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ABSTRACT

Low-dimensional organic/inorganic hybrid perovskites (OIHPs) are a promising class of materials with a wide range of potential
applications in optoelectronics and other fields since these materials can synergistically combine individual features of organic molecules and
inorganics into unique properties. Non-covalent interactions are commonly observed in OIHPs, in particular, 7-effect interactions between
the organic cations. Such non-covalent interactions can significantly influence important properties of the low-dimensional OIHPs, including
dielectric confinement, bandgap, photoluminescence, quantum efficiency, charge mobility, trap density, stability, and chirality. This perspec-
tive reviews recent studies of non-covalent interactions involving the 7 systems of organic cations in low-dimensional OTHPs. The analysis of
crystal structures of low-dimensional OIHPs offers significant insight into understanding such non-covalent interactions and their impacts
on specific properties of these OIHPs. The developed structure-property relationships can be used to engineer non-covalent interactions in

low-dimensional OIHPs for applications.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0148876

I. INTRODUCTION

Organic-inorganic hybrid halide perovskites (OIHPs) have
attracted growing attention in the past decade due to their peculiar
(optoelectronic) properties that can be utilized for applications, such
as photovoltaics (PV), light-emitting diodes, and detectors." ™ Three-
dimensional (3D) OIHPs are the most widely studied systems that
have a general chemical formula of AMX;; structurally, 3D OIHPs are
a 3D network of corner-sharing metal (M, e.g, Pb*") halide (X)
octahedra, in which A" is typically an organic cation occupying the
12-fold coordinated sites between the octahedra. However, when the
organic cations are too large to form stable 3D OIHPs, low-
dimensional OIHPs would form accordingly [Fig. 1(a)], including
two-dimensional (2D), one-dimensional (1D), and zero-dimensional
(OD), categorized based on how the inorganic corner shared octahedra
are assembled. In 2D OIHPs, the octahedra are assembled into layers,
which could be considered as the 3D OIHPs cut from different crystal
planes. Specifically, slicing 3D OIHPs from their (100) plane can form
the Ruddlesden—Popper (RP) phase, Dion-Jacobson (DJ) phase, and
alternating cations in the interlayer space (ACI phase); however,
(110)-oriented corrugated perovskites and (111)-oriented defective
perovskites also exist (Fig. 1). On the other hand, the inorganic

octahedra are assembled into lines or chains in 1D OIHPs,” whereas
dots or clusters are found in 0D OTHPs.””

In all these low-dimensional perovskites, as the inorganic octahe-
dra would be low in dimension, there would be a strong quantum con-
finement effect; furthermore, the dielectric difference between organic
and inorganic parts would lead to the dielectric confinement effect,” '’
leading to strong excitonic effects in low-dimensional OIHPs. One of
the main advantages of low-dimensional organic/inorganic hybrid per-
ovskites is their tunable optoelectronic properties, which can be manip-
ulated by changing the size, shape, and arrangement of the organic and
inorganic components. Furthermore, one outstanding challenge for 3D
OIHPs is their stability to moisture, heat, and light;11 by contrast, low-
dimensional OTHPs exhibit much better stability.'>"* This high level of
tunability and stability bode well for a wide range of applications,
including solar cells, light emitting diodes (LEDs), sensors, and other
optoelectronic devices.'”'” Finally, these low-dimensional OIHPs can
be synthesized with a variety of solution-based and vapor-based techni-
ques'* and can also be fabricated with a wide range of processing meth-
ods, including spin-coating, printing, and other techniques."*

Structurally, the organic molecules/cations in between the assem-
blies (layers, lines, or dots) of inorganic octahedra have at least one
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FIG. 1. (a) Scheme of a typical 3D perovskite structure and the derived low-
dimensional cases [adapted with permission from Lyu et al, J. Am. Chem. Soc.
143(32), 12766 (2021). Copyright 2021 American Chemical Society].'” 2D perov-
skites scheme for (b) (100), (c)(110), and (d) (111) orientated 2D perovskites
[adapted with permission from B. Saparov and D. B. Mitzi, Chem. Rev. 116(7), 4558
(2016). Copyright 2016 American Chemical Society],'® scheme for typical (e) RP, (f)
DJ, and (g) ACI phases of 2D perovskites [adapted with permission from Li et al.,
Chem. Rev. 121(4), 2230 (2021). Copyright 2021 American Chemical Society].'”

ammonium cation that connects with inorganic octahedra via ionic
interactions; in addition, hydrogen bonds also exist between the
hydrogen atom in ammonium and the halogen atoms in inorganic
octahedra. On the other hand, especially for the monoammonium
cation-based perovskites, the non-covalent interactions (e.g,, van der
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Waals forces) between these organic molecules hold multiple hybrid
assemblies into the bulk material, which could change the formation
energy of the low-dimensional OIHPs. These non-covalent interac-
tions (between organic cations) can be categorized into (a) non-
electrostatic interactions, including van der Waals forces, m-effect
interactions, and hydrophobic effect, and (b) electrostatic interactions,
including ionic interactions, hydrogen bonding, and halogen bonding.
We will focus on the m-effect interactions since such interactions—
previously exclusively studied in organic and supramolecular chemis-
try community' “—have recently emerged as important tools in tuning
the structure and properties of low-dimensional perovskites.'” > In
fact, coupling with known organic molecules that can provide extra
functionalities (e.g., light-absorbing, chirality, enhancing conductivity,
manipulating band alignments, and suppressing halide ion diffu-
sion),'”?*** 7 the m-effect interactions can enable functional low-
dimensional perovskites with unique properties.

Il. z-EFFECT INTERACTIONS IN LOW-DIMENSIONAL
PEROVSKITES

Non-covalent m-effect interactions are promoted by delocalized
electron systems in conjugated organic molecules (e.g, benzene).
Depending upon the species involved, n-effect interactions include the
n—-7 interactions (stacking), ion-r interactions (cation-m and anion-n
interaction), XH - 7 interactions (such as CH---7 interaction), among
others. Figure 2 presents several typical n-effect interactions and how
they impact the molecular stacking.

n-7 interactions (stacking) represent the dispersion force
arising from van der Waals forces between aromatic organic mole-
cules. The majority of n-7 interactions (stacking) exhibit energies
within the range of —0.5 to —2.0kcal mol~'.”" However, aryl-
perfluoroaryl interactions represent a unique case of m—m interac-
tions (stacking) with stronger couplings. For instance, when ben-
zene is fully substituted with fluorine (i.e., perfluorobenzene), the
quadrupole moment reverses direction when compared to that of
benzene, resulting in a strong co-facile interaction between per-
fluorobenzene and benzene. Attributable to the attractive electro-
static quadrupole-quadrupole interactions and potential CH-F
interactions, the aryl-perfluoroaryl interaction energy (e.g.,
—4.33kcal mol~" between benzene and hexafluorobenzene)’” can
be on the same order as that of hydrogen bonds.

The primary driving force of cation-7 interactions is electrostat-
ics, but induction and dispersion can also contribute significantly,
especially in the case of larger organic cations.”’ Cation— interactions
typically exhibit energies ranging from —2 to —4kcal mol ', and for
certain metal cation-7 interaction pairs, the energies can reach
between —6 and —13 kcal mol .

A significant characteristic of the CH---7 interaction is that the
dispersion energy dominates in cases where sp>- and sp>-CHs are
involved as the hydrogen donor, with minimal contribution from

FIG. 2. Four typical 7-effects interactions:

@ (a) aryl-perfluoroaryl interaction, (b) =
H, | WH donor—acceptor interactions, (c) CH:---x
Z \ interactions, and (d) cation—r interactions.
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FIG. 3. Plausible 7— stacking configuration: (a) T-shaped, (b) parallel-displaced,
and (c) sandwich.

electrostatics. In typical scenarios, where aliphatic and aromatic CH
groups are involved as the hydrogen donor, the energy of CH---n
interaction ranges from approximately —1.5 to —2.5kcal mol ,"
which is smaller than the cation- interaction but close to the conven-
tional m—7 interaction.

Since most m-effect interactions can be deliberately introduced
into low-dimensional perovskites by the molecular design of organic
cations, the incorporation of n-effect interactions has become an
important tool to modulate optoelectronic properties of low-
dimensional perovskites and therefore has significant implications for
device performance (e.g., efficiency and stability of solar cells).'”*">*
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A. n-n interaction (stacking)

Benzene is the simplest aromatic molecule and has been included
in organic cations, such as phenethylammonium (PEA)—one of the
most widely studied organic cations for low-dimensional perov-
skites.””*” In the case of PEA, the permanent quadrupole moment of
the benzene introduces a positive charge on the ring (ie, H) and a
negative charge above and below the ring. Therefore, T-shaped or
parallel-displaced stacking between benzenes is preferred, while a face-
to-face sandwiched stacking usually does not occur (Fig. 3).** Tt is
rather difficult to determine the stacking of substituted benzenes, since
many factors are in play, including the geometry, electrostatics, disper-
sion, and direct interactions.””

For PEA-based 2D lead halide perovskites, a typical T-shaped
stacking was observed,”” which could be induced by the sp> CH---
interaction.” However, when PEA is functionalized with a single fluo-
rine atom at different positions (ortho, meta, or para), the relative
packing arrangement of F-substituted PEA in 2D lead halide perov-
skites is different from the unsubstituted PEA and is dependent upon
the substitution position of the fluorine atom, as Hu et al. discovered.””
They synthesized 2D perovskites with a single F-atom-substituted
PEA as the organic cation and grew single crystals to further study the
structure—property relationship. The crystal structures of 2D perov-
skites (n = 1) with fluorinated PEA cations [Fig. 4(a)] and the density
functional theory (DFT) calculations established the rules for packing
of these substituted PEA cations. Importantly, the calculated

pF1PEA,PbI,

A

P

FIG. 4. (a) Idealized crystal structures of

-
s ?Y\ AN
T A
(b) Unfavorable film formation
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©i,:

OF1PEA (this structure was redrawn based on the

2D perovskite (n = 1) with different cations
showing the different packing arrange-
ments within the organic interlayer for PEA

work by Du et al.53), oF1PEA, mF1PEA,

F. N NH,
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formation energies of these 2D perovskites (n = 1) correlated well with
variations in packing and disorder of the spacer cations [Fig. 4(b)].
Furthermore, Hu et al. demonstrated that the photovoltaic efficiency
of 2D perovskites (n=4) based solar cells [Fig. 4(c)] highly depends
on the fluorination position of PEA [Fig. 4(d)]. Specifically, efficiencies
greater than 10% were achieved when 3-fluorophenethylammonium
(mFIPEA) or 4-fluorophenethylammonium (pFIPEA) was used as
the organic cation in such 2D perovskites based solar cells. By contrast,
the efficiencies of solar cells based on 2-fluorophenethylammonium
(oF1PEA) were less than 1%. It was proposed that a more favorable
formation energy and less crystallographic disorder are beneficial for
the device performance of these 2D perovskite-based solar cells. The
n-effect interaction (through organic cations) was shown to primarily
determine the performance of solar cells based on 2D perovskites.
Fluorination of PEA can also lead to a change in the distance
between the inorganic layers, thereby tuning the electronic properties,
such as out-of-plane mobility; this enhanced mobility was believed to
be the leading reason for the much-improved efficiency of 2D perov-
skites (n=>5) with 4-fluorophenethylammonium (F-PEA) compared
to the PEA based counterpart.”” By analyzing the single-crystal XRD
data for each structure [n=1, F-PEA or PEA only, Figs. 5(a)-5(d)],
Zhang et al. revealed that the phenyl rings are parallel slip-stacked in
the F-PEA based structure [Figs. 5(c) and 5(d)], promoted by the
interaction between F-PEA molecules; by contrast, edge-to-face was
observed in the PEA structure [Figs. 5(a) and 5(b)]. Importantly, the
average phenyl ring centroid—centroid distances in the organic layer
became shorter for F-PEA based 2D perovskites. Thus, it is likely that

pubs.aip.org/aip/apl

there is enhanced 7-orbital overlap in the out-of-plane direction of the
aromatic moieties in F-PEA based perovskites relative to PEA based
ones, which could facilitate more efficient charge transport. It also
appears that the F-PEA cation aligns the stacking of inorganic slabs
better. All these structural changes induced by the incorporation of F-
PEA in 2D perovskites led to enhanced orbital interactions, improved
charge transport across adjacent inorganic layers, increased carrier life-
time, and reduced trap density [Fig. 5(e)], all of which are beneficial
for the device performance. Using a simple spin coating deposition
technique at room temperature without any additives, F-PEA based
perovskite solar cells demonstrated higher efficiency than PEA based
cells (for both n=1 and (n) = 5) [Figs. 5(f) and 5(g)]. Later, Shi et al.
also used F-PEA to prepare quasi-2D perovskite ((n) =5) solar cells
and reached 17% efficiency.”

In addition to solar cell applications, 7-7 stacking has also been
utilized in low-dimensional perovskite-based field effect transistors
(FETs).””° Gao et al. utilized a large, conjugated cation- based perov-
skite [(4Tm),Snl,] to achieve hole mobility up to 2.32 cm? VlgTle
and their tin based 2D perovskites exhibited a dramatic nnprovement
in stability compared to the previous benchmark material,
(PEA),Snl,.”” It was found that the strong intermolecular interactions
between the organic cations play an important role in increasing the
crystal formation energy to achieve large grain sizes in their perovskite
films.” Furthermore, Liang and Gao et al. designed organic cations
containing fused-thiophene rings, specifically thienothiophene (TT)
and dithienothiophene (DTT) [chemical structures in Figs. 6(a)-6(c)].
Each of these cations could form 2D perovskites, as demonstrated by
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the crystal structures shown in Figs. 6(d)-6(g). Those organic cations field-effect mobility, reaching up to 9.35 cm’ V™' s7! and an ON/OFF
exhibit stronger intermolecular interactions and influence perovskite current ratio greater than 10°. These impressive results further under-
crystal nuclei formation, which resulted in thin films with highly score the significance of tailoring the rigidity and intermolecular inter-
ordered crystalline structures and extremely large grain sizes. Under actions of organic cations in managing 2D perovskite crystallization
optimal conditions, (TT),Snl;-based FETs demonstrated the highest and thin-film growth to obtain superior properties.” Interestingly, the
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b ! Snl~ : p _P ° % > {, ° {_ > {_ outlines. Adapted with permission from
$ R i . Mitzi et al, Inorg. Chem. 41(8), 2134
g : i : a (2002). Copyright 2002 American Chemical
‘ , g g % Society”' (c) A structural model for the
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DTT-based 2D perovskite did not exhibit a pure single phase in the
thin film, unlike the 4Tm and TT-based 2D perovskites, as evidenced
by the additional reflections in the GIWAXS patterns of DTT-based
2D perovskite film compared with those of 4Tm and TT-based 2D
perovskite films, as shown in Figs. 6(g)-6(i). DFT calculations also
suggested a nearly type II-like band alignment for the DTT-based 2D
perovskite, implying suboptimal hole transport in the inorganic layer.
Consequently, the DTT-based 2D perovskite FET displayed limited
hole mobility compared to the 4Tm and TT-based 2D perovskites

[Figs. 6(j)-6(1)].

B. Aryl-perfluoroaryl interaction

The aryl-perfluoroaryl interaction is a strong 7-effect interaction.
For example, aryl-perfluoroaryl interaction can solidify an equimolar
quantity of benzene and hexafluorobenzene in an alternating manner
at 23.7°C.”® This strong interaction has been widely used in supramo-
lecular and polymer chemistries;”* ** however, it was not employed in
low-dimensional perovskites until 2002 when Mitzi et al. showed that
benzene (CgHg) or hexafluorobenzene (CgFg) could intercalate into
2,3,4,5,6-pentafluorophenethylammonium (5F-PEA) or phenethylam-
monium (PEA) based 2D perovskite, ie, (CgFsC,H,NH;3),Snl,
[Fig. 7(a)] or (CeHsC,H4NH;),Snly, [Fig. 7(b)], respectively.2 " Similar
to the structure of the C4Hg ¢ C4Fs complex, the intercalated benzene
(C¢Hp) or hexafluorobenzene (C4Fg) formed a well-ordered layer into
the inorganic framework of 2D perovskites and adopted a face-to-face
orientation relative to existing aromatic organic cations with a distance
between 3.44 and 3.50 A, instead of the T shape in pure parent 2D per-
ovskites (with only PEA or F5-PEA). Further thermal analysis of
(C6F5C2H4NH3)25III4 . C5H6 and (C5H5C2H4NH3)ZSnI4 . C6F6 crys-
tals yielded one additional endothermic transition (12.6(5) kJ mol !
for CgFsC,H,NH;),Snl, o CgHg and 32.1(8) kJ mol™' for
(CsHsC,H4NH3),Sn], o CyFg, respectively,) with an onset at 145 °C and
a weight loss corresponding to the de-intercalation of the intercalated
molecule. In 2003, Mitzi and co-workers further demonstrated that the
aryl-perfluoroaryl interaction could be directly observed in 2D perov-
skites between two types of organic cations, ie., 2,3,4,5,6-pentafluoro-
phenethylammonium (F5-PEA) and 2-naphthyleneethylammonium
(NEA) cations [Fig. 7(c)].** The idealized crystal structure of (F5PEA »
NEA)Snl, clearly showed face-to-face packing [Fig. 7(d)] with a distance
of 3.36 A, clearly indicating the aryl-perfluoroaryl interaction.

In 2019, Hu et al. applied the aryl-perfluoroaryl interaction into
2D perovskite solar cells to improve the efficiency and stability."” To
investigate the interaction among these aromatics, they grew and ana-
lyzed the structures of three different 2D perovskite single crystals:
(PEA),Pbl,, (F5-PEA),Pbl,, and ((PEA)os(F5-PEA),s),Pbl, as
shown in Fig. 8. The crystal structure of ((PEA), 5(F5-PEA), 5),Pbl, is
disordered, in which the two different cations lay on top of one
another [Figs. 8(c) and 8(d)]—a feature which had been previously
reported by Mitzi and co-workers.”"”" Importantly, the herringbone
packing in 2D perovskites [Fig. 8(d)] permits two cations (PEA and
F5-PEA) to interact in an offset face-to-face or partially eclipsed man-
ner [inset Fig. 8(d)].”****° Though the interaction between the PEA
and F5-PEA could not be explicitly observed due to the random mix-
ing of PEA and F5-PEA within the structure, this face-to-face packing
motif was not observed in PEA only or F5-PEA only based 2D perov-
skites [see the crystal structures of (PEA),Pbl, " and (F5-PEA),Pbl, in
Figs. 8(a), 8(b), 8(e), and 8(f)], even in the presence of disorder.
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FIG. 8. Single crystal structures of 2D perovskites: (a) and (b) (PEA),Pbl,, showing
the collinear packing of PEA molecules (this structure was re-drawn based on the
work reported by Du et al.**), and (c) and (d) ((PEA)o.5(F5-PEA)5)-Pbls, showing
the herringbone packing of the organic molecules, which are randomly substituted
on the same site. The inset highlights the offset face-to-face packing of a pair of
organic cations. (e, f) (F5-PEA),Pbls, showing the collinear packing of 5F-PEA,
which does not permit face-to-face interactions. The inset shows the equally occu-
pied and disordered orientations of 5F-PEA; occupancy of either orientation leads
to a collinear packing of the molecules that does not permit face-to-face interac-
tions. Arrows denote the vector of the +NH3CH,CH,-aryl bond. 2D perovskites and
characterization of their photovoltaic devices: (g) crystal sketch of PEA based 2D
perovskite (n=4); (h) molecular structures of PEA and F5-PEA,; (i) current-densi-
ty-voltage (J-V) curves (forward scan) under 1 sun condition (AM 1.5G); and (j) sta-
bility of unencapsulated 2D perovskite solar cells for 30 days under 45% relative
humidity. Last data point represents the same device after 30 days but with freshly
reevaporated electrode.'® Adapted with permission from Hu et al., ACS Mater. Lett.
1(1), 171 (2019). Copyright 2019 American Chemical Society. '

These results highlight the pivotal role of the quadrupole-quadrupole
interaction to create this co-facile packing motif in the case of
((PEA)os(F5-PEA),5),Pbl,. With the aryl-perfluoroaryl interaction
between PEA and F5-PEA providing additional “adhesion” among
organic cations (among other benefits), 2D perovskite solar cells
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[(n) =4, Fig. 8(g)] with a 1:1 mix PEA and F5-PEA [structures shown
in Fig. 8(h)] achieved the highest efficiency of over 10% [Fig. 8(i)] and
the highest device stability [Fig. 8(j)]. This work provides a good exam-
ple of when tuning the interactions of organic cations via molecular
engineering has a profound effect on the device performance and sta-
bility of 2D perovskite solar cells.

C. CH---7 interaction

In addition to n—7 interactions, the CH---7 interaction is another
important interaction that concerns aromatics [see Fig. 2(c)].
Although it is weaker than the aryl-perfluoroaryl interaction or cati-
on-7 interaction, it is still important in various fields of chemistry, in
particular, three-dimensional structure of proteins and DNA."'

In 2020, Yan et al. reported that the CH---7 interaction [Fig. 9(a)]
between PEA and propyl ammonium (C3A) affects the device perfor-
mance of the 2D perovskites solar cell.”” From both the absorption
spectrum and XRD pattern of the mixed cation perovskites with differ-
ent ratios of C3A vs PEA, Yan et al. found that 50% C3A substitution
(i.e, C3A:PEA=1:1) has a distinctively different exciton peak and
XRD pattern compared with those of 0% and 100% C3A (ie., pure
PEA and pure C3A based perovskite film of n = 1, respectively), indi-
cating the presence of a third 2D perovskite phase for C3A:PEA = 1:1,
likely due to the interaction between C3A and PEA in the organic
interlayer. The third phase from the C3A:PEA = 1:1 base 2D perov-
skite film (n=1) was also observed from the 25% C3A based film,
which has two peaks in its absorption spectrum and XRD pattern,

(a)
N CH -7 interaction
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=
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DDA
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appearing to be the superposition of the C3A:PEA = 1:1 phase and
pure PEA phase. Further evidence for the proposed CH:--7 interaction
in the 2D perovskites was provided from the Fourier-transform infra-
red (FTIR) study of these perovskite films (n=1), as shown in Fig.
9(d). The sp® C-H stretching band for the methyl group in C3A (based
perovskite film) shifts from 2970 cm™" (for pure C3A) to 2963 cm ™
(for C3A:PEA = 1:1),”° indicating the sp> CH--- interaction between
the methyl group in C3A and the benzene ring in PEA. On the other
hand, sp® C-H stretching located at 3019 cm ™" for the benzene ring in
the PEA based perovskite film almost disappears for the
C3A:PEA = 1:1 based film, indicating that the intermolecular CH:--7
interaction between the methyl group in C3A and the benzene 7 ring
in PEA largely replaced the previously existing PEA-PEA (sp” CH--7)
interaction in pure PEA based perovskites. This sp> CH---7 interaction
could lead to a difference in formation energies for 2D perovskites
(n=1) based on PEA and mixed spacer cations. It was also found that
tuning CH---m interaction could have multiple beneficial impacts on
such modified 2D perovskites based solar cells, including (i) the
removal of the undesirable n=1 phase, (ii) lowering the density of
trap states, and (iii) achieving larger crystalline grains.”” All of these
factors contributed to the observed ~10% efficiency of 1:1 C3A:PEA
based 2D perovskite solar cells ((n) =3), a 30% increase over pure
PEA or pure C3A based ones [Fig. 9(e)]. Additionally, when
substituted with 50% C3A, other aromatic ammonium cation [Fig.
9(g)] based 2D perovskites ({n) =3) exhibited a similar efficiency
enhancement in photovoltaic devices, as shown in Fig. 9(f), indicating
the broad applicability of such CH---m interactions in 2D perovskites.

FIG. 9. (a) Proposed CH--- interaction in
2D hybrid perovskites. (b) Absorption and
(c) XRD of mixed PEA:C3A 2D perovskite.

(d) FTIR spectrum of pure PEA, pure
C3A, and mixed C3A:PEA perovskite. (e)
J-V curves of photovoltaic devices based
on studied 2D perovskites; the inset is the
C3A concentration dependent efficiency.
(f) Photovoltaic efficiency enhancement of
2D perovskites with (n) =3 for PEA,
oF1PEA, mF1PEA, and TEA after

substituting 50% C3A. (g) The chemical

structures of these aromatic ammoniums

are also listed. Adapted with permission

@\A m from Yan et al., Sol. RRL 4(215) 1900374
fH, S NHy (2020). Copyright 2020 Wiley.
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The CH:- 7 interaction was also used to adjust the mechanical
properties of 2D perovskites.”” Tu et al. introduced an organic spacer
molecule with a rigid phenyl group to form interfaces between the
adjacent organic cation layers with CH---m interactions, resulting in
high resistance of such 2D perovskites to mechanical deformations.
Furthermore, it has been demonstrated that the CH---m interaction
can be leveraged to enable pure blue emission with 2D perovskites by
removing undesirable n = 1 phase.”” In this study, Tam et al. investi-
gated the impact of chain length of alkylammonium in phenyl-alkyl
spacer cations on the phase distribution in quasi-2D RP perovskites
(n=2 stoichiometry). They discovered that increasing the alkyl chain
length suppresses the formation of the n = 1 phase, which is attributed
to a change in the packing arrangement of spacer cations from parallel
(in the case of one and two carbon atom alkyl chains) to non-parallel
(in the case of three carbon atom alkyl chains). This difference in the
packing arrangement is ascribed to weaker m-7 interactions and
enhanced CH---7 interactions in perovskite with three carbon atom
alkyl chain based alkylammonium cations. A single blue emission
peak corresponding to the n=3 phase (466nm) and n=2 phase
(436 nm) was observed in the photoluminescence (PL) spectra of phe-
nylpropylammonium (three carbon atom alkyl chains, PPA) quasi-2D
perovskites with methylammonium (MA) and formamidinium (FA)
cations, respectively. As a result, efficient sky-blue LEDs with the high-
est external quantum efficiency (EQE) of 3.35% are achieved for
PPA,MAPb,Br;, perovskite.””

Yan et al. further explored the CH:--7 interaction in mixed cation
perovskites with chiral cations.”” The single crystal structures of
bromide-based 2D perovskites (n = 1) with 1:1 mixed achiral alkyl cat-
ion [e.g., propyl ammonium (C3A) or butyl ammonium (C4A)] and
chiral cation [e.g., (R/S fi-methylphenethylammonium, R/S MePEA)],
exhibit an alternating alkyl cation and chiral cation stacking in
between the inorganic slabs [Figs. 10(a) and 10(b)]. In both of the crys-
tal structures, there are very short distances between the H atom and
C atom in the benzene ring, 2.847 A in [S-MePEA][C3A]PbBr, and
2.845 A in [S-MePEA][C4A]PbBr, as shown in Figs. 10(c) and 10(d).
All these distances are much smaller than the maximally allowed dis-
tance to have such CH---7 interactions (3.05 A, 1.05 times of the sum
of the van der Waals radii of the H atom in the CH and C atoms in
the aromatic ring, i.e., m system), indicating the presence of CH:--n
interactions. However, there are subtle differences; in the case of
[S-MePEA][C3A]PbBr,, the CH---7 interaction is between the termi-
nal CHj of the C3 alkyl cation and the 7 face of the benzene in the S-
MePEA cation; by contrast, in the case of [S-MePEA][C4A]PbBr,, the
CH---7 interaction switches to between the sp> CH of the methyl
group at the chiral center of one S-MePEA cation and the 7 face of the
benzene in another S-MePEA cation.

The absorption spectrum of the pure chiral perovskite (i.e., with S/
R-MePEA) exhibits a blue-shifted exciton peak, the achiral perovskite
(i.e, C4A) possesses a red-shifted peak, and the exciton peak for the
mixed-cation perovskite falls in between, as shown in Fig. 10(e). The rel-
ative exciton peak energies are consistent with the observed trend in
[PbBrg] octahedra tilting distortion given by the Pb-Br-Pb bond angles.
Interestingly, the mixed-cation perovskites exhibit a circular dichroism
(CD) spectrum that is markedly different from that of the pure chiral
cation-based analogs. Remarkably, mixed cation perovskites yielded CD
signals with greater magnitudes and inverted signs compared to those of
pure chiral perovskites at their respective exciton absorption peaks
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FIG. 10. Schematic crystal structures of [S-MePEA][C3A]PbBr, (a) and [S-
MePEA][C4A]PbBr, (b) viewed along the a axis. Pb, Br, C, N, and H atoms are
denoted by purple, red, orange, blue, and green spheres, respectively. The chemi-
cal structures of the spacer cations, S-MePEA, C3A, and C4A, are shown in the
middle. Primary sp> CH--m interactions (red dashed lines) in (c) [S-
MePEA][C3A]PbBr4 and (d) [S-MePEA][C4A]PbBr, (only organic spacer cations
are shown for the structure). (e) Normalized absorption spectra and (f) normalized
CD spectra of pure S chiral, pure achiral (C4A) and mixed-cation perovskite films.
Adopted with permission from Yan et al, J. Am. Chem. Soc. 143(43), 18114
(2021). Copyright 2021 American Chemical Society.”®

[Fig. 10(f)]. It was proposed that the symmetry of the crystal
structure plays an important role in the amplitude of the CD signal.
Specifically, the pure chiral perovskite has a P2,2,2, chiral global space
group, and the spin polarization from the two individual inorganic
layers comprising the unit cell is nearly canceled. On the other hand, the
mixed cation perovskites (with space group P2;) contain only one inor-
ganic layer in the unit cell and there is no cancelation of the spin polari-
zation. Therefore, the mixed cation perovskites showed larger CD
signals than the pure chiral perovskites. However, the sign inversion
and detailed mechanism of CD amplification still needs further theoreti-
cal study. Nevertheless, the CH---m interaction plays an important
role in stabilizing the mixed cation perovskites and offers alternative
avenues for tuning the chiroptical properties of perovskites, instead of
solely relying on otherwise complex chemical syntheses of useable chiral
cations.

D. Cation-r interactions

Given the (typical) negatively charged electron cloud of a 7 sys-
tem, the positively charged cation can also interact with 7 systems via
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the “cation —n interaction, which is essentially an electrostatic
interaction in nature. Though cation - 7 interactions are fundamen-
tally important in understanding the behaviors and properties of mol-
ecules in various biological and chemical contexts,”””" such
interactions were not applied to low-dimensional perovskites until
recently. In one example, Sheikh et al. discovered that the cation-n
interaction helped to achieve water resistant 1D perovskites (e.g., stable
in water for 180 days).”” It was found that 4,4'-trimethylenedipyridine
(TMDP) cations are arranged in such a way that the ammonium ions
of one TMDP cation are stacked on top of the 7-electron rings of the
adjacent TMDP cation [Fig. 11(a)]. The distance between the posi-
tively charged ammonium ion and the center of the n-electron ring is
3.8 A, which is the optimal distance to gain the strongest cation -7
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FIG. 11. (a) Crystal structure of (4,4'-TMDP)Pb,Bre showing cation-7 stacking:
The left panel depicts the crystal structure viewed along the “ac” crystallographic
plane, showing edge shared Pb-Br octahedral dimers separated by 4,4’-TMDP cat-
ions. The right panel depicts the cation-n stacking (shown by dashed black lines)
between the 4,4’-TMDP cations along the “b” crystallographic direction and the 1D
network of Pb-Br octahedral dimers. (b) NMR spectra revealing the presence of
intermolecular cation-7 interactions in (4,4’-TMDP)Pb,Brs. (c) UV-visible absorp-
tion (red) and PL (blue) spectra of (4,4’-TMDP)Pb,Brs. (d) Photographs of (4,4’
TMDP)Pb,Brg crystals in water under 365nm UV light on day 1, day 90 and day
180 of water treatment. (€) Comparison of the PL spectra of (4,4’-TMDP)Pb,Brg
before (red) and after (green) the 180 days of water treatment. Adopted with per-
mission from Sheikh et al., Angew. Chem., Int. Ed. 60(33), 18265 (2021). Copyright
2021 Wiley.””
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interactions. This particular arrangement gives rise to long-range cati-
on-7 stacking along the b crystallographic axis. The authors further
applied the solid state nuclear magnetic resonance (NMR) spectros-
copy to investigate the cation - 7 interaction. The '*C NMR of TMDP
molecule in solution and solid state is quite similar [Fig. 11(b)]; how-
ever, for the protonated salt of the TMDP molecule and the 1D perov-
skite lattice that incorporated the TMDP, the >C NMR peaks
corresponding to the aromatic carbon atoms changed significantly.
These NMR results indicate the presence of cation — 7 interaction in
the solid state of TMDP salt and the corresponding 1D perovskite.
Furthermore, the 1D perovskite, (4,4'-TMDP)Pb,Bre, showed broad
photoluminescence (PL, blue spectrum) spanning over the entire visi-
ble range (400-800 nm) with 365 nm excitation, with a full width at
half-maximum (FWHM) of 227 nm [Fig. 11(c)]. The broad emission
has the CIE (International Commission on Illumination) chromaticity
coordinates of (0.37 and 0.39), corresponding to white light emission.
As mentioned earlier, the 1D perovskite is very stable; even after
immerging in water for 180 days, the photoluminescence had almost
no change compared with the fresh samples as shown in Figs. 11(d)
and 11(e). The authors also showed that another 1D perovskite system
(4,4'-EDP)Pb,Brg, where 4,4 -EDP is 4,4'-ethylenedipyridinium ion,
exhibited similar cation - 7 interaction and similar stability and optical
properties as those of TMDP based 1D perovskites.

In a more recent work,”’ Sheikh et al. introduced a conjugated
bication 4,4’-vinylenedipyridinium (4,4’-VDP), structurally similar to
their previously used non-conjugated 4,4'-EDP, in 1D perovskites.
The crystal structure of (4,4'-VDP)Pb,Br [Fig. 12(a)] is also similar to
that of (4,4'-EDP)Pb,Brg, where the packing of (4,4'-VDP)Pb,Bry is
essentially identical to that of (4,4'-EDP)Pb,Brs. Both demonstrated
very short distances between the positively charged ammonium ion
and the center of the m-electron ring [Fig. 12(b)], 3.8A for (44'-
EDP)Pb,Brg and 3.9 A for (4,4/-VDP)Pb,Br, respectively, indicating
the existence of cation - 7 interaction in both crystal structures. The
strong cation - 7 interaction helps (4,4'-VDP)Pb,Br achieve good sta-
bility even in water for 1 year with ambient light. Furthermore, due to
the 7-conjugation throughout the bications 4,4'-VDP, the 1D perov-
skite (4,4'-VDP)Pb,Brs showed about 0.85€V smaller bandgap [Fig.
12(c)] than that of (4,4'-EDP)Pb,Br,. Furthermore, (4,4-VDP)Pb,Br,
clearly showed photocurrent [Fig. 12(d)] and much better photocon-
ductivity [Fig. 12(e)] compared with (4,4’-EDP)Pb,Br.

lll. SUMMARY AND OUTLOOK

Low-dimensional organic/inorganic hybrid perovskites (OIHPs)
combine individual properties of organic molecules and inorganics
into a single material system with unique and tunable features, thereby
opening more possibilities for the design and development of
advanced functional materials for a variety of applications (particularly
optoelectronics). While most efforts have been dedicated to the design
and synthesis of functional organics and different inorganic compo-
nents to gain desirable functionalities, tuning the interactions in low-
dimensional OIHPs, in particular, the non-covalent interactions
between the organic cations have gained increasing amount of atten-
tion. Such non-covalent interactions can significantly influence a num-
ber of important properties of the low-dimensional OIHPs, such as
dielectric confinement, bandgap, photoluminescence, quantum effi-
ciency, charge mobility, trap density, and stability. Importantly, the
analysis of crystal structures of low-dimensional OIHPs offers direct
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FIG. 12. (a) Crystal structure of (44'-
VDP)Pb,Brs obtained from single-crystal
XRD at room temperature. (b) Comparison
of 44'-VDP cations and 44'-EDP cations
stacked in their individual single crystal 1D
perovskites. (c) Ultraviolet-visible absorption
spectra of (4,4'-VDP)Pb,Brs (bottom) and
(44-EDP)Pb,Brs (top) polycrystals. The
optical images of both samples under ambi-
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evidence to understand these non-covalent interactions and to develop
the structure—property relationship. Such fundamental insights and
relationships will facilitate engineering approaches in which non-
covalent interactions are leveraged for optoelectronic applications of
low-dimensional OIHPs.

We focus on m-effect interactions in this perspective with a few
selected examples; however, there are several other 7-effect interac-
tions that have not been actively explored, such as 7= donor-acceptor
interactions and anion - 7 interactions. Since the impacts of these -
effect interactions on the physical properties of organic molecules and
materials have been widely investigated,”" ’* it is expected that further
incorporation of previously unexplored interactions into low-
dimensional OIHPs will open more avenues to explore. For example,
the m donor-acceptor interaction is a strong non-covalent interaction
that can reduce the distance between two involved species; ” if this 7
donor-acceptor interaction were successfully implemented in low 2D
OIHPs, the reduced distance among organic cations in 2D perovskites
could enhance the stability and charge transfer properties of 2D perov-
skites. Only the 7 donor-acceptor interaction between organic cations
and intercalated organic molecules has been employed to date, which
has enabled reductions in the exciton binding energies for this subset
of 2D perovskite systems.”” Further exploration of the design of
organic cations is still needed to fully understand and control the opto-
electronic/physical properties of low-dimensional perovskites that
originate in the 7 donor-acceptor interactions.

At this point, most studies of non-covalent interactions involving
n-effects in low-dimensional OIHPs have been focused on the impact
of such interactions on the crystal structures, phase formation, and
optoelectronic properties. With stronger 7-effect interactions, the low-
dimensional phase is more stable, and the formation energy of the

I
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low-dimensional phase could be tuned by adjusting the 7-effect inter-
action. Stronger -7 stacking would improve the charge transport and
affect the nucleation of low-dimensional perovskites during the film
formation process. However, there are other important topics, such as
mechanical properties, thermal conductivity, and defect formation
mechanisms (including point defects, line defects, and dislocations),
all of which are worth further study. For example, Kim et al. recently
discovered a chiral phonon activated spin Seebeck effect in chiral 2D
perovskites;® the 2D perovskites in their work contained a chiral cat-
ion structurally similar to PEA. The n-effects together with other inter-
actions, such as hydrogen bonding, would likely affect the distortion of
the inorganic octahedra and further impact the chirality transfer from
organic cations to the bulk perovskites, as Jana et al. demonstrated.”
Therefore, the spintronic properties might be tuned by adjusting the
n-effect interactions. Given the vast design space of organic cations
and inorganics, and various non-covalent interactions, we anticipate
that more interesting low-dimensional OIHPs will emerge in the
future, facilitated by further understanding of structure—property rela-
tionships. Finally, please note that there are many other low-
dimensional perovskites that have employed large organic cations with
7 systems (e.g., aromatics); it is unclear whether the putative n-effect
interactions play important roles in the structures and properties of
these perovskites; thus, we strongly encourage further investigation
and exploration of m-effect interactions in low-dimensional
perovskites.
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