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ABSTRACT

The highest efficiency in perovskite solar cells is currently achieved with mixed-cation hybrid
perovskites. The ratio in which the cations are present in the perovskite structure has an important
effect on the optical properties and the stability of these materials. At present, the formamidinium
cation is an integral part of many of the highest efficiency perovskite systems. In this work, we
introduce a nuclear magnetic resonance (NMR) spectroscopy protocol for the identification and
differentiation of mixed perovskite phases and of a secondary phase due to formamidinium
degradation. The influence of the cooling rate used in a precipitation method on the FA/MA ratio
in formamidinium-methylammonium lead iodide perovskites (FA,MA..Pbl3) was investigated
and compared to the FA/MA ratio in thin-films. In order to obtain the FA/MA ratio from fast and
accessible liquid-state "TH-NMR spectra, the influence of the acidity of the solution on the linewidth
of the resonances was elucidated. The ratio of the organic cations incorporated into the perovskite
structure could be reliably quantified in the presence of the secondary phase through a combination

of liquid-state "TH-NMR and solid-state *C-NMR spectroscopic analysis.



Introduction

Perovskite solar cells currently reach power conversion efficiencies up to 22.1 %.'? Although the
original hybrid organic-inorganic perovskite material, methylammonium lead iodide
(CH3NH3Pbl; or MAPDI3), possesses good optoelectronic properties, the highest solar cell
efficiencies are reached using mixed-cation hybrid perovskite systems.>® Additionally, mixed-
cation hybrid perovskites have been shown to be more stable than the single-cation MAPDI;,
formamidinium iodide (NH,CHNH,)Pbl; or FAPbI) and cesium iodide (CsPbls) materials.>*
The ratio in which the cations are present in the perovskite material has a significant influence on
the optical properties as well as on the stability of the material.>® Therefore, it is important to be
able to reliably quantify the relative amounts of the organic cations. Nuclear magnetic resonance
(NMR) spectroscopy is ideally suited for this purpose, since it is sensitive to the chemical
environment of a variety of nuclei present in hybrid perovskites, such as 'H, *C, N, ?7I and
207pb.7-13 There has also been recent interest to study mixed-cation hybrid perovskites using NMR

1.'* and Pisanu et al.'® respectively used liquid-state 'H- and solid-state

spectroscopy. Weber et a
'H-NMR spectroscopy to quantify the FA/MA ratio in perovskite powders. More recently, Kubicki
et al. used a combination of solid-state 'H-, 2H-, '3C-, and "*N-NMR spectroscopy to study the

reorientation dynamics of FA and MA cations in hybrid perovskites.!®

With our work, a spectroscopic protocol towards the identification and differentiation of mixed
perovskite phases and a secondary phase due to formamidinium degradation is introduced using a
combination of liquid-state '"H-NMR and solid-state '*C-NMR spectroscopy techniques. Using this
protocol, quantification of the ratio of organic cations present in the mixed hybrid perovskites was

achieved. We noted in liquid-state 'H-NMR spectra, that the linewidth of resonances



corresponding to exchangeable protons (H-N) was dependent on the sample and on the sample
preparation. Therefore, we elucidated the underlying factors influencing the linewidth and
developed a procedure to consistently obtain resolved liquid-state 'H-NMR spectra for these
systems. The necessity for such resolved spectra is illustrated by the ability to detect the presence
of ammonium (NH4") as a degradation product in the FA\MA ..Pbl; powder samples. The presence
of ammonium is related to the degradation of the formamidinium cation in acidic solutions at

elevated temperatures, conditions present during a commonly used'#!%17:18

precipitation synthesis
of hybrid perovskite powders. Next to this, the longitudinal relaxation time constant of 3C (T\c)

is introduced as a means to differentiate the methylammonium iodide and the formamidinium

iodide precursor salts from the mixed perovskite phases using NMR spectroscopy.

Experimental section

Chemicals and reagents

Formamidinium iodide (FAI, > 99.5 %) and lead iodide (Pbl>, 99.999 %) were obtained from
Lumtec and used without further purification. Lead acetate trihydrate (PbAc2.3H20, 99.995 %)
and methylamine (MA, 40 % w/w aq.) were obtained from Alfa Aesar and used without further
purification. Hydroiodic acid (HI, 57 % w/w aq., distilled, unstabilized) was purchased from Acros
Organics and was used as received. The ammonium iodide (> 99.5 %) was obtained from Merck.
The dry dimethylformamide (DMF) that was used was obtained from our in-house solvent-

purification system (MBRAUN SPS-800).



Materials preparation

Methylammonium iodide (MAI) was synthesized by neutralizing equimolar amounts of
hydroiodic acid (HI, 57 % w/w) and methylamine (40 % w/w) at 0 °C in an ice bath. A precipitate
was obtained by evaporation of the solvent using rotary evaporation at 70 °C under reduced
pressure. The resulting precipitate was recrystallized three times from ethanol, washed with

diethylether; and dried overnight under reduced pressure at room temperature.

For the deposition of mixed formamidinium-methylammonium lead iodide (FA:MA..Pbl3) films,
precursor solutions were prepared by dissolving lead iodide in water-free DMF at a concentration
of 1 mol/L, and adding FAI and MALI to this solution with a combined concentration of 1 mol/L to
achieve the desired molar ratio of formamidinium to methylammonium. The precursor solutions
were drop-cast onto a large glass plate (20 cm x 10 cm). Prior to deposition, the glass plates were
cleaned using deionized water, acetone, and iso-propanol consecutively and subjected to UV-
ozone treatment for 60 min at 80 °C. The films were annealed for 30 min at 130 °C on a hot-plate.
Powders were obtained from the drop-cast films by scraping the films from the glass plates

immediately after they were allowed to cool to room temperature.

FA:MA..Pblz powders were also prepared using a precipitation synthesis adapted from the
method originally reported by Poglitsch and Weber.!”!8 2.5 g of lead acetate trihydrate was
dissolved in 10 mL of hydroiodic acid (57 % w/w) and heated to 100 °C in an oil bath. The flask
was flushed with nitrogen gas and kept under a nitrogen atmosphere during the synthesis.
Separately, 7.69 x x millimoles of FAI salt together with 7.69 % (1 - x) millimoles of MAI salt
were dissolved in 2 mL of deionized water at room temperature. The mixed salt solution was then

added dropwise to the lead acetate mixture at 100 °C while stirring. The flask was cooled from



100 °C to 46 °C over a period of 8 hours, unless otherwise stated. The precipitate was separated
from the mother liquor through filtration and washed using dry dichloromethane, a non-solvent for
the perovskite materials, to remove potential unreacted precursor materials. The resulting powder
was dried overnight under reduced pressure at room temperature. The sample containing 100 mol
% of formamidinium (FAPDbI3) was heated in an oven at 150 °C for 30 min whilst packed in the
NMR rotor to convert the material from its hexagonal non-perovskite (delta) phase to its cubic
perovskite phase (see Figure S3 of the supporting information for temperature-controlled XRD
patterns for a FAPbIz powder subjected to 150 °C for 30 min) and measured immediately after the

rotor had cooled down.

NH4Pbl3 was prepared by dissolving 2.5 g of lead acetate trihydrate in 10 mL of hydroiodic acid
(57 % w/w) and heating to 100 °C in an oil bath. The flask was flushed with nitrogen gas and kept
under a nitrogen atmosphere during the synthesis. Separately, 0.955 g of NH4I was dissolved in 2
mL of deionized water at room temperature. The NH4l solution was then added dropwise to the
lead acetate mixture at 100 °C while stirring. The flask was cooled down from 100 °C to 46 °C
over a period of 8 hours. The precipitate was separated from the mother liquor and washed using
dry dichloromethane. The resulting powder was dried overnight under reduced pressure at room

temperature.

All powders were stored in a glovebox (< 0.1 ppm Oz, < 0.1 ppm H20) and were only removed

from the glovebox for analysis.

Powder x-ray diffraction (XRD)

X-ray diffraction measurements were mostly performed at room temperature on a Bruker D8

Discover diffractometer with CuK,, radiation. The temperature-controlled XRD measurement to



follow the conversion of delta-FAPDI3 to the perovskite phase of FAPbI; was carried out in a

temperature chamber under a nitrogen flow.

Nuclear magnetic resonance spectroscopy

Liquid-state 'H-NMR spectroscopy measurements

Proton nuclear magnetic resonance spectra of solutions in (CD3)>SO (DMSO-d¢) were recorded at
room temperature on an Agilent/Varian Inova 400 spectrometer using a 5 mm OneNMR Pulsed-
Field-Gradient (PFG) probe. The chemical shift scale (3; in ppm) was calibrated relative to the
residual proton signals of the deuterated solvent (2.5 ppm). Spectra were acquired with a 90° pulse
of 6.90 ps, a spectral width of 6.4 kHz, an acquisition time of 4 s, a preparation delay (recycle
delay) of 12 s (more than 5 times the longest Tin) and 128 accumulations. The free induction
decays are zero-filled to 65 K points and multiplied by a 0.2 Hz exponential line-broadening
function prior to Fourier transformation to the frequency domain. The samples were prepared by
dissolving 5 mg of perovskite powder in 750 pl of DMSO-ds (Euriso-top, DO10ES, <0.02% water
content). Details of the calculation of the FA/MA ratio using liquid-state 'H-NMR are explained

in the supporting information (Figure S2).
Solid-state '>C-NMR spectroscopy measurements

Solid-state carbon-13 magic angle spinning (MAS) NMR spectra were acquired on an Agilent
VNMRS DirectDrive 400MHz spectrometer (9.4 T wide bore magnet) equipped with a T3HX 3.2
mm probe dedicated to small sample volumes and high decoupling powers. MAS was performed
at 10 kHz in ceramic rotors of 3.2 mm (22 pl). The aromatic signal of hexamethylbenzene was
used to calibrate the carbon chemical shift scale (132.1 ppm). Acquisition parameters used for the

spectra and 7;c measurements were: a spectral width of 50 kHz, a 90° pulse length of 2.5 ps, an



acquisition time of 30 ms, a recycle delay time of 60 s, a line-broadening of 100 Hz and 1000-
2000 accumulations. High power proton dipolar decoupling was set to 50 kHz during the
acquisition time. Cross-polarization was not used. The 7;¢ relaxation decay times were measured
by the inversion recovery method. The signal intensities were analyzed mono-exponentially as a
function of the variable inversion time ¢ according to:

It)=1x (1 -2 xexp(-t/Tic)) + '

The experimental data were analyzed by a non-linear least-squares fit (Levenberg-Marquardt
algorithm).

Results and Discussion

Powder x-ray diffraction of FA.MA1-.Pbls powders

Powder X-ray diffraction patterns were obtained to verify the phase purity of the powders, in
combination with solid-state NMR spectroscopy. At room temperature the MAPDbI; perovskite
adopts a tetragonal phase, with characteristic peak splitting compared to the cubic phase'“, as can
be seen in Figure 1. Upon addition of > 10 mol% of FA, the FA;MA.,Pbl; system is known to
adopt a cubic symmetry'* and indeed splitting of the reflections is not observed for x > 10. No

crystalline impurity phases can be identified.
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Figure 1 Powder XRD patterns of FA:MA.,Pbl; powders. The compositions written between
brackets in italics are the nominal compositions. (precip) indicates that the powder was obtained
using the precipitation synthesis (cooling rate ~ 6.75 °C/h), (film) indicates that the powder was

obtained from scraping off films.

Comparison of sample preparation methods: precipitation vs film

It was observed that the nominal FA/MA ratio (as added in solution) differs from the actual ratio
present in the powders prepared using the precipitation method, with an excess of FA being present
in the powders (Table 1). This result is in line with the findings described in a recent article by
Pisanu et al. using the same precipitation method, where the FA/MA ratio was quantified using
the deconvolution of solid-state 'H-NMR spectra.'> The excess FA incorporation was attributed to
the difference in solubility and/or reactivity of formamidinium and methylammonium in the
precipitation synthesis. This result however differs from the earlier findings of Weber et al., who
also used this precipitation method to obtain FA\MA.Pbls powders (the FA/MA ratio was
quantified using liquid-state "H-NMR spectroscopy), but their analysis indicated that the FA/MA

ratio in their powders corresponds to the nominal ratio.'*



Table 1. Nominal and Actual FA/MA Ratio in Powders Obtained Using the Precipitation Method.

Nominal Actual Actual
FA/MA FA/MA ratio | FA/MA ratio
ratio as extracted as extracted
from liquid- from solid-
state 'H- state 13C-
NMR®? NMR®
15/85 18/82 17/83
30/70 38/62 38/62
40/60 50/50 50/50

® The uncertainty on the FA/MA ratio obtained by liquid-
state 'H-NMR is ~ 0.2 %. ° The uncertainty on the ratio
obtained by solid-state *C-NMR is ~ 1 %.

A difference between the method of Pisanu et al., the method of Weber et al., and our method is
the cooling rate used in the precipitation synthesis. If the reactivity of the two cations is different,
it is plausible that the cooling rate influences the ratio in which the cations are incorporated into
the mixed perovskite material. Pisanu et al. applied a fast cooling rate of 60 °C/h.!> We reproduced
this fast cooling rate, which indeed resulted in a powder with a significant excess of FA compared
to the nominal ratio (FA42MAsgPbl; was obtained for a nominal FA/MA ratio of 30/70) (Figure
S14). The cooling rate used by Weber et al. is not explicitly stated in their article, other than being
described as “a gradual lowering of the temperature”.'* In our standard method a cooling rate of ~
6.75 °C/h was used. A slower cooling rate was also applied to verify if the cooling rate influences
the relative incorporation of the cations, since both our study and Pisanu ef al. find that FA is
incorporated in excess to MA. As such, a cooling rate of ~ 1.125 °C/h was also tested (cooling
from 100 °C to 46 °C over a period of 48 h). Based on quantification using liquid-state 'H- and
solid-state '3C-NMR spectroscopy, an actual FA/MA ratio of 45/55 was obtained in the powder

using a nominal ratio of 40/60 (as opposed to the 50/50 ratio obtained using the faster cooling rate
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of ~ 6.75 °C/h, Table 1). However, in the X-ray diffraction pattern (Figure 2) of this powder,
additional reflections unrelated to the perovskite structure are present, indicative of a secondary
crystalline phase being formed during the precipitation synthesis using this slower cooling rate
(contrary to samples obtained using the faster cooling rate (Figure 1), which only contain
reflections corresponding to perovskite). In the solid-state '*C-NMR spectrum (Figure 3) only
resonances corresponding to FA and MA in the perovskite could be identified, indicating that the
secondary phase does not contain carbon atoms. Therefore, liquid-state 'H-NMR spectroscopy was
applied to elucidate this question and a detailed analysis demonstrated the presence of ammonium
(vide infra). Degradation of formamidine to ammonia has been described by Stoumpos et al.,"
who observed the presence of needles of NH4Pbl3.2H>O being formed together with FAPbI3 during
a precipitation synthesis. Formamidine degrades to ammonia and sym-triazine (C3H3N3) in
strongly acidic media (such as hydroiodic acid) at elevated temperatures. A mechanism for this
degradation was originally described by Schaefer ef al.?® as successive condensation reactions of
formamidine, with the release of ammonia during each condensation, leading to a linear trimeric
form which cyclizes to the sym-triazine molecule (Figure S4). With this knowledge, the
degradation product present in the mixture obtained using the slow cooling method was identified
using X-ray diffraction as ammonium lead iodide?!*> (NH4Pbls) instead of the dihydrate®
(NH4Pbl3.2H,0) as reported by Stoumpos et al.!” (Figure 2). Stoumpos et al. cooled their solutions
containing the precipitates to room temperature, while we removed our precipitates from the
mother liquor at 46 °C. It is known that hydrate formation of crystals of MAPbI3 occurs when
cooling the solution below 40 °C using this precipitation method,'” hence it is plausible that the

temperature at which the NH4PbI; crystals are kept in the solution also affects their hydration.
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In summary, the reason that a powder with an FA/MA ratio closer to the nominal composition is
obtained using slower cooling is probably related to the degradation of FA to NH3 during the
precipitation reaction, since FA was subjected to elevated temperatures in an acidic medium for a
much longer time compared to the faster cooling. Likely, the degradation of some of the FA to
NH3 partially compensated for the over-incorporation of FA that we observe when using this
precipitation synthesis. It is therefore plausible that powders with the desired FA/MA ratio can be
obtained through this method by adding less than the stoichiometric amount of FA to the initial

mixture and using a high cooling rate to prevent FA degradation.
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Figure 2. Experimental powder XRD patterns for FAs)MAsoPblz powder (nominal
FA40MAgoPbl3) obtained using fast cooling (black), the mixture of FA4sMAssPblz (nominal
FA40MAgoPblz) with NH4PbI3 obtained using slow cooling (red) and synthesized NH4Pbl; powder
(blue), and a simulated powder XRD pattern for NH4PblI3.2H>0 based on single-crystal XRD data

obtained from ref.?* (orange).
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Figure 3. Solid-state *C-NMR spectrum of FA4sMAssPbls powder obtained using slow cooling

(~1.125 °C/h).

In the powders obtained from thin films, the actual FA/MA ratio is very close to the nominal ratio
(Table 2) and only very small amounts of ammonium are present (Figure S8). This indicates that
in this case none of the organic components degrades or volatilizes during the deposition and
annealing of the thin films. A very small amount of ammonium (~ 0.0075 mol NH4"/mol FA) is
already present in the commercial formamidinium iodide precursor salt (Figure S8), likely as a
residue of the synthesis of formamidine starting from ammonia. Hence, the very small amount of
ammonium in the powder samples obtained from the thin films most probably originates from the

ammonium present in the FAI precursor salt that was used to prepare the precursor solutions.
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Table 2. Nominal and Actual FA/MA Ratio in Powders Obtained from Films.

Nominal Actual Actual
FA/MA ratio | FA/MA ratio | FA/MA ratio
as extracted as extracted
from liquid- from solid-
state 'H- state 13C-
NMR? NMR®
15/85 15/85 15/85
40/60 40/60 40/60
65/35 65/35 64/36

® The uncertainty on the FA/MA ratio obtained by liquid-
state 'H-NMR is ~ 0.2 %. ° The uncertainty on the ratio
obtained by solid-state 3C-NMR is ~ 1 %.

A protocol towards resolved liquid-state 'H-NMR spectra to study mixed-cation hybrid

perovskites

The main advantage of liquid-state "TH-NMR is the relatively high sensitivity. As a consequence,
only a relatively small amount of material is required to obtain resolved spectra (for our
experiments 5 mg of perovskite powder was used for each NMR sample). Additionally, the
measuring time is also relatively short, with high-quality spectra being obtained after
approximately 30 min for all samples. Finally, liquid-state "TH-NMR spectroscopy is a readily
accessible technique for many researchers, therefore, elucidating which factors influence the
linewidth of the resonances in spectra of hybrid perovskites is of high relevance to the perovskite

research community.

A procedure was developed to attain highly resolved NMR spectra, in which the acidity of the
solution plays a crucial role. The procedure is illustrated using a FA3sMAsPblz (nominal
FA30MA70Pblz) powder, obtained using the precipitation method with a cooling rate of ~ 6.75 °C/h

as a representative sample. As one can see in Figure 4, when regular DMSO-ds is used, the
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resonances belonging to the protons bound to nitrogen atoms (exchangeable protons) are not fully
resolved (see Figure S5, Figure S6 and Figure S7 of the supporting information for the spectra of
the other compositions using regular DMSO-ds). Hybrid perovskite samples invariably contain
exchangeable protons in the form of the protons belonging to the amine and ammonium groups,
which can be in exchange with each other and with protons from water present in the solution.
This exchange leads to broadening of the resonances, such that the signals belonging to the
different groups are not resolved. Furthermore, other resonances (such as NH4", vide infira) might

be hidden under these broad unresolved bands.

FA,,MA_,Pbl, sample 3 without added HI
— FA,MA_,Pbl, sample 2 without added HI
— FA,,MA_,Pbl, sample 1 without added HI

a
NH ¥
l\@ H3C_NH3
H” “NH, ¢
b a
r T T T T T T T T T T T T T |
12 11 10 9 8 7 6 5

'H chemical shift (ppm)

Figure 4 Liquid-state "TH-NMR spectra of FA3sMAePbl; precipitate powder in DMSO-ds without
adding hydroiodic acid (HI); three different samplings from the same powder batch. (a) Protons of
the FA amine groups (partially positively charged due to resonance) which are not equivalent due
to hindered rotation around the partially double bonds (see also Figure S1), (b) CH of FA, (¢) NH3"

of MA.
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Upon measuring NMR spectra of different samplings (of 5 mg each) from the same powder batch,
it was noticed that the linewidth of the signals belonging to the exchangeable protons was sample-
dependent (Figure 4, for a detailed assignment of the different resonances see Figure S1). Since
the NMR samples (Figure 4) were measured immediately after preparation, it is improbable that
there was a significant difference in the amount of water present in the NMR solvent for the
different samplings (e.g. due to water-ingress through the cap of the NMR tubes). Therefore,
another variable should influence the linewidth of these resonances. Since the precipitates are
synthesized in the presence of hydroiodic acid (HI), it is plausible that small amounts of HI
(distributed inhomogeneously over the powder batch) could still be present in these samples even
after washing the precipitates, which in turn could influence the linewidth of the resonances in the
spectrum. To test this hypothesis, the NMR samples were spiked with a small amount of
hydroiodic acid (1 pl of 57 % w/w HI in 750 pul of DMSO-dg). This consistently resulted in resolved
spectra (Figure 5 and Figure 6), such that the splitting due to 'H-'H coupling could clearly be
observed (See Figure S8, Figure S9 and Figure S10 for the spectra of other compositions using
DMSO-ds spiked with HI, see Figure S1 for an enlarged spectrum and details on the coupling
patterns). One also notices that the position of the “water peak” in de-DMSO is shifted from the
regular positon of ~ 3.33 ppm to ~ 3.70 ppm (Figure 6). The water peak lies between ~ 3.67 ppm
and ~ 3.80 ppm for all the samples spiked with HI (Figure S9). The shift occurs towards higher
ppm, corresponding to a deshielding effect, which indicates that the electron density around the
protons of the water molecules is reduced, which can be related to the formation of H3O™. To test
if less HI could be added to still obtain resolved spectra, 1 pl of 1/10 diluted HI (starting from 57%

w/w) was added to a solution of FA3;sMAgPbl; powder (Figure S13). The resonances remain

16



clearly broadened compared to the spectra with 1 pl of undiluted HI and the splitting due to 'H-'H

coupling was no longer observed. Furthermore, the water peak was shifted back to ~ 3.34 ppm.

—— FA,MA,,Pbl, spiked with HI
—— FA,MA_,Pbl. without added HI

o5 90 85 80 75 70 65
'H chemical shift (ppm)
Figure 5. Liquid-state "TH-NMR spectra of FA3sMAPbl; powder dissolved in DMSO-d spiked
with HI (1 ul/750 pl) (top) and without added HI (bottom), showing the region between 6.5 ppm
and 9.5 ppm. (a) Protons of the FA amine groups (partially positively charged due to resonance)
which are not equivalent due to hindered rotation around the partially double bonds (see also

Figure S1), (b) CH of FA, (c) NH3" of MA, (d) NH,4".
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Figure 6. Liquid-state 'H-NMR spectra of FA3sMAs:Pbls powder dissolved in DMSO-ds spiked
with HI (1 pl/750 pl) (top) and without added HI (bottom), showing the region between 4 ppm

and 2 ppm (left) and the region between 2.4 ppm and 2 ppm (right).

The importance of obtaining highly resolved spectra is illustrated when analyzing the sample
prepared using a slower cooling rate (~1.125 °C/h). As discussed earlier, formamidine degrades to
ammonia (NH3) over time in an acidic medium (HI) at elevated temperatures resulting in the
formation of NH4Pbl; during the precipitation synthesis. A signal related to the protons of
ammonium (NH4") should therefore be present in the liquid-state 'H-NMR spectrum. Nonetheless,
no such signal seems to be present at first sight in spectra obtained without added HI (Figure S12).
However, when these signals are integrated, one notices that the resonances of the methyl (CH3)
group and the ammonium (NH3") group of methylammonium yield a different value. While both
should integrate for three protons, the ammonium group signal integrates for more than three
protons (~ 4.3 protons). This indicates that a second resonance overlaps with the resonance of the
ammonium group of MA. Upon the addition of HI, three equidistant signals at 7.20, 7.08 and 6.96

ppm can be distinguished next to the resonance corresponding to the NH3" protons of MA at 7.48
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ppm. These equidistant signals (Figure 7), which each integrate for the same amount of protons,
arise due to the 'H-'*N J-coupling (J1;;_14y ~ 51 Hz; "*N is a spin-1 nucleus) in NH4" (integrating
for a total of ~42.41 x 3 =~ 127, with the CH of FA integrating for 83.25 this gives ~ 0.38 mol
NH4/mol FA in this powder obtained via slow cooling; see Figure S2 for the integration values).
This was verified by dissolving NH4Pbl3 in DMSO-ds spiked with HI. The resulting spectrum
indeed matches with a 1:1:1 signal with the same J-coupling and the same chemical shift (Figure

S11).

— FA, MA_Pbl, (slow cooling) with added HI
— FA,.MA_Pbl, (slow cooling) without added HI

r T T T T T T y 1
10 9 8 7 6

'H chemical shift (ppm)
Figure 7. Liquid-state "TH-NMR spectra of FA4sMAssPbls powder (slow cooled) powder dissolved
in DMSO-dg spiked with HI (1 pl/750 pl) (top) and without added HI (bottom). (a) Protons of the
FA amine groups (partially positively charged due to resonance) which are not equivalent due to
hindered rotation around the partially double bonds (see also Figure S1), (b) CH of FA, (c) NH3"

of MA, (d) NH4".
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Determination of the FA/MA ratio and the presence/absence of secondary phases using solid-

state 13C- NMR spectroscopy

Although the protocol developed for liquid-state 'TH-NMR spectroscopy is successful in reliably
quantifying the FA/MA ratio, no structural information can be obtained through this technique. In
order to identify the perovskite phases, as well as possible secondary phases, solid-state NMR
spectroscopy must be used. Solid-state NMR spectroscopy is highly compatible with XRD,
through which the formation of the perovskite structure can be determined and the absence of
crystalline secondary phases can be verified. However, solid-state NMR spectroscopy gives more
direct evidence for the incorporation of the FA and MA cation since the chemical environment of

the NMR-active nuclei (e.g. °C) of the FA and MA cations in the perovskite structure is probed.

Solid-state '3C magic-angle spinning (MAS) spectroscopy can be used to quantify the FA/MA
ratio in FA;MA ..Pbl3 solid powders and to verify perovskite phase purity. A disadvantage is the
longer acquisition time needed (compared to 'H-NMR) to obtain high quality quantitative spectra
and the larger amount of material needed to fill the NMR rotor (~ 75 mg for FA\MA..Pblz
powders). For the FA\MA ..Pbls powders, the 1*C resonance of MA is located at ~ 31 ppm while
the 13C resonance of FA is located at ~ 156 ppm (spectra in Figure 8). The FA/MA ratio can thus
be obtained by integrating both resonances. The FA/MA ratio extracted from the '3C MAS spectra
is in all cases close to the ratio obtained using the prescribed liquid-state 'H-NMR spectroscopy

procedure (Table 1 and Table 2).

Multiple characteristics of the signals present in a NMR spectrum can give information to verify
if an organic cation is incorporated in the perovskite material. A pure MAPbI3; powder is

indistinguishable in liquid-state '"H-NMR from a powder of MAPbI; with some remnants of the
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MALI precursor salt still present, while both compounds can be readily distinguished using solid-
state 1>*C-NMR spectroscopy. For MA in the MAI precursor salt, the observed *C resonance is
located at ~ 29 ppm (Table 3), the same as reported earlier by Askar et al.'' Consequently, MAI
can be distinguished from MAPDI; using solid-state > C-NMR spectroscopy based on the chemical
shift. However, this does not work for all hybrid perovskite derivatives, as for example the '*C
resonance of FA in the FAI precursor salt is located at the same position (~ 156 ppm) as the *C
resonance of FA in FAPbIs. To solve such a complicated situation, the *C longitudinal (or spin-
lattice) relaxation time (Tic) can be used to distinguish between *C-nuclei of different chemical
species. In the case of the formamidinium cation, the Tic relaxation time of the FAI salt (~ 26 s)
is significantly longer than the equivalent in the perovskite (~ 12 s). This is similar for the *C of
the MA cation in the MAI precursor salt, where the Tic is also significantly longer (~ 32 s) for the
MA cation than in the perovskite (~ 16 s) (Table 3). Spin-lattice relaxation of the carbon nuclei in

these solid-state systems could occur via a variety of mechanisms?*?°

, including but not limited to
local mobility around the '3C nucleus, but an elucidation of the dominating mechanisms is beyond

the scope of this study. For our study, the goal is to differentiate between the species on the basis

of the spin-lattice relaxation time.
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Figure 8. Solid-state MAS 3C-NMR spectra of FA\MA.«Pbl; powders and the MAI and FAI
precursor salts. Note that for this figure the FA/MA ratio’s as obtained from these *C-NMR

spectra are used, as opposed to the ratio’s as obtained from liquid-state "H-NMR spectra that are

used for the rest of the figures.
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Table 3. Solid-state ?*C-NMR Spectroscopy Data of Precursor Salts and FA,MA..Pbl; Phases.

Sample Method Nominal Actual 13C T:iC
FA/MA FA/MA chemical
ratio ratio using shift FA/MA
solid-state
13c NMR* | FA/MA (®)
(ppm)

MALI synthesized - - -/29 -/32
FAI as received - - 156/- 26/-
MAPbI3 Precipitation 0/100 0/100 -/31 -/16
FAPBL Prectpitation | 4/ 100/0 156/- 11/-
(perovskite phase)
FA17MAg3Pblz Precipitation 15/85 17/83 156/31 12/16
FA40MAsoPbI3 Film 40/60 40/60 156/31 12/16
FAs50MAs5oPbl3 Precipitation 40/60 50/50 156/31 12/16

# The uncertainty on the FA/MA ratio obtained by solid-state *C-NMR is ~ 1 %.

Conclusions

To quantify the FA/MA ratio in FA;MA.,Pbl; hybrid perovskite powders in the presence of a
secondary phase arising from formamidinium degradation, a combination of liquid-state 'H-NMR
spectroscopy and solid-state 3*C-NMR spectroscopy was used. The influence of the acidity of the
deuterated DMSO solution on the linewidth of resonances belonging to exchangeable protons in
liquid-state "TH-NMR spectra was elucidated. Based on this knowledge, a protocol was developed
to consistently obtain highly resolved liquid-state 'H-NMR spectra necessary for reliable

quantification of FA\MA..Pblz powders by spiking the solution with hydroiodic acid.

Powders obtained from the precipitation synthesis contained an excess of FA compared to the

nominal FA/MA ratio. Lowering of the cooling rate used for the precipitation synthesis resulted in
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the degradation of formamidine to ammonia, leading to the formation of ammonium lead iodide
as a secondary phase. For the powders obtained from thin-films, the FA/MA ratio was very close

to the nominal ratio and no degradation of FA to ammonia occurred.

The NMR spectroscopy techniques that were used are proposed to complement XRD to detect
secondary phases in hybrid perovskite systems. It is moreover expected that the procedures

presented here can be a guide in the study of other mixed-cation hybrid perovskite systems.
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