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ABSTRACT
Using ab initio nonadiabatic molecular dynamics, we study the effect of large A-site cations on nonradiative electron–hole recombination
in two-dimensional Ruddlesden–Popper perovskites HA2APb2I7, HA = n-hexylammonium, A = methylammonium (MA), or guanidinium
(GA). The steric hindrance created by large GA cations distorts and stiffens the inorganic Pb–I lattice, reduces thermal structural fluctuations,
and maintains the delocalization of electrons and holes at ambient and elevated temperatures. The delocalized charges interact more strongly
in the GA system than in the MA system, and the charge recombination is accelerated. In contrast, replacement of only some MA cations
with GA enhances disorder and increases charge lifetime, as seen in three-dimensional perovskites. This study highlights the key influence of
structural fluctuations and disorder on the properties of charge carriers in metal halide perovskites, providing guidance for tuning materials’
optoelectronic performance.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0202251

I. INTRODUCTION

Solar cell and optoelectronic communities have witnessed a
rapid development of hybrid organic–inorganic halide perovskites
(HOIPs), which enable efficient and affordable solar cells.1,2 In the
past twelve years, the power conversion efficiency of perovskite
solar cells has increased from 3.8%3 to 25.5%.4 The development
makes it the most promising photovoltaic technology, mainly due
to the unique properties of halide perovskites,5 such as high absorp-
tion coefficient,6–8 long carrier diffusion length,9–12 low trap state
density,13,14 large carrier mobility,15,16 and low exciton binding
energy.17 The crystal structure of three-dimensional (3D) halide
perovskites with the general formula ABX3 [A = Cs, methylam-
monium (MA), formamidinium (FA); B = Pb, Sn, Ge; X = Cl,
Br, I]18 includes corner-sharing [PbX6]4− octahedra and A cations
occupying 12-fold coordinating cavities formed by eight adjacent
octahedra. 3D perovskites form diverse structures,16,19,20 within the
limits quantified by the Goldschmidt tolerance factor (t).21,22 For
lead iodide perovskite APbI3, t = (rA + rI)/[

√
2/(rPb + rI)], in

which rA, rPb, and rI are the effective radii of A, Pb, and I ions.
Only when this value is between 0.8 and 1, the perovskite phase can
be observed. When the t value is greater than 1 or less than 0.8,
non-perovskite phases are formed.23 Therefore, large cations such
as guanidinium (GA), ethylammonium (EA), or dimethylammo-
nium (DMA), leading to tolerance factors greater than 1, cannot be
used as A-site cations in 3D perovskites. Increasing the variety and
improving the structural stability of perovskites, two-dimensional
Ruddlesden–Popper (2DRP) perovskites are obtained by incorpo-
rating large organic molecules as spacer cations to separate layers
of the inorganic framework of the 3D perovskites.24,25 2DRP per-
ovskites can be described as (LA)2(A)n−1PbnI3n+1, where LA is a
spacer cation and A represents an A-site cation. Because the flexi-
ble spacer cations can withstand the strain caused by A cations,26,27

2DRP perovskites allow for the formation of large-size A cation
perovskites.

Basic insights into structure–property relationships are key to
understanding the properties of charge carriers in HOIPs. Regulat-
ing the structure and functional diversity of perovskites can have a
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strong impact on carrier mobility, relaxation, and lifetimes. There
have been theories on how organic cations affect the charge sep-
aration and recombination and ferroelectricity in perovskites.28–30

For example, He et al. demonstrated that doping MAPbI3 with a
small amount of GA cations can prolong the charge carrier life-
time and improve the photoelectric performance,31 rationalizing
experiments.32,33 However, fully GA-based 3D perovskites cannot
be generated due to the tolerance factor limitation, restricting per-
formance research. The relaxation of the range of the Goldschmidt
tolerance factor in 2DRP perovskites allows a broader tuning of A-
site cation size in search of improved performance. Fu et al. obtained
the HA2GAPb2I7 (HA = n-hexylammonium) single crystal struc-
ture for the first time,27 confirming that the large-size GA cations
can exist in two-dimensional perovskite cavities. Using the time-
resolved photoluminescence (PL) spectra, the authors established
that the average PL lifetimes of HA2MAPb2I7 and HA2GAPb2I7
were 114 ± 6 and 54 ± 6 ps, respectively, indicating that the
incorporation of large A cations had an impact on the excited
state lifetime. Experiments showed that the incorporation of GA
caused the volume of the perovskite cavities to increase and the
distance between the inorganic layers to reduce, which induced
a blue shift of the bandgap and shortened the PL lifetime. Soon
after, Hautzinger and colleagues explored the evolution of the
bandgap with cations of different sizes in the 2DRP perovskite
HA2APb2I7 (A = MA, FA, GA, and EA),34 demonstrating a
structure–performance relationship similar to that in the previous
experiment. At the same time, Li et al. proposed that the introduc-
tion of large A cations in (BA)2(A)Pb2I7(A = MA, FA, DMA, and
GA) produced a negative pressure in the perovskite cavities,35 short-
ening the PL lifetime. Similar findings were reported in the same
year by Fu et al., who studied the effect of incorporating large A
cations into BA2Apb3I10 (A = MA and EA).36 The above experi-
ments showed that the introduction of large A cations into 2DRP
perovskites has an adverse effect on its photovoltaic performance.
This is in contrast to the earlier findings for 3D perovskites, in
which incorporation of small amounts of large A-site cations leads
to improved performance.31–33 A theoretical rationalization of the
above experimental observations can provide important insights
into the fundamental properties and practical design of HOIPs. This
goal can be achieved by ab initio quantum dynamics simulations,
which allows one to reveal at the atomistic level the relationship
of the geometric and electronic structure of a material and charge
carrier dynamics.

Motivated by the recent experiments,27,34–36 we combine time-
dependent density functional theory (TDDFT)37–39 and nonadia-
batic molecular dynamics (NAMD)40–45 to study the nonradiative
electron–hole recombination in theHA2MAPb2I7 andHA2GAPb2I7
perovskites at the ab initio atomistic level of description and in the
time domain. Our simulations show that the large GA cations create
a steric hindrance and deform the perovskite cavities. The Pb–I bond
length and the Pb–I–Pb bond angle increase, creating a deformation
of the octahedral structure of the inorganic Pb–I lattice. The steric
hindrance generated by the large GA cations reduces thermal struc-
tural fluctuations at ambient and elevated temperatures, maintaining
the delocalization of HOMO and LUMO wavefunctions. Compared
to the MA system, the electron and hole overlap more, and the NA
coupling is increased in the GA perovskite. As a result, the charge
carrier recombination is accelerated. The shorter carrier lifetime can

have an adverse effect on the 2DRP perovskite performance. This
study highlights the key role of structural fluctuations and disor-
der in defining the properties of charge carriers and performance
of metal halide perovskites and provides guidelines for perovskite
synthesis and performance tuning.

II. SIMULATION DETAILS
In order to study the effect of the incorporation of large

A cations on the nonradiative electron–hole recombination in
2DRP perovskite systems, we performed hybrid quantum–classical
NAMD40–45 simulations, using the decoherence-corrected fewest-
switches surface hopping (FSSH) technique46–48 implemented
within real-time TDDFT in the Kohn–Sham representation.38,39 The
lighter and faster electrons are described quantum mechanically,
and the heavier and slower atoms are described semi-classically.
The decoherence time is estimated in the NAMD simulation as
the pure-dephasing time of the optical response theory.49,50 Deco-
herence effects should be included into the current NAMD sim-
ulation because the decoherence time is significantly shorter than
the electron–hole recombination time, and loss of quantum coher-
ence has a strong effect on quantum transitions.51 The approach has
been used to study the photoexcitation dynamics in a broad range
of systems, including 3D perovskites52 with passivated surfaces53
and grain boundaries,54,55 2D Dion–Jacobson perovskites,56 tran-
sition metal dichalcogenides,57–59 all-inorganic perovskite quantum
dots,60–62 black phosphorus,63 graphitic carbon nitride,64 etc.65–69

The geometry optimization, adiabatic molecular dynamics
(MD), and nonadiabatic (NA) coupling calculations were performed
using the Vienna Ab initio Simulation Package (VASP).70 The
Perdew–Burke–Ernzerhof (PBE) functional71 was used to describe
the electronic exchange and correlation interactions. The interac-
tions between ionic cores and valence electrons were described by
the projector-augmented wave (PAW) approach.72 The structures
were optimized by using the Γ-centered 3 × 3 × 1 Monkhorst–Pack
k-point mesh73 and a plane wave energy cutoff of 400 eV to achieve
ion forces less than 10−3 eV Å−1. The Grimme DFT-D3 method was
used to describe the van der Waals interaction.74 A much denser
6 × 6 × 2 k-point mesh was employed for electronic structure cal-
culations. After geometry optimization at 0 K, both the systems
were heated to 300 K by repeated velocity rescaling for 1 ps. Then,
6 ps adiabatic MD trajectories were generated for the two systems
in the microcanonical ensemble with a 1 fs atomic time step. The
NA couplings were computed75,76 using the last 3 ps of the 6 ps
trajectories and at the Γ point, since the direct bandgap of the sys-
tems was at the Γ point. Iterating the 3 ps of NA Hamiltonian
four times, we performed 9 ps NAMD simulations using the 3000
geometries as initial conditions. Hundred realizations of the deco-
herence corrected FSSH algorithm47,48 were sampled for each initial
geometry.

III. RESULTS AND DISCUSSION
Figure 1 shows the optimized structures and representative

structures at 300 K of the HA2MAPb2I7 and HA2GAPb2I7 sys-
tems. The crystal structure consists of the inorganic-framework of
corner-sharing [PbI6]4− octahedra with MA or GA as the A cation
occupying the 12-fold coordinate cavities formed by eight [PbI6]4−
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FIG. 1. Optimized geometries and a representative snapshot of the MD trajectory at 300 K of (a) HA2MAPb2I7 and (b) HA2GAPb2I7. (c) Histograms distributions of the Pb–I
bond length and (d) standard deviations in the positions of Pb and I atoms and organic molecules computed over the 3 ps MD trajectories of the two perovskites at 300 K.

octahedra. HA are spacer cations separating the inorganic layers.
The GA cation has an impact on the structure of the inorganic
lattice due to its larger size. For instance, the calculated average
values of the Pb–I–Pb angles in the optimized HA2MAPb2I7 and
HA2GAPb2I7 structures are 153.14○ and 159.04○, respectively. GA
increases the Pb–I–Pb angle relative to MA, in agreement with
the corresponding experimental values of 155.73○ and 162.02○.27
The average Pb–I bond lengths are 3.211 and 3.247 Å for the MA
and GA perovskites, respectively. Compared with HA2MAPb2I7,
HA2GAPb2I7 exhibits longer Pb–I bonds and larger Pb–I–Pb angles,
demonstrating that the incorporation of large A cations distorts the
inorganic lattice of the perovskites.

Figure 1(c) shows the distributions of the Pb–I bond lengths
in the two systems at room temperature. The Pb–I bond length
distribution is narrower in the GA perovskite, indicating that
structural fluctuations are smaller and the movement of the
Pb–I inorganic framework is inhibited by the larger GA cations,
compared to the smaller MA cations. There is a lot of free
space in the smaller-sized MA cation system, allowing for a
wider range of inorganic frame movement. In comparison, in
the GA perovskite system, the large GA cations inside the per-
ovskite cage and the more compressed interlayer cations have
a steric hindrance, which limits the movement of the inorganic
framework.

In addition to the fluctuations of the bond length, we calcu-
lated standard deviations in the positions of the Pb and I atoms
and the atoms of the organic molecules in the two perovskite
systems, according to the equation σi =

√
⟨(r⃗ i − ⟨r⃗ i⟩)2⟩, in which

r⃗i represents the position of atom type i. The data, shown in

Fig. 1(d), characterize the fluctuations of the atoms around their
equilibrium positions. The standard deviations in the atomic posi-
tions are notably smaller in HA2GAPb2I7 than HA2MAPb2I7. The
difference is particularly pronounced for the molecular GA vs MA
species. The results show that MA cations have much more freedom
to move around inside the inorganic cavities than GA cations and
that the large-size A-site cation suppresses the atomic fluctuation of
the inorganic lattice.

Because electrons and holes are supported by the inorganic
lattice, the differences in the lattice structural dynamics between
the smaller and larger cation perovskites have a direct influence on
both electronic properties, such as the energy gap and wavefunction
localization, and electron–vibrational interactions, including both
inelastic and elastic electron–phonon scattering.

Figures 2(a) and 2(b) display the projected density of states
(PDOS) of HA2MAPb2I7 and HA2GAPb2I7 separated into contri-
butions of the Pb, I, HA, MA, and GA components. Similar to
the 3D MAPbI3 perovskite, the HOMO of the 2DRP perovskites
is composed of I and Pb atomic orbitals, while the LUMO pri-
marily consists of Pb atomic orbitals. The band edge states are all
contributed by the inorganic groups. Hence, the organic cations in
the 2DRP perovskites cannot directly affect the NA coupling and
electron–hole recombination, but they can influence the bandgap,
charge localization, and electron–vibrational interactions indirectly,
by altering the [PbI6]4− octahedral Pb–I framework. The HOMO
and LUMO of HA2MAPb2I7 are separated by a bandgap of 1.79 eV.
When all A cations in the 2D perovskite are replaced with the larger-
sized GA cations, the bandgap value is increased to 1.92 eV. The
large-size GA cations cause the Pb–I–Pb bond angle to increase.
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FIG. 2. Projected density of states (PDOS) of the optimized structure of (a) HA2MAPb2I7 and (b) HA2GAPb2I7, separated into contributions from Pb, I, HA, MA, and GA. Zero
energy is set to the Fermi level.

Consequently, the overlap between the s orbital of Pb and the p
orbital of I decreases, which results in the increase in the electronic
bandgap. The calculated bandgaps show agreement with the onsets
of experimental light absorption of 2.08 and 2.13 eV for the MA and
GA 2DRP perovskites, respectively.

The factors that determine the nonradiative electron–hole
recombination time in the NAMD simulation includes energy gap,
NA coupling, and quantum coherence time. The bandgap values dif-
fer little between the two systems, as discussed above. The NA cou-
pling plays a very important role. It reflects the sensitivity of the elec-
tronic wavefunctions to atomic displacements, ⟨ϕLUMO∣∇R∣ϕHOMO⟩,

and also, it depends on the localization of the initial and final wave-
functions. For the NA coupling to be large, the two wavefunctions
should be localized in the same space and vary rapidly with atomic
displacements. Figures 3(a) and 3(b) show the charge densities of
HOMO and LUMO in the two systems in the optimized geometries.
Even when the systems are cooled down to 0 K, a small symme-
try breaking among layers causes partial localization of HOMO
and LUMO and, therefore, separation of electron and hole, which
reduces the NA coupling and extends carrier lifetimes.77 In order
to characterize the extent of localization of the electron and hole
charge densities at the ambient temperature, we compute the inverse

FIG. 3. HOMO and LUMO charge densities for optimized (a) HA2MAPb2I7 and (b) HA2GAPb2I7. Inverse participation ratio (IPR) of (c) HOMO and (d) LUMO of the two
perovskites along the 2 ps trajectories at 300 K.
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participation ratio (IPR) along a representative part of the MD tra-
jectory in the two perovskite systems, Figs. 3(c) and 3(d). Given the
expansion of the Kohn–Sham orbitals in the basis of N plane waves
∣i⟩ with momentum ∣ki⟩, the IPR is defined as

IPR = N ⋅ ∑ ki4

(∑ ki2)
2 IPR ∈ (0, 1].

Larger IPR values indicate more localized wavefunctions. As
shown in Fig. 3(d), the canonically averaged IPR values for HOMO
and LUMO are 5.26 × 10−3 and 6.17 × 10−3 in HA2MAPb2I7, while
these values are 4.20 × 10−3 and 5.75 × 10−3 in HA2MAPb2I7,
respectively. The IPR values are larger in the MA system, indi-
cating that the charges are more localized. Electrons are more
localized than holes in both systems. The more significant charge
localization in HA2MAPb2I7 compared to HA2GAPb2I7 suggests
reduced overlaps of electrons and holes and smaller NA coupling,
as confirmed by the average absolute value reported in Table I,
0.33 vs 0.50 meV.

Compared to other systems,57–59,63–69 the NA coupling values
are small in lead-halide perovskites, because they are soft mate-
rials with heavy elements. Being soft, they undergo substantial
thermal fluctuations, resulting in partial localization and reduced
overlap of electron and hole wavefunctions.78–80 The large masses
of Pb and I atoms forming the inorganic lattice that supports
the charges imply small atomic velocities, and the NA coupling is
directly proportional to the atomic velocity.81,82 The smaller value
of the NA coupling in HA2MAPb2I7 contributes to the longer
charge carrier lifetime in this material, compared to HA2GAPb2I7,
Table I.

Both inelastic and elastic electron–vibrational scattering influ-
ences nonradiative electron–hole recombination. Characterized by
the NA coupling, inelastic scattering results in the transfer of
electronic energy to vibrations during the recombination pro-
cess. Elastic electron–vibrational scattering causes loss of coherence
within the electronic subsystem. In particular, quantum mechan-
ical superpositions formed between HOMO and LUMO during
the electronic transition are dampened due to elastic scatter-
ing. This process is known as decoherence in the time domain,
and it is directly related to the Franck–Condon factor in the
energy domain.81 The limit of infinitely fast decoherence gives the
quantum Zeno effect, as a result of which quantum transitions
stop.51,83–85

TABLE I. Experimental bandgaps, average absolute nonadiabatic coupling, pure-
dephasing time, energy gap fluctuation, and nonradiative electron–hole recombina-
tion time of HA2MAPb2I7 and HA2GAPb2I7.

Bandgap
(eV)

NA
coupling
(meV)

Dephasing
(fs)

Bandgap
fluctuation

(eV2)
Recombination

(ps)

MA 2.0827 0.33 3.77 0.026 156
GA 2.1327 0.50 3.84 0.025 57

The decoherence time is calculated as the pure-dephasing
time of optical response theory in the second order cumulant
approximation,49,50

Dij(t) = exp( − 1
h̵∫

t

0
dt′∫

t′

0
dt′′Cij(t′′)).

Here, Cij(t) is the unnormalized autocorrelation function (ACF) of
thermal fluctuations of the HOMO–LUMO energy gap, δEij(t),

Cij(t) = ⟨δEij(t′)δEij(t − t′)⟩t′.

The ACF initial value, Cij(0), gives the energy gap fluctu-
ation, and a large fluctuation leads to rapid decoherence. The
pure-dephasing times and the bandgap fluctuations are presented
in Table I. The pure-dephasing times are obtained by Gaussian fit-
ting the pure-dephasing functions, exp [−0.5(t/τ)2]. There is a small
difference between the pure-dephasing times of HA2MAPb2I7 and
HA2GAPb2I7. The coherence times are short, suggesting that the
system approaches the quantum Zeno regime,51,83–85 which favors
long charge carrier lifetimes. The pure-dephasing functions and the
ACFs are shown in Fig. 4(b).

Fourier transforms of the ACFs of the phonon-induced fluc-
tuations of the electronic bandgap provide the spectral density,
also known as the influence spectrum,86 which characterizes the
vibrational modes that couple to the electronic transitions. The sig-
nal intensity at a given frequency is proportional to the strength
of the coupling of the electronic subsystem to the vibration with
that frequency. Figure 4(a) shows that the influence spectra, cor-
responding to the nonradiative electron–hole recombination in the
2DRP perovskite systems, are dominated by low-frequency vibra-
tions. The peak at 20 cm−1 may be associated with the [PbI6]4−

octahedral distortion,87 and the peak at 100 cm−1 can be assigned
to the stretching of Pb–I bonds.88 The higher frequency modes
in the 200–400 cm−1 range are attributed to the torsional modes
of the organic cations.88 The interaction of MA cations with the
inorganic framework may cause the torsional mode of the MA
cations to shift to a higher frequency, forming the peak at 420 cm−1,
Fig. 4(a).88 The larger GA cation is too constrained inside the
inorganic Pb–I lattice to exhibit this motion, and for this reason,
the corresponding peak is not observed in the HA2GAPb2I7 influ-
ence spectrum. It is interesting to note that motions of the A-site
cations contribute to the nonradiative electron–hole recombina-
tion even though they make no contributions to the electron and
hole wavefunctions near the bandgap, Fig. 2. The A-site cations
can couple to the charge carriers through electrostatic interac-
tions, and indirectly by altering the structure of the inorganic
lattice.

Figure 5 demonstrates the nonradiative electron–hole recombi-
nation dynamics. It shows the decay of the population of the excited
electronic state in HA2MAPb2I7 and HA2GAPb2I7 obtained by the
NAMD simulation. The nonradiative charge recombination is faster
in theMA system compared to the GA perovskite, in agreement with
the experiments.27 Following a short Gaussian like decay regime,
present in all quantum systems and associated with the quantum
Zeno effect,51,83–85 the decay is approximately exponential. Fitting
the data to the short-time linear approximation of the exponential
decay, P(t) = exp (−t/τ) ≈ 1 − t/τ, gives the recombination times
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FIG. 4. (a) Spectral densities obtained by Fourier transforms of autocorrelation functions of fluctuations of bandgap in HA2MAPb2I7 and HA2GAPb2I7. (b) Pure-dephasing
functions for the HOMO–LUMO transition in the two perovskites. The inset shows the unnormalized autocorrelation functions.

reported in Table I. The lifetime ratio is slightly less than 3, in
agreement with the experimentally reported factor of two lifetime
shortening upon incorporation of large GA cations.27

The difference in the nonradiative electron–hole recombi-
nation times in the HA2MAPb2I7 and HA2GAPb2I7 perovskites
arises from the NA coupling values, Table I. According to per-
turbation theory, such as Fermi’s golden rule, the transition rate
is proportional to the coupling squared, explaining the change in
the lifetime. The other two factors, energy gap and decoherence
time, vary little between the two systems. The dependence of tran-
sition time on coherence time can be strong,51 and the slightly
shorter coherence time for HA2MAPb2I7 also contributes to the
longer lifetime. Since the NA coupling is the main factor rational-
izing the dependence of the electron–hole recombination time on
the A-site cation, it is important to know the origin of the dif-
ference in the NA coupling values. The NA coupling is larger in
HA2GAPb2I7 than HA2MAPb2I7 because thermal fluctuations are
suppressed in the former system, Figs. 1(c) and 1(d). The large GA
cations create a significant hindrance to atomic motions, while MA
cations can move much more freely inside the cages formed by
the inorganic Pb–I lattice. Thermal atomic disorder leads to par-
tial localization of electrons and holes, Figs. 3(c) and 3(d), reduces
their overlap, decreases the NA coupling, and enhances the carrier
lifetime.

FIG. 5. Electron–hole recombination dynamics in HA2MAPb2I7 and HA2GAPb2I7.

One observes opposite trends between the 3D perovskites in
which only a fraction of MA cations can be replaced with GA
cations,31–33 and the 2DRP perovskites that allow full replace-
ment of MA with GA.27,34–36 The difference can be rationalized by
structural disorder and partial charge localization as well. Replace-
ment of some MA with GA creates disorder, increases charge
localization, and extends charge lifetime. Complete replacement
of MA with GA reduces disorder by suppressing thermal struc-
tural fluctuations, makes charges more delocalized, and shortens
their lifetime. These facts highlight once again the strong influ-
ence of structural disorder on charge carriers in metal halide
perovskites.

IV. CONCLUSION
In conclusion, we have studied the nonradiative electron–hole

recombination dynamics in pristine HA2MAPb2I7 and
HA2GAPb2I7 perovskites by combining ab initio TDDFT and
NAMD. The calculated nonradiative recombination occurs faster
in the GA system relative to the MA perovskite, in agreement with
experiment. The large GA cations create a steric hindrance that
suppresses thermal structural fluctuations. As a result, electron and
hole wavefunctions remain more delocalized at a finite temperature,
and the NA coupling is larger in the GA perovskite, accelerating
nonradiative charge recombination. For the same reason, the
transition dipole moment between HOMO and LUMO should
increase when MA cations are replaced by GA, and radiative charge
recombination should be faster as well. The situation is opposite
to that observed upon doping large-sized A-site cations into 3D
perovskites. This is because 3D perovskite structures cannot accom-
modate large structural distortions, compared to 2D perovskites,
and only a fraction of MA cations can be replaced by the larger GA
cations in 3D without altering the crystal structure. Mixing of MA
and GA cations in 3D enhances disorder, makes electrons and holes
more localized, and reduces their interaction and recombination.
A similar effect should be observed in 2D, if only a fraction of MA
cations is replaced by GA. Extending carrier lifetimes is usually
desirable, since typically it leads to a better material performance.
The reported study provides important fundamental insights
into the unusual structure–property relationships of metal halide
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perovskites, guiding design, and synthesis of advanced structures
and materials.

SUPPLEMENTARY MATERIAL

The supplementary material contains the coordinates of the
optimized structures of the two systems under investigation.
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