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We have used a synergistic computational approach merging Molecular Dynamics (MD) simulations with
density functional theory (DFT) to investigate the mechanistic aspects of chemisorption of pyridine (Py)
molecules on copper iodide. The presence of both positive and negative ions at the metal halide surface
presents a chemical environment in which pyridine molecules may act as charge donors and/or
acceptors. Computational results reveal that Py molecules interact with the y-Cul(111) surface owing to
a combination of noncovalent Cu---N, Cu/I---x/n*, and hydrogen bonding interactions as determined via
Natural Bonding Orbitals (NBO). Introduction of surface defect sites alters the interaction dynamics,
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resulting in a “localizing effect” in which the Py molecules clump together within the defect site.
Significant enhancement of hydrogen bonding between C-H o* and | 6p orbitals results in more tightly
surface-bound Py molecules. Our findings provide a platform for understanding the interaction between
Py and Py-derivative vapors and metal-based surfaces that contain both electron acceptor and
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Introduction

Next-generation smart materials exhibit observable and rapid
responses to target compounds or classes of compounds in the
environment. The response of such sensor materials may arise
due to either physical or chemical interaction, ranging from
chemisorption, to solventochromism, to reversible or irreversi-
ble bonding." The response may be electrochemical, such as a
change in voltage or conductivity, or it may be spectral, such as
a visible color change, or either the enabling or quenching of
luminescence behavior.

Transition metal d'° centers offer a particularly wide range
of chemical and photophysical behaviors that can potentially
be leveraged for use as smart materials in chemical detection.
Chemically speaking, d'® ions such as Cu(), Ag(1), and Au(i)
exhibit flexible coordination spheres ranging from 2- to 4-
coordination with no crystal field preferences. They readily

“ Department of Chemistry, William & Mary, Williamsburg, VA 23187, USA.
E-mail: thdustondevill@wm.edu, rdpike@wm.edu
b Chemistry Department, Farmingdale State College, Farmingdale, NY, 11784, USA.
E-mail: welchd@farmingdale.edu
¢ Pacific Northwest National Laboratory, 902 Battelle Boulevard, Richland,
WA, 99354, USA. E-mail: aaron.nicholas@pnnl.gov
t Electronic supplementary information (ESI) available: Description of DFT
derived models, orbital interaction renderings, and additional NBO/NLMO cal-
culations (PDF). See DOI: 10.1039/d1cp05888f

7950 | Phys. Chem. Chem. Phys., 2022, 24, 7950-7960

form metal-organic polymers and other networks with bridging
ligands, leading to a diverse family of materials.*”® They also
exhibit strong chemical bonding preferences for soft ligands
such as aromatic nitrogen, sulfur and phosphorus nucleophiles
which constitute a wide range of industrial, military, and
medically relevant compounds. In terms of their photophysical
characteristics, d'® complexes tend to be photoemissive and are
known to exhibit metal-centered (e.g. d — p), cluster-centered
(e.g- in halometallates), metal-to-ligand charge transfer, and
halide-to-ligand charge transfer transitions.”'® In many
instances, a single chromophore will show more than one of
these behaviors, with observed intensity and/or wavelength
depending upon solvent, temperature, or exposure to chemical
agents resulting in a unique spectroscopic signature. The fore-
going chemical and photophysical diversity and flexibility has
spurred investigations of d'° systems as biosensors, chemical
sensors and optical sensors.’* 3

We have previously reported on the conversion of solid y-Cul
upon exposure to gaseous pyridine (Py) to emissive [Cul],Py,
and are currently studying the applications of this reaction for
chemical sensors.'® The solid transformation of zinc blende
lattice y-Cul into discrete [Cul],Py, clusters involves substantial
chemical reorganization, as illustrated in Scheme 1; neverthe-
less, it appears to occur relatively quickly - on the minutes time
scale. Surface bonding of Py is almost certainly involved in the
process, as suggested in the scheme. Nevertheless, the nature of
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Scheme 1 Envisioned reaction of Py (g) with y-Cul (s) to form [Cull4Py4 (s).

that bonding is unclear, and questions remain surrounding the
involvement of the nitrogen lone pair as well as aromatic
n-electron systems, especially given the soft character of both
Cu(1) and iodide ions. Many reports have focused on nucleo-
philic molecule interactions with elemental Cu, Ag, and Au
surfaces or nanoclusters.>2° Consideration of metal halides,
such as Cul, introduces the possibility of additional interac-
tions associated with the potentially electron-accepting, yet
relatively electron-rich, metal ions as well as electron-
donating halide centers. For example, a previous density func-
tional theory (DFT) study of Py (along with benzene and
thiophene) adsorption to Cu(111) surface confirmed the experi-
mental result that Py molecules lie flat along the metal
surface,>?* rather than upright as suggested in Scheme 1.
Importantly, no experimental or computational studies have
yet addressed the chemisorption behavior of Py on the more
electronically complex Cul surfaces.

Our recent computational study on the interaction of
dimethyl sulfide (Me,S) vapor with y-Cul demonstrated that
this nucleophile was able not only to adsorb to the Ag(1)-doped
Cul surface, but ultimately to embed itself into the solid.*
Nevertheless, the relatively simple Lewis base Me,S is distinctly
different from Py, which offers additional reactivity through its
n-electrons, including possible acceptor behavior. Interestingly,
in the case of Me,S, Ag(1) doping was shown to open up the Cul
lattice, making it more subject to nucleophile embedding. As
part of that study, we highlighted the value of ‘“atomistic”
molecular dynamics studies to produce small molecule-
surface ensemble models at relatively little computational
expense. These rather large models can include hundreds of
vapor molecules interacting on Cul slabs >5 nm in thickness.
Specific interactions uncovered by MD may then be examined
in detail by trimming the ensemble and then re-examining it in
molecular orbital studies using DFT.

In this contribution we expand on the synergism between
these complimentary computational techniques, this time
studying a more complex system wherein the orientation of
the nucleophile (Py) is chemically non-trivial. We show that the
atomistic approach, which considers only dipole-dipole inter-
actions, offers computationally inexpensive models that can be
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used in computationally demanding single-point DFT orbital
calculations. DFT modeling allowed us to examine Cul-Py
interactions according to electrostatic potentials (ESPs)
between polarized species and charge-transfer perspectives
via natural bond orbitals (NBO). The Py plane-to-surface bond-
ing angle is investigated and optimized according to bonding
strength and distance. Additionally, using a feed-back loop
between atomistic and DFT models, we have constructed a
comprehensive model for the behavior of Py at the y-Cul (111)
surface. Our findings show that, while the charge transfer from
the N lone electron pair to the empty Cu 4s are the strongest
interactions, they are not the sole driving force in the geometric
orientation of the Py molecule with respect to the surface.
Instead a combination of n/n* orbitals interacting with Cu 4s
and I 6p atomic orbitals, as well as hydrogen bonding with I 6p
orbitals, give rise to strong adsorption of Py molecules to the
surface. Using Py as a model molecule, this study represents a
milestone in terms of the comprehensiveness and rigor in the
analysis of supramolecular assembly and tuning of Cul-based
photoemissive materials.

Computational methods
Molecular dynamics simulations

Molecular Dynamics (MD) calculations were performed with
the NANIM simulation program.”* MD simulations were per-
formed in the NVT ensemble with a time step of 2 fs and an
equilibration period of 100 ps. The temperature was set to
298 K via the velocity-rescaling thermostat (coefficient =
0.01 ps).>® Surface slab generation was performed with the zinc
blende structure for copper iodide (assuming a cubic lattice
parameter of 0.620 nm). The slab had two-dimensional peri-
odicity with dimensions of 5.2609 x 5.3127 nm. The slab depth
was ~ 5.1 nm, with the top surface layer being a (111) face made
up of cations and the bottom surface layer being a (111) face
made up of anions. The surface described thus far was used in
the simulations of a pyridine monolayer interacting with an
ideal surface. Additionally, simulations were performed for a
kinked surface, as well as a surface containing a variably sized
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Fig. 1 Atomistic model for the kinked (111) copper iodide surface. This
surface model is used to assess the interaction of the pyridine monolayer
with copper() iodide substrate. Image made with VMD.*®

“crater.” To create a kinked surface from an ideal surface, first
a terrace was generated along the cation-terminated surface by
removing one ~2.3 nm wide layer of metal-iodide pairs (see
Fig. 1). Second, half of the metal-iodide pairs located along the
upper part of the surface steps were removed in order to create
kink sites. To alternatively create a one-layer deep crater on an
ideal surface, one, two, four, or eight metal-iodide pairs were
removed from the center of both the top surface layer and the
bottom surface layer. After surface construction was completed,
seventy Py molecules were distributed along the top surface
layer. Two stationary walls confine this system along the non-
periodic dimension. One wall (wall A) was placed well above the
Py monolayer, and a second wall (wall B) was placed well
underneath the (111) anion-terminated surface of the slab.
The atomic interaction model consists of Coulombic,
Lennard-Jones, and Vashishta-Rahman interactions for the
intermolecular potential and harmonic stretching/bending
terms for the intramolecular potential.’®?> Details of the
interaction potential were largely described in our previous
work.>® Additionally, the effective atomic charges assigned to
carbon, nitrogen, and hydrogen (which we derived from DFT
calculations of APT charges for a Py molecule interacting
with a Cul cluster, via the LANL2dz basis set) were +0.0129,
—0.3166, and +0.0632, respectively. System walls were assigned
the following Lennard-Jones potential parameters: A =
90.415 eV A™° and B = 0.39459 eV A° for wall 4; A
90.415 eV A™° and B = 3.9459 eV A~ for wall B.

Density functional theory

Density functional theory (DFT) calculations were performed
using the Gaussian16 software program.** Method validation
was performed utilizing the well-known Cul cubane compound
[Cul],Py, and the M06> or B3LYP**?” functionals paired with
the cep-121G(d),***' LANL2dz,*>** defatzvp/6-311+g(d,p),** ™"’
or aug-cc-pvdz*®* " basis sets (Fig. S1 and Table S1, ESI). Vali-
dation results demonstrate the B3LYP and lanl2dz functional
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and basis set pairing as the best match with experimentally
determined crystallographic parameters®> and were utilized for
following calculations. The agreement of the B3LYP/lanl2dz
computational results with experimental values show that the
use of van der Waals corrections (i.e., Grimme style, D3 or D4)
are unnecessary and as such were not utilized in this study.
Atomic force tensors (Table S2, ESIT) were determined as part of
the DFT calculations and used for Molecular Dynamics simula-
tion input variables. DFT adsorption energies (E,q5) were calcu-
lated by the equation:

Eads = EPy/CuI _ (EPy + ECuI)

where E™°"! is the free energy of the optimized system where
the Py ring is in contact with the surface and E*Y and E°“" are
the free energies of the Py molecule and Cul slab alone,
respectively.>® Positive values indicate adsorption and negative
values indicate repulsion. These adsorption energies are a
combination of noncovalent interaction strength, van der
Waals repulsion, as well as electronic (Coulombic) attraction
and have been used by us and others to probe the interaction
between organic and inorganic molecular components.>*>°

Electrostatic potential surfaces

The donor/acceptor regions of Py molecules were investigated
via electrostatic potential (ESP) analysis. Calculations were
performed within the Gaussian16 program on an optimized
Py molecule using the basis set described above. Electrostatic
potentials were generated on an electron density surface at
0.002 ¢ bohr " where areas of positive/negative potential indi-
cate electron-rich/deficient regions. Electrostatic potentials
generated at this isodensity value have been determined by
previous studies to be an accurate indicator for supramolecular
assembly.’®”

Natural bonding orbitals (NBO) and quantum theory of atoms
in molecules (QTAIM)

NBO calculations were performed using the NBO7 software
suite utilizing the individual components constructed from the
Molecular Dynamic outputs. NBO second order perturbation
theory was applied to parse out the donor-acceptor interaction
between the Py electron donor and the Cu or I electron acceptor
including deconvoluting the sub-noncovalent interaction types,
i.e. halogen, hydrogen bonding, as well as identify the atomic or
molecular orbitals involved. Orbitals were rendered using the
Jmol (v.14.30.1) java applet.”’®® Models generated and used for
NBO calculations can be found in Fig. S2 and S3 (ESIt).

Results and discussion
Electrostatic potential surface of pyridine

Previous work on the interaction of nucleophilic volatile
organic compound (VOC) vapors with metal-based surfaces
have largely focused on elemental metallic systems, wherein
noncovalent interactions between species give rise to regium
bonding.'>*®'%?! These interactions are thus an important
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component in understanding adsorption and catalytic mechan-
isms of metallic compounds.'®'”*>%®1 §imply described,
interactions occur between electron acceptor-donor pairs,
and in metallic cases metal centers act as acceptors while the
VOC donor may contribute through either a lone electron pair
or m aromatic system.””®*®* Pyridine, as a simple N-
heteroaromatic, is capable of electron donation via either the
N lone pair (n-interactions) or the n cloud (m-interactions),
giving rise to a potential competition between o- and n-
interactions. This was noted by Atodiresei et al., who reported
that Py is capable of adsorbing onto Cu(110) and Ag(110)
surfaces in either a parallel (m-interaction) or perpendicular
(n-interaction) geometry.”® In this example only the metal
center, acting as an electron acceptor, is capable of interacting
with the incoming electron-donating VOC molecule. This
dynamic changes in metal halide systems, wherein the halide
may act as an electron donor to empty (electron-accepting)
antibonding molecular orbitals of the VOC. As such, a number
of other noncovalent interactions are possible, including X: - -H
and X - -m* bonding.

The interaction of vapor-phase molecules and Cul surfaces
can first be partially described as a coulombic attraction
between polarized regions along either Cul surface or the Py
molecule. As such, electron density surfaces are useful in
identifying regions of relative electron richness (Vgmin) and
depletion (Vs max) that may serve as electron donors or accep-
tors, respectively, in facilitating supramolecular assembly, cata-
Iytic reactions, and surface adsorption."®®*>°® For Py (Fig. 2)
polarization about the molecule results in a region of electron
richness adjacent the N atom owing to the presence of lone pair
electrons. This region has an electrostatic potential value of
—223 kJ mol . As the most negative region (Vs min), this site is
the strongest potential electron donor for formation of non-
covalent interactions with the Cul surface, thus indicating a
stronger propensity to interact via o-interaction. Turning
towards m-interactions, regions of electron richness are also
located directly above and below the ring plane adjacent the

+129 kJ mol? (Acceptor)

-20 kJ mol (Donor)

*-223 kI mol* (Donor)
Donor

W Acceptor

Fig. 2 Electrostatic potentials of a pyridine molecule mapped onto a
0.002 ¢ bohr™* isodensity surface highlighting regions which may act as
electron donors (negative potentials) or acceptors (positive potentials).
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C atoms. Here the electrostatic potential is slightly negative at
—20 kJ mol ™" and indicates significantly poorer electron-donor
behavior compared to the N lone pair. Less obviously, the Py
molecule features a region of positive electrostatic potential,
and thus may also act as an electron acceptor. This region of
positive potential (Vg max) is located about the terminal end
of the para and meta C-H bond and has a potential value of
+129 kJ mol .

As previously discussed, the iodide is an electron donor
within the Cul surface and thus may interact with this electron-
acceptor region on the Py molecules. The large positive
potential value (+129 kJ mol " vs. —20 kJ mol ") indicates that
this region might potentially out-compete interactions with the
© cloud. Given the dual electron-donating/-accepting capacity of
the Py molecule, the question of how competition between
these sites results in preferred bonding geometries about Cul
remains unclear based on ESP surfaces alone and thus warrants
detailed investigation.

Ideal copper(1) iodide surface

Surfaces that do not contain terminal atoms or defect sites,
termed ‘ideal’, are historically used in DFT modelling to under-
stand the chemisorption mechanism of small molecules to
metal-based surfaces. These models typically are limited to
elemental metals or metal oxides and exclude families of metal
halides such as perovskites. While less realistic owing to the
lack of defect sites or terminal atoms, these models are never-
theless important as a first step in understanding some basic
principles as to how small molecules may interact with metal-
based surfaces. As such, we have opted to start with an ideal
Cul surface in which Py molecules are free to interact along the
(111) plane in order to determine (i) the prediction of the Py
geometry along the surface, (ii) the Py-Cul adsorption energy,
and (iii) identify and quantify the atomic and molecular orbi-
tals involved in the charge transfer process.

Molecular dynamics simulations. Molecular Dynamics (MD)
calculations were performed for an ideal (111) cation-
terminated y-Cul surface coated with a Py monolayer (see
Fig. 3). These MD simulations provided a detailed structural
description (i.e. set of atomic coordinates) that served as
starting point in the quantum mechanical calculations. In
general, this approach improves the accuracy of quantum
analysis while reducing the computational workload required
since the simulations only consider dipole-dipole interactions
between atoms and/or molecules. These calculations are per-
formed on exceptionally large models which include 70 Py
molecules along the Cul surface and are outside the capabil-
ities of DFT calculations. As such, these MD simulations
provide statistical insights into the overall behavior of the Py
monolayer. Fig. 3 displays the tilting angle distribution of the
Py molecules at the y-Cul surface. It is discovered that Py
molecules have a general preference for either a flat orientation
of 1° or near-flat orientation of ~15°. Along an ideal surface,
nonetheless, about one-third of the Py molecules have a tilting
angle greater than 40°. The preference for flat orientation by the
Py molecules can be attributed to dipole-dipole interactions
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Fig. 3 Molecular Dynamics simulations (left) for the Py monolayer at an ideal surface and (right) angular distribution of Py molecules (i.e. flat orienta-

tion = 0°; upright orientation = 90°). Image made with VMD.**

between Py molecules as indicated by the general positioning of
the nitrogen atoms apart from each other as well as potential
dispersion interactions with the y-Cul surface.

Potential energy mapping and ground state geometry. In
comparison to DFT methods, molecular dynamics (MD) calcu-
lations are particularly advantageous in their ability to calculate
the ‘ideal’ or minimum energy position of a large number of
molecules in a relatively short amount of computational time.
The resulting atomic positions, derived from strictly electro-
static parameters, however, lack finer considerations such as
polarization and orbital-orbital interactions. As such, MD cal-
culations represent an ideal synergistic methodology for cou-
pling to higher order calculations such as DFT since MD can
provide a rough but useful starting point for exploration of
energy mapping. As such, we have selected a single Py molecule
from the MD simulations described above and explored in
detail its interaction with a Cul(111) surface. Using these
coordinates, we have mapped the potential energy of the Py/Cul
ensemble using DFT.

The N atom resides almost directly above a positively
charged Cu metal center (Fig. S4, ESIt). Fig. 4 shows the
potential energies for a series of calculations wherein the Py
molecule is removed from the Cul surface in a step-wise
manner while being held at a plane-to-surface angle of 90°.
The results of this study reveal a minimum energy value at a
surface - -N distance of 2.65 A. Fitting a Morse potential, we are
able to determine an adsorption energy of 0.528 eV, a value
consistent with other studies on adsorption of heterocyclic
aromatic molecules to metallic (Cu/Ag/Au) surfaces."®*"*> This
adsorption energy value is significantly lower than the calcu-
lated value of 0.714 eV for the removal of a formally coordinated
Py from the known cubane [Cul],Py, complex. Absorption of a
Py molecule on a Cul surface can conceivably produce an
orientation of the molecular plane anywhere from perpendi-
cular to parallel to the surface.

Starting at the optimized bond distance, the interaction
energy was calculated as a function of tilt angle of the Py ring
in relation to the Cul surface (Fig. 4). Tilting of the Py molecule
reveals a ground state in which the molecular plane is canted at
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Fig. 4 Interaction energy between pyridine and a Cul surface as a func-
tion of (top) surface- - -N distance and (bottom) pyridine tilting angle.

an angle of 90° with respect to the Cul surface. This position is
lower in energy by 1.75 eV and 3.53 eV for the two parallel
orientations 0° and 180°, respectively. Orientation of the Py
molecule at angles other than 90°, however, undoubtedly facil-
itates interaction of the Cul surface with both the N lone pair
and the aromatic © cloud on the face of the Py plane. Impor-
tantly, the ground state calculations reveal that the Py mole-
cules preferentially adsorb perpendicular to the Cul surface, as
we might expect if only the N lone pair were involved in the
interaction.

Charge transfer orbital interactions. The donor and acceptor
orbitals responsible for the interaction between Py molecules
and the Cul surface were investigated via Natural Bonding
Orbital (NBO) theory. Previously it has been reported that Py
interacts with Cu and Ag surfaces via a combination of the N
lone pair and the Py n system.>* Our potential energy calcula-
tions initially support this conclusion insofar as for the ground
state the Py plane is perpendicular and thus dominated by the
N lone pair. NBO calculations reveal four principal donor/
acceptor orbital pairs involved in the interaction of Py with
Cul. We present representative models in Fig. 5. The first two
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Fig. 5 Orbitals involved in the noncovalent interaction between Py and

the Cul surface in the ground state. The Py tilt angle is 90° in relation to the
Cul surface. Arrows denote the direction of the electron charge transfer.

donor orbitals (Fig. 5a and b) are, unsurprisingly, the N lone
pair and the m system which donate charge to acceptor Cu 4s
atomic orbitals. The third interaction (Fig. 5c) arises from
donor iodide lone pairs with the Py n* orbitals acting as charge
acceptors. These findings highlight the ability of the © system
to act not only as a charge donor when interacting with
positively charged metal atoms, but also as an acceptor (r*)
in the presence of electron-rich species. Notably, the fourth
interaction type (Fig. 5d) can be classified as hydrogen bonding
and involves C-H o or ¢* orbitals interacting with the adjacent
vacant Cu 4s or I 6p atomic orbitals, respectively. The diversity
in the donor and acceptor orbital pairs illustrated in Fig. 5
highlights the complex nature in which Py molecules may
interact with metal halide surfaces.

To better understand their directing role and to relate the
strength of these interactions to one another, we have calcu-
lated their respective stabilization energies (Table 1). The total
stabilization energy at a tilt angle of 90° is 12.64 kcal mol . As
expected, when Py is oriented perpendicular to the Cul surface
(90°-120°), the N lone pair interaction with Cu is strongest,
contributing 37% (4.64 kcal mol™') of the total stabilization
energy. Interestingly, despite the geometry, interaction via the ©
and n* is nearly as strong, contributing 35% toward the total

Table 1 Summary of NBO stabilization energies for a Py molecule
perpendicular along an ideal Cul surface. The interaction types are
grouped by the role of the Py molecule, acting as either a charge donor
(m and o) or charge acceptor (n* and o*)

Pyridine role

Donor Acceptor Donor + acceptor
Interaction type (kcal mol ™) (keal mol ™) (keal mol ™)
N-Cul 4.64 0.00 4.64
m/m*-Cul 2.89 1.48 4.37
C-H (o/c*)-Cul 1.29 2.34 3.63
Total stabilization energy 12.64

This journal is © the Owner Societies 2022

View Article Online

PCCP

stabilization energy. Of this amount, the major portion is due
to Py charge donor behavior involving the Py m orbitals at
2.89 keal mol™', while the remainder (1.48 kcal mol™") is
associated with charge acceptor behavior involving the Py m*.
In its interaction via the C-H orbitals the Py molecule acts as
either a charge donor or acceptor. As described above, in cases
where the Py acts as a charge donor the C-H (o) orbitals
interact with the Cu 4s orbitals, contributing 1.29 kcal mol 7,
while in cases where the Py molecule acts as a charge acceptor
the C-H (c*) orbitals interact with the I 6p orbitals, contribut-
ing 2.34 kcal mol'. The sum of the stabilization energies for
the C-H interactions is 3.63 kcal mol ', representing a 29%
contribution. These findings highlight three important factors
with regard to the interactions of Py with Cul: (i) interaction
with the N lone pair, while the strongest, still represents a
minority of the overall interaction strength, (ii) the interaction
energies are stronger for the Py m and C-H o orbitals than for
the Py n* and C-H o* orbitals, indicating that Py charge donor
behavior is more important than its acceptor behavior, and
(iii) hydrogen bonding interactions are non-negligible and
contribute significantly to the overall interaction.

We note that there is a divergence of MD- and DFT-
determined geometric orientation preference of the Py mole-
cule with respect to the Cul surface for the ground state. As we
have previously noted, MD simulations consider only dipole-
dipole interactions between molecules, making them compu-
tationally inexpensive even for large models. This is evident in
our results which show maximization of N---N distances
between Py molecules. Furthermore, MD simulations contain
multiple Py molecules which invariably influence the overall
statistical Py geometric orientation as they interact with one
another. DFT calculations, on the other hand, consider many
more properties that influence the Py-Cul geometry including
polarization and orbital interactions. These additional consid-
erations provide a much more detailed understanding of the
Py-Cul ensemble. However, DFT calculations require sizeable
computational resources and thus can only be performed on
models containing a fraction of the atoms in MD simulations.
Our findings expose a critically important flaw in current
modelling techniques that may rely on solely ideal surfaces or
a lone computational methodology. While further exploration
of the divergence of MD- and DFT-determined geometric orien-
tation preference is outside the scope of this study, we bring
attention to it as a point for future research.

Defect copper(1) iodide surfaces

While commonly used and well accepted in MD-based calcula-
tions, the use of defect surfaces is rarer for DFT-based model-
ling owing to the necessary increase in computational expense.
Defective surfaces, however, represent a more realistic approxi-
mation of actual surfaces, which invariably suffer from defect
or kink sites, and thus computations involving defect sites
must lead to more meaningful predictions of chemical behav-
ior. These sites, additionally, are critically important in the
prediction and understanding of chemical activity. For exam-
ple, in catalysis a defective region is more apt to give rise to a
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‘localizing’ effect and may help hold molecules in close proxi-
mity to one another or increase their exposure to surface atoms.
As such, we have included MD and DFT calculations using a
simple defect Cul surface in which we have systematically
removed atoms while maintaining a neutral charge balance.
Our aims are to determine: (i) the change in preferred Py
orientation, (ii) the difference in adsorption energy compared
to the ideal surface model, and (iii) shifts in charge transfer
dynamics between donor and acceptor orbitals.

Molecular dynamic simulations. Defect sites along the Cul
surface are expected to influence molecular tilting angles; we
have explored this notion. Fig. 6 and Fig. S5 (ESIT) display the
results for MD simulations that include surface defects where
pairs of Cul atoms were systematically removed. This removal
results in the formation of a ‘crater’ in the surface while
maintaining an overall neutral charge. Notably, removal of
Cul atoms results in clustering of Py molecules within the site
at nearly perpendicular angles to the surface (Fig. 6). This
behavior is strictly localized to the defect site and becomes
more pronounced as the defect site size is increased. The
presence of a sixteen-atom-sized crater site, for example, is
seen to cause alignment of six Py molecules at high tilting
angle, while for the four- and eight atom sized craters we
observed the alignment of two and three Py molecules, respec-
tively. This kind of alignment effect was commonly observed for
the crater sites, although it should be noted that Py molecules
are not necessarily held rigidly in place; some Py molecules
inside crater sites occasionally lie flat. The placement of Py
molecules within the crater site offers new opportunities to
form additional noncovalent interactions, specifically m stack-
ing between Py molecules, while at the same time altering the
primary interactions modes observed for the ideal surface. In
cases where n stacking is occurring we expect, for example,
these orbitals to become less available for participation in
donor-acceptor charge transfer with Cu or I surface atoms.

Charge transfer orbital interactions. To determine how the
defect site and subsequent localizing effect alters the chemi-
sorption of Py molecules to the Cul surface, we first determined
the ground state geometry of a Py molecule within a 16-atom
defect site derived from the MD calculations (Fig. 7). We note
that for this model the MD calculations indicate that the Py

4-Atom Defect

8-Atom Defect
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Fig. 7 Interaction energy between pyridine and a defective Cul surface as
a function of pyridine tilting angle.

molecules are almost entirely upright and are oriented parallel
to one another within the defect site. Focusing on the central Py
molecule, DFT calculations determined an ideal angle of 100°
with a much tighter range compared to that of a single Py
molecule placed on a defect-free surface, owing to constriction
and van der Waals repulsion by adjacent Py molecules. The
adsorption energy of the Py molecule within the defect site was
determined to be 0.306 eV, which initially indicates than that
the Py is less energetically bound to the defective Cul surface
compared to the ideal surface (0.528 eV). NBO calculations
reveal six distinct orbital interaction pairs involved in the
adsorption of Py within the defect site. These interaction pairs
are shown in Fig. 8. In addition to the four previously described
pairings observed for the ideal surface model, the additional
two arise from Py: - -Py interactions between VOC molecules. In
one case the m system, acting as a charge donor, interacts with
the n* of an adjacent Py molecule forming a classic n-n

16-Atom Defect

Fig. 6 Molecular Dynamics simulations for the Py monolayer at a cratered surface (circled in red). The crater site ranges in size from (left to right) four to
eight to sixteen Cu-I| pairs removed from the top layer of the ideal surface. In general, the crater causes Py molecules to group inside the defect and

exhibit higher tilting angles. Image made with VMD_3*
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Fig. 8 Orbitals involved in the noncovalent interaction between pyridine and the defect Cul surface in the ground state. The pyridine tilt angle is 90° in
relation to the Cul surface. Noninteracting Cul atoms are colored light gray for clarity.

noncovalent interaction. This type of behavior is typical of
aromatic systems which display m stacking behavior with even
larger offset and parallel or near parallel stacking in the solid
state.®” "% The second Py---Py interaction can be more accu-
rately described as a n---n noncovalent interaction. Here, the
central Py n* acts as a charge acceptor, while the lone pair of an
adjacent Py molecule acts as a charge donor. This type of
interaction is generally considered less stabilizing, and there-
fore weaker, than t-n interactions.”®

To compare the relative strengths of the noncovalent inter-
actions and reconcile the lower adsorption energy of the defect
surface to the ideal surface, we have tallied the NBO deter-
mined stabilization energies for each donor/acceptor pairing in
Table 2. At this optimized angle the N-Cul orbital pairs (N lone
pair donor and Cu acceptor) dominate, contributing a total of
6.45 kcal mol " (44%). Notably, significant hydrogen bonding
between Py and the Cul surface contribute the second largest

Table 2 Summary of NBO stabilization energies for a Py molecule within
a Cul 16-atom defect site. The interaction types are grouped by the role of
the Py molecule, acting either as a charge donor or charge acceptor

Pyridine role

Molecular Donor Acceptor Donor + acceptor
Interaction type pair (keal mol ") (keal mol™") (keal mol )

N-Cul Py/Cul 6.45 0.00 6.45
H-Cul Py/Cul 1.52 3.34 4.86
m/m*-Cul Py/Cul 1.61 0.59 2.20
- Py/Py 0.53 0.09 0.62
N Py/Py 0.00 0.63 0.63
Total Stabilization energy 14.76

This journal is © the Owner Societies 2022

stabilization energy of 4.86 kcal mol ', Of this stabilization,
69% arises from the C-H o* orbitals acting as charge acceptors
from I donors, while the remaining 31% results from the C-H o
orbitals acting as charge donors. In comparison, © interactions
with the Cul surface account for only 2.20 kcal mol™* of the
total stabilization energy, of which 73% is from Py & orbitals
acting as charge donors. The Py - -Py interactions are weakest,
including both n-n and n-n interactions, and contribute only
~ 8% to the total stabilization.

The stabilization energies highlight two points: (i) Py---Py
interactions do not significantly stabilize Py molecules within
the defect site, and (ii) the inclusion of I atoms as charge
donors significantly enhances the overall stabilization energy.
The latter finding demonstrates the importance of having an
electron donor embedded within the surface for capture and
subsequent bonding with Py vapor molecules, since only the I
atoms are able to participate meaningfully with the C-H o/c*
bonds. In the absence of these atoms the C-H orbitals would
otherwise go unutilized or potentially lead to competitive
Py---Py interactions, leading to weaker noncovalent interac-
tions with the metallic surface. With respect to the weak Py- - -Py
interactions, it becomes clear that the perpendicular geometric
orientation is most likely the result of destabilizing steric
repulsion rather than positive charge transfer attraction and
that these interactions do not contribute significantly to the Py
adsorption process. Repulsion is also credited with the lower
DFT-determined adsorption energy which is excluded from the
NBO determined stabilization energies. Interestingly, the
results indicate that while the Py molecule interacts more
strongly with the defective Cul surface, the repulsion amongst
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adjacent Py molecules results in an overall less stable configu-
ration within the well. This sets up an intriguing competition
wherein Py molecules are more readily able to interact with the
surface but must balance this with the available space within
the defect site. This simple, yet critical, point provides a
rationalization to the observed localizing effect whereby the
Py molecules almost exclusively prefer an upright orientation
within the crater site. This geometry is best suited to maximize
the number of Py molecules within the available space, while
simultaneously minimizing Py-Py contacts.

The agreement of MD and DFT modeling results highlights
two important points: (i) ideal surfaces and those with defects
produce entirely different results with regard to the geometric
orientation and (ii) defect sites enhance the ability for electron
donor I atoms to interact with electron acceptor C-H sites. With
respect to the first point, we highlight this observation to draw
attention to the need of DFT modelling to include defect
models in addition to ideal surfaces. It is clear from our
findings that the behavior of small molecules along a surface
varies significantly when a defect site is present. Herein, we
show that defect sites are important in enhancing adsorption
and expanding the modes of interaction between the Py mole-
cule and the Cul surface. These effects arise primarily from an
enhancement of hydrogen bonding with terminal I atoms
which are only present within the defect site.

Conclusion

We have investigated the interaction of nucleophilic pyridine
molecules with copper(1) iodine surfaces utilizing a synergistic
computational approach with Molecular Dynamic (MD) and
density functional theory (DFT) modelling. Our findings feature
the rarely reported Cul surface, which unlike historically inves-
tigated metallic surfaces, contains both cationic metal centers
as well as anionic halides. Molecular Dynamic calculations
were performed over several nanoseconds using a single layer
of pyridine (Py) molecules to initially provide geometric infor-
mation on the Py-Cul interaction. Electrostatic potentials along
an isodensity surface of pyridine were used to achieve a
molecular-level understanding of adsorption and to character-
ize the donor and acceptor sites of the neutral Py molecule in
which polarization gives rise to regions of variable acceptor/
donor strengths. The ESP values demonstrate the ability of Py
to act as either an electron donor or acceptor, resulting in
interactions with both Cu and I atoms. Natural bonding orbital
(NBO) calculations show that the charge transfer from the N
lone electron pair to the empty Cu 4s are the strongest inter-
actions, but do not dominate as the most significant driving
force in the geometric orientation of the Py molecule along the
surface. Instead, a combination of n/n* orbitals interacting with
Cu 4s and I 6p atomic orbitals alongside hydrogen bonding
with I 6p orbitals give rise to strong adsorption of Py molecules
to the surface. Introduction of defect sites along the Cul surface
not only introduces Py- - -Py interactions via r stacking, but also
significantly enhances the ability to form hydrogen bonds with
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terminal I atoms within the defect site. The result is a localizing
effect within the defect site whereby Py molecules are tightly
held close to the surface yet are oriented in such a way to
minimize Py-Py contacts due to steric repulsion. Our findings
provide a first-principle understanding on how orbital pair
interactions and changes in metal halide surface leads to shifts
in adsorption and noncovalent interactions utilizing a hybrid
Molecular Dynamic-density functional theory methodology.
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