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ABSTRACT: S-Ammonium valeric acid (AVA) is a frequently used additive in the
preparation of lead halide perovskites. However, its microscopic role as passivating, cross-
linking, or templating agent is far from clear. In this work, we provide density functional
theory-based structural models for the Ruddlesden—Popper (RP) phases of
AVA,(CH;NH,),_Pb,L,,,, for n = 1, 2, and 3 and validate with experimental data on
polycrystalline samples for n = 1. The structural and electronic properties of the AVA-
based RP phases are compared to the ones of other linker families. In contrast to aromatic
and aliphatic spacers without additional functional groups, the RP phases of AVA are
characterized by the formation of a regular and stable H-bonding network between the
carbonyl head groups of adjacent AVA molecules in opposite layers. Because of these
additional interactions, the penetration depth of the organic layer into the perovskite sheet
is reduced with direct consequences for its crystalline phase. The possibility of forming

strong interlinker hydrogen bonds may lead to an enhanced thermal stability.

In view of the rapidly rising photoconversion efficiencies of
perovskite solar cells with current record values reaching
>23%," it becomes imperative to resolve some of the remaining
issues concerning their long-term stability under operating
conditions. One promising a2p3proach in this respect has been
the use of organic additives.”” The microscopic role of these
additives is not fully understood, but it has been shown that
they can act as passivating surface layers or form fully periodic
layered structures (so-called two-dimensional (2D) perov-
skites) or mixed 2D /3D constructs with enhanced stability. In
few cases, it has been possible to prepare and resolve crystals of
2D perovskltes showmg that they can form Ruddlesden—
Popper (RP)*~ AZ’A(,, M, X5, or Dion—Jacobson (D))

A"Aq_M, Xy,41 phases where A’ and A are monovalent
organic cations and A” is a divalent organic cation, M a
divalent metal cation, and X a halide anion. Several RP
perovskites with an organic ammonium ion A’ = RNH;" acting
as a spacer between the 3D perovskite layers with A = MA or
FA; M = Pb**or Sn*", and X representing a halide anion have
been prepared. In particular, butyl ammonium (BA),*’
phenylethylammonium (PEA),'>'" hexylammonium
(Hex),"”" 4-ammonium butyric acid (ABA),"* AVA,"*~"
anilinium (Anyl),"® benzyl ammonium,"” and a series of
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polycyclic aromatic hydrocarbons™ are some of the organic
linkers that have been incorporated thus far. Very recently, also
adamantyl-based ammonium linkers have been explored.”!
Despite the general agreement about the beneficial effects on
either efficiency”'" and/or stability,”” the molecular origin of
these effects is not clear yet. The space of possible linkers is
huge and has only just started to be explored. Currently, hardly
any structure—function relationships exist that could establish
links between the chemical nature of the organic spacers and
the resulting structural and electronic properties of the 2D or
even 2D/3D perovskite materials. One issue that further
complicates an understanding of the microscopic roles of
organic linkers is the fact that in many experiments, it is not
clear what type of structures are really present. Here, we focus
on a systematic investigation of the properties of fully periodic
RP phases with AVA as one of the most used additives to
detect characteristic signatures that can help in identifying the
presence of corresponding 2D RP perovskites experimentally.

Received: April 18, 2019
Accepted: June 10, 2019
Published: June 10, 2019

DOI: 10.1021/acs.jpclett.9b01111
J. Phys. Chem. Lett. 2019, 10, 3543—3549


pubs.acs.org/JPCL
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpclett.9b01111
http://dx.doi.org/10.1021/acs.jpclett.9b01111

The Journal of Physical Chemistry Letters

Evenn

\_ J

Figure 1. DFT (PBEsol)-optimized structures of BA, MA,_;Pb,L;,,; for n = 1, 2, and 3 viewed along the x and y axes.

Table 1. Characteristic Structural Features of BA,MA, ,Pb I, ., for n = 1, 2, and 3 Defined in the Text and in Figure 1

n dy (A) d, (A) d; (A) d, (&) ¢, (deg)

1 13.2 4.5 6.4 6.3 47
13.1 4.5 6.4 6.3 48

1* 14.0 4.3 6.3 6.4 16
13.8 4.3 6.3 6.4 17

1% 14.7 4.3 6.3 6.4 24

2 14.2 4.4 6.3 6.4 9
13.2 4.4 6.3 6.3 11

3 12.7 4.5 6.3 6.3 38
13.1 4.5 6.3 6.4 40

[+ - - 6.3 6.4 -

6.3 6.3

0, (deg), O, (deg), O (deg) NH.I (A) N..Pb (A)
—, 113.9, 113.9 3.61 2.5
- 1111, 1111 3.69 26
—, 120.0, 120.0 3.63 26
—, 114.5, 114.5 3.71 2.6
—, 1184, 1184 3.70 2.7
86.4 + 4.3, 102.2 + 15.1, 104.1 + 14.1 3.75 2.2
89.9 + 16.0, 90.0 £ 0.0, 90.0 £ 0.0 3.97 2.2
89.9 + 1.2, 963 + 4.8, 959 + 4.7 3.86 21
90.1 = 9.9,90.0 £ 1.1, 90.0 = 1.1 3.92 2.1

934 + 27,1174 + 1.3, 116.6 + 2.1
91.7 £ 0.0, 110.1 * 0.0, 110.1 * 0.0

“Values are averages over all corresponding distances, angles, and bonds with experimental values given in italics.

To this end, we use density functional theory (DFT)-based
static calculations as well as molecular dynamics (MD)
simulations. In particular, we predict structural models for n
=1, 2, and 3 and validate them with experimental data from X-
ray powder diffraction (XRD). The structural and electronic
properties of the AVA-based RP phases are compared to the
ones of the BA family. Because AVA and BA differ only by the
presence/absence of a carboxylic end group, such a
comparison can be helpful in trying to establish the direct
impact of H-bonding functionalities.

RP Phases of Butylammonium-methylammonium Lead Iodide.
We first tested the accuracy of our computational approach for
a system where single-crystal data on RP phases is available. In
the case of BA,MA,_Pb,l;,,,, crystal structures have been
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resolved for n = 1, 2, and 3.2*** For n = 1, two different
structures have been determined (“1” and “1*”). As a test, we
also generated an RP structure for n = 1 taking the n =2 and n
= 3 structures as the initial template (“1**”). The DFT-
optimized systems are shown in Figure 1 (full atomic
coordinates and crystal lattice parameters are given in the
Supporting Information) and are compared in Table 1 with the
corresponding experimental data. To trace the structural
changes as a function of n and compare them to the ones of
the full 3D perovskite structure of MAPDI; in the tetragonal
room-temperature phase, we define a number of characteristic
quantities (indicated in Figure 1). The properties of the
organic layer will be characterized by d; that measures its
thickness, d, that indicates the interspacer distance, and the
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Figure 2. DFT (PBEsol)-optimized structures for AVA, MA,_Pb,1;,,,, for n = 1, 2, and 3 viewed along the x and y axes. Correlation between
penetration depth of the spacers (into the inorganic layer) and octahedral tilting is demonstrated in the lower-right inset.

tilting angle ¢, formed by the axis defined by the average
position of the carbon atoms of the organic spacer and the
tetragonal axis (z). In addition, we monitor the length of the
hydrogen bonds between the hydrogen atoms of the
ammonium group and the neighboring iodide ions of the
perovskite layer, NH...I. The inorganic perovskite part, on the
other hand, will be characterized by the parameters d; and d,
(defined as the distance between iodide ions in opposing
octahedra corners in the xy plane and along the tetragonal axis,
respectively) as well as the angles ®—0@; between adjacent
Pbl*~ octahedra along the three crystallographic directions
that characterize the distortions with respect to a cubic lattice
(©, = ®, = ®, = 90°). Table 1 shows that the PBESol-
optimized structures are in overall good agreement with the
available experimental data. The computationally generated
structure (1**) for n = 1 deduced from n = 2 and n = 3 shows
properties similar to the ones of the crystal structure (1*). As a
function of n, the experimental thickness of the spacer layer is
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gradually decreasing from 13.8 A for n = 1* to 13.1 A for n = 3;
this trend is even more pronounced in the fully optimized 0 K
structures where the organic layer changes from 14 to 15 A at n
=1to 12.7 A at n = 3). Surprisingly, the tilting angle is subject
to a pronounced even—odd effect (Figure 1). While n = 3
shows a distinct tilting, the structure for n = 2 is characterized
by an almost perpendicular orientation of the organic chains
with respect to the perovskite layer, and for n = 1, both
structures, one with a smaller tilt around 20° and one with a
large tilt of ca. 50° exist. The rotational angle between
neighboring octahedra, on the other hand, starts out with
values close to the tetragonal 3D structure of MAPI with
rotational angles perpendicular to the tetragonal axis around
110—120° but reaches values resembling a fully cubic structure
for n = 2 and 3. Surprisingly, the presence of the organic layer
seems to stabilize a higher-symmetry perovskite structure. The
electronic structure as a function of n shows the typical trend
expected from a simple particle in a box model with a constant
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Table 2. Characteristic Structural Features of AVA,MA,_,Pb,I;,,, for n = 1, 2, and 3 Defined in the Text”

n d, (A) d, (A) dy (A) d, (A) ¢, (deg) 0, (deg), O, (deg), O (deg) NH..I (A) N..Pb (A) H.O (A)
1 17.5 4.4 6.4 6.4 16 —119.6 + 3.9, 119.6 + 3.9 3.90 2.7 1.5
2 16.7 4.5 6.4 6.4 30 944 + 22,1198 + 1.0, 119.7 + 1.1 3.68 2.6 1.6
3 17.1 4.4 6.4 6.4 27 929 + 89, 115.6 + 11.3, 116.2 + 10.2 3.63 2.6 1.6
[ — — 6.3 6.4 - 934 + 2.7, 1174 + 1.3, 116.6 + 2.1 - - -

63 63 91.7 % 0.0, 110.1 % 0.0, 110.1 + 0.0

“Values are averages over all corresponding distances, angles and bonds with experimental values given in italics.
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Figure 3. (a) XRD pattern of the experimental (upper panel) versus computationally (PBEsol+Grimme lower panel) predicted structure for n = 1.
(b) Absorption spectrum and corresponding measured band gap of AVA,Pbl,.

decrease of the calculated band gap from 2.8 eV (for 1 and
1%%) and 2.61 eV (for 1¥),2.17 eV forn =2, to 1.93 eV for n =
3 compared to experimental values of 2.43,”* 2.17,>* and 2.03
eV> forn = 1, 2, and 3, respectively.

RP Phases of AVA-methylammonium Lead Iodide. Figure 2
shows the DFT-optimized structures of
AVA,(MA)(,_yPb,L;,,; RP perovskites for n = 1, 2, and 3,
and Table 2 summarizes characteristic structural features (full
atomic coordinates and crystal lattice parameters are given in
the Supporting Information).

To trace the structural changes as a function of n and
compare them to the ones of the full 3D perovskite structure of
MAPI in the tetragonal room-temperature phase, we are using
the same characteristic quantities as in the case of BA
(indicated in Figure 1). In addition, we also monitor the length
of the interspacer hydrogen bonds (between the O..H atoms of
adjacent H-bonded AVA molecules of opposite layers). As
expected because of the increased molecular length, the
thickness of the spacer layer is larger than in the corresponding
BA-based RP phases and decreasdes from 17.5 A for n = 1 to
17.1 A for n = 3. The compression is mainly caused by an
increase in tilting of the organic chains from 16° to 27—30°.
These more continuous trends are in contrast to the
pronounced even/odd alteration found in the case of BA. In
addition, in contrast to the RP phases of BA, the perovskite
layer keeps its tetragonal structure with a gradual diminution of
tetragonal distortion as indicated by the average angle between
octahedra in the xy plane that decreases from 120° to 116° at n
= 3, similar to the one observed for tetragonal 3D MAPI of
117°. Thus, while BA spacers seem to have a distinct
templating effect forcing the structure of the perovskite layer
into a more cubic phase away from the tetragonal room-
temperature structure of MAPI, this effect seems entirely
absent in the case of AVA. This is somewhat surprising,
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because the AVA spacers possess an additional functional
group to form strong intermolecular interactions. In search of
the origin of this effect, we examined possible correlations
between the octahedral tilting in the xy plane and the
penetration depths of the organic layer (defined indirectly by
the distance between the ammonium nitrogen atom and the
nearest Pbl, plane, reported as N..Pb in Tables 1 and 2 for the
RP phases of BA and AVA, respectively). As demonstrated in
the lower-right inset of Figure 2, a strong correlation is
observed between increased penetration depth and a more
cubic-like inorganic framework that can be rationalized by the
higher spatial demand of deeply penetrating ammonium
groups and the maximum of the interoctahedral space reached
for a perfectly cubic structure. It is notable that in the case of
BA, the absence of interlinker H-bonds allows for a deeper
penetration of the spacers into the inorganic layer, which
results in a more cubic framework. In the case of AVA, all three
structures from n = 1—3 show a regular network of H-bonds
between the carboxylic groups of oppositely oriented AVA
molecules (inset Figure 2) and the penetration depth is
significantly lower (indicated by an increased N..Pb distance),
preserving a tetragonal structure. Each AVA monomer
interacts with two other spacer molecules and the H..O
bond length experiences a subtle increase from 1.5 A (n = 1) to
1.6 A (n = 3) but indicates a strong acidic hydrogen bond in all
cases. Indeed, DFT-based MD simulations at room temper-
ature also indicate that the hydrogen-bond network is well
preserved (at least on the 8 ps time scale of the simulations).
This strong hydrogen-bond network clearly enhances the
cohesion between the two organic layers, increasing thermal
stability with respect to the case of BA.

To validate the computationally predicted structural models
of the 2D perovskites of AVA, the RP phase for n = 1 was
prepared experimentally and structurally characterized via X-
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ray powder diffraction (XRD). Figure 3a shows the calculated
and the experimental XRD pattern for AVA,Pbl,. The
measured spectrum is in excellent agreement with the
computationally predicted structure. The peak at 20 = 5.67°
corresponds to the 002 reflection and is a measure of the
thickness of the organic layer (15.6 A) defined by the distance
of Pb layers, and the corresponding experimental value (15.8
A) corresponds to the measured low-angle peak of 20 = 5.81°.

A similar comparison is not possible for the case of n =2 and
3 because in this case only samples containing coexisting RP
phases of n = 2, n = 3, and the 3D phase could be prepared in
spite of intense efforts to synthesize pure RP phases. The
measured XRD pattern as well as absorption and photo-
luminescence data corresponding to these mixed samples are
dominated by their 3D component (Figures S4—S6) and
cannot be used as a validation for the theoretically predicted
RP structures. However, the superb agreement for n = 1
provides confidence that the computational models for n = 2
and 3 are equally realistic. Furthermore, the calculated band
gap of 2.75 eV for AVA,Pbl, is also in excellent agreement
with the experimentally determined value of 2.75 eV (Figure
3b), while the predicted values for n = 2 and n = 3 are 2.36 and
1.99 eV, respectively, overall similar to the ones observed for
BA.>> Full details on electronic and transport properties are
given in the Supporting Information.

In summary, on the basis of DFT calculations, we predict the
structure of Ruddlesden—Popper perovskites
AVA,MA,_Pb,1,,., with the frequently used additive S-
ammonium valeric acid for n = 1, 2, and 3 and validate the
computational prediction with experimental powder diffraction
and absorption data for n = 1. In contrast to the corresponding
RP phases with butylammonium, no even/odd effects and no
pronounced templating of the inorganic layer is observed. We
demonstrate that there is a direct correlation between the
penetration depth of the organic layer and the extent of
tetragonal distortion of the perovskite layer; linkers with deep
penetration drive structural transitions to more cubic frame-
works. In spite of the rather different chemical nature of BA
and AVA spacers and the differences in the structures of the
RP phases, the overall electronic properties in terms of band
gaps and effective masses are similar. However, the strong and
persistent interspacer H-bond network may lend additional
structural stability to AVA-based RP phases at finite temper-
atures.

B COMPUTATIONAL METHODS

For the RP phases of AVA, the inorganic frameworks of the
initial structures were constructed from the crystal structures of
(BA),( CH3NH3)(H_ HPb, L5, 1 while the initial spacer pattern
was inspired by the n = 2 member of the 2D RP ABA family."*
DFT calculations were carried out using the Quantum
Espresso suite of codes.”” Structural optimizations were
performed with the Perdew—Burke—Ernzerhof (PBE)*°
formulation revised for solids (PBEsol).”” Dispersion inter-
actions were taken into account with the empirical D3
dispersion correction.”® Band gaps were calculated with
PBEO”’ and spin—orbit coupling (SOC),* which yields values
in good agreement with GW.”" We used ultrasoft pseudopo-
tentials to describe the interaction between valence electrons
and ionic cores. Kohn—Sham orbitals were expanded in a plane
wave basis set with a kinetic energy cutoff of 40 Ry and a cutoff
of 280 Ry for the density. The Brillouin zone was sampled with
different grids of 4 X 1 X 4and S X 1 X Sforn=1,2, and 3
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tetragonal structures, respectively. These values were chosen
by checking the convergence of total energy, band gaps, and
atomic forces. Finite temperature simulations were performed
for n = 3 using Born—Oppenheimer MD. The system was first
equilibrated at room temperature and heated to higher
temperatures. The temperature was controlled using the
velocity rescaling implemented in Quantum Espresso.”
Computational XRD patterns and reflection data of our
DFT-optimized crystal structures are generated using Mercury
package.”” More details on the computational setup may be
found in the Supporting Information.

B EXPERIMENTAL METHODS

Materials. All materials were used as received: lead iodide
(PbL,) (>98% purity, Alfa Aesar), methylammonium iodide
(MAI) (>99% purity, Dyesol), S-ammoniumvaleric acid
hydroiodide (AVAI) (>99% purity, Dyesol), dimethylforma-
mide (anhydrous, Across), and dimethyl sulfoxide (anhydrous,
Across).

Perovskite Film Preparation. One molar (M) AVA,Pbl,
precursor solution is prepared by dissolving Pbl, and AVAI
in a 1:2 molar ratio in a dimethylformamide (DMF) and
dimethyl sulfoxide (DMSO) (4:1 v/v) solvent mixture.
Similarly, MAI and Pbl, (1:1 molar ratio) were dissolved in
a DMF and DMSO (4:1 v/v) solvent mixture to prepare 1 M
MAPDI; precursor solution. The AVA,Pbl, and MAPbI; were
mixed in different ratios to prepare AVA,MA,_,Pb,1;,,, (n=1,
2, ...) precursor solutions. Prior to mixing, both AVA,Pbl, and
MAPDI; precursor solutions were heated at 65 °C for 30 min.
Finally, MAPDbI; and AVA,MA, _Pb,I ., perovskite films were
obtained by spin coating S0 L of precursor solution on the
precleaned glass substrates at 3000 rpm. The resulting films
were annealed at 100 °C for 30 min. The perovskite precursor
solutions were prepared inside an argon glovebox, whereas
perovskite film deposition was carried out inside a dry air
(humidity <2%) glovebox.

Structural and Absorption Studies. X-ray diffraction (XRD)
data were collected on a Philips X-ray diffractometer with a
graphite monochromator, using Cu Ka radiation. The
absorption spectra of perovskite films were recorded with a
UV—vis—NIR spectrophotometer (CARY-S) in transmission
mode.
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