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Dynamics of the organic cations in hybrid materials can modify the structure and optoelectronic properties,
determining the performance in, e.g., photovoltaic devices. In pure-halide BA,Pbl, and BA,PbBr,4, the n-
butylammonium (BA*) chains undergo quasi-melting phase transitions at ca. —10 °C and 115 °C,
respectively, but the chain dynamics in mixed-halide compositions were unknown. Here, we measure
the amplitude of motion for each BA* carbon as a function of temperature for pure and mixed-halide
compositions using 'H—13C cross-polarisation build-up experiments. We find that motional amplitude
increases with temperature with clear steps across the phase transitions in the end-members. Mixed-
halide samples exhibit intermediate dynamics, with halide mixing partly or fully suppressing the

concerted phase transitions due to the substitutional disorder. This disorder is probed by *C lineshape
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Accepted 24th October 2025 analysis, becoming dynamically averaged at high temperature. Using the measured amplitude of motion,

the correlation times for motion are calculated from *C T; relaxation as a function of temperature and
DOI: 10.1035/d5ta06091e used to derive the activation energy. This detailed picture of the chain dynamics can inform the design

rsc.li/materials-a of spacer cations for (mixed-halide) 2D perovskite photovoltaics and passivating layers.

Introduction

Hybrid lead-halide perovskite materials are the subject of
intense investigation due to their promising optoelectronic
properties for applications including solar cells and LEDs."” Of
these, 2D layered perovskites provide greater stability and
structural tunability than their 3D counterparts, finding appli-
cation as passivating layers on 3D perovskite materials, as well
as devices in their own right.*** 2D perovskites comprise
perovskite layers of corner sharing lead-halide octahedra sepa-
rated by bulky organic cations such as butylammonium (Fig. 1).
The alkyl chains of the spacers can assume a more ordered
arrangement (Fig. 1a), but above a certain temperature a quasi-
melting phase transition causes the spacer chains to become
more disordered and dynamic,"*>* which is reflected in the
atomic displacement parameters measured by single-crystal X-
ray diffraction (XRD) (Fig. 1b).** The chain dynamics modu-
late the physical and optoelectronic properties including the
dielectric constant, electronic density of states, and carrier
lifetimes;*>**>?¢ as such, it is important to measure and
understand the spacer dynamics in order to design layered
perovskites for efficient optoelectronic devices.

A commonly used spacer for layered perovskites and
passivating coatings is n-butylammonium (BA'). BA,Pbl, has
a transition temperature of ca. —10 °C, so the spacers are in the ~Fig.- 1 Crystal structures of BA;Pbl, determined by single-crystal XRD

below (a) and above (b) the quasi-melting phase transition showing the

atomic displacement parameters as ellipsoids. Based on Cambridge
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melted state at room temperature.'®'®*® In contrast, BA,PbBr,
undergoes the melting transition at ~115 °C.** For mixed-halide
compositions, the spacer dynamics and the presence of any
phase transitions is as yet unknown. This is a key factor to
consider for the use of mixed-halide layered perovskites, which
are of particular interest for their suppressed photoinduced
halide segregation.””** However, single-crystal X-ray diffraction
experiments are not amenable to mixed-halide samples due to
the difficulty in growing large single crystals and the intrinsic
local disorder induced by halide mixing.

Solid-state NMR spectroscopy is sensitive to the rate and
amplitude of dynamic motion across a broad range of time-
scales, without the need for long-range order.*' Solid-state NMR
has been applied to answer a variety of questions for lead-halide
perovskites,**** including the fast rotational dynamics of the A-
site cation in 3D perovskites,*** dimensionality and methyl-
ammonium (MA") dynamics in quasi-2D BA,MA,_Pb,I3,,
perovskites,***? phenylethylammonium (PEA') ring-flips in
PEA,MA,,_,Pb, 13,1, and halide ordering in mixed-halide 2D
perovskites.** The dynamics of organic spacer cations can be
studied via the "H-"3C dipolar coupling, which depends on the
orientation of the C-H bond with respect to the magnetic field:
reorientation of the C-H bond vector modulates the "H-'3C
dipolar coupling. Chain dynamics have previously been
explored in the room temperature phases of BA,PbBr, and
BA,PbI, by measuring '*C T; relaxation, which is induced by the
'H-C dipolar coupling fluctuations.>* 'H-'3C dipolar
coupling can be measured using a variety of experiments;** one
method is to measure the dipolar oscillations as a function of
"H— "3C cross polarisation (CP) contact time.*>*” The drawback
of the CP build-up experiment is that homonuclear *H-'H
coupling and spin diffusion suppresses the "H-">C dipolar
oscillations; homonuclear "H coupling can be removed to first
order in the Lee-Goldburg CP (LGCP) experiment whereby the
"H magnetisation is spin-locked along the magic angle during
the CP transfer, allowing the "H-'*C dipolar coupling to be
measured with greater precision.**** In this work, "H—"*C CP
and LGCP experiments are used to measure the amplitude of
BA" chain dynamics as a function of temperature in pure and
mixed-halide BA,Pb(Br;_,I,), layered perovskites, including
changes in the chain dynamics change across the quasi-melting
phase transitions in the end-members and the effect of halide
mixing on the phase transitions. Variable temperature '*C
spectra reveal halide disorder and its dynamic averaging in the
mixed-halide samples. Finally, using the measured amplitude
of motion, the correlation times for motion are calculated from
13C T, relaxation as a function of temperature and used to derive
the activation energy. Together, a detailed picture of the spacer
cation chain dynamics in BA,Pb(Br;_,1,), layered perovskites is
established.

Results and discussion

BA,Pb(Br; ,I,); powder samples were prepared by mechano-
synthesis as previously reported** and phase purity was
confirmed by powder X-ray diffraction (Fig. S1). To identify the
quasi-melting transition of the butylammonium chains,
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differential scanning calorimetry (DSC) was measured for each
sample (Fig. 2). The pure-halide BA,Pbl, and BA,PbBr, end
members show clear transitions, the temperatures of which are
shown in Table 1, consistent with prior literature.'®'*?'?>*! The
transition enthalpies are shown in Table S1. The iodide
homologue exhibits a 30 °C hysteresis, while the bromide
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Fig. 2 DSC of BA,Pb(Br;_,l,)4 samples for x = 0, 0.25, 0.5, 0.75, 1,
measured at 20 K min~!
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Table 1 Phase transition temperatures of BA;Pb(Bri_,l,)4 samples as
determined from DSC (Fig. 2) and jumps in the **C chemical shift (Fig. 3
and 4). Errors from DSC are estimated from two repetitions of the
heating run, those for NMR represent the temperature gradients
present within the rotor

DSC NMR
T/°C Cooling Heating Cooling Heating
BA,Pbl, —24+£1 5+1 -31+2 5+2
BA,PbBIl, —138+3 —65+3 — —
BA,PbBr,]1, — — — —
BA,PbBr;1 106 + 3 113 + 3 — —
BA,PbBr, 108 £ 1 115+ 1 106 + 10 109 £+ 10

exhibits a smaller hysteresis of 8 °C. BA,PbBrI; (x = 0.75) shows
a phase transition at a significantly lower temperature with
a large 73 °C hysteresis, BA,PbBr;I (x = 0.25) shows a very weak
transition at the same temperature as pure bromide, and BA,-
PbBr,I, (x = 0.5) shows no obvious transition in the studied
range. This shows that halide mixing disrupts the concerted
quasi-melting transition of the BA" chains, completely, partly,
or by suppressing to far lower temperature. However, questions
remain: How dynamic are the BA" chains in the mixed-halide
samples? Do they more closely resemble the frozen or quasi-
melted phases of the end-members? And how do the
dynamics depend on temperature in the absence of concerted
transitions? Answering these questions requires a local probe of
the chain motion.

Fig. 3 shows the "H—"*C CP NMR spectra of BA,Pbl, as
a function of temperature. On passing through the quasi-
freezing transition, a jump in the '*C shifts is observed, as ex-
pected for a first-order transition, with the largest change for the
methyl (3) carbon.” Fig. S2 shows the phase fraction deter-
mined from the peak integrations as a function of temperature.
The transition hysteresis is reproduced, with transition
temperatures of —31 °C and 5 °C on cooling and heating,
respectively (Table 1). The transition temperature on heating is
in good agreement with DSC and previous literature. The values
on cooling differ between DSC and NMR; however, the degree of
hysteresis is known to vary between samples and methods, and
both the NMR and DSC values lie within the range of reported
literature values (—33 to —17 °C).**'® Fig. 4 shows the variable-
temperature '"H—"C NMR spectra of BA,PbBr,. A similar
jump in the **C shifts is observed with transition temperatures
of 106 °C and 109 °C on cooling and heating (Table 1 and
Fig. S2), in agreement with the DSC data.

To quantify the amplitude of the BA" chain dynamics, the
"H-"*C dipolar coupling was measured for each carbon. In the
absence of any motion, the dipolar coupling constant can be
calculated from the C-H bond length as Dyjgiq = 23.3 kHz. Any
reorientation of the C-H bond vector on a timescale faster than
Dyigia reduces the effective "H-'°C dipolar coupling, D; the
greater the range of orientations the C-H vector samples, the
smaller the averaged dipolar coupling, reaching zero for
uniform wobbling within a hemisphere or sphere (or other
specific motions, e.g., rotation about the magic angle). For the
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Fig.3 'H—'3C CP spectra of BA,Pbl, as a function of temperature (a)
on cooling and (b) on heating, showing the hysteretic phase transition
between the low-temperature (LT) and high-temperature (HT) phases.
Spectra were recorded at 11.7 T and 8 kHz magic angle spinning (MAS)
rate with a 1 ms contact time.

methyl (3) carbon, fast C; rotation reduces the "H-">C dipolar
coupling by a factor of three,*® giving an effective rigid limit of
Dggﬁ = 7.8 kHz; any chain reorientation further reduces the
dipolar coupling. The magnitude of the chain dynamics can be
quantified for each carbon via the order parameter, S = D/Dyjgiq.

This order parameter quantifies any motion that causes re-
orientation of the C-H bonds and hence averaging of the '"H-'3C
dipolar coupling. For BA" within a layered perovskite, this can
include rotation about the long axis of BA', wobbling of the
whole molecule within a cone of a given cone angle (constrained
by bonding of the ammonium end to the inorganic layer),
rotation about each C-C bond—noting that moving progres-
sively away from the ammonium end, each bond rotation gives
a greater degree of freedom—and libration of each bond. These
kinds of motions can be seen in molecular dynamics simula-
tions, for instance of the related BA,MAPb,I,.>* However, with
a single measurable for each carbon, these motions cannot be
distinguished, and therefore the order parameter is considered
directly as an unbiased measure of the motional amplitude.
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Fig. 4 'H—'C CP spectra of BA,PbBr, as a function of temperature
(@) on cooling and (b) on heating, showing the phase transition
between the low-temperature (LT) and high-temperature (HT) phases.
Spectra were recorded at 11.7 T and 8 kHz MAS with a 1 ms contact

time.
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This is effectively a model-free approach to study the chain
dynamics.**
Fig. 5a shows the "H— "*C CP build-up curves for BA,Pbl, in
the low-temperature phase at —40 °C. Magnetisation transfers
quickly for the -CH,- groups (o, B, ), while build-up is slower
for the -CH; due to the fast C; rotation. For all carbons, the
signal plateaus and dipolar oscillations cannot be readily
distinguished, due to equilibration of magnetisation via "H-"H
spin diffusion. To reduce '"H-"H spin diffusion during CP, LGCP
was used (Fig. 5b), enabling dipolar oscillations to be distin-
guished for the -CH,- carbons out to 1 ms.

The dipolar coupling was determined by fitting the CP and
LGCP build-up curves using SIMPSON.** Decay of the dipolar
oscillations was accounted for phenomenologically with an
exponential damping function for both CP and LGCP (see
Experimental); as expected, the decay constants (Tgamp) are
longer for LGCP, due to reduced "H-'H spin diffusion. The
fitted dipolar coupling constants are shown in Fig. 5 and Table
S3. There is good agreement between the fitted and experi-
mental data for the -CH,- groups, especially for LGCP; the
poorer agreement for the -CH; carbon could be due to the effect
of coupling to the adjacent -CH,- protons, but fitting of the
initial build-up is sufficient to determine the dipolar coupling
with reasonable accuracy. Where the oscillations decay rapidly
(i.e., requiring a short Tgamp), the CP build-up gives a smaller
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Fig.5 Integrated intensity as a function of the *H—*3C CP or LGCP contact time for each carbon in BA,Pbl,, above and below the quasi-melting
phase transition. Experimental data are shown with blue crosses and fitted simulations with red lines. The carbons are labelled a—8 where o is the
—CH,— adjacent to the —NHs and & is the —CHsz group. Spectra were recorded at 11.7 T and 8 kHz MAS. Simulations were calculated using
SIMPSON with the fitted parameters shown: D is the *H-"3C dipolar coupling, ¢ is the effective angle between the principal axes of the two
—CH,— 'H-13C dipolar tensors, and Taamp IS the time constant of the exponential decay applied to the simulated data.
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Fig. 6 H-13C order parameters, S, for (a) BA,Pbl, and (b) BA,PbBr,
measured by fitting the LGCP build-up, above and below the quasi-
melting phase transitions (Fig. 5 and 7). The carbons are labelled a.—
d where a is the —CH,— adjacent to the —NH3z and 3 is the —CH= group.

fitted dipolar coupling than the LGCP, whereas LGCP is ex-
pected to give a more accurate value. Miscalibration of the LGCP
power can lead to scaling errors, however the CP and LGCP
values agree within ~10%, ruling out a large LGCP scaling error.
The fitted dipolar coupling constants are close to the rigid limit,
with order parameters S = 0.9 (Fig. 6a and Table S3). This
indicates that the BA" chains are frozen, with only slight libra-
tional motion, as expected in the low-temperature phase.

Fig. 5¢c and d shows the "H—"*C CP and LGCP build-ups for
BA,PbI, in the high-temperature phase at 23 °C. The signifi-
cantly slower build-up and oscillations indicate smaller dipolar
coupling constants, providing direct evidence of greater chain
dynamics for BA" above the quasi-melting transition. Fitting the
-CH,- build-up curves with a 109.5° angle between the '"H-"3C
dipolar tensors, as was the case in the low-temperature data
above, gives poor agreement with experiment (Fig. $3). This is
because the partial averaging of each dipolar tensor induced by
the chain motion changes its effective orientation, and hence
the relative orientation between the two tensors. Consequently,
the angle between the tensors was allowed to refine during the
fitting procedure, yielding good agreement with experiment
(Fig. 5, S3 and Table S4). Note that the fast C; rotation of the
methyl group causes all three "H-"C dipolar tensors to become
coaxial (aligned along the C-C bond), so the averaged tensors

This journal is © The Royal Society of Chemistry 2025
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remain coaxial regardless of the chain motion. The fitted
dipolar coupling constants yield much smaller order parame-
ters for all carbons (Fig. 6a and Table S4), reflecting the greater
mobility of the alkyl chains above the melting transition. The
order parameter decreases from carbon o~8 moving away from
the ammonium group; this is consistent with the ammonium
group being bound to the inorganic layer, while rotation about
each successive C-C bond increases the flexibility of the moiety.

A similar effect is observed in the "H— "*C (LG)CP build-ups
of BA,PbBr,, comparing the frozen phase at room temperature
and the quasi-melted phase at 122 °C (Fig. 6b and 7, Tables S5
and S6). Some chain motion is already observed at room
temperature, with order parameters of S = 0.6-0.8 and effective
angles between the -CH,- dipolar tensors of § < 109.5°. Above
the quasi-melting transition, the chains become even more
dynamic, with a noted reduction in order parameter for all
carbons (S = 0.2-0.4). Unlike for BA,Pbl,, the order parameter
for carbon & is greater than that of y; this could reflect
a difference in the chain motion of the two materials, or that the
small -CH; dipolar coupling is being overestimated due to
a contribution from the adjacent -CH,- group. Overall, a clear
increase in the amplitude of the chain dynamics is observed in
the "H— "*C (LG)CP build-ups of BA,Pbl, and BA,PbBr, due to
their quasi-melting phase transitions.

Having characterised the chain dynamics and quasi-melting
transitions in pure BA,Pbl, and BA,PbBr,, we now turn to mixed
BA,Pb(Br;_,I,), samples. Fig. 8 shows the "H—"*C CP spectra
as a function of temperature for x = 0.25, 0.5, and 0.75. From
these spectra, a number of observations can be made: (1) unlike
the end members, there are no 1st order phase transitions that
result in a jump in the "*C chemical shift over this temperature
range; this is consistent with the absence or significant
suppression of transitions in the DSC (see above; note that the
low-temperature transition for x = 0.75 is outside the accessible
temperature range of the present equipment). (2) At room
temperature, the **C resonances are broader than for the end
members, reflecting the distribution of local environments
introduced by a (partially) disordered arrangement of halide
ions in the inorganic layers. This is most significant for the
o carbon because it is closest to the inorganic layer. (3) At room
temperature, there are two peaks for the & carbon, separated by
~0.9 ppm. And (4), the peaks become sharper at higher
temperature, the broad o resonance collapses, and the split
d peaks coalesce.

The ratio of the split 3 carbon signals depends on the halide
composition: the higher the bromide content (lower x), the
greater the proportion of the environment with the lower shift.
The BA' & carbon sits ~4 A from the axial halide (Fig. S4);
therefore, we assign the two peaks to BA" cations adjacent to an
axial iodide (higher shift) or an axial bromide (lower shift).
Since iodide preferentially occupies the axial site,**** there is
a greater proportion of the iodide-adjacent environment than
would be predicted from the composition alone (we note that
the relative intensities are approximately consistent with the
ordering parameter of ca. +0.5 determined in our previous
work*!). The splitting into two distinct sites arises because the
d carbon has only one nearest halide, whereas the a carbon is
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Fig. 7 Integrated intensity as a function of the *H—3C CP or LGCP contact time for each carbon in BA,PbBr,, above and below the quasi-
melting phase transition. Experimental data are shown with blue crosses and fitted simulations with red lines. The carbons are labelled o.—3 where
ais the —CH,— adjacent to the —NHz and 3 is the —CH3 group. Spectra were recorded at 11.7 T and 8 kHz MAS. Simulations were calculated using
SIMPSON with the fitted parameters shown: D is the *H-"3C dipolar coupling, ¢ is the effective angle between the principal axes of the two
—CH,- H-C dipolar tensors, and Tyamp is the time constant of the exponential decay applied to the simulated data.

2, which was ascribed to distinct “zigzag” and “extended”
confirmations of BA';*! however, they also observed clear split-
ting of the y carbon, which is not the case here.

near many halides in the inorganic layer, resulting in a distri-
bution of different local environments. Peak splitting for the
d carbon was also previously observed by Lyu et al. in the low-
temperature phases of pure-iodide BA,MA,,_,Pb, I3, with n =

a) BA,PbBrl, (x = 0.75) b) BA,PbBr |, (x = 0.5) <) BA,PbBr,| (x = 0.25)
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Fig. 8 H-Bccp spectra of mixed-halide BA,Pb(Bri_,l,)4 as a function of temperature. Spectra were recorded at 11.7 T and 8 kHz MAS witha 1
ms contact time. The carbons are labelled a—3 where o is the —CH,— adjacent to the —NHz and 8 is the —CHsz group, which can be adjacent to
either axial iodide or bromide. The three lowest temperature spectra have been scaled vertically by a factor of two.
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Fig. 9 Comparison of the *H-'C order parameters, S, for pure and
mixed-halide BA;Pb(Bri_,l,)4 2D perovskites at room temperature as
measured by fitting the LGCP build-up (Fig. 5, 7 and S7). The carbons
are labelled a—d where o is the —CH,— adjacent to the —NHz and 3 is
the —CHsz group, which can be adjacent to an axial iodide or bromide
ion.

To interpret the peak narrowing, the linewidth of the o *C
peak was plotted as a function of temperature for each sample
and fitted using a phenomenological function®**” (Fig. S5 and
Table S2). The temperature at which line narrowing occurs
increases with increasing bromide content (Table S2); the
inflection points are 68, 80, and 91 °C for x = 0.75, 0.5, and 0.25.
Given that the inhomogeneous linewidth of the a carbon occurs
due to a distribution of nearest neighbour halides, the nar-
rowing implies that the carbon samples the different environ-
ments on a timescale faster than the linewidth (~175 Hz, ~2
ms). This could arise from translational diffusion of the BA"
cation, diffusion of the halides, or both. Coalescence of the
3 BC signals occurs at approximately the same temperatures as
narrowing of the o resonance (Fig. 8), implying it is caused by
the same process (the peak separation of ~120 Hz is compa-
rable). The activation energies determined from this analysis
(>1 ev; Table S) are higher than previously reported for halide
exchange (0.75 eV),” therefore the narrowing is tentatively
ascribed to exchange of the BA" cation. The activation energy
increases with increasing bromide content, consistent with the
higher onset temperature, which may be due to greater steric
hindrance in the contracting unit cell.

To measure the extent of chain dynamics in the mixed-halide
samples, the "H—"C CP and LGCP build-up curves were
measured at room temperature (Fig. S6, S7 and Tables S7-S9).
All three samples show averaging of the "H-"*C dipolar coupling
due to chain motion, with order parameters of S = 0.4-0.7
(Fig. 9 and Table S10) and reduced effective angles between the
dipolar tensors. At room temperature, the pure iodide phase is
above the quasi-melting transition, while the bromide is below.
However, the chain dynamics of the mixed-halide samples are
not clearly separated into quasi-melted and frozen regimes;
instead, there is a continuous evolution of the order parameters
in line with the sample composition, showing that mixed-halide
2D perovskites exhibit intermediate chain dynamics. As was
observed for the end-members, the order parameter decreases

This journal is © The Royal Society of Chemistry 2025
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for progressive carbons moving away from the more con-
strained -NH," group. For the x = 0.50 and 0.25 samples where
we can distinguish the signals from methyl carbons adjacent to
axial iodide and bromide ions (3(I) and d(Br), respectively), S is
larger for 3(Br), ie., more similar to the frozen bromide
composition.

The experiments on the pure iodide and bromide samples
show that the alkyl chains become more dynamic above the
quasi-melting phase transition, while at a single temperature,
mixed-halide samples show intermediate dynamics between
those of the end-members. We now explore the temperature
dependence more closely, to distinguish how much the chain
dynamics evolve continuously as a function of temperature
compared to the effect of the phase transition, and how this
temperature dependence changes for mixed-halide samples. To
improve sensitivity and avoid any effects of temperature-
dependent 'H pulse calibration, CP experiments were used
rather than LGCP (Fig. S8-512).

Fig. 10 shows the fitted order parameters as a function of
temperature for all the samples. This reveals that the amplitude
of chain motion increases progressively with temperature (i.e.,
decreasing S) for all carbons of all samples. The concerted
quasi-melting phase transitions in the pure iodide and bromide
materials cause a jump in the order parameters significantly
greater than the continuous temperature dependence, in line
with the analysis above. The hysteresis in the phase transition
for the iodide can be clearly distinguished. For the more con-
strained a and B carbons, S somewhat plateaus at the highest
temperatures. Over the temperature range where the iodide is in
the high-temperature quasi-melted phase and the bromide is in
the low-temperature frozen phase, the amplitude of the chain
dynamics for the mixed-halide samples is intermediate between
the end-members in line with the composition (as was seen at
room temperature above); however, below the phase transition,
the iodide sample is more rigid than any of the mixed-halide
samples. There is some evidence of greater dynamics for the
bromide-rich x = 0.25 sample at 120 °C, which may correspond
to a small quasi-melting transition at ~110 °C, which is just
distinguishable in the DSC (Fig. 2). The effect of this transition
is significantly smaller than for the end-members, and no cor-
responding jump in **C chemical shift was observed (Fig. 8). For
the other mixed-halide samples, no phase transitions are
observed, in line with the DSC and **C NMR spectra (see above).

Finally, having measured the amplitude of the chain
dynamics, we briefly consider the timescale of chain motion.
The "C T relaxation is sensitive to both the amplitude and rate
of fluctuations in the 'H-"C dipolar coupling. In the fast-
motion regime (1/1. > w, = 125 MHz), the '*C Ty is given by

Ti] = N(l — S)Z(Z’TCDrigid)z‘Ec, [1)
where N is the number of bonded protons, S is the order
parameter quantifying the amplitude of fluctuations of the
dipolar coupling as discussed above, Dyjgiq = 23.3 kHz is the
'H-"3C dipolar coupling constant in the absence of motion, and
7. is a single representative correlation time of the motion in
this model-free approach (see SI Note 2 for a derivation).>"5-*
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Fig. 10 H-'3C order parameters (S) determined by fitting the CP build-
up as a function of temperature for each carbon (a.—3) in BA,Pb(Bry_,l,)4
perovskites for x = 0, 0.25, 0.5, 0.75, and 1 (Fig. S8-S12). Solid lines are
approximate guides to the eye. Where the two 3 signals could be
distinguished for mixed-halide samples, both are plotted. Error bars have
been omitted for clarity, see Fig. S13 for separated plots with uncer-
tainties. Note that due to the use of CP not LGCP, fewer scans, fewer
points, and a shorter maximum build-up time (see Experimental), these
data are less precise than the order parameters determined by LGCP
above, but rather are intended to show the trends.

40160 | J Mater. Chem. A, 2025, 13, 40153-40165

View Article Online

Paper

This can be understood as follows: the motion averages the
dipolar coupling from Dyigiq to D = SDyigiq, therefore during the
motion the dipolar coupling fluctuates between D and Dyigiq,
ie, with an amplitude of (Dygiq — D) = (1 — S)Dyigia. For
a discussion of the differences between this approach and the
work of Landi et al.,* see SI Note 1.

Fig. 11a shows the *C T; relaxation of BA,Pbl, as a function
of temperature. In the high-temperature phase, T; increases
with increasing temperature, indicating that the motion is
faster than the Larmor frequency. The ~CH,- carbons exhibit
a jump to longer T; constants below the quasi-melting phase
transition, with the expected hysteresis. We limit analysis to the
—-CH,- groups since the -CHj; relaxation also has a contribution
from the fast C; rotation. Using eqn (1) and interpolating S from
the measured order parameters by "H-">C CP (see above), the
correlation times were calculated (Fig. 11c). All three —-CH,-
carbons exhibit very similar correlation times (~16 ps at room
temperature, Table S4), indicating that the spread of T, values is
predominantly due to the different amplitudes of motion (order
parameters). Below the quasi-melting phase transition, the
correlation times follow the same trend as in the room-
temperature phase (Fig. 11c). This shows that the jump in the
T, values is predominantly due to the change in the amplitude
of motion (order parameter) across the phase transition, not
a significant change in the correlation time for motion. Note
that the decreasing -CH,- T, values with increasing tempera-
ture in the low-temperature phase are due to the temperature
dependence of S. There is some deviation from Arrhenius
behaviour in the vicinity of the phase transition on heating,
particularly for the o carbon, which is often encountered for
first-order phase transitions.®” The interpolation of S, especially
below the transition, could also introduce error that may be
responsible for the deviation. Arrhenius analysis yields activa-
tion energies in the range 0.12-0.15 eV (Table 2). The activation
energies are similar for the three carbons, noting that there
could be a large systematic error introduced from the order
parameters. Interestingly, the activation energies appear to be
the same above and below the transition, despite the large
change in the amplitude of motion. We note that activation
energies calculated directly from the T; values are significantly
different due to the temperature dependence of the order
parameters for the motion.

Similar results are observed for the '*C T; relaxation of BA,-
PbBr, (Fig. 11b), with a jump across the phase transition. The
correlation times are slightly longer than for BA,Pbl,, ~24 ps at
room temperature (Table S5). The correlation times also exhibit
Arrhenius behaviour (Fig. 11d), although the B and y carbons do
not fit the trend above the phase transition; higher temperature
data would be required to establish if this is due to consistently
faster motion in the high-temperature phase, or deviation in the
vicinity of the phase transition. Slightly lower activation energies
of E, = 0.10-0.12 eV are observed (Table 2). Full variable-
temperature relaxometry was not performed for the mixed-
halide samples, but the room-temperature correlation times are
similar to the end-members (Tables S7-S9 and S11).

This journal is © The Royal Society of Chemistry 2025
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Fig. 11 (aandb) 13C T, constants for BA,Pbl, and BA,PbBr, as a function of temperature. Solid lines are guides to the eye. Vertical lines indicate
the phase transitions. (c and d) Arrhenius plot of the correlation times, 1., calculated from the **C T, values and *H-*C dipolar order parameters;
see main text. Solid lines are linear fits; for BA,Pbl,, the outliers below the transition on heating were excluded, for BA,PbBry4, only the points
below the transition were included. The carbons of BA* are labelled a.—3, moving away from the —NHz group.

Table 2 Activation energies for motion of the —CH,— carbons in
BA,Pbl, and BA,PbBrs from Arrhenius analysis of the correlations
times calculated from *C T, values and 'H-"*C order parameters.
Errors are estimated from Monte Carlo analysis using the uncertainties
in the temperature and . values

E,/leV o B Y
BA,PbI, 0.125 £ 0.007 0.120 £ 0.006 0.148 £ 0.007
BA,PbBr, 0.114 £ 0.010 0.100 £ 0.010 0.118 £ 0.009

Conclusions

In summary, the amplitude of the chain dynamics in BA'-based
2D mixed-halide lead perovskites (BA,Pb(Br;_,I,)s) has been
quantified via the partial averaging of the 'H-'*C dipolar

This journal is © The Royal Society of Chemistry 2025

coupling using variable temperature CP and LGCP build-up
experiments. The ammonium end of the molecule is more
constrained by bonding with the inorganic perovskite layer, and
the carbons become increasingly dynamic moving down the
chain. The amplitude of cation motion increases with
increasing temperature, with a significant jump across the
quasi-melting phase transitions in pure BA,Pbl, and BA,PbBr,.
These phase transitions also cause a jump in the *C chemical
shifts. Combining the order parameters from the CP build-up
with *C T, data enables the correlation times and activation
energies for the cation motion to be calculated, on the order of
~20 ps at room temperature and ~0.1 eV, respectively.
Concerted quasi-melting phase transitions of the cations are
suppressed by halide mixing. Between —20 °C and 120 °C, there
are no jumps in the *C chemical shifts. The amplitude of the
chain motion for the mixed-halide samples is intermediate
between that of the end-members, rather than resembling
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either the quasi-melted iodide or quasi-frozen bromide phases,
while the correlation times are similar. Like the end-members,
the motional amplitude increases continuously with increasing
temperature. BA,PbBrl; and BA,PbBr,I, samples exhibited no
jumps in motional amplitude over this temperature range,
while BA,PbBr;I showed only a slight jump, indicating that the
phase transitions are partly or fully suppressed, in line with DSC
measurements.

The suppression of concerted phase transitions of the cation
dynamics is ascribed to the range of local environments
resulting from (partial) halide disorder. In each environment,
the cation experiences different steric and bonding constraints,
that would result in a different quasi-melting temperature,
rather than a single well-defined transition as for the pure
halide materials. The disorder is reflected in the broadening
and splitting of the '*C signals for the mixed-halide samples.
Dynamical averaging of this disorder occurs at elevated
temperatures, which is attributed to diffusion of BA" cations,
with activation energies of 1-1.6 eV as determined by lineshape
analysis.

Overall, this detailed analysis demonstrates the power of
NMR spectroscopy to quantify the rate and amplitude of
molecular motion in complex hybrid materials. Since the chain
dynamics modulate the physical and optoelectronic properties,
this information can inform the design of spacer molecules for
layered perovskite photovoltaics and passivating layers, espe-
cially for wide-bandgap mixed-halide or otherwise disordered
systems.

Experimental

Samples were prepared by mechanosynthesis with appropriate
ratios of BABr, BAI, PbBr,, and Pbl,, before annealing at 150 °C
for 30 minutes, as described in Hope et al.** Phase purity was
confirmed by powder XRD (Fig. S1) using a Bruker D8 Discover
Vario diffractometer with monochromatic Cu K, radiation
(1.5406 A). A single sample was prepared for each composition.
The error in the halide composition of the mixed-halide
samples is estimated as £3% based on previous determina-
tion of the unit cell volume and agreement with Vegard's law.**
Previous *°’Pb NMR results on these samples indicate a homo-
geneous halide distribution (although there is a preference for
iodide to occupy the axial site).** Differential scanning calo-
rimetry was performed with a Mettler Toledo DSC 1 equipped
with liquid nitrogen cooling. Samples were run in 40 pl
aluminium pans under a nitrogen atmosphere (50 ml min~"
flow rate), measuring the heat flow relative to a reference pan.
Experiments were performed between —150 and 210 °C, at 20 °
C min~!, with a 5 minutes isotherm between each run. Struc-
tures were visualised using VESTA.®

NMR spectra were recorded at 11.7 T and 8 kHz MAS using
a double resonance probe, 3.2 mm ZrO, rotors, and either
a Bruker Avance III or Avance Neo spectrometer. Ex Situ
temperature calibration was performed using the temperature-
dependent *>*’Pb signal of Pb(NO;),; the width of the **’Pb
signal was used to determine the temperature gradients within
the rotor, which are shown as error bars in the corresponding
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plots.** *C spectra were referenced to the CH adamantane
signal at 37.78 ppm at room temperature.®® CP experiments
were performed with radiofrequency strengths of 50 kHz and 58
kHz for *C and 'H; for LGCP experiments, the 'H radio-
frequency strength was reduced by 1/2/3 to 47.4 kHz with an
offset of +33.5 kHz. LGCP experiments used a 90° 'H excitation
pulse so that it could be phase cycled to remove background, at
the expense of some signal reduction.®® 1D "H— "*C CP spectra
were recorded with a 1 ms contact time and a 90-100% ramp on
the "H power. (LG)CP build-up curves were measured without
a ramp in steps of 12.5 ps up to 1 ms; experimental times were
4-10 hours. Variable temperature CP build-up curves in Fig. 10
were measured in steps of 25 ps up to 600 or 800 ps with
experimental times of 15-45 minutes. Recycle delays of 1-10 s
were used, based on the measured 'H T; which increases with
increasing temperature. 70-80 kHz of SPINAL64 'H decoupling
was applied during acquisition. *C T, relaxation was measured
using the Torchia experiment: "H— "*C CP is followed by a '*C
90° pulse that stores the magnetisation on +z for a variable
delay; storage alternates between +z and —z to cancel the
thermal magnetisation.®® The delay list was 0.1, 0.2, 0.45, 1, 2,
4.5, 10, 20, 45, 100 s; the end-members were recorded with 4
scans while mixed-halide samples had up to 64 scans. T; data
were fitted with a single exponential decay and the errors esti-
mated using Monte Carlo analysis based on the root-mean-
squared error (RMSE) between the experimental data and the
best fit. Variable temperature '"H— "*C CP spectra were decon-
voluted with dmfit.*”

The integrated (LG)CP intensity was fitted as a function of CP
contact time (¢) using SIMPSON with 168 crystallites (rep168
scheme) and 16 gamma angles per rotor period.*”*> The build-
up curve was simulated for a given H-'>C dipolar coupling
strength (D) and, for -CH,- groups, a given effective angle (6)
between the two dipolar tensors of that -CH,-. The simulated
data, I(t), was then scaled and a damping function applied using

the following equation:
t
I
i) 7

where A is the overall scaling, Tgamp is the time constant for
damping, and I, is the plateaued intensity at long time. These
three parameters were optimised to give the best fit to the
experimental data for each simulated build-up curve. D and ¢
were then optimised, simulating the build-up at each step, to
give the best fit to the experimental data. Note that the LGCP
simulations include the "H offset during cross polarisation and
therefore account for the scaling of the dipolar coupling by

Idamped(t) =4 |:(I(t) - IO)eXp (_

1/4/3; no manual scaling is necessary. The uncertainty in the
fitted dipolar coupling was estimated by varying D around the
optimised value (D*) by £500 Hz in steps of 50 Hz, at each step
optimising the other fitting parameters, then calculating the
RMSE, o(D), and fitting to a quadratic function:

(D) = a(D — D¥? + b(D — D¥) + ¢

The uncertainty in D is then approximated by

This journal is © The Royal Society of Chemistry 2025
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This method likely overestimates the error because the
RMSE is calculated over the whole measured data, but the build-
up curve is most sensitive to the dipolar coupling at short times.
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