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ABSTRACT. Layered 2D Ruddlesden—Popper (RP) lead iodide perovskites are solution process
semiconductors with very promising optoelectronic applications, especially in photovoltaics. Their
properties, and thus their usefulness in solar cells, crucially depend on the number of layers of lead
halide octahedra in the unit cell, with multilayer perovskites usually showing larger
photoconversion efficiency than monolayer ones. In the literature such behavior is attributed to the
differences in quantum confinements, while here evidence is presented that it is also associated to
differences in the dynamics of the cation spacers. In this paper, structural and dynamic behavior
of the 2D RP BA2MA-1Pbnlsn+1 (BA = butylammonium, MA = methylammonium, with n ranging
from 1 to 4) homologous series is investigated by 2°/Pb, H, and ‘3C solid-state nuclear magnetic
resonance. *H and 3C spectra, as well as variable temperature 13C spin-lattice relaxation times
(T1), here exploited for the first time on 2D perovskites, give evidence of a larger dynamic disorder
of the cation spacer in the monolayer with respect to multilayers. Results have been cross-
examined with ultrafast optical spectroscopy measurements, leading to the interpretation that the
larger dynamic disorder in monolayers leads to sub-ps recombination of optical excitations that is

detrimental in solar cells.

Introduction

Hybrid Organic—Inorganic Halide Perovskites (HOIPs), whose prototypical and most studied
example is methylammonium lead iodide (CHsNHsPbls), achieved a great success as
semiconductor materials for high-performance photovoltaics, but also for many other
optoelectronic applications. Impressive efforts have been dedicated to the development of the
three-dimensional (3D) HOIPs, but great attention has also been raised by their 2D analogues,

which are quantum-well-like systems,'? exhibiting a much-improved stability compared to 3D



perovskites, thanks to their higher grade of hydrophobicity and suppressed ion migration.>* 2D
and quasi-2D perovskites are obtained by addition of large insulating spacer cations that separate
the perovskite lattice into layered structures. The introduction of a spacer increases the variety in

structure and properties for this subgroup of semiconducting hybrids.>®

In recent years, 2D halide perovskites have been developed to accomplish the needs of a large
number of applications,” not only for photovoltaics but also in the fields of light-emitting diodes
(LEDs),® lasers, photodetectors scintillators, and photocatalysis. 2D HOIPs have attractive
properties as semiconductors by themselves but they can also be integrated into heterostructures
resulting in devices with improved functionalities and stability. This is their most exciting
application in the photovoltaic field, where 2D HOIPs alone show low power conversion
efficiencies, but when deposited over the 3D best performing perovskite materials combine the

best performances of the 3D layers with their stabilizing properties.®

Layered 2D halide perovskites can be visualized by slicing the 3D structure into sheets and filling
the interlayer space with large organic cations. Layered 2D derivatives may grow along different
crystallographic directions, but (100)-oriented layered perovskites are the most common and have
been further classified into three groups: Ruddlesden-Popper (RP), Dion-Jacobson (DJ), and
Alternating Cation in the Interlayer space (ACI), which contain monoammonium, diammonium
and two different cations in the interlayer space, respectively (Figure 1a).%%1? Here we focus on
RP perovskites, whose chemical formula is L2Ax-1BnXsn+1, Where L* is the monovalent organic
spacer cation and n indicates the number of layers of [BXs]* octahedra in each sheet (Figure 1b).
The perovskite 2D sheets have the usual perovskite structure of corner-sharing [BXs]* octahedra

and A* cations in the cavities. In the third dimension, the octahedra layers are physically alternated



with the organic bilayers of L* cations, whose ammonium heads interact with the perovskite layer

through hydrogen bonds and Coulomb interactions.
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Figure 1. (a) Schematic representation of (100)-oriented 2D perovskites: Ruddlesden—Popper
(RP), Dion-Jacobson (DJ) and Alternating Cations in the Interlayer (ACI). (b) RP phases of

chemical formula L2An-1BnXan+1, with n=1-4.

Both 2D and 3D HOIPs exhibit various atomic-level dynamic processes over a wide range of
frequencies, including ion migration,**4 vibrations of the metal-halide sublattice, *° reorientation
of the A* cation,’®-20 and internal or overall motions of the organic spacers in 2D structures.?%?2
Such multi-timescale dynamics affect key electronic properties, like exciton binding energies and

charge-carrier mobilities.??26

The reorientation of the A* cation is particularly important because it has been linked to key

phenomena® such as efficient charge separation,?” tolerance to defects, and charge transport.?82°



In addition, in low-dimensional perovskites the motion of organic spacers has been correlated with
the photoluminescence quantum yield and excited carriers’ lifetimes.??> Thermal motion of organic
components can also impact the time-averaged crystal structure of HOIPs, in turn affecting their

optoelectronic properties.3%3!

In this context, correlating optoelectronic properties of RP phases to alterations in the time-
averaged structure and/or the dynamics of spacers and octahedra can help in realizing the full
potential of perovskite materials,®>-3* particularly their use in photovoltaics, where efficient charge
separation and high charge mobility are required. Cation motion and motional disorder are also
expected to be affected by the interaction between L* spacers and A* cations, and thus to manifest
differently in monolayer 2D perovskites than in multilayer ones. At present, an accurate
characterization of both the time-averaged structure and dynamics of A* cations and L* spacers is

still a challenging task, especially at or above ambient temperature.

Solid-State Nuclear Magnetic Resonance (SSNMR) spectroscopy has emerged as an excellent tool
to face these challenges, being capable of giving a detailed description of dynamic processes
occurring over a wide timescale ranging from picoseconds to seconds. Indeed, in recent years a
variety of experimental SSNMR approaches have been developed to investigate cation and anion
dynamics in halide perovskites of different dimensionality.35-38 Particularly relevant for the present
work are the studies reporting the complete and quantitative characterization of molecular motion
of methylammonium (MA) and formamidinium (FA) in 3D lead halide perovskites, either pure

compound (i.e. MAPbX3 and FAPbX3)'%20 or mixed cations, and/or mixed halides perovskites.*"°

In the present study, we investigated the RP perovskites with formula BA2MA-1Pbnlsn+1, where

BA=butylammonium, for the series with n=1 to 4. The room temperature crystal structure of these



samples was studied by Stoumpos et al.*? by X-ray diffraction, while *H / 2°’Pb SSNMR was used
to characterize different Pb sites and investigate Pb—I bond lengths.** In the same work, the
structural features of the organic cations and spacers were also investigated by *H and *C SSNMR,
but dynamics was not discussed in detail. Dahlman et al.?! investigated static and dynamic
properties of linear alkylammonium and aromatic spacers in lead iodide RP phases (n = 1) at
ambient temperature by using 1*C{*H} and *>N{*H} cross polarization magic-angle spinning (CP-
MAS) signal intensity build-up. Finally, Lyu et al. applied variable temperature *H and C{*H}
CP-MAS SSNMR to investigate phase transitions in BA2MAu-1Pbnlan+1 (n=1-4) samples and, by
measuring *H spin-lattice relaxation times (T1) at variable temperature, hypothesized a correlation
between rotational dynamics and photoluminescence (PL) lifetimes.*? This is a very interesting
hypothesis, but it must be noted that *H T1 only provides averaged information on dynamics, which

includes a sum of all the reorientational contributions from both MA and BA.

Here we present a study aimed at the selective characterization of the dynamics of BA spacers in
the RP BA2MA«-1Pbnlsn+1 series with n ranging from 1 to 4. For the first time in 2D lead halide
perovskite samples we exploit natural abundance '3C Ti relaxation times measured under MAS
conditions at variable temperature. Moreover, we investigate 2°’Pb T relaxation properties and
observe a different behavior between lead nuclei in the internal and external layers. NMR data are
critically compared to ultrafast optical spectroscopy measurements, leading to the interpretation
that monolayer perovskites display faster dephasing and increased cation motion disorder with

respect to multilayer perovskites with alternated long and short cations.

Materials and Methods



Synthesis of 2D perovskites

The synthesis of 2D perovskites followed the procedure described elsewhere.*® The chemicals
used were: PbO, 57% w/w aqueous hydriodic acid (HI) and 50% aqueous H3PO2 and n-butylamine
(99.8%) acquired from Merck and CH3sNHsCl (MACI) purchased from Greatcell solar. All the

chemicals were employed without further purification.

The 2D perovskites, denoted as BA2MAn-1Pbnlsn+1, were synthesized forn=1, 2, 3, 4.

The synthesis process of the sample with n = 1 (BA2Pbls) began with dissolving PbO powder (2.5
mmol) in a mixture containing 57% wi/w aqueous HI solution (2.5 ml) and 50% aqueous H3PO2
(0.425 ml), followed by heating until boiling under continuous magnetic stirring for approximately
5 minutes. This resulted in the formation of a bright Pbl2 yellow solution. In a separate container,
n-butylamine (231 ml) was neutralized with 57% w/w HI solution (1.25 ml) in an ice bath and then

added to the Pblz hot solution, which was kept boiling until dissolved again.

The synthesis process of the samples with n = 2, 3, 4 began with the same hot Pbl2 solution as for
n = 1 followed by the addition of, respectively, 1.25 mmol, 1.67 mmol and 1.87 mmol of solid
MACI. In a separate container, n-butylamine (174 ml, 81.7 ml, 62 ml, respectively) was neutralized
with 57% w/w HI solution (2.5 ml) in an ice bath and then added to the hot solution which initially

caused the formation of a black precipitate. The solution was kept boiling until clear again.

Stirring was then stopped for all solutions, allowing them to cool to room temperature. During
cooling, crystal plates began to grow and precipitate, which were collected via suction filtration

and dried under reduced pressure.

The crystals of the 3D perovskite CH3NHsPbls, denoted as MAPI, were grown by inverse

temperature crystallization method*® with a 1.2 M solution of precursors Pbl2 and



methylammonium iodide in y-butyrolactone. The solution was heated at 90 °C and the nucleated
crystals let grown for 12 hours. The crystals were washed with isopropanol and dried. All the

samples were finely ground in a mortar before measurements.

Solid-State NMR measurements

'H and BC SSNMR experiments were run on a 11.7 T Bruker Avance Neo 500 spectrometer,
working at Larmor Frequencies of 500.13 and 125.76 MHz, respectively, using a 2.5 mm cross
polarization-magic angle spinning (CP-MAS) probe. The n/2 pulse duration was 2.3 us for *H and
5.8 us for 3C. 297Ph SSNMR experiments were carried out on a 9.4 T Varian Infinity Plus 400
spectrometer, working at the Larmor Frequency of 83.75 MHz, using a 3.2 mm CP-MAS probe,

with a 7/2 pulse duration of 3.4 us.

The chemical shifts were referenced to the signals of adamantane at 1.7 and 38.48 ppm for *H and

13C, respectively, and to that of lead nitrate at -3490 ppm for 2°7Ph.

'H spectra were acquired by wPMLG*# combined with MAS frequency of 15 kHz and

wDUMBO*4647 combined with a MAS frequency of 12 kHz (see Supporting Information).

13C MAS (15 kHz) spectra were acquired by Direct Excitation (DE) experiments, using a recycle

delay of 300 s for all 2D RP samples.

207ph static spectra were acquired using the Hahn-echo pulse sequence, with an echo delay of 12.5
ps. For samples BA2MAPDzl7 (n=2), BA2MA2Pbslio (n=3), and BA2MAsPbsliz (n=4) the
frequency-stepped procedure was also employed: subspectra at different irradiation offsets (83.909
MHz, 83.879 MHz, 83.849 MHz) were acquired and then summed to obtain the whole spectrum.*®

207ph spectra for all samples were simulated with the program WSolids1.4°



Spin-lattice relaxation times, T1(*H) and T1(*3C), were measured under MAS at 15 kHz using the
saturation recovery experiment at six different temperatures between 293 and 333 K. Temperature
was calibrated using the 2°’Pb chemical shift of Pb(NO3)2.50%1 For Ti(*H) and Ti(*3C)
measurements, 22 delays ranging from 1 ms to 60 s, and 20 delays ranging from 50 ms to 75 s
were respectively used. Ti(*H) relaxation times were determined by integrating the entire

spectrum. T1(*3C) were also measured with the Torchia sequence® at 298 K.

T1(*°"Pb) relaxation times were obtained by saturation recovery combined with the Hahn-echo
sequence under static conditions; 16 delays ranging from 100 us to 15 s were used. For samples

n=3 and n=4, stepped frequency acquisition was also used.

Ultrafast optical measurements

In time-resolved photoluminescence experiments, 2D perovskite thin films were excited with 100-
fs laser pulses from a Ti:Sapphire regenerative amplifier (Libra— Coherent), 800nm in wavelength,
with 1 kHz repetition, doubled in frequency. The emitted photoluminescence was sent to a streak
camera (Hamamatsu C10910), coupled to a grating spectrometer (Princeton Instruments Acton

SpectraPro 2300i), so that spectrograms could be measured with 50- ps time resolution.

Differential Transmission (DT) measurements were performed on 2D perovskite thin films in a
pump and probe configuration. The output of the Ti:Sapphire regenerative amplifier was again
doubled in frequency and used as the pump to excite the samples. In the differential transmission
spectrometer Helios (Ultrafast Systems) with optical delay line (max 8 ns delay), supercontinuum

white probe pulses were derived by focusing the 800 nm laser on a Sapphire crystal; DT



transmitted, and reference spectra are collected with two spectrometers coupled to CMOS

detectors, in differential configuration.

Model for the analysis of *C spin-lattice relaxation times

In this section the fundamentals of nuclear spin-lattice relaxation and the model employed in this
study for the analysis of *C T1 relaxation times are succinctly described. Nuclear spin relaxation
processes are determined by oscillating magnetic fields, locally generated in the sample by the
modulation of the nuclear interactions operated by molecular motions. Equations derived from the
nuclear relaxation theory relate the values of the spin-lattice relaxation rate (R, = 1/T;) to the
spectral densities (J(w)). The latter are the Fourier transforms of the motional correlation functions

and can in turn be expressed as functions of the correlation time of the molecular motion (zc).

For 13C nuclei in natural abundance, and particularly for carbons directly bonded to hydrogens, it
can be assumed that dipolar interactions with *H nuclei dominate the spin-lattice relaxation. The
relaxation time of each chemically distinct 3C nucleus is influenced by the motions of the
molecular fragment to which the nucleus belongs. In particular, for the 2D BA2MAu-1Pbnlsn+1
samples here studied, two motions were considered for BA carbons: the reorientation about its
long axis and the wobbling in a cone motion of each chain fragment (Figure 2). This model was
originally devised for analyzing *C T1 in phospholipids and biomacromolecules, %37 and it can
apply to this case since it takes into account, on one side, the interaction of the ammonium group
with the perovskite layer (as seen from X-ray spectroscopy*®) and, on the other side, the different
T1 values observed for the different *C nuclei of BA. Thus, for each carbon of BA, R1 can be

expressed as 5354
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1 n
=—*Kcpy * Siz * (Joilwig — wizc]l + 18 x Ji[wizc] + 9 * Jri[wiy + wi3c])

Ri = -
1C Tllc 12

(1)

where n is the number of protons directly bonded to the i-th 3C nucleus, wisc and w1+ are the
Larmor frequencies of 3C and *H nuclei, respectively, Kcn is the C—H dipolar coupling constant,

and S?is the square of an order parameter that assumes values between 0 and 1. S? can be expressed

35535458
1
S? = Zcoszai(l + cosa;)? (2)

where «i is the half-opening angle of the cone for the i-th carbon of the chain, that is the angle that
describes the amplitude of the cone with respect to the Ci-Ci-1 (for i=b,c,d) or Ca-N bond (Figure
2). S7 equal to 1 correspond to ai = 0 and the corresponding cone reduces to a cylinder. On the
other hand, S values much smaller than 1 correspond to high i values and therefore to a wide
cone. The different S? parameters account for the wobbling in a cone motion of each bond of the
butyl chain, which is always assumed much faster than the reorientation of and about the long axis
of the whole butyl chain. Therefore, the contributions of the wobbling motions of the different
bonds to the relaxation of the corresponding carbons simply consist in a reduction of the effective
dipolar coupling constants. On the other hand, the spectral densities in Equation 1 only depend
on correlation times zc describing the reorientation of and about the long axis of the whole BA

cation.

11



Overall reorientation

Figure 2. Scheme of the motions of BA in 2D RP perovskites as hypothesized by our model. Each
C-N and C-C bond vector moves within a cone whose half-angle is indicated as ai for the i-th
carbon, with a indicating the carbon adjacent to the ammonium group and d indicating the methyl
group. The long molecular axis (dashed line) of the whole BA chain is also drawn in the figure for

a specific chain conformation.

To express the spectral density J(w) in terms of =, the simplest model devised by
Bloembergen—Purcell-Pound (BPP) was used. Within this model, the analytical expression for the

spectral density is the following:

JBPP () = —2< (3)

2
1+w?2ts

For describing the dependence of zc on temperature, the Arrhenius law was used:

To = TlXP (i—;) (4)

12



where 7 is the correlation time in the limit of infinite temperature, and Ea is the activation energy

of the motion.

As stated above, the correlation time zc considered in Eq. 1 refers to the overall motion of and
about the long axis of the whole BA cation. However, for the CHs carbon an additional contribution
to R1 comes from the reorientation of the methyl group about its ternary symmetry axis. Assuming
the motions independent of each other, R1 of the methyl carbon was expressed as the sum of the

contributions for the overall motion (Eq. 1) and the internal motion, the latter being written as:

3
R{i® = ¥ Ken * (Joilwiy — w13c] + 18 * Jii[wizc] + 9 * Joilwiy + wi3c]) (5)

with the spectral densities here depending on the correlation time of the methyl motion, t£13, as
in Eq. 3, and an Arrhenius dependence on temperature was also assumed for 53 with activation

energy EST3,

Results and Discussion

207Ph SSNMR

In order to get insights into structural properties of the inorganic lattice, 2°7Pb static spectra of the
BA2MA-1Pbnlsn+1 series, with n=1-4, were recorded and compared with that of the parent 3D
MAPbDI3. 2°’Ph spectra of 2D perovskites are very different from that of the 3D perovskite and

from each other (Figure 3). MAPDIs shows a single, Gaussian peak, due to the high symmetry of

13



the 3D lattice, while 2D samples give rise to peculiar lineshapes because they have layered
structures that can be thought as composed by outer and inner Pb layers (the latter is present only
for n>2), in various proportions depending on the sample. It is known that the Gaussian broadening
of about 20-30 kHz of the 2°7Pb signals in 3D lead halide perovskites is mainly due to J-coupling
between 2°’Pb nuclei and halogens and in static conditions (i.e. no MAS) also to dipolar coupling.>®
Such interactions are still present in 2D samples but in this case the chemical shielding anisotropy
due to the change from an octahedral to an axial symmetry is larger than the Gaussian broadening
and both effects are visible in the spectra. In particular, samples with n=1 and n=2 only have Pb in
outer layers (i.e. Pb inside [PbXs]* octahedra adjacent to the spacer layer) and their 2°’Pb signals
in static spectra show a non-null chemical shielding anisotropy with a peculiar asymmetric shape.
For n=3 and n=4, the presence of two different signals can be recognized in the spectra.
Simulations of the spectral lineshapes (Figure 3) allowed inner Pb layers, where Pb are located in
a highly symmetric chemical environment since they are adjacent to [PbXe]* octahedra on both
sides, to be associated to an isotropic Gaussian peak. In the same simulations, outer Pb layers
(adjacent to [PbXs]* octahedra on one side and to the spacer layer on the other side) are associated
to signals with large chemical shift anisotropy, Ad. The relative areas of the two signals agree with
samples stoichiometry (Table 1). Interestingly, the isotropic chemical shift (diso) Of the inner Pb
signals progressively tends to that of MAPbI3 with increasing n, while for the outer Pb signals both
diso and AS (defined according to the Haeberlen convention®?) increase with n (Table 1). The values
and trends of diso and AJ are similar to those reported by Lee et al.5! and indicate that the inner Pb
sites are in an increasingly more 3D-like environment with increasing n, while the outer Pb sites
result to be in a more anisotropic environment with increasing n for samples with n from 1 to 3

and are similar for samples with n=3 and 4. Thus, in 2D perovskites, Pb sites that are closer to the

14



BA spacers (Pb outer) can be differentiated from those that are 3D-like (Pb inner) by looking both

at the 2°7Pb isotropic chemical shift and at the lineshape.

MAPDbI,

n=4

2000 1500 1000 500
3(*’Pb) [ppm]

Figure 3. Experimental (black lines) and simulated (red lines) 2°’Pb static spectra of BA2MAn-

1Pbnlsn+1 with n =1, 2, 3, 4 and MAPDIs. Individual simulated signals are shown as blue lines.

It can be noted that the ability of SSNMR to differentiate between Pb atoms in the inner and outer
layers could be exploited to investigate surface states, such as edge states, which, according to
previous studies, are related to exciton dissociation and carrier conduction in 2D hybrid
perovskites.6263 Furthermore, it is known that the stereochemically active 6s? lone pair in Pb%

atoms causes the local distortion of PbXe* octahedra in hybrid perovskites, which is responsible

15



for important optoelectronic properties,®*%° and 2°’Ph chemical shift anisotropy could be correlated

with these properties.

Table 1. 27Pb isotropic chemical shift (8iso), chemical shift anisotropy (Ad) defined according to

the Haeberlen convention,®® and Gaussian linewidth (GB) in 2D RP BA2MA-1Pbnlan+1 (n=1-4)

and 3D MAPDIs as obtained from the lineshape analysis of the corresponding static spectra

reported in Figure 3. Estimated errors from the simulations are = 10 ppm and + 5 ppm for Jiso and

AJ, respectively. The same results expressed following the Maryland convention are reported in

Table S1.
Sample| Site |diso [ppm]Ad [ppm]| GB [kHZz] Intensity %
MAPDI3 3D 1455 0 22 100
Pb inner] 1420 0 28 52
n=4
Pb outer] 1630 -900 24 48
Pb inner] 1360 0 28 36
n=3
Pb outer] 1535 -955 24 64
n=2 |Pbouter] 1390 -810 24 100
n=1 |Pbouter] 1040 -410 17 100

16



T1(**Pb) relaxation times at 298 K were measured in static conditions because under MAS their
values are highly reduced by polarization exchange between the iodine and lead nuclei.*66-68 As
shown in Figure 4, the magnetization recovery curves do not follow a mono-exponential trend
except for MAPDIs. In particular, the curves of samples with n=1 and n=2 can be reproduced by a
stretched exponential function, which phenomenologically considers the dependence of the
relaxation times T1 on the orientation of the crystallites in samples with a sizeable chemical shift
anisotropy. The magnetization recovery of samples with n=3 and n=4, instead, could be
reproduced using the sum of a stretched and a single exponential function with fractional weight

Wa and wo, respectively:
_<L>y _t
M(t) =M, [Wa <1—e i )-l—Wb <1—e Tll’)] (6)

This is in good agreement with the lineshape analysis reported above if we assign the stretched
exponential to outer Pb, characterized by a large chemical shift anisotropy, and the single

exponential to inner Pb, with zero chemical shift anisotropy.

In order to reduce the correlation among parameters in the fitting procedure, for all the samples
the value of the exponential stretching factor (y) was set to that found from the fitting of the
magnetization recovery curve for the sample with n=1; in this way, a good agreement of the
expected relative intensities for the inner and outer Pb sites based on stoichiometry was obtained
for samples with n = 2 and 3. However, following the same procedure for the sample with n=4,
the component corresponding to the stretched exponential resulted to be overestimated respect to
the fraction of outer Pb. Therefore, we tried a different strategy: wa and wp were set to 0.5 (as

expected from stoichiometry) and T and T were set to values obtained for n=1 and MAPbls,

17



considered representative values for outer and inner Pb nuclei, respectively. In this way, the
experimental data resulted to be still satisfactorily reproduced. The fits of the magnetization
recovery curves are shown in Figure 4, and the fitting parameters are reported in Table 2. The
good reproduction of the curves supports the above assignment and the observation of different

nuclear environments for Pb in the inner and outer layers of 2D perovskites.
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Figure 4. 2°7Pb saturation recovery curves of BA2MA-1Pbnlan+1 with n = 1, 2, 3, 4 and MAPbIs.
For samples with n=3 and n=4 the red and green lines indicate the component ascribe to outer and

inner 297Ph, respectively.

Table 2. T1(?°’Pb) relaxation times determined by saturation recovery experiments under static
conditions for BA2MAn-1Pbnlsn+1 (n = 1, 2, 3, 4) and MAPDIs, along with best-fitting parameters
of magnetization trends to Equation 6. The values with an asterisk have been kept fixed in the

fitting procedure as explained in the text. Estimated errors on Tz values are £ 0.1 s.

Sample T2 [s] Y W, TP [s] w;*
MAPDI3 1.3 1

n=4 0.3* 0.4* 0.5* 1.3* 0.5*
n=3 0.3* 0.4* 0.67 11 0.33
n=2 0.3 0.4* 1

n=1 0.3 0.4 1

13C and 'H SSNMR
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13C and 'H MAS spectra (Figure 5) show the signals of the organic spacer BA and (where present)
of the A* cation MA. Peaks are well identified, and assignments are shown in Figure 5a and b

for 13C and 'H spectra, respectively.

In the 13C spectrum of the sample with n=1, the MA peak is absent, as expected from stoichiometry,
while BA peaks have different chemical shifts with respect those in the samples with n>1,
indicating a slight difference in the environment of BA due to the presence of MA. Noticeably,
signals for n=1 are also broader than for the other samples; this indicates that the spacer has a
different mobility and/or shows a higher degree of disorder in the sample with n=1. This will be
better investigated through the analysis of 3C longitudinal relaxation times (vide infra). The areas
of the 13C signals arising from the methyl groups of BA and MA, found by spectral deconvolution,
were used to quantify the BA:MA ratio, obtaining values that are in good agreement with the
structural formulas of the investigated perovskites. In fact, BA:MA (mol:mol) ratio equal to 2.1,
1.0 and 0.6 were obtained for n=2 (BA2MAPb217), n=3 (BA2MA2Pbslio), and n=4

(BA2MA3Pbalis), respectively.
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HaC—NHs (MA)
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*H3N/\\/\Cé-|3 (BA)
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13 3'0 6 4
C [ppm] H [ppm]

Figure 5. *C DE-MAS (a) and *H wPMLG (for n=2-4) and wDumbo (for n=1) (b) spectra of 2D

RP BA2MAn-1Pbnlan+1 with n=1, 2, 3, 4. The peak assignment is displayed.

Well-resolved 'H spectra were obtained at the relatively low MAS frequency of 15 kHz using the
WPMLG,* for n=2-4 samples, and wDumbo,*64’ for n=1 sample, homonuclear decoupling pulse
sequences. It must be pointed out that the wPMLG pulse sequence, here applied for the first time
to HOIPs, allowed a noticeable improvement of spectral resolution with respect to DE and to
wDumbo (with the exception of n=1 Figure S1) sequences (Figure S2). Similarly to the 3C MAS
spectra (Figure 5b), some differences can be clearly observed between the *H spectrum of the
sample with n=1 and those of the samples with n=2, 3, and 4. Signal shifts indicate differences in

the local interactions with the inorganic sublattice by increasing the number of layers. In general,
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our results are in very good agreement with what observed by Lee at al. in very fast MAS 'H

spectra.®?

In order to characterize the dynamics of MA and BA cations, *H and **C relaxation experiments
were performed as a function of temperature, in the 293-333 K range. In particular Ti(*H)’s were
measured on a single crystal for MAPbIs and on polycrystalline samples for the 2D perovskites.
For n=1, measurements were performed on both single crystal and polycrystalline samples
obtaining the same value within the experimental error (see Section S2 in Supporting Information).
This indicates that no effects due to crystallite dimensions, previously observed for FAPbIs!’, are
present in our samples. Noticeably, the determination of T1(**C)’s of BA2MA-1Pbnlzn+1 (n=1-4)
from saturation recovery curves required a procedure that took into account the influence of

Nuclear Overhauser Effect (NOE), as described in the Supporting Information (Section S4).6°

A single T1(*H) value was measured for all the samples at all temperatures, as a consequence of
the averaging effects of the different intrinsic relaxation times operated by *H spin diffusion.
Therefore, a simple interpretation of the T1(*H) trends vs temperature (Table 3 and Figure 6) in
terms of individual dynamic processes is made difficult. Indeed, averaged T1(*H)’s are in principle
determined by all the motions occurring throughout the sample. A comparison between 3D
MAPDIs (where all protons belong to MA groups) and the 2D perovskite with n=1 (where all
protons belong to BA groups) shows that MA and BA have very different proton relaxation times
at the Larmor frequency of 500 MHz and in the investigated temperature range (Table 3).
Intermediate values were measured for samples with n = 2, 3 and 4, containing both BA and MA.
We therefore attempted to verify if the T1(*H)’s of these samples could be interpreted only in terms

of the different MA:BA proton molar ratio, by assuming that the molecular motions involving BA
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and MA do not depend on the number of layers. To this aim, we calculated the average T1 values

as reported in Equation 7:

<T1> = - = XA 1xMA (7)

PWRA TEA* T

where PWRA is the population weighted rate average and T:MA and T1BA are the T1’s of MA and
BA protons measured for MAPbI3 and the sample with n=1 (BA2PDbls), and xva and Xsa are the

proton molar fractions of MA and BA in the perovskites with n=2,3 and 4, respectively.

For all the samples, the values so calculated are similar to the experimental ones, confirming the
hypothesis that the motions of BA and MA affecting spin-lattice relaxation do not change
significantly across the 2D RP series under investigation. Larger divergences can be noticed at the
higher temperatures, which suggests slight changes in activation energies among the different

samples (Figure 6).

Table 3. T1(*H) values of BA2MA-1Pbnlan+1 (n=1, 2, 3, 4) and MAPbIz measured at 500 MHz and
the indicated temperatures. Estimated errors on T1 values are £ 0.05 s for BA2MA-1Pbnlsn+1 and

+ 0.1 s for MAPDIs.

T [K] T1(*H) [s]
MAPDI3 n=1 n=2 n=3 n=4
293 16.6 2.63 3.06 3.75 4.52
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302 18.3 2.82 3.38 411 5.22
307 20.0 3.12 3.48 4,53 5.37
313 21.8 3.35 3.81 5.00 5.87
320 23.7 3.67 4.27 5.63 6.64
333 27.8 4.23 4.70 7.02 8.18
9
8 [ ]
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5 . ' ____________ n=3
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E R Rt ) : ¢ -+een=2 calc.
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-+« n=4 calc.
1
0
290 310 330
T [K]

Figure 6. Experimental T1(*H) (circles) and (T, ) calculated by means of Equation 7 (dotted lines)

for BA2MAn-1Pbnlsn+1 with n = 2, 3, 4. Experimental T1(*H) for BA2Pbls (n=1).

As far as 13C spin-lattice relaxation is concerned, a differentiation between MA and BA carbons
must be considered. The values measured for the MA carbon under MAS conditions cannot be

used to get dynamic information, because of a crossing between energy levels of MA 3C (spin-
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1/2) and *?7I (spin-5/2) nuclei, which significantly reduces T: values, as also reported for lead
atoms in lead halide perovskites.*-6667 On the contrary, the values measured for BA carbons can
give precious dynamic information. At each temperature we measured distinct T1 values for each
inequivalent 3C nucleus belonging to BA. Their trends with temperature are shown in Figure 7.
In all cases, T1(*3C) increases with increasing temperature, indicating that the characteristic
frequency (defined as the inverse of the correlation time, ve=1/zc) of molecular motions responsible
for relaxation is higher than the Larmor frequency (125 MHz). Among the samples, that with n=1

stands out for the less steep curves, which suggest a peculiar dynamic behavior of BA in this

sample.

n=1 . ‘ ‘ . n=
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Figure 7. Experimental (symbols) and best-fitted (lines) 3C spin—lattice relaxation times (T1) Vs

temperature of BA carbons in BA2MAn-1Pbnlan+1 with n=1, 2, 3, 4. The best-fit curves are obtained
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using Equations 1-4 (carbons a-c) and Equations 1-5 (carbon d). T1 values are determined with a

+ 5% error for all carbons but carbons a, b and ¢ of sample with n=4 where the error is = 20%.

For each sample, a global fitting procedure based on Egs. 1-5 was applied to the measured T1(*3C)
values, in order to determine motional parameters for the butylammonium overall motion, the
wobbling of each bond in the BA chain, and the CHs reorientation (see above). A satisfactory
reproduction of the experimental data was obtained in all cases, as shown in Figure 7. The best fit
values determined for activation energies (Ea and Ea“"®) and correlation times at infinite
temperature (1. and T$113) were used to calculate correlation times at 298 K (tc and t£13) through
the Arrhenius equation (Eq. 4), which are reported in Table 4. It must be noted that the correlation
times found in this work are compatible with those reported for MA and FA in MAPDbIs 2% and
FAPDIs 17, respectively. Indeed, for MA in MAPbIs at 300 K the correlation times for the
reorientation of the C-N axis (1) and the rotation around the C-N axis (t/) are 1.73 ps and 0.194
ps, respectively?®. For FA in FAPbIs at 298K correlation times of 0.38, 1.05 and 1.3 ps are
reported’ for reorientation about the three directions x, y and z, respectively. Our values result to
be in agreement with these findings, since "3 values are of the same order of magnitude in all
the samples (n=1-4) and are very similar to those of the fast rotations in MA and FA. Moreover,
as expected, the reorientation of the whole BA chain results to be always slower than the methyl

reorientation (correlation times of about 7-10 ps at 298 K).

From Table 4, we see that, notwithstanding the fact that all samples have similar correlation times
at ambient temperature, the activation energy of the overall BA motion is remarkably lower for
the sample with n=1. For each carbon, S? values determined as best fitted parameters using

Equation 1, and the corresponding cone angles, calculated by S? through Eq. 2, are reported in
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Table 5. As expected, for all the samples the condition ad > ac> ab > aa IS found to be satisfied.
For the sample with n=1 larger cone angles (ai) have been determined for all the carbons. These
findings indicate that in this sample BA has a larger conformational freedom, i.e. spans a wider
distribution of orientations (wider cones) and has a less hindered overall motion (lower activation
energy). For n>1 the segmental and overall motions of the BA chain become more restricted,
possibly also due to increased interdigitations of the BA chains and correlations among BA
motions of different chains. Interestingly, these results are in agreement with the larger interlayer
distance observed for n=1 with respect to the other samples (the Pb-Pb distance between two
adjacent perovskite layers is 13.8 A in n=1, 13.2 A in n=2, and 13.1 A in n=3 and 4),404.70 as well
as with the relatively large carbon thermal parameters reported in the X-ray determined
structures,’* which suggest either significant thermal motion or some disorder within the organic

layers of the structures.

Table 4. Best fit motional parameters for the overall motion of BA (Ea and 7« @298K) and the
reorientation of its CHz group (Ea®"®and 773 @298K), in BA2MAn.1Pbnlan+1 with n=1, 2, 3, 4.

Estimated errors on Ea values are £ 1 kJ/mol.

Reorientation of BA Rotation of -CH3

Sample | Ea [kJ/mol] 7c @298K [ps] EaCH3 [kJ/mol] ¢H3 @298K [ps]

n=1 7 8 15 6
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n=2 |20 10 15 1

n=3 |20 8 15 3

n=4 |18 7 15 2

Table 5. Best fit order parameter values (S7) and corresponding cone angles (ai) for each carbon

of BA in BA2MAn.1Pbnlan+1 with n=1, 2, 3, 4. Estimated errors on S#are about + 0.01.

Sample/Order

S%, S% S2 S2 da ab ac ad
Parameter
n=1 0.90 0.80 0.70 0.40 15° 22° 27° 43°
n=2 1.00 0.88 0.87 0.40 0° 17° 17° 43°
n=3 1.00 0.96 0.94 0.80 0° 9° 11° 22°
n=4 1.00 1.00 1.00 1.00 0° 0° 0° 0°

Ultrafast Optical Spectroscopy

Optical measurements on 2D perovskites were performed to correlate the effects of cation motion
and disorder with the relaxation of optical excitations, which is the physical mechanism providing

a limit to the efficiency of solar cells. Absorption, photoluminescence and differential, transient
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absorption spectra (Figure 8A-C) demonstrated the progressive decrease in bandgap as the index

n raises, due to the progressively weaker confinement in the thicker and thicker layers. It should

be noted that, in order to access transmitted light, optical measurements were performed on

polycrystalline thin films, whose phase purity was inferior with respect to the crystalline powders

used for structural data (Figure S7), causing a distribution of various phases for samples with n>1.
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Figure 8: Optical measurements on thin films of 2D RP BA2MAn-1Pbnlsn+1 with n=1, 2, 3, 4. (A)

absorptance spectra. (B) Photoluminescence (PL) spectra and (C) Differential transmission spectra

(DT/T), resulting from ultrafast optical spectroscopy measurements, with spectra obtained from
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the temporal integration of spectrograms over a time window below 1 ns. In A, B and C the typical
behavior of bandgap redshifting with increasing n can be recognised. (D) Time decay of PL signal
and (E) of bleaching signals coming from DT/T, obtained by the spectral integration of the same
ultrafast spectroscopy measurements of B and C. Decay profiles are showing that the sample with
n=1 has the shortest lifetime, both in the case of PL and DT/T, which increases with n and finds
its maximum in the case n=4. In particular, in the case n=1, the DT/T bleaching signal has an

ultrafast component that is weaker in higher n and absent for the sample with n=4.

Time-resolved photoluminescence (Figure 8D) highlights a faster decay for n=1, monolayer
samples with respect to n>1, multilayer perovskites. Photoluminescence decays are due to non-
radiative recombination through traps and defects, and thus may become faster because of
enhanced scattering from cation motion and disorder. Differential transmission (Figure 8E)
detects decays on a much faster, femtosecond time scale. The differential transmission for the n=1
2D perovskite film displays a subpicosecond prompt signal decay, which is progressively reduced
in amplitude in higher-n materials until it completely disappears for n=4. The characteristic decay
time of such fast component is around 1 ps for n=2,3, while it is a resolution-limited 200 fs for
n=1. The increased, ultrafast decay rate of optical excitations in monolayer perovskites correlates
very well with the higher dynamical disorder observed in monolayer samples by NMR for BA
cation, which may very well be the microscopic process responsible for the enhanced
recombination of excited-state population. The implications are profound for the use of 2D
perovskites in photovoltaics. The loss of optical excitations to non-radiative recombination due to
cation motion may be one of the reasons limiting the use of monolayer perovskites in solar cells,

in favor of multilayer ones.

Conclusions

The structural and dynamic properties of monolayer and multilayer 2D Ruddlesden-Popper
perovskites (BA2MA-1Pbnlsn+1 with n=1-4) have been investigated by multinuclear SSNMR. 2°’Ph

NMR data indicate strong differences between outer (in direct contact with BA spacers) and inner
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Pb layers (only present for n>2): while static spectra confirmed previously reported results, this
work shows that outer and inner Pb are also characterized by different 2°’Pb T1 relaxation. The
ability of SSNMR to differentiate between the inner and outer layers can be exploited for the
investigation of surfaces, linked to important properties of 2D hybrid perovskites, such as exciton

dissociation and carrier conduction.

The dynamic disorder of the cation spacers (BA) has been particularly investigated by *H and *C
SSNMR experiments. Proton and carbon MAS NMR spectra suggest a higher degree of disorder
for the BA alkyl chain in the monolayer (sample with n=1) with respect to the multilayers. Such
difference has been confirmed and quantitatively investigated by *C T1 measurements, conducted
under MAS and at variable temperature. 3C T1’s were analyzed by using a wobbling-in-a-cone
model, which indicates that, while the timescale of the overall motion of BA at ambient
temperature is similar for all samples (8-10 ps), in the case of the sample with n=1 such motion is
characterized by a sensibly lower activation energy. Moreover, the wider cone angles found for all
BA carbons in the sample with n=1 indicate a larger conformational disorder of the chain with
respect to the samples with n>1. Optical spectroscopy measurements demonstrated the existence
of a sub-picosecond ultrafast decay of optical excitation in monolayer perovskites, that slows down
and is gradually suppressed as the index n increases in multilayer samples. We interpret the
experimental results as evidence for increased cation motion disorder in monolayer perovskites
with respect to multilayer ones, leading to sub-ps recombination of optical excitations that is

detrimental in solar cells.
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HOIPs, hybrid organic—inorganic perovskites; SSNMR solid-state Nuclear Magnetic Resonance;

RP, Ruddlesden-Popper; MA, methylammonium; BA, butylammonium; CP-MAS, cross

polarization-magic angle spinning; DE-MAS direct excitation-magic angle spinning.
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