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ABSTRACT: Weaker than ionic and covalent bonding, van der ? ?

Waals (vdW) interactions can have a significant impact on

structure and function of molecules and materials, including % @ 4(_\V5r

stabilities of conformers and phases, chemical reaction pathways, 4 S Defect
electro-optical response, electron-vibrational dynamics, etc. Metal Properties &
halide perovskites (MHPs) are widely investigated for their PBE+TS/ g:'ﬁ;w

excellent optoelectronic properties, stemming largely from high
defect tolerance. Although MHPs are primarily ionic compounds,
we demonstrate that vdW interactions contribute ~5% to the total
energy, and that static, dynamics, electronic and optical properties
of point defects in MHPs depend significantly on the vdW interaction model used. Focusing on widely studied CsPbBr; with the
common Br vacancy and interstitial defects, we compare the PBE, PBE+D3, PBE+TS, PBE+TS/HI and PBE+MBD-NL models and
show that vdW interactions strongly alter the global and local geometric structure, and change the fundamental bandgap, midgap
state energies and electron-vibrational coupling. The vdW interaction sensitivity stems from involvement of heavy and highly
polarizable chemical elements and the soft MHP structure.

D 1 etal halide perovskites (MHPs) have gathered signifi- science due to its relatively high predictive ability, general

cant attention for their potential in photovoltaic cells applicability, and computational efficiency.'”™>* The majority
and other applications due to their cost-effective fabrication of commonly used DFT functionals are designed to describe
and high-power conversion efficiency.' > They show excep- short-range bonding interactions, and long-range vdW
tional optical properties for solar energy conversion® and interactions require a special treatment in DFT. VAW
display promise as semiconductors for efficient,” economical interactions are a key ingredient of many systems and
transistors,6 given their ease of processing and high charge processes, including organic, inorganic and biomalterials,B’24
carrier mobility. CsPbBr; is one of the most studied perovskite heterogeneous and electrocatalysis,25 tribology,26 protein
materials, with applications in high-quality inkjet-printed films stability and fanction,””*® etc. VAW interactions are included
for LED teChHOIOgY7 and quantum information Processing-g A in DFT calculations as an addition to the exchange-correlation
recent demonstration of phonon-driven intraexciton Rabi functionals.””*® Furthermore, many studies in Tkatchenko’s
oscillations in the orthorhombic phase CsPbBr; single crystals group have shown that vdW interactions play an important
has opengd new avenues for enhancing optoelectronic role not only in hard solids,”" but also in point defects’” and
properties.” However, intrinsic defects, such as vacancies, electronic properties.”> Popular vdW interaction models
interstitials and antisites, are common and unavoidable in both include D2,** D3,>° Tkatchenko-Scheffler (TS),*® Tkatch-
low-dimensional and 3D bulk materials, influencing their enko-Schefller with iterative Hirshfeld partitioning (TS/H1),*’
structural and electronic properties,1 é\ﬁlpreviously examined many-body dispersion (MBD),*® and nonlocal many-body
through first-principles calculations.” " It is important to dispersion (MBD-NL).39 Proposed by Grimme and co-
employ accurate methods for modeling defects in MHPs. workers,***%* DFT-D2 and DFT-D3 are the simplest and

MHPs are soft materials'” undergoing large-scale structural
rearrangements'~ that influence the electronic properties. The
static and dynamic structure of MHPs is governed by a delicate
interplay of ionic interactions, and covalent and hydrogen ‘
bonding,'”"> Nuclear quantum effects of light hydroégens can Revised:  October 1, 2024
influence the geometry of the heavy inorganic lattice,'® and van Accepted: October 7, 2024
der Waals (vdW) interactions play an important role.'”'® Published: October 11, 2024
Density functional theory (DFT) is the mainstream
computational tool used extensively in chemical and materials

most commonly used approaches. To mitigate overestimation
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Figure 1. (a) Optimized geometric structure of orthorhombic CsPbBr;. Representation for the optimized atomic structures of (b-d) bromine
vacancies and (e-g) bromine interstitials in different charge states. Green, gray, and purple spheres symbolize Cs, Pb, and Br atoms, respectively.
Yellow dashed circles specify the vacancies and interstitial atoms. The optimized structures and structural fluctuations at a finite temperature

depend significantly on the model for van der Waals interactions.

of vdW interactions in weakly bound systems, DFT-D3
includes a damping function and is often preferred over
DFT-D2.>*" Tkatchenko and Scheffler developed the TS
model, calculating the vdW correction based on the system’s
ground-state electron density.***® This advanced methodology
accounts for environmental and hybridization effects b
computing the polarizability of a Hirshfeld volume.””** In
order to better characterize the charge transfer, a more
advanced TS model using an iterative Hirshfeld allocation
scheme (the Hirshfeld-I algorithm)**** was proposed by
Bucko et al.>” While simpler methods consider only pairwise
interactions, the MBD method®® includes collective many-
body effects, crucial for accurately describing electronic
correlations in larger systems. The MBD method models the
interaction between all atoms simultaneously, using a model
Hamiltonian based on charged harmonic oscillators that
capture the long-range electro-dynamic response. The MBD-
NL method® extends and refines the original MBD
approach® to include nonlocal correlation effects.

In this letter, we investigate the significance of an accurate
treatment of vdW interactions on structural and electronic
properties of MHPs, by computing and comparing the
structural parameters and electronic properties of the
commonly used bulk CsPbBr; containing two typical point
defects, a Br vacancy (Vg,) and a Br interstitial (I5,). We
demonstrate that vdW interactions change the properties of
bulk CsPbBr; by 5—7%. The properties of point defects are
much more sensitive to the vdW interaction model, because
metastable defect structures depend on a delicate balance of
various factors and can undergo significant rearrangements and
fluctuations. The midgap electronic energy levels in optimized
structures and level fluctuations at ambient temperature can
vary by nearly 1 eV depending on the description of vdW
interactions. The sensitivity stems from the soft nature of
MHPs, shallow local energy minima of different MHP
structures, and involvement of large, highly polarizable
chemical elements. Our findings affirm that an accurate

treatment of vdW interactions is essential for studying
structural and electronic properties of pristine and particularly
defective MHPs.

We focus on the orthorhombic phase of CsPbBr;, the stable
phase under ambient conditions.””™* The introduction of
vdW interactions leads to notable changes in the CsPbBr;
structure and thermodynamic properties. Thermodynamic
equations of state (EOS) are used for understanding the
behavior of crystalline solids under varying conditions of
pressure, volume, entropy, and temperature.”* ™’ To deter-
mine the lattice constant parameters of the orthorhombic
(Pnma) CsPbBr; perovskite unit cell (illustrated in Figure Sla-
b, with the unit cell outlined as a frame), the Birch—
Murnaghan EOS was employed, in combination with different
treatments of vdW interactions for the unit cell optimization.
The calculation details are provided in the Supporting
Information (SI). The total energy calculated by each method
is plotted vs the corresponding calculated volumes, as shown in
Figure Slc. The lattice constants and volume of the most
stable structure, derived from the EOS fitting, are tabulated in
Table S1. This comparison highlights the influence of volume
changes on energy: a reduction in energy corresponds to
enhanced lattice stability and a decrease in volume, attributable
to increased vdW interactions. As expected, incorporating vdW
corrections into the PBE framework decreased the equilibrium
lattice volume. This is in line with the attractive nature of vdW
interactions, which lead to shorter bond lengths in the bulk
structure. These findings are in line with previous studies””*”
which suggest that the attractive nature of vdW interactions
typically results in smaller lattice parameters. The PBE+MBD-
NL method produced cell parameters in good agreement with
the experimental structure of orthorhombic CsPbBr; measured
at 4 K by Lopez et al,”" with only a 1% difference in the cell
parameters.

Having obtained the optimized unit cells, we construct
CsPbBr; 2Xx2X2 supercell bulk and introduce the bromine
defects, which are the main focus of the study. Additional
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details about computational methods are provided in the SI
Starting with pristine CsPbBr;, Figure 1a, we introduced the Br
vacancy (Vg,) and Br interstitial (I5,) defects by removing or
adding a Br atom from/to the pristine system. The optimized
structures of the defect regions in different charge states are
illustrated in Figure 1b-g. The presence of light, external
electric field or chemical species can alter the charge of the
point defects, and the defect charge can have a strong influence
on ionic and electronic conductivity’>*® and charge carrier
lifetime.”* We consider the positive, neutral and negative
charge states for both V. and Ip. The Pb—Pb distance
between the nearest Pb atoms across the defect site is
elongated in Vi, compared to V,”. This change is attributed
to the increased repulsion among the Pb*" ions and the
positively charged Br vacancy. In contrast, the Vg~ system
exhibits a reduced Pb—Pb distance, leading to the formation of
a Pb dimer. This decrease occurs due to the presence of a
negative charge between two Pb** cations, which draws the
neighboring Pb cations closer. Theoretical studies corroborate
the formation of stable Pb dimers in the presence of negatively
charged halogen vacancies.””® The specific Pb—Pb distances
for V%, V., and Vi~ are detailed in Table 1. The Pb—Pb

Table 1. Pb—Pb Distances (A) across Br Vacancies and Br—
Br Distances for Bromine Interstitials Optimized by PBE,

PBE+D3, PBE+TS and PBE+TS/HI for the Three Charge
States, Figure 1°

Pb—Pb distance for Br

vacancy Br—Br distance for Br interstitial

method Vel Vet Vo I Ip," Iy~
PBE 591 643 374 354 2567 3916  3.55
PBE+D3 5.54 6.06 3.69 3.58 2.569 3.933 3.59
PBE+TS 3.85 5.64 3.57 3.55 2.555 3.804 3.60
PBE+TS/HI 5.48 6.24 3.72 3.51 2.554 3.842 3.52

“Two distances are given for the I " system: the average distances
from the interstitial to the nearest top/bottom Br atoms (shorter
distance) and to the left/right Br atoms (longer distance), as
illustrated in Figure 1f.

dimer in the Vjy~ system remains stable under ambient
conditions as well.’® The variation in the Pb—Pb distances
across the Br vacancy obtained with the different vdW
interaction models demonstrates a strong impact of vdW
interactions on the geometric structure of CsPbBr;. For all
charge states of the vacancy defect, the Pb—Pb distance is the
greatest when PBE without a vdW correction is used. The Pb—

Pb distance decreases when PBE+D3, PBE+TS and PBE+TS/
HI are used. The difference between the PBE and PBE+TS
results is over 2 A, indicating that the two methods produce
different chemical species. In comparison, the results of PBE
+D3 and PBE+TS/HI are close, with variations ranging from
0.03 to 0.18 A. The additional Br atom in the interstitial system
either binds to the two Pb** cations, Figure le,g, or in the
positive state forms a Br trimer, Figure 1f. The geometric
structure of the Br interstitial system is much less sensitive to
the vdW interaction than that of the Br vacancy. The bond
distances change only by 0.05—0.1 A, Table 1. However, even
such minor structural changes can lead to notable changes in
the electronic energy levels, up to 0.4 eV, Figure S3. The large
deformations that occur when using the PBE+TS method may
be due to the ionic nature of the material, which is not well
handled by the TS correction. However, PBE+TS/HI can
handle it better, more accurately than PBE+D3 and without
being overcorrected as PBE+TS does.

Figure 2 presents a total energy comparison for the Vg, and
Iz, systems. The comparison highlights the impact of vdW
interactions on the total energies of these systems. Notably,
vdW interactions universally stabilize all systems by reducing
their total energy. Among the vdW interaction models
examined, the TS description produce the greatest variations
from the PBE model, followed by the D3 vdW correction and
the TS/HI scheme. Overall, vdW interactions contribute about
5% to the total energy. However, even this relatively minor
contribution can have a significant influence on the geometric
structure and electronic properties of point defects, because
MHPs are soft and respond strongly to perturbations.'”>”>"
Comparing the different charge states of the defects, vdW
interactions are slightly stronger for the more positive charges,
even though the number of electrons is smaller, and vdW
interactions generally increase with the number of electrons.
Further, the weaker vdW interaction in the negatively charged
Vg, system causes more significant changes in the geometric
properties compared to the neutral and positive vacancies,
Figure 1 and Table 1.

To elucidate the impact of vdW interactions models on the
electronic properties of the CsPbBry systems with point
defects, we calculated the density of states (DOS) and the
electronic band structure on both defective and pristine
structures, as depicted in Figures 3 and S2—4. The results
indicate that vdW interactions can notably affect the
fundamental bandgaps and midgap states. Figure 3 illustrates
the total DOS for all systems with a Br vacancy, evaluated with
the four methods in the corresponding optimized geometries.

(a) -580 (b) —580
Ver* lg,+
-570 -570
VErO |Br0
=560 mmm V- =560 mmm I
3 550 3 550
3540 & —540
2 _530 2 530
w w
-520 -520
~510 ~510
-500 - - 5001 - -
PBE  PBE+D3 PBE+TS PBE+TS/HI PBE  PBE+D3 PBE+TS PBE+TS/HI

Figure 2. Total energies of (a) Br vacancy and (b) Br interstitial systems in different charge states, calculated using PBE, PBE+D3, PBE+TS and
PBE+TS/HI VAW interactions models contribute 5—10% to the total energy, with the TS model making a notably larger contribution than the D3
and TS/HI models. The charge has a stronger effect on the total energy of the vacancy than the interstitial.
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Figure 3. Electronic density of states of CsPbBr; with (a) neutral, (b)
positive, and (c) negative Br vacancy in the optimized geometries,
calculated using PBE, PBE+D3, PBE+TS and PBE+TS/HL The zero
energy is set to the VBM. The insets depict structures of the Br
vacancy in the respective charge states. Gray, and purple spheres
represent Pb and Br atoms, respectively. Distinctly, a midgap trap
state appears in both V;,,° and Vg, * systems at the PBE+TS level, but
not the other three methods. Additionally, the fundamental bandgaps
are sensitive to the van der Waals interaction model.

For Vy,’, Figure 3a, the PBE+TS model predicts a prominent
midgap trap state located 0.8 eV below the conduction band
minimum (CBM). In the case of V., Figure 3b, the midgap
trap state in the PBE+TS model shifts closer to the CBM, and
an additional peak appears near the band edge. In contrast, the
PBE+D3 model predicts shallow trap states for both V° and
Vg, whereas the PBE+TS/HI model predicts only shallow
trap states for Vg, In Vi~ (Figure 3c), midgap trap states are
identified with all four calculations, a phenomenon that can be
attributed to the formation of a dimer between the two Pb
atoms across the vacancy.

The DOS results for bulk pristine CsPbBr; and the Iy,
systems, Figures S3 and S4, exhibit a weaker dependence on
the vdW interaction model, while the trends are similar. The
band gap is the lowest in the PBE+D3 method. Only the Iy*
defect demonstrates midgap trap states at energies that depend
on the vdW interaction model, Figure S3b, suggesting that the
trap state originates due to electrostatic and covalent
interactions resulting in formation of the I trimer, Figure 1f.
At the same time, the energy of the trap state varies 0.5 eV
depending on the description of the vdW interaction.

The band structure calculations further substantiate the fact
that vdW interactions models have a pronounced impact on
the electronic properties of the point defects in CsPbBr;.
Focusing only on the neutral defects, Figure S4 demonstrates
that the valence band maximum (VBM) and CBM are mainly
contributed by Pb and Br atoms, respectively. V;,,* exhibits an

unoccupied midgap state, whose energy depends strongly on
the vdW interaction model. Notably, the midgap state exhibits
no dependence on the k-point in the PBE+TS calculation,
indicating that it is a localized state. In contrast, the PBE, PBE
+D3 and PBE+TS/HI methods show k-point dependence of
the trap state energy between the R and G points. Dependence
arises, because the midgap state, which is close to the CBM,
mixes with the band states, and is partially delocalized. The
electrons trapped by the shallow midgap states predicted by
PBE, PBE+D3 and PBE+TS/HI can easily escape into the
band. In comparison, the trap state obtained by PBE+TS is 1
eV below the CBM. The depth is much larger than the thermal
energy, equal to 25 meV at room temperature, suggesting that
the midgap state can trap charge carriers permanently,
accelerating nonradiative recombination.’” This finding
confirms earlier computational analyses by Kang et al. and
Shi et al.'"®

Most MHPs, including CsPbBr;, are soft and susceptible to
significant structural fluctuations at a finite temperature. These
fluctuations particularly influence electronic energy levels
associated with defects, often resulting in an unusual
behavior.”"* To study the influence of the vdW interaction
model on fluctuations of the defect energy levels we conducted
ab initio molecular dynamics (MD) simulations for the Vi °
and I;° systems, Figures 4 and S5—S6. In Vg.°, midgap trap

2.50

0.75 A —— PBE —— PBE+TS
PBE+D3  —— PBE+TS/HI

0.0 2.0 4.0 6.0 8.0 10.0
Time (ps)

Figure 4. Fluctuation of the midgap state energy relative to HOMO
in CsPbBr; with a neutral Br vacancy, calculated using PBE, PBE+D3
and PBE+TS along the 10 ps MD trajectories at 300 K. Stronger vdW
interactions both lower the trap state energy and increase its
fluctuation.

states emerge from Pb—Pb interactions during structural
oscillations. These midgap states, originating from the
separation of the lowest unoccupied molecular orbital
(LUMO) and highest occupied molecular orbital (HOMO)
from the conduction and valence bands, trap charge carriers,
thereby affecting their transport and recombination.”>*** The
presence of deep midgap trap states is highlighted by
prolonged structural distortions. The occurrence of midgap
states induced by a halide vacancy defect is closely linked to
the Pb—Pb distances between the adjacent Pb atoms and ion
coordination numbers during fluctuations.'*%* Figure S5
presents the energy levels from HOMO—-2 to LUMO+2 as
functions of time along the MD trajectory for CsPbBr; with
Vg, and I, Midgap states are consistently observed in all Vy,
systems, Figure SSa-d, but not in the Iy, systems, Figure SSe-h,
similar to the previous findings.””** For models predicting
stronger vdW interactions, the defect states in CsPbBr; with a
Br vacancy become deeper, and the amplitude of their energy
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Figure S. Relationship between the midgap state energy and the Pb—Pb distance across the Br vacancy calculated with (a) PBE, (b) PBE+D3, (c)
PBE+TS and (d) PBE+TS/HI In all methods, a clear correlation exists between the energy gap and the Pb—Pb distance.

fluctuation increases, Figure SS5b-c. Figure S6 presents
distributions of the vacancy trap energies obtained by the
four methods. Under the influence of vdW interactions, the
energy distribution becomes broader, indicating enhanced
fluctuations. The corresponding standard deviations change
from 0.08 to 0.14 eV to 0.20 eV and to 0.17 eV in the PBE,
PBE+D3, PBE+TS and PBE+TS/HI calculations. Figure 4
compares the evolution of the energy gap between the defect
state and HOMO for the Vy° system in CsPbBry bulk
obtained with the PBE, PBE+D3, PBE+TS and PBE+TS/HI
methodologies. This energy gap reduces and its oscillation
intensifies for models predicting stronger vdW interactions.
The maximum detected energy gap between the HOMO and
the midgap state increases from 0.57 eV in PBE to 0.72 eV in
PBE+D3 to 1.06 eV in PBE+TS, while it is 0.86 eV in PBE
+TS/HL

In all four methods, the Pb—Pb distances across the vacancy
in the Vy,” system of CsPbBr, show a clear correlation with the
midgap trap state energy, Figure 5. Cohen et al.'' previously
identified that the depth of the trap state has an inverse
relationship with the Pb—Pb distance across the Br vacancy in
CsPbBr;. Our calculations corroborate this finding, revealing a
strong correlation between the trap state energy and the Pb—
Pb distance: the shorter the Pb—Pb distance, the deeper the
trap state. The Pb—Pb distance fluctuates from 4.70 to 6.38 A
in the PBE calculation without a vdW correction, and the trap
state energy fluctuates between 2.19 and 1.69 eV, Figure S5a.
When the D3 vdW correction is included, the distance
becomes shorter, fluctuating from 4.49 to 5.99 A, and the trap
state energy levels vary from 1.95 to 1.26 eV, Figure S5b. The
Pb—Pb distance decreases further in the PBE+TS calculation,
ranging from 3.25 to 4.83 A, and the trap state becomes
deeper, with the energy level fluctuating between 1.88 and 0.84
eV, Figure SSc. However, after the TS/HI vdW correction, the
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Pb—Pb spacing increases from 3.96 to 6.02 A, and the energy
range of the trap state changes from 2.15 to 1.34 eV, Figure
Ssd.

Figure 6 displays the charge density associated with the Vy°
defect state, as calculated by four methods. The corresponding

Charge localized

Short Pb-Pb distance

Figure 6. Charge densities of the defect state for a representative
structure (at S ps) of CsPbBr; with a neutral Br vacancy, calculated
with the (a) PBE, (b) PBE+TS/HI, (c) PBE+D3 and (d) PBE+TS
methods. The two Pb atoms across the vacancy are highlighted in red.
In contrast to the delocalized VBM and CBM, Figure S7, the defect
state is localized at the vacancy. As the Pb—Pb distance shortens, the
charge density becomes more localized.

VBM and CBM charge densities are shown in Figure S7. The
LUMO charge density is localized around the Br vacancy, as it
represents the defect state, while the VBM and CBM charge
densities remain delocalized. The PBE+TS method demon-
strates significantly more localized charge density around the
vacancy compared to the other three vdW models. This
increased localization correlates with the shorter Pb—Pb
distance and the lower defect level energy discussed above.
The charge densities of the V;,° defect state calculated with
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PBE, PBE+TS/HI and PBE+D3 delocalize partially in the Pb—
Pb direction, Figure Sa-c.

Fourier transforms (FTs) of defect energy fluctuations
characterize electron-vibrational interactions, Figure 7. The
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Figure 7. Fourier transforms of fluctuations of the V. defect state
energy over the 10 ps MD trajectories obtained with the different
vdW interaction models. The fluctuations predominantly occur at
frequencies of 200 cm™ or lower, and the signal amplitude increases
for models predicting stronger vdW interactions, in agreement with
Figure 4. The signals associated with the Br vacancy, shown here, are
significantly stronger than those for the Br interstitial, Figure S8.

frequencies detected in the FT spectra identify the phonon
modes that couple to the electronic subsystem, and the
amplitude of the signal at a particular frequency indicates the
stren%th of the electron—phonon coupling for that pho-
non.'“**%> MHPs are composed of heavy elements and are
soft.'**> As a result, the spectra are dominated by low-
frequency signal, below 200 cm™', Figure 7. The FT
amplitudes increase as the frequency decreases, with the
strongest peaks seen at 10 cm™" except PBE+TS/HI method.
With TS/HI correction, the strongest peak appeared around 3
cm™, and the amplitude of the second strongest peak is almost
the same as that of the strongest peak in the PBE+TS method.
Above 10 cm™!, the electron-vibrational coupling is the
strongest for PBE+TS, intermediate for PBE+D3 and PBE
+TS/HI, and weakest for PBE. Interestingly, the weak signals
above 200 cm™' are comparable across the four methods. The
FTs indicate that vdW interactions strongly enhance electron-
vibrational interactions in MHPs. This is also true for the I,
system, Figure S8. Similar to CsPbBr; with a Br vacancy, the
FT signal amplitudes are higher at lower frequencies, and they
intensify for models predicting stronger vdW interactions.
However, in the absence of deep midgap trap states in the Br
interstitial systems, the FT signals in the low-frequency regions
are considerably weaker compared to those in CsPbBr,
containing a Br vacancy. The data shows that the strength of
electron-vibrational interactions in MHPs can depend
significantly on the vdW interaction model used. Further
analysis is needed to establish the sensitivity of elastic and
inelastic electron-vibrational scattering on the vdW interaction
model.

In summary, we have investigated the influence of the vdW
interaction models on structural and electronic properties and
electron-vibrational interactions in CsPbBry bulk with the
halide vacancy Vy, and interstitial Iy, point defects in negative,
neutral and positive charge states. We have compared the
results obtained with the commonly used PBE functional
without a vdW correction, with the commonly used D3 vdW
correction, the TS vdW interaction model and the more

advanced TS/HI vdW scheme. Inclusion of vdW interactions
notably reduces the CsPbBr; volume and lowers its energy by
5—7%. The fundamental bandgap changes by a similar amount.
The energies of the midgap electronic states arising from
structural defects depend much more significantly on the vdW
interaction model, because defect structures are less stable than
pristine bulk and are more sensitive to the delicate balance of
ionic, covalent and vdW forces. The energy of the Iy,
interstitial level changes by 0.4 eV in the optimized geometry
depending on the vdW model. The Vy, vacancy is particularly
sensitive to vdW interaction model, because of the large,
created void that allows significant local structural deforma-
tions. The Vy, energy level can shift by 1 eV depending on the
vdW interaction model and fluctuate by about the same
amount at ambient temperature. VAW forces can enhance the
strength of electron-vibrational interactions 3-fold. In practice,
the TS model may possibly overestimate vdW interactions in
MHPs, and the TS/HI model is preferred to the D3 and TS
models, even though it is more computationally demanding,
The insights gained from this research underscore the
significance of accurate treatment of vdW in MHPs and
other nanoscale systems, whose structure and electronic
properties depend on a delicate balance of many factors.
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