) polypyridyl complexes belonging to the
family of luminescent transition metal complexes have
garnered attention for their tunable photochemical and
photophysical properties.'”> Upon photoexcitation, these
complexes undergo metal-to-ligand charge transfer (MLCT)
with an electron shifting from a metal d orbital to a ligand
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orbital, forming an excited state with distinct electronic
properties.lé This excited state can, in turn, engage in
intersystem crossing to populate a long-lived triplet state. In
the presence of molecular oxygen, this triplet state can catalyze
the generation of reactive oxygen species (ROS) such as singlet
oxygen or superoxide radicals.'” The highly reactive ROS have
been instrumental in inducing cytotoxic effects, particularly
within cancer cells, making Ru(II) polypyridyl complexes
promising agents for photodynamic therapy in hypoxic tumor
environments.'® ™! Concurrently, MLCT also facilitates
phosphorescence upon relaxation to the ground state, a
property valuable for imaging applications.””**

Onset by the discovery that [Ru(bpy),(dppz)]** (bpy =
2,2'-bipyridine, dppz = dipyrido[3,2-a:2/,3’-c]phenazine)
binds to DNA with high affinity with an accompanying
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Figure 1. Overview of the 12 Ru(II) polypyridyl complexes studied.

11: [Ru(phen),(11-CN-dppz)]?*

12: [Ru(phen),(11,12-CN-dppz)]2*

The local mode force constants of RuN, bonds (red), RuN, bonds (blue),

RuN, bonds (green), and RuN; bonds (magenta) are listed for each complex in the series for the singlet gas-phase geometries using a PBE0/cc-
pVTZ/SDD(Ru) level of theory (mdyn/A), where the main stacking ligand (MSL) is annotated in dark red and the ancillary stacking ligands

(ASL) are annotated in dark blue.

increase in MLCT luminescence, the so-called DNA light
switch effect,”® a variety of ruthenium(II) polypyridyl
complexes with different intercalating ligands have been
developed as high-affinity DNA binders.”>*° In order to fine-
tune these ruthenium(II) polypyridyl complexes via systematic
ligand modifications, one must analyze Ru-ligand bonding and
the strength of the bonds with a qualified measure of bond
strength. Thus, a reliable measure of the strength of DNA
intercalation is needed in the case of Ru(Il) polypyridyl
complexes acting as 7—7 stacking agents.””** Such a measure
is provided by the local vibrational stretching force constants
derived from our Local Vibrational Mode Theory,””*° which
we’ve applied in this study to a set of 12 representative
ruthenium (1) polypyridyl complexes shown in Figure 17>

Complex 1 was obtained from the PDB structure of
intercalated Ru(I)—DNA complex (PDB: 3U38).>* Com-
plexes 2—5 were motivated by the prior work of Elgar et al.”’
and were selected to assess how changes in the ASL, with
identical MSLs, cause changes in the strengths of the RuN
ligand bonds. Ru(phen),(dppz)]** (phen = 1,10-phenanthro-
line) (1), contains a (dppz) MSL and a (phen), ASL, while
[Ru(bpy)a(dppz)]** (2) and [Ru(dmb)(dppz)]** (3) (dmb =
5,5'-dimethyl-2,2" bipyridine) also display a (dppz) MSL with
a (bpy), ASL or (dmb), ASL, respectively. [Ru(dppz)(dmb)-
(dppz)]** (4) again displays a (dppz) MSL and an ASL
composed of (dppz) and (dmb). [Ru(PIP)(dmb)(PIP)]** (5)
(PIP = 2-phenyl-imidazo-[4,5-f][1,10]phenanthroline) dis-
plays a (PIP) MSL and an ASL similarly composed of (PIP)
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(e)

Figure 2. Series of images depicting (a) MSL (red) and ASL (blue) along with the interaction of interest for this study, as depicted by the
noncovalent interaction spanning one of the rings on MSL (O,) and the six-membered ring of the nucleobase Adenine (Og), (b) visualization of
the QM/MM system with the QM region (the ligand) depicted in color and the MM region (the DNA strand) depicted in gray, and (c) definition

of the S, local mode spanning a benzene ring A and a benzene ring B. O, is the geometric center of the monomer A, where Og and x'y’z’ define a

S3 o

standard orientation of ring B from the mean ring plane.” x”y"z" are the projected coordinates x'y’z’ from O, to Op. Reprinted (adapted) with
permission from Juliana J. Antonio and Elfi Kraka Biochemistry 2023, 62, 2325—2337. Copyright 2024 American Chemical Society.

and (dmb). The inclusion of §, in conjunction with 4, was
provided to demonstrate how parallel substitutions in the MSL
and ASL correspond to changes in the strengths of the RuN
bonds.

Complexes 6—10 were motivated by the prior work of Miao
et al.’>> [Ru(bpy),(PIP)]** (6) displays a (PIP) MSL and an
ASL composed of (bpy),, mimicking the substitution pattern
of 2. [Ru(dmb),(PRIP)]** (7), [Ru(phen),(PRIP)]]** (8),
and [Ru(dcp),(PRIP)]*" (9) (dcp = 4,7-dicarbonitrile-1,10-
phenanthroline) were chosen to simultaneously compare how
modifying ASLs with unique (PRIP) MSLs changes the bond
strengths of RuN ligand bonds. [Ru(dcp),(taphat)]** (10)
(taphat = 1,4,5,8-tetraazaphenanthrene-1,4,5,8,9,12-hexaazatri-
phenylene) was employed in our study as an example what
happens compared to 9 when the MSL is changed rather than
the ASL and additionally showcasing the effects of extended 7-
conjugated MSLs on the bond strengths of the central RuN
bonds.

Finally, we included two model complexes, Ru(phen),(11-
CN-dppz)]** (11) [(11-CN-dppz = 1l-cyano-dipyrido[3,2-
a:2',3'-c]phenazine) and [Ru(phen),(11,12-CN-dppz)]** (12)
(11,12-CN-dppz = 11,12-dicyano-dipyrido[3,2-a:2’,3'-c]-
phenazine), that we designed to directly compare the effects
of single and double terminal nitrile substitution on the MSL
of 1. This inclusion was inspired by prior work of McQuaid et
al,”” which proposes terminal nitrile substitution positively
impacts the 7—7z stacking interactions of Ru(II) DNA-
intercalators with the nucleobase Adenine.

B COMPUTATIONAL METHODS

All geometry optimizations and frequency calculations were
conducted using DFT* using a PBEO/cc-pVTZ level of
theory.”*® The PBEO hybrid functional was selected based on
previous studies, indicating its superior agreement with
experimental results for ruthenium-methylimidazole com-
plexes,””*® our prior work with ruthenium complexes,””*
and its suitable performance for the description of organo-
metallic compounds.*' ™" To account for relativistic effects
observed with second-row transition metals, the Stuttgart—
Dresden effective core potential (SDD) was used.***> SDD is a
quasi-relativistic ab initio pseudo-potential that substitutes the
M(Z-28)" core orbitals with the more optimized GTO valence
basis set that includes the corresponding spin—orbit coupling
operator.” For all triplet state calculations, unrestricted DFT
was employed.** To model the complexes in solution, a
polarizable continuum model (PCM) was used.”” An Ultra-
Fine integration grid was used in all DFT calculations.*®

A hybrid quantum chemistry/molecular mechanics (QM/
MM) methodology‘w_52 was used to model the nonbonded
interactions involved in the base—pair stacking of Ru(II)
polypyridyl complexes 1, 2, 3, and 11, representing different
MSL and ASL scenarios, within AT/TA gaps of DNA.

These calculations were initiated from the X-ray diffraction
structure of A—[Ru(phen),dppz]** with oligonucleotides
(PDB entry: 3U38).”> Figure 2 illustrates the primary
nonbonded interaction investigated in this study, focusing on
one of the ligand rings stacking against the adjacent six—
membered ring of an Adenine nucleobase. The Ru(Il)
complexes were treated with quantum mechanical methods,
while the DNA strand was treated with molecular mechanics.
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Table 1. Parameters of RuN, and RuN, Bonds for the Singlet and Triplet Electronic States in the Gas Phase”

singlet triplet
complex qn K BSO n Py H, qn K BSO n Py H,
RuN, bond
1 2.905 1.853 0.945 0.645 —0.124 2.900 1.856 0.946 0.655 —0.169
2 2.909 1.832 0.941 0.656 —0.129 2.903 1.836 0.942 0.653 —0.176
3 2.908 1.834 0.941 0.659 —0.131 2.872 1918 0.958 0.772 —0.258
4 2.906 1.846 0.944 0.642 —-0.122 2.90S 1.846 0.944 0.654 —0.167
S 2.905 1.843 0.943 0.651 —0.124 2.894 1.861 0.947 0.833 —0.295
6 3.050 1.100 0.772 0.665 —0.140 3.054 1.079 0.766 0.658 -0.171
7 3.055 1.094 0.770 0.665 —0.140 3.062 1.058 0.761 0.656 —0.170
8 3.085 1.127 0.779 0.648 —0.133 3.069 1.118 0.777 0.667 —0.185
9 3.081 1.134 0.781 0.652 —0.134 3.084 1.127 0.779 0.670 —-0.179
10 3.081 1.138 0.782 0.651 —0.132 3.079 1.134 0.781 0.670 —0.180
11 2.906 1.849 0.944 0.643 —-0.123 2.867 1.922 0.959 0.781 —0.263
12 2.907 1.844 0.943 0.642 —0.122 2.869 1.945 0.963 0.775 —0.259
RuN, bond
1 6.550 1.153 0.786 0.657 —0.170 6.577 1.115 0.776 0.653 —0.167
2 6.553 1.146 0.784 0.668 —0.176 6.580 1.109 0.775 0.757 —0.245
3 6.552 1.146 0.784 0.652 —0.166 6.525 1.180 0.793 0.654 -0.175
4 6.550 1.150 0.786 0.657 —0.170 6.550 1.150 0.786 0.670 -0.177
S 6.616 1.167 0.790 0.656 —0.164 6.595 1.213 0.802 0.632 —0.160
6 4.351 1.102 0.773 0.653 —0.118 4.355 1.079 0.766 0.671 -0.177
7 4.352 1.101 0.772 0.648 —0.114 4.359 1.065 0.763 0.669 -0.177
8 4.388 1.097 0.771 0.638 —0.109 4.356 1.003 0.745 0.744 —-0.237
9 4.382 1.098 0.772 0.641 —0.114 4.383 1.089 0.769 0.663 —0.173
10 4.382 1.103 0.773 0.642 —-0.114 4.380 1.099 0.772 0.654 —0.168
11 6.549 1.152 0.786 0.658 —0.171 6.520 1.179 0.793 0.632 —0.162
12 6.549 1.150 0.786 0.657 —-0.171 6.523 1.191 0.796 0.634 —0.164

“Bond length (A), local mode force constant (mdyn/A), bond strength order BSO n, electron density p;, (e/A®) and energy density at bond critical

point H, (Har/A3).

Metal force field parameters were generated using Metal
Center Parameter Builder (MCPB),”* and the entire molecular
system was neutralized with 18 Na" ions and solvated with
TIP3P water molecules within a 16 A radius of the metal
center.>” Initial minimization at the MM level was conducted
using Amber,”® followed by QM/MM geometry optimization
using ONIOM with electronic embedding,”” employing the
PBEO/cc-pVTZ/SDD(Ru)/Amber level of theory for both
singlet and triplet electronic states. After geometry optimiza-
tion, QM/MM frequency calculations were performed,
ensuring the absence of imaginary modes. The nonbonded
interaction between the complex and the nucleobase was
evaluated using the optimized QM/MM geometry with the
LModeA program to analyze the interaction between the
complex’s MSL rings and the nucleobase. We have selected
those aromatic rings, which were separated by a distance
smaller than 3.6 A.”® The nonbonded interaction was defined
as an S, local mode (see Figure 2), representing an
intramonomer stretching mode from one of the ligands rings
to Adenine’s six-membered ring in the z-direction, as this has
previously been proposed to serve as a major component for
the nonbonded interaction for these complexes.”” The initial
geometries of the other three ligands in DNA (2, 3, and 11)
were obtained by manually modifying A-[Ru(phen),dppz]**
(1), and QM/MM calculations were performed using the same
protocol.

The local vibrational mode analysis (LMA), originally
developed by Konkoli and Cremer, has become a versatile
tool for extracting important chemical information from
vibrational spectroscopy, often hidden due to the delocalized

nature of normal vibrational modes in polyatomic molecules.*®
While leading to a new way to analyze vibrational spectra, as
shown in the composition of normal mode (CNM) analysis,””
LMA has led to a new quantitative measure of chemical bond
strength and nonbonded interactions based on local vibrational
mode force constants (k). The underlying theory and a
comprehensive overview of LMA applications can be found in
two recent review articles.”””" Rather than directly comparing
values of local force constants, it is routine to associate a bond
strength order (BSO n) for a series of compounds. This
relationship can be described by a generalized Badger rule, as
shown from the work of Kraka et al.:®" BSO n = A(k")E. The
constants A and B can be determined using two reference
compounds with known k* and the requirement that for a zero
k? the corresponding BSO #n value is zero. For this work, using
RuH and RuO as reference molecules, the values of those
constants were determined to be A = 0.7441 and B = 0.3879,
based on scaled Mayer bond orders®” (1.0 for the RuH bond
and 1.5803 for the RuO bond) and local mode force constants
(2.143 mdyn/A for RuH and 6.978 mdyn/A for RuO). These
calculations were performed using a PBEO/cc-pVTZ/SDD-
(Ru) level of theory.””*” The covalent nature of the RuN
bonds was evaluated using the Cremer—Kraka criterion,®***
which analyzes the energy density H, at the bond critical point
r, along the electron density path connecting two atoms
involved in the chemical bond in question, as defined in
Bader's QTAIM (quantum theory of atoms in molecules)
model.*>%° A negative value of H, indicates a more covalent
character of the chemical bond or interaction, whereas a
positive value reflects a more electrostatic character.
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Figure 3. BSO n as a function of local mode force constant k* for RuN bonds in the gas phase: (a) RuNj singlet state; (b) RuN,, triplet state; (c)

RuN_ singlet state; (d) RuN, triplet state.

All geometry optimizations, frequency calculations, and
QM/MM calculations were performed with Gaussian 16,
while local mode force constants were computed using the
LModeA program package.”” The energy density analysis was
conducted using AIMALL.”® NBO charges*””° for Ru and N,
— Ny atoms were calculated with the NBO6 package.”'

B RESULTS AND DISCUSSION

This section summarizes the key findings of this study. First,
results for RuN;, and RuN_ bonds and RuN, and RuN;bonds in
their singlet and triplet states are discussed in the gas phase.
Then, the results for these bonds are displayed in solution.
Finally, QM/MM DNA intercalation results are presented for
complexes 1, 2, 3, and 11. As the results for RuN, and RuNj,
are quite similar to those for RuN, and RuN,, we summarize
this data in the Supporting Information. NBO charges for Ru
and N, — N; atoms can be found in the Supporting
Information.

RuN, and RuN, Bonds in the Gas Phase. The gas phase
geometries of the complexes were analyzed by using LMA
parameters and QTAIM parameters for the RuN, and RuN,
bonds. Table 1 shows the bond lengths, the local mode force
constants, the BSO n values, the electron density, and the
energy density at a bond critical point for RuN, and RuN,
bonds in the singlet and triplet electronic states in the gas
phase. The bonds RuN, and RuN, were chosen to characterize
the synergistic effects of both ASL and MSL on the stability of
the nonbonded interaction spanning the RuN framework.
Additionally, differences in values for the bond length local
mode q, for the RuN, and RuN, bonds, in conjunction with
their local mode force constants, distinguish the series into two
groups: Group 1 exhibits larger values of k% indicative of
stronger RuN, along with stronger RuN, bonds. By

comparison, Group 2 exhibits smaller values of k* suggesting
weaker but more equivalent RuN, and RuN, bond strengths.
These local mode force constant values, in turn, supply unique
BSO n values derived from the power relationship previously
defined in this study.

Furthermore, these LMA parameters were interpreted in
terms of the Generalized Badger Rule, and their corresponding
plots are depicted in Figure 3. Figure 3a,b exhibit the local
mode force constants and BSO n values for the RuN;, bond in
the singlet and triplet states, respectively. It is apparent upon
inspection that this bond categorizes the series into two
primary groups. Group 1 comprises 1—4, 11, and 12, featuring
a dppz moiety in their MSL, along with S, which incorporates a
PRIP moiety. Meanwhile, Group 2 encompasses the remaining
complexes (6—10), all of which incorporate some variation of
a PRIP scaffold in their MSL, except for 10, which features a
taphat MSL. Although 10 introduces a distinctive MSL
compared to the other members of Group 2, this difference
can be reconciled with the presence of the dcp ASL observed
in 9. Comparing this data to Figure 3c,d, it is evident that a
trans influence can be induced from the strength of the RuN,
bond to the strength of the RuN, bond.”*”? Stronger RuN,
bonds are similarly associated with stronger RuN, bonds, as
observed in Group 1, while Group 2 exhibits weaker but more
similar RuN;, and RuN, bond strengths. This underscores the
impact of the choice of MSL on the electronic structure of the
complex, with planar fused—ring systems rich in 7 electrons
promoting a stronger RuN, bond, thereby better facilitating
MLCT. Furthermore, Figure 3d reveals a slight deviation from
this pattern, where the differences between the two groups are
less pronounced but still discernible. This suggests some
structural similarities in the arrangement of ASL for the triplet
states of the complexes, distinct from the effects imposed by
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Table 2. Parameters of RuN, and RuN; Bonds for Singlet and Triplet Electronic States in the Gas Phase”

singlet triplet
complex qn K BSO n Py H, qn K BSO n Py H,
RuN, bond
1 4.376 1.125 0.779 0.649 —-0.127 4.385 1.120 0.778 0.655 —0.167
2 4.380 1.119 0.777 0.642 —0.124 4.389 1.115 0.776 0.725 —0.223
3 4.378 1.116 0.776 0.657 —-0.134 4.341 1.063 0.762 0.695 —0.200
4 4.375 1.122 0.778 0.644 —0.127 4.375 1.121 0.778 0.669 —0.176
S 4.371 1.117 0.777 0.663 —0.139 4.389 1.133 0.781 0.668 —0.180
6 4.843 1.240 0.809 0.640 -0.113 4.846 1.217 0.803 0.676 -0.179
7 4.873 1.247 0.811 0.647 —-0.122 4.879 1.209 0.801 0.676 -0.179
8 4.864 1.226 0.805 0.648 —0.124 4.835 1.097 0.771 0.712 —-0.215
9 4.865 1.222 0.804 0.650 —-0.121 4.867 1.212 0.802 0.678 —0.180
10 4.866 1.224 0.805 0.652 —0.128 4.864 1.223 0.805 0.663 —0.172
11 4.377 1.123 0.778 0.647 —0.128 4.337 1.003 0.745 0.686 —0.194
12 4.377 1.119 0.777 0.648 —0.131 4.341 1.084 0.768 0.686 —-0.194
RuN; bond
1 3.078 1.151 0.786 0.645 —-0.127 3.082 1.149 0.785 0.655 —0.167
2 3.081 1.145 0.784 0.662 —0.135 3.086 1.143 0.784 0.724 —0.222
3 3.079 1.142 0.783 0.655 —0.131 3.071 1.181 0.794 0.695 —0.200
4 3.077 1.149 0.785 0.660 —-0.134 3.076 1.147 0.785 0.651 —0.166
S 3.066 1.154 0.787 0.656 —0.135 3.097 1.186 0.795 0.710 —0.207
6 2923 1.790 0.933 0.655 —-0.135 2928 1.750 0.924 0.673 -0.177
7 2.926 1.798 0.934 0.656 —0.136 2.931 1.732 0.921 0.670 —0.176
8 2.901 1.834 0.941 0.659 —0.137 2.882 1.389 0.845 0.702 —0.208
9 2.901 1.837 0.942 0.659 —0.135 2.903 1.807 0.936 0.673 -0.177
10 2.903 1.834 0.941 0.654 —0.135 2.901 1.837 0.942 0.662 —-0.172
11 3.078 1.150 0.786 0.644 —0.126 3.067 1.148 0.785 0.685 —-0.194
12 3.078 1.146 0.784 0.644 —0.124 3.069 1.196 0.798 0.686 —0.194

“Bond length (A), local mode force constant (mdyn/A), bond strength order BSO n, electron density p, (e/A®) and energy density at bond critical
point H, (Har/A3).

F https://doi.org/10.1021/acs.jpca.4c02954
J. Phys. Chem. A XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.jpca.4c02954?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.4c02954?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.4c02954?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.4c02954?fig=fig4&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.4c02954?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry A pubs.acs.org/JPCA
1.115 1.120
0813 1115 1420 1125 0.80 : '
0v77s—/i/
0.776+
~  0.80] —
> 2 o078
é é 0.805
=4 f=4
3 0799 2 0.800
2 2 0764 800~ ‘
121 122
0.784 @1 ©®5 O9 @1 @5 O9
A2 &6 010 0744 A2 &6 O10
Group 1 H3 @07 @11 : EH3 @7 @1
077 . 04 Ag @12 . 04 As @12
1.15 1.20 1.25 1.0 1.1 12
k? (RuNg) [mdyn/A] I3 (RuNg) [mdyn/A]
(a) (b}
0.95+
0.95+ Group 2 1145 1.150
! .-0.786
114 1.15 r0.785
0.90 [0.784
z 0907 1-0.786 <
z 0.943 z
c 10.784 0.942 3
s - 0.941 ‘ . s oss]
2 : 1.83 1.84 2
@1 ©5 O9 0.0 @1 ©5 D9
0.80 A2 OB (O10 : A2 o6 O10
Group 1 @3 07 @1 ms ©7 @n
P 04 Ag @12 04 Asg @12
. . : . . : ; . : : : ‘ : .
11 12 13 14 15 16 17 18 11 12 13 14 15 16 17 18 19

K2 (RuNy) [mdyn/A]

(c)

K2 (RuNy) [mdyn/A]

(d)
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RuN; singlet state; (d) RuN; triplet state.

the MSL. Generally, these observations emphasize that the
parameters in the triplet state differ from those in the singlet
state, consistent with anticipated conformational disparities
between different electronic excited states, where a smaller
variance between local mode force constants is broadly
observed.”*

These values were subsequently compared to H,, and their
corresponding plots are illustrated in Figure 4. Figure 4a,b
display the interplay between the BSO # values determined in
the prior step and the associated H,, of the RuN, bond in both
the singlet state and the triplet state. The trend observed from
the local mode perspective is also apparent when analyzing the
energy density at the bond critical point, where the RuN, bond
effectively categorizes the series into Groups 1 and 2.
Additionally, the triplet state further delineates a third group,
Group 3, which distinguishes 1-3 from 4, 5, 11, and 12, all of
which feature an unmodified dppz MSL with varying ASLs.
The average BSO 7 value of the RuN, bond in the singlet state
is 0.943 for Group 1 and 0.777 in Group 2, while its average H,
value is —0.125 Har/A3 for Group 1 and —0.136 Har/A3 in
Group 2. The value of these parameters corresponds to a
stronger and yet less covalent RuN, bond for Group 1, and a
weaker and more covalent RuN, bond for Group 2. These
average values similarly reflect the prior analysis in distinguish-
ing Group 1 from Group 2 through their MSL. Upon
examination of the RuN, bond, as depicted in Figure 4c¢,d, it
becomes evident that the value of H, does not uniquely
differentiate the members of the series as observed for the
RuN, bond. While Groups 1 and 2 are preserved for the RuN,
bond in the singlet state, the reduced variance observed in the
LMA parameters of the triplet state can be attributed to a
similar Hy, for the ASL comprising the RuN, bond. However, 2
and 8 present some exceptions to this primary grouping,

demonstrating a synergistic effect of both the MSL and the
ASL on the strength of the RuN, bond, with a greater extent of
energy density encompassing the RuN, bonds of both
complexes. The average value of BSO n for the RuN, bond
is 0.786 for Group 1 and 0.772 for Group 2, while its average
H, value is —0.170 Har/A? for Group 1 and —0.114 Har/A for
Group 2. These parameters depict a stronger and more
covalent RuN, bond for Group 1 and a weaker and less
covalent RuN, bond for Group 2. This further justifies the
trans influence observed on these bonding interactions directly
affected by shifts in their electronic environments.

The characterization of LMA and QTAIM parameters of
these complexes in the gas phase provides valuable insights
into the trans influence exhibited by the RuN, and RuN,
bonds, as well as the distinctive behavior of the RuN;, bond
concerning various MSLs and analogs. Altering the electronic
state of these complexes notably influences the bond strength
and energy density at the bond critical point, indicating
structural variations in the RuN, bond attributed to changes in
electronic structure. However, distinguishing notable trends in
the triplet state proves more challenging for the RuN,_ bond, as
these bonds exhibit relatively similar characteristics, regarding
bond strength and covalent character.

RuN, and RuN; Bonds in the Gas Phase. In the
following, we compare the relative bond strengths of these
complexes’ RuN, and RulN; bonds to determine the effects of
differing ASL on the complexes’ electronic structure. The
notable parameters for these complexes can be found in Table
2, where both LMA and QTAIM parameters are listed for the
RuN, and RuN;bonds. Notable differences can be observed for
complexes displaying a modified dppz moiety or a PRIP
scaffold in their MSL, as complexes displaying a PRIP scaffold
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Figure 6. Relation between energy density at a bond critical point H; and BSO # for RuN bonds in the gas phase: (a) RuN, singlet state; (b) RuN,

triplet state; (c) RulN; singlet state; (d) RuN; triplet state.

present larger RuN; and RuN, strengths with smaller bond
strengths seen for complexes displaying a dppz moiety.
Figure § displays the BSO n values for the RuN, and RuN;
bonds and their functional dependence on local mode force
constant k”. Figure Sa,b display these values for the singlet and
triplet states of the complexes’” RuN, bonds. Groups 1 and 2
appear, yet again, in the singlet state interactions for this bond,
with Group 1 displaying lower values of k* and consequently
lower values of BSO n, with Group 2 displaying higher values
of k* and higher values of BSO n. In a comparison of this trend
with those previously noted for the RuN, and RuN, bonds, a
higher value of k“(RuN,) is generally accompanied by a lower
value of k*(RuN,) where the same can be stated for the
k*(RuN,), as shown in Figure 3. This trend is obscured for the
triplet state, where a mixing of the two groups is observed, and
the ordering of the bond strengths of these complexes greatly
varies from that of the singlet state. While this is similarly
indicative of the shift in electronic properties in singlet and
triplet states, this is further justified in observing Figure 5c,d,
which display the strengths of the RuN,bond in the singlet and
triplet states. This inverse relationship spanning the bond
strengths of the RuN, and RuN, bonds with the strength of the
RuN, bond can also be recognized in comparing these bonds
with the RuN; bond, posing a distinct interplay in the bond
strengths of RuN, and RuN, bonds with those of RuN, and
RuN;. This provides a fingerprint for complexes with varying
ASLs and MSLs, with complexes displaying a stronger ASL
interaction, displaying a weaker MSL interaction, and vice
versa. While this trend is similarly recognizable in the RuN;
bond of the triplet state, 8 is found nearly at the midpoint
between these two groups, displaying a phen ASL common in
half of the complexes observed in our study. This offers some

validity in the RuN; bond distinguishing the ASL in the series,
regardless of the electronic state.

The correlations between the energy density H, and
calculated BSO n values can be shown in Figure 6. Figure
6a,b display these values for the RuN, bond in the singlet and
triplet state, where Groups 1 and 2 can similarly be
distinguished in the singlet state with distinct ranges of H,
values noting a greater extent of covalency in Group 1 and a
lesser extent of covalency in Group 2. In a comparison of these
values with those of RuN;, and RuN,, a more covalent RuN,
bond sponsors a less covalent RuN, bond, while a more
covalent RuN, bond similarly sponsors a more covalent RuN,
bond.

The opposite trend can be observed in Figure 6¢,d for the
RuN; bond, where a more covalent RuN, bond sponsors a
more covalent RuN; bond, while a more covalent RuN, bond
generally sponsors a less covalent RuN; bond, as shown in
Figure 4. This trend is obscured in the triplet states of these
bonds, where a range of H;, can be observed for RuN, and
RuN; bonds with similar bond strengths. While the average
BSO n value of RuN, is 0.778 and the average value of H; of
RuN, is —0.130 Har/A3, similar values can be observed for the
RuN; bond with the average BSO n value of 0.785 and the
average value of H;, of —0.130 Har/A? in the singlet state. With
nearly identical values for LMA and QTAIM parameters, these
bonds pose a distinct trend with RuN, and RuN_ bonds, where
stronger and less covalent RuN, bonds can be coupled with
weaker and more covalent RuN, bonds, stronger and more
covalent RuN, bonds can be coupled with weaker and less
covalent RuN; bonds.

In analyzing bond strengths and H, of RuN, and RuN;
bonds comparatively with RuN, and RuN, bonds; a unique
interplay of bond strength and covalency is observed. This
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Table 3. Parameters of RuN, and RuN, Bonds for the Singlet and Triplet Electronic States in PCM“

singlet triplet
complex qn K BSO Pb H, qn K BSO Py H,
RuN, bond
1 2.902 1.877 0.950 0.663 -0.172 2.897 1.876 0.950 0.661 —0.171
2 2.90S 1.837 0.942 0.658 —0.169 2.900 1.840 0.943 0.656 —0.169
3 2.904 1.850 0.945 0.659 —0.170 2.899 1.850 0.945 0.657 —0.169
4 2.902 1.862 0.947 0.657 —0.169 2.897 1.861 0.947 0.656 —0.169
S 2.902 1.862 0.947 0.665 —0.174 2.892 1.909 0.956 0.724 —0.170
6 3.044 1.119 0.777 0.664 -0.173 3.029 1.12§ 0.779 0.622 —-0.104
7 3.049 1.123 0.780 0.666 —0.174 3.053 1.092 0.771 0.668 —0.177
8 3.079 1.156 0.787 0.669 —0.176 3.065 1.128 0.780 0.666 —0.184
9 3.068 1.191 0.796 0.668 —0.178 3.053 1.230 0.806 0.664 -0.173
10 3.067 1211 0.801 0.665 —0.174 3.065 1212 0.802 0.659 —0.172
11 2.902 1.873 0.949 0.662 -0.171 2.888 1.907 0.956 0.714 —-0.218
12 2.902 1.868 0.788 0.662 -0.171 2.895 1.889 0.787 0.677 —0.137
RuN, bond
1 6.543 1.160 0.788 0.660 —0.171 6.574 1.112 0.775 0.661 —0.171
2 6.547 1.144 0.784 0.677 —0.181 6.577 1.098 0.772 0.678 —0.181
3 6.546 1.151 0.786 0.677 —0.181 6.576 1.103 0.773 0.677 —0.181
4 6.544 1.185 0.787 0.675 —0.181 6.574 1.108 0.774 0.675 —0.181
S 6.604 1.176 0.792 0.674 —0.179 6.605 1.191 0.796 0.643 —0.115
6 4.344 1.123 0.778 0.675 —0.180 4.336 1.124 0.779 0.742 —0.181
7 4.346 1.130 0.780 0.673 —0.179 4.349 1.095 0.771 0.673 -0.179
8 4.381 1.12§ 0.779 0.658 —0.169 4.367 1.080 0.767 0.750 —0.242
9 4.368 1.142 0.783 0.669 -0.177 4.350 1.161 0.788 0.660 —0.170
10 4.368 1.164 0.789 0.670 -0.177 4.367 1.164 0.789 0.671 —-0.178
11 6.540 1.163 0.789 0.661 —0.171 6.551 1.163 0.789 0.684 —0.196
12 6.539 1.160 0.788 0.661 —-0.171 6.572 1.157 0.787 0.654 —-0.122

“Bond length (A), local mode force constant (mdyn/A), bond strength order BSO n, electron density p, (e/A%), and energy density at bond critical

point H, (Har/A3).

BSO n (RuNy)

BSO n (RuNg)

1.00
0.95 Group 1
0.90 -
=z
=3
S
0.85 -
o}
9]
0.80 o
@1 ©5 O9
0.754 Group 2 A2 o6 O10
m3 @7 @1
0.70 . T © 4 L8 .‘ 12
1.0 1.2 1.4 16 18
k?® (RuNp) [mdyn/A]
(a)
0.795+
0.790+
=]
=z
=]
1S3
0.785+ c
o}
(9}
m
0.780+ @1 @5 O°9
A2 O6 O10
3 @7 N
0.775 . : @. 4 48 .’ 12
1.12 1.14 1.16 1.18
K (RuNg) [mdyn/A]
(c)

1.00
Group 1
0.95-
0.90-
0.85-
@1 ©®s5 Oo9
080 A2 &6 O10
Group 2 H3 @07 @1
4 As 12
075 T T @‘ T *
1.0 1.2 1.4 16 1.8
k? (RuNy) [mdyn/A]
(b)
0.80
0.79
0.78
0771
076 . T

1.10

K2 (RuNo) [mdyn/A]

(d)

1.20

Figure 7. BSO n as a function of the local mode force constant k* for RuN bonds in PCM: (a) RuN, singlet state; (b) RuN, triplet state; (c) RuN,
singlet state; (d) RuN, triplet state.

https://doi.org/10.1021/acs.jpca.4c02954
J. Phys. Chem. A XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.jpca.4c02954?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.4c02954?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.4c02954?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.4c02954?fig=fig7&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.4c02954?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry A pubs.acs.org/JPCA
Vi -0.104
-0.170 PN ©
—0.12+ Group 1
5 Q N P
% -01724  Group 2 @ % -0.14- Group 2 <
z o z AP o
Z:’ -0.174+ @ O (@) Z; -0.16{ o ®
Qf; Group 1 Qf; 0184 OA o
T -0.176- T
A ®1 05 [Jo -020{@1 ©5 [d9
E 2 8 6 010 A2 &6 (O10
-0.178 O 3 7 on 0n @3 @7 @1
@4 Az @12 022194 As @12 °
0.80 085 0.90 095 075 0.80 035 0.0 095
BSO n (RuNy) BSO n (RuNy)
(a) (b)
-0.168 0
@107
04704 A A2 As
: E30e -0.05
o172 8@ c10 10
o ~0.1724 o501 o
3 o6 @12 & -010]
T -0.174- T P @
5 -01764 Z -015
€ O = H @107
pe Q = @
T -0.178 T o201 o o @ Az24s
(@) - m30e
-0.1804 < @ @4 010
A o -025] 4 @5 @ 11
-0.182 . . . . . AR A
0.780 0.785 0.790 077 0.78 079 0.80
BSO n (RuN.) BSO n (RuN.)
(c) (d)

Figure 8. Relation between energy density at a bond critical point H, and BSO n for RuN bonds in PCM: (a) RuN, singlet state; (b) RuN, triplet

state; (c) RuN, singlet state; (d) RuN, triplet state.

offers a quantitative description for fine-tuning these
complexes for their bond strengths with ASL and MSL, with
stronger and more covalent RuN, bonds offering weaker and
less covalent RuN;bonds, and stronger and less covalent RuN,
bonds offering weaker and more covalent RuN, bonds. The
similarity in the parameters obtained from both RuN, and
RuN; bonds alone does not provide this description of the
RuN framework; comparing RuN bonds across the scaffold
using LMA, we were able to determine a synergistic effect of
the strength of RuN bonds of ASL on the strength of RuN
bonds of MSL.

RuN, and RuN, Bonds in Solution. Similarly, LMA and
QTAIM parameters were examined for the complex’s PCM
geometries to extract intrinsic structural and electronic
disparities across the series in the presence of an implicit
water solvent. Table 3 presents these values, comparing the
bond’s electron density p, with the energy density at the bond
critical point H, . LMA parameters generally reflect slightly
stronger bonds, potentially influenced by solvochromatic
effects on the bond strength. The RuN, bonds show less
covalent character for bonds displaying higher local mode force
constants, suggesting a greater extent of electron density in the
RuN framework is supplied to the MSL as opposed to the ASL,
subsequently favoring DNA-stacking interactions.

As done before, the calculated LMA parameters were
visualized using the Generalized Badger Rule, with the
corresponding plots shown in Figure 7. Comparing these
plots to those in Figure 3, the general trends for the RuN,
bonds (Figure 7a,b) persist, with Groups 1 and 2, albeit slightly
enlarged as discussed earlier regarding Table 3. Complexes 9
and 10 exhibit stronger bonds in the triplet state compared to
their singlet counterparts and other Group 2 members, likely
due to their shared dcp ASL. However, when comparing these

findings to Figure 7c¢,d, the differences in bond strength
observed among singlet gas phase complexes are largely absent.
The previously identified groups largely overlap, suggesting
similar configurations for the RuN, bond of ASL in implicit
water solvent for the singlet state. In contrast, a greater
distinction emerges for the strength of the RuN, bond in the
triplet state, with 1—4 and 7 grouped, 9—12 forming another
group, and 6 slightly varying from the first group. Complexess
S and 8 serve as outliers, displaying a PRIP MSL. However,
while 8 contains two phen groups in the ASL, likely sharing
electron density and lowering their bond strengths, 5 contains
a dmb ligand and a PRIP ancillary ligand, with the RuN, bond
exhibiting a higher strength for the less bulky dmb ligand.
These values were compared to QTAIM parameters,
specifically, H,, with their corresponding plots shown in
Figure 8. Figure 8a,b depict the trends observed in prior
QTAIM analyses, supporting the trends in bond strength, as
determined by LMA. In the singlet state, Groups 1 and 2 are
evident, with 1-5, 11, and 12 exhibiting a higher bond
strength order and relatively more positive energy density
values, indicating polarization of the electron density at the
bond critical point of the RuN, bond. Conversely, 6—10
display a lower bond strength order and relatively more
negative energy density values, suggesting a more even electron
density distribution across the bond. The triplet state exhibits
slight variations in this trend, with 6, 11, and 12 acting as
outliers for their respective groups, in contrast with the three
groups observed in the QTAIM analysis of gas phase
geometries. While 6 has less bulky bpy ASL compared to
Group 2, 11 and 12 feature electron-withdrawing nitrile groups
on the terminal ends of their MSLs. For 11, one nitrile group
results in a greater sharing of electron density for the RuN,
bond, while for 12, two nitrile groups lead to a more uneven
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Table 4. Parameters of RuN, and RuN; Bonds for the Singlet and Triplet Electronic States in PCM“

singlet triplet
complex qn K BSO Py H, qn K BSO Py H,
RuN, bond
1 4.368 1.130 0.780 0.658 —-0.170 4.377 1.128 0.780 0.660 -0.171
2 4.371 1.110 0.775 0.671 —0.178 4.380 1.110 0.775 0.672 —0.178
3 4.370 1.137 0.782 0.670 —-0.178 4.379 1.130 0.780 0.671 —-0.178
4 4.367 1.115 0.776 0.675 —0.181 4.376 1.113 0.776 0.676 —0.181
S 4.365 1.114 0.776 0.674 —-0.179 4.356 1.178 0.793 0.673 —-0.131
6 4.835 1.262 0.814 0.672 —0.178 4.834 1.212 0.802 0.737 —0.178
7 4.863 1.272 0.817 0.671 —0.178 4.866 1.235 0.808 0.678 —0.180
8 4.857 1.253 0.812 0.660 -0.171 4.846 1.136 0.782 0.750 —0.242
9 4.847 1.259 0.814 0.674 —-0.178 4.835 1.293 0.822 0.643 —0.162
10 4.848 1.284 0.820 0.664 —-0.175 4.847 1.284 0.820 0.667 —0.176
11 4.367 1.137 0.782 0.658 —0.170 4.361 1.167 0.790 0.692 —0.201
12 4.369 1.12§5 0.779 0.658 —0.170 4.376 1.181 0.794 0.662 —-0.127
RuN; bond
1 3.070 1.157 0.787 0.660 —-0.171 3.075 1.161 0.788 0.659 —-0.170
2 3.073 1.136 0.782 0.671 —0.178 3.078 1.141 0.783 0.672 —-0.178
3 3.071 1.171 0.791 0.670 —0.178 3.076 1.169 0.791 0.671 —0.178
4 3.069 1.140 0.783 0.657 —0.169 3.074 1.143 0.784 0.658 —-0.170
S 3.061 1.148 0.785 0.666 —0.174 3.071 1.248 0.811 0.662 —0.124
6 2918 1.818 0.938 0.674 —-0.179 2.936 1.722 0.919 0.633 —0.109
7 2.921 1.826 0.940 0.672 —0.178 2923 1.765 0.928 0.677 —0.180
8 2.896 1.874 0.949 0.661 —0.171 2901 1.628 0.899 0.655 —0.177
9 2.894 1.882 0.951 0.672 —-0.177 2.883 1912 0.957 0.695 —0.193
10 2.896 1.902 0.955 0.664 —0.175 2.896 1.908 0.955 0.664 —0.178
11 3.069 1.168 0.790 0.658 —-0.170 3.064 1.193 0.797 0.697 —-0.205
12 3.071 1.154 0.787 0.658 —-0.170 3.074 1.213 0.802 0.662 —0.127

“Bond length (A), local mode force constant (mdyn/A), bond strength order BSO n, electron density p, (e/A%), and energy density at bond critical
point H, (Har/A3).
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Figure 9. BSO £ as a function of local mode force constant k* for RuN bonds in PCM: (a) RuN, singlet state; (b) RuN, triplet state; (c) RuN;
singlet state; (d) RuN;j triplet state.

K https://doi.org/10.1021/acs.jpca.4c02954
J. Phys. Chem. A XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.jpca.4c02954?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.4c02954?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.4c02954?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.4c02954?fig=fig9&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.4c02954?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry A pubs.acs.org/JPCA
-0.170 «O A -0.12 Py
-0.172 -0.141
& &
T -0.174- T 70161 O
z o B g, o O
2 -0.1764 2 018 fa @
& &
€ € 020
£ -o178{ A © 30 £ @
@ @1 05 [Oo9 -0.22 @1 ©5 O
-0.180 A2 O6 O10 A2 &6 O10
= ms &7 @n 0241 A m3 07 @n
-0.182 . 04 A8 @12 . 04 A5 @12
078 0.80 0.82 0.78 0.80 0.82
BSO n (RuN,) BSO n (RuNe)
(a) (b)
-0.168 -0.10
2328
Group 1 2As
04704 % roup Group 2 0424 W30
@ A *© @40 10
= = @50 11
< 0172 < -0441 O6 @12
© ©
I I
z -0.1744 o =
z o 2 -ot6q
€ € oD
= -0.176 =
T T 5184 AQ A 10) O
@1 ©5 [HOo9 O
-0178{ AQ@ A2 &e O10 O
ms 67 on -0201
0180 Q4 A8 @12 @
' 0.80 085 090 095 0.80 085 0.90 095
BSO n (RuNy BSO n (RuNp
(c) (d)

Figure 10. Relation between energy density at a bond critical point H, and BSO n for RuN bonds in PCM: (a) RuN, singlet state; (b) RuN, triplet

state; (c) RuN; singlet state; (d) RuN; triplet state.

distribution of electron density, despite identical bond strength
orders. The overlap observed in the LMA parameters is evident
in the QTAIM analysis of the RuN, bond, as depicted in Figure
8¢,d, with similar H,, spanning various bond strength orders in
the former and similar H, spanning similar bond strength
orders in the latter. This aligns with the expected structural
shift for molecules in distinct electronic states, suggesting that
the disparity shown in the LMA parameters of the RuN, bond
in the triplet excited state can be largely attributed to solvent
effects not always captured by QTAIM analysis. Notable
outliers in the triplet state include §, 8, and 12, with 8 and 12
sharing phen ASL and exhibiting notable differences in H,,.
Complexes 5 and 12 show similar H; despite having distinct
MSL and ASL.

In summary, solvation notably influences the relative
ordering of bond strengths among the complexes and their
H,; it does not significantly alter the relative bond strengths
compared to their gas phase geometries. This suggests a
positive impact of polar solvent environments on the strength
of the RuN bonds, where these effects may not be entirely
reflected in changes to the energy density at the bond critical
points. Notably, 1—5, 11, and 12 exhibit greater interaction
strengths with their RuN bonds compared to 6—10.

RuN, and RuN; Bonds in Solution. LMA and QTAIM
parameters were similarly determined for the RuN, and RuN;
bonds in PCM, as shown in Table 4. Conversely, these
parameters display a noted decrease in the bond strengths of
the RuN, and RuN; bonds compared to their gas-phase
counterparts, likely influenced by solvochromatic effects. These
interactions display notable similarity in their H, values with
differing LMA parameters, illustrating significant overlap in
their QTAIM parameters not uniquely described by their LMA
parameters. This trend is observed in both singlet and triplet

states coupled with similar LMA parameters in both electronic
states.

To gain insight into the distinguishing features provided by
the LMA parameters, Figure 9 displays the functional
dependence of the BSO n values on the k” values of the
RuN, and RuN; bonds in PCM. Figure 9a,b depict the LMA
parameters inscribed by the RuN, bond in PCM, where
Groups 1 and 2 can similarly be found in the singlet state. This
further emphasizes the structural similarities of these
complexes in their singlet state geometries and corresponding
local modes, regardless of solvent environment. Similar
disparities in this distinction can be noted for the RuN,
bond in comparing the PCM frequencies to those of the gas
phase frequencies and their associated LMA parameters, as the
groups intermix in the triplet state.

A greater distinction can be observed for the parameters
visualized for the RuN;bond in PCM in the singlet and triplet
states shown in Figure 9¢,d, where Groups 1 and 2 are
observed in both electronic states. This further justifies the
power of the RuN; bond to distinguish the effects of varying
MSLs and ASLs in different solvent environments, with a
greater distinction of Group 2 in the triplet state compared
with its gas phase counterpart. A similar trend can be noted for
RuN, and RuN, bonds toward RuN, and RuN; bonds as
previously described for their gas phase systems. Where the
bond strengths of Group 1 are lower for their RuN, and RuN;
bonds, these values are higher for their RuN, and RuN, bonds.
Where the bond strengths of Group 2 are higher for their RuN,
and RuN; bonds, these values are lower for their RuN, and
RuN, bonds. We will shift to describe the relatedness of these
LMA parameters with those of their QTAIM parameters.

The relationship between the QTAIM parameter H;, and the
LMA parameter BSO 7 is shown in Figure 10 for the RuN, and
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RuN; bonds in the complexes’ singlet and triplet states. Figure
10a,b display this correspondence for the RuN, bond in the
singlet and triplet states, where the energy density does not
well describe the trends observed in the LMA parameters for
this bond in PCM. The covalent nature of these bonds does
not directly impact the strength of these bonds, where all
bonds show varying degrees of covalency for similar bond
strengths.

While Groups 1 and 2 could be observed in the singlet state,
the extent of variation spanning these two subsets does not
sponsor an official grouping according to our analysis. In
Figure 10c,d, the RuN;bond preserves the trend observed with
its prior gas phase counterparts regarding their bond strength,
yet these bonds span nearly identical measures of covalency in
the singlet state, and more varying measures of covalency in
the triplet state. While all interactions in this study are notably
covalent by the Cremer-Kraka criterion, the extent of
covalency spanning different ASLs and MSLs is not well
described by the RuN; bond alone in the PCM environment.
While these trends can be distinguished through the LMA
perspective of RuN; bonds and their direct effects on RuN,,
RuN,, and RuN, bonds, determining their covalency does not
unravel unique information about coordinating effects of bond
strengths on these systems.

Similar trends are observed in characterizing the LMA
parameters of RuN, and RuN; bonds with regards to their gas
phase counterparts and PCM parameters of RuN, and RuNj,
bonds, yet, molecular systems can often time introduce
additional complexity which can skew the relative contribu-
tions of covalent character in describing the strength of these
interactions in implicit solvent systems. While modeling
solvation in chemical systems offers the benefits of modeling
chemical effects in biologically relevant systems, the power of
LMA persists in characterizing the extent of substitution effects
and ligand modifications on chemical systems, namely, those of
Ru(II) polypyridyl complexes.

Nonbonded z—x Stacking Interaction between MSL
and DNA. Table S shows LMA parameters of the nonbonded
interaction between selected aromatic rings of MSL and DNA
base nucleobase Adenine, such as the interaction length g, and
the local mode force constant k%, obtained from QM/MM
calculations. This table involves the selected Ru complexes
investigated in this study (1, 2, 3, and 11), which are the

Table S. Parameters of Nonbonded Interactions between
Selected Aromatic Rings of MSL and Adenine in DNA“

complex 9,(02—O3) k*(0,—03) AE
singlet
3.195 0.399 34.655
3.264 0.200 50.544
3 3.362 0.260 52.085
11 3.176 0.324 49.781
triplet
3.225 0.286
3.383 0.221
3 3.385 0.231
11 3.232 0.322

“Nonbonded interaction length for the local mode g,(0,—0g) (&),
local mode force constant k?(O,—Og) (mdyn/A), singlet—triplet
energy difference AE (kcal/mol), for singlet and triplet electronic
states of complexes 1, 2, 3, and 11.

simplest modifications of MSL and ASL in the primary Ru-
complex 1. The interaction between the aromatic rings of MSL
and the DNA nucleobase Adenine is specified in Figure 2.
Table S also includes the splitting energy (AE) between the
singlet and triplet electronic states for the complexes in DNA.
According to this table, the strongest interaction between MSL
and Adenine in the singlet state is observed for 1 (0.399
mdyn/A), which also shows the smallest AE (34.655 kcal/
mol). However, In the triplet electronic state, the strongest
interaction is observed for 11 (0.322 mdyn/A), which displays
the second smallest AE in the series (49.781 kcal/mol). This
suggests that the phen ASL in 1, with extended 7-conjugation
compared to the bpy ASL in 2 and dmb ASL in 3, strengthens
the interaction between MSL and Adenine in 1. The greater
aromaticity and electronic delocalization of the phen ring
contribute to a smaller AE, facilitating a more favorable ST
transition.””~"”

In 11, where the MSL is modified via terminal nitrile
substitution, a slight decrease in the g,(O,—Op) interaction
length local mode and k*(O,—Op) is observed, accompanied
by a higher AE. This suggests a less favorable nonbonded
interaction with Adenine in the singlet state and a greater AE
for a ST transition. However, in the triplet state, 11 displays a
larger k*(O,—Opg) than 1, implying a more favorable
nonbonded interaction in DNA upon excitation.

Considering the accessibility of the *MLCT state, 11
presents a greater barrier toward phosphorescence, but a
more favorable interaction in the triplet state. This suggests it
could still be a viable candidate for photochemotherapy,
offering a more favorable nonbonded interaction in its triplet
state comparatively to 1. However, 1 exhibits a greater
interaction strength with the nucleobase Adenine in the singlet
state, characterized by a lower AE. Thus, there exists a trade-
off between energetics and interaction strength. For a more
favorable phosphorescence, i.e., generation of ROS, extended
nonsubstituted 7-conjugated systems would be recommended
as photoactive DNA intercalators. For stronger stacking
interaction post photoexcitation, adding electron-withdrawing
groups to the terminal ends of the MSL of extended 7-
conjugated systems is advisible for a more localized ROS
generation. It is important to note that characterizing the
excited state dynamics of these complexes involves excitation
from the singlet ground state to a '"MLCT state, followed by an
intersystem crossing to a SMLCT state, which then
phosphoresces back to the singlet ground state.”® Yet this
analysis still offers insight into the relative ability of these
complexes to both efficiently stack in DNA and participate in
photochemical events.

B CONCLUSION

Our investigation has provided valuable insights into the
electronic properties of RuN bonds Ru(II) polypyridyl
complexes. Characterizing the central RuN bond strengths,
in the gas phase and solution, has shed light on the complexes’
electronic structure in different environments and the extent to
which solvation impacts chemical bond strengths. Further-
more, the QM/MM approach has enabled a quantitative
analysis of the nonbonded interaction strengths between MSL
and DNA nucleobases, highlighting the potential of these
complexes as DNA intercalators.

Based on the results obtained from our calculations, we
recommend 1 and 11 for additional investigations in this
regard, as both show viable interaction strengths with the
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nucleobase Adenine in AT/TA gaps of DNA, with suitable
motifs such as TATA boxes and promoter regions.””*’
Complex 1 displays a smaller AE and a greater k*(O,—Op)
in its singlet state, suggesting a more favorable photoexcitation,
but a potentially weaker interaction with a *MLCT state.
Conversely, 11 exhibits a larger AE and a greater k*(O,—Op)
in its triplet state, indicating a less favorable photoinduced
transition but a stronger interaction with DNA nucleobases
post-excitation. We hope our study inspires future exper-
imental and computational work in designing novel polypyridyl
complexes and that our new quantitative measure of 7—x
stacking interactions in DNA will find general application in
the field.
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