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Accelerated acquisition of wideline solid-state
NMR spectra of spin 3/2 nuclei by frequency-
stepped indirect detection experiments†
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73% of all NMR-active nuclei are quadrupolar nuclei with a nuclear spin I 4 1/2. The broadening of the solid-

state NMR signals by the quadrupolar interaction often leads to poor sensitivity and low resolution. In this work

we present experimental and theoretical investigations of magic angle spinning (MAS) 1H{X} double-echo

resonance-echo saturation-pulse double-resonance (DE-RESPDOR) and Y{X} J-resolved solid-state NMR

experiments for the indirect detection of spin 3/2 quadrupolar nuclei (X = spin 3/2 nuclei, Y = spin 1/2 nuclei).

In these experiments, the spectrum of the quadrupolar nucleus is reconstructed by plotting the observed

dephasing of the detected spin as a function of the transmitter offset of the indirectly detected spin. Numerical

simulations were used to investigate the achievable levels of dephasing and to predict the lineshapes of

indirectly detected NMR spectra of the quadrupolar nucleus. We demonstrate 1H, 31P and 207Pb detection of
35Cl, 81Br, and 63Cu (I = 3/2) nuclei in trans-Cl2Pt(NH3)2 (transplatin), (CH3NH3)PbCl3 (methylammonium lead

chloride, MAPbCl3), (CH3NH3)PbBr3 (methylammonium lead bromide, MAPbBr3) and CH3C(CH2PPh2)3CuI (1,1,1-

tris(diphenylphosphinomethyl)ethane copper(I) iodide, triphosCuI), respectively. In all of these experiments, we

were able to detect megahertz wide central transition or satellite transition powder patterns. Significant time

savings and gains in sensitivity were attained in several test cases. Additionally, the indirect detection

experiments provide valuable structural information because they confirm the presence of dipolar or scalar

couplings between the detected nucleus and the quadrupolar nucleus of interest. Finally, numerical simulations

suggest these methods are also potentially applicable to abundant spin 5/2 and spin 7/2 quadrupolar nuclei.

Introduction

High-resolution magic angle spinning (MAS) solid-state nuclear
magnetic resonance spectroscopy has played a pivotal role
in determining the molecular structure and dynamics of
inorganic materials, organic solids, and biomolecules within crystal-
line and amorphous systems.1–3 However, many NMR-active nuclei
remain understudied due to technical difficulties in recording or

interpreting their NMR spectra. For example, low natural abun-
dances, low gyromagnetic ratios, large nuclear electric quadrupole
moments (Q), long spin–lattice relaxation time constants (particu-
larly for spin 1/2 nuclei), or some combination of these properties
make acquisition of solid-state NMR spectra challenging.4 Approxi-
mately 73% of all NMR-active isotopes are quadrupolar nuclei, with
the vast majority having half-integer spins (I = 3/2, 5/2, 7/2, or 9/2).5

Quadrupolar nuclei often give rise to extremely broad solid-state
NMR spectra due to the first and second order quadrupolar
interactions. When the second order quadrupolar interaction
(SOQI) is sizable, only the central transition (CT) is typically
observable, and the satellite transitions (ST) are usually broadened
beyond detection. In such cases, the NMR spectrum of the central
transition could be several megahertz broad, necessitating the use
of wideline solid-state NMR techniques.6–9

Slichter first reported the frequency-stepped acquisition of
wideline solid-state NMR spectra for 195Pt (I = 1/2) by recording
the intensity of Hahn echoes at variable frequency offsets.10

Following this work, additional wideline NMR studies on half-
integer quadrupolar nuclei were performed for nuclei such as
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91Zr,11,12 69/71Ga,9 and 59Co.8 More recently, the quadrupolar
Carr–Purcell–Meiboom–Gill (QCPMG) pulse sequence has found
widespread application for acquisition of solid-state NMR spectra of
nuclei such as 87Rb and 59Co,13,14 and low-g quadrupolar metal
nuclei such as 67Zn,15,16 95Mo,17 14N,18 91Zr,18,19 39K, 25Mg, and
87Sr.13,14 CPMG techniques have also been used to probe halogens
like 35/37Cl (I = 3/2),20 127I (I = 5/2),21 and 79Br (I = 3/2)22 in organic
and inorganic materials.23 O’Dell and Schurko introduced the
Wideband Uniform Rate Smooth Truncation (WURST)-QCPMG
pulse sequence (Fig. 1A) and used it to obtain wideline solid-state
NMR spectra of a variety of quadrupolar nuclei.6,19,24 WURST-CPMG
offers improved excitation and refocusing bandwidths as compared
to conventional QCPMG experiments with rectangular excitation
and refocusing pulses.

Unfortunately, direct detection wideline solid-state NMR
methods often suffer from inadequate sensitivity and long
measurement times.8,11–15,17,22,25,26 An alternative to these
direct detection methods is to use indirect detection experi-
ments where the NMR signal from a sensitive ‘‘spy nucleus’’
that offers a narrow linewidth and/or high sensitivity is exploited.
Indirect detection has been applied to a variety of quadrupolar
nuclei. There are two ways of performing indirect detection. In

the first approach, a standard two-dimensional (2D) NMR experi-
ment is performed where a series of 1D NMR spectra are acquired
with incrementation of the indirect dimension evolution time
delay (t1). Fourier transformation of the indirect dimension time
domain free induction decay yields the spectrum of the indirectly
detected nucleus. For example, Gan and Bodenhausen et al.
independently demonstrated the use of Heteronuclear Multiple
Quantum Correlation (HMQC) pulse sequences27 for the indirect
detection of 14N MAS quadrupolar powder patterns by 13C.28–30

With the advent of fast MAS probes, 1H{14N} HMQC solid-state
NMR experiments have become routine.31–35 In the second
approach, the transmitter offset of the pulses applied to the
indirectly detected spin are incremented. The NMR spectrum of
the indirectly detected spin is then reconstructed by plotting the
response of the detected nucleus as a function of the pulse offset.
This approach is especially useful for the quadrupolar nuclei
because it can be applied even when the spectrum of the
quadrupolar nucleus is megahertz broad, and it is not possible
to coherently excite magnetization from the quadrupolar nucleus.
These types of indirect detection experiments have been per-
formed with pulse sequences such as Static Echo DOuble Reso-
nance (SEDOR),36–38 TRAnsfer of Population in DOuble
Resonance (TRAPDOR),39 Rotational Echo Adiabatic Passage
DOuble Resonance (REAPDOR),40,41 Resonance Echo Saturation
Pulse DOuble Resonance (RESPDOR),42–46 and PROgressive
Saturation of the Proton Reservoir (PROSPR).47,48 These experi-
ments have been used to indirectly detect NMR spectra of
quadrupolar nuclei such as 14N, 27Al, 17O, 33S and 35Cl using 1H
or 13C as the detected nucleus. We note that some of the
examples cited above described acquisition of wideline solid-
state NMR spectra of spin-1/2 nuclei broadened by chemical shift
anisotropy (CSA).36–38,46 Recently, we showed that CT wideline
35Cl solid-state NMR spectra of partially Cl-terminated 2D silicon
materials could be detected by plotting the dephasing observed
in a 1H{35Cl} DE-RESPDOR experiments (Fig. 1B) as a function of
the 35Cl pulse offset.42 Notably, for the 2D silicon materials, we
were unable to observe a direct 35Cl WURST-CPMG signal,
presumably due to an unfavorable T 02 for the 35Cl nuclei.42

Here we provide a detailed investigation of frequency-
stepped RESPDOR experiments for the detection of wideline
solid-state NMR spectra of I = 3/2 nuclei, using 35Cl, 81Br and
63Cu as representative examples. We apply numerical SIMPSON
simulations to investigate saturation pulse conditions that can
be used to map out CT and ST wideline solid-state NMR spectra
of I = 3/2 nuclei. We also simulate frequency-stepped dipolar
dephasing experiments for higher spin quadrupolar nuclei.

Results and discussion
Pulse sequences used for direct detection and indirect
detection solid-state NMR experiments

The most common pulse sequence used for direct detection of
wideline solid-state NMR spectra of quadrupolar nuclei is
WURST-CPMG (Fig. 1A).19 We used WURST-CPMG to acquire
35Cl and 81Br solid-state NMR spectra of transplatin (trans-

Fig. 1 Pulse sequences used in this work. (A) WURST-CPMG pulse
sequence used for direct detection of 35Cl and 81Br solid-state NMR spectra.
(B) 1H{X} DE-RESPDOR pulse sequence used for indirect detection of 35Cl
and 81Br. (C) Y{X} Heteronuclear spin echo (J-resolved) pulse sequence used
for 207Pb{35Cl} and 31P{63Cu} NMR experiments. The frequency of the
saturation pulse(s) in the DE-RESPDOR or J-resolved experiments can be
varied in order to map the frequency dependence of the dephasing and
reconstruct the solid-state NMR spectrum of the indirectly detected spin 3/2
nucleus. Phase cycles for pulse sequences are given in Table S1 (ESI†).
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Cl2Pt(NH3)2), MAPbCl3 ((CH3NH3)PbCl3), and MAPbBr3 ((CH3NH3)-
PbBr3). Fig. 1B illustrates the 1H{X} DE-RESPDOR pulse sequence.49

DE-RESPDOR is preferred over a conventional RESPDOR experiment
because it is more robust to experimental MAS frequency
fluctuations.49 We used DE-RESPDOR to perform 1H detected 35Cl
and 81Br solid-state NMR experiments. The Y{X}-heteronuclear spin
echo (J-resolved) pulse sequence shown in Fig. 1C was used to
indirectly detect 35Cl and 63Cu NMR spectra, using 207Pb and 31P as
the spy nucleus, respectively. In both the DE-RESPDOR experiments
and the J-resolved experiments, solid-state NMR spectra are recon-
structed by plotting the dephasing as a function of the pulse offset as
illustrated below.

Numerical simulations of dephasing in 1H{35Cl} DE-RESPDOR
experiments

Prior to showing experimental NMR data, we have used
SIMPSON50–52 to simulate 35Cl solid-state NMR spectra and

illustrate how DE-RESPDOR can be used for indirect detection
of 35Cl. Fig. 2A shows the SIMPSON simulated static 35Cl solid-
state NMR spectra for transplatin with CQ = 37.0 MHz, ZQ = 0.12
and an applied magnetic field of 9.4 T. Fig. 2B illustrates a
spectrum simulated with the same parameters but with a magic
angle spinning frequency of 50 kHz. In this case, the width of
the central transition (CT) MAS powder pattern (ca. 5 MHz)
greatly exceeds the MAS frequency (50 kHz), consequently,
overlap of the CT MAS powder pattern with its spinning side-
band powder patterns yields a spectrum that is nearly identical
in appearance to a conventional static spectrum. Comparison
of Fig. 2A and B suggests that MAS NMR experiments can
provide the same spectrum and line shape as static NMR
experiments, provided the width of the quadrupolar powder
pattern greatly exceeds the MAS frequency.

Fig. 2C and D show SIMPSON simulated DE-RESPDOR dephas-
ing heat maps. In the heat maps the offset of the saturation pulses

Fig. 2 SIMPSON simulated 35Cl solid-state NMR spectra of transplatin (CQ = 37 MHz and ZQ = 0.12) shown for (A) a static (stationary) sample and (B) for a
50 kHz magic angle spinning (MAS) frequency with a magnetic field of 9.4 T. (C) and (D) Heat plots showing the simulated dephasing for 1H{35Cl} DE-
RESPDOR experiments as a function of the 35Cl saturation pulse RF field and pulse offset. Simulations are shown for (C) conventional rectangular pulses
80 ms in duration and (D) frequency-swept tanh/tan pulses (x = 20, y = 1801) using a frequency sweep of 5 MHz and 40 ms duration. All simulations used a
1H–35Cl spin system with a 2 kHz dipolar coupling constant. Dephasing profiles extracted from the heat plots for the 35Cl saturation pulse RF fields 200
kHz, 85 kHz, and 40 kHz with (E) rectangular saturation pulses and (F) tanh/tan pulses.
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is varied on the x-axis and the RF field of the saturation pulses is
varied on the y-axis, while the color indicates the extent of
dephasing. The dephasing is shown as a function of 35Cl pulse
power and offset with 80 ms (4 rotor cycles) rectangular pulses
(Fig. 2C) and 40 ms frequency-swept tanh/tan pulses53 with a 5 MHz
sweep width (Fig. 2D). In Fig. 2E and F RESPDOR dephasing
profiles are shown for 35Cl saturation pulses with radiofrequency
fields (RF) of 200, 85, and 40 kHz. The heatmaps and dephasing
profiles illustrate that the plot of the dephasing as a function of the
offset can roughly trace the CT and ST powder patterns. Because
the CT is narrower than the ST, it is more easily saturated,
resulting in enhanced dephasing in the RESPDOR experiments
and a contrast between the CT and ST powder patterns. However,
increasing the saturation pulse RF field increases the dephasing
for both CT and ST, but also reduces the contrast between the CT
and ST. The use of higher RF field saturation pulses also results in
a rounding of the powder pattern discontinuities. It is well known
in NMR experiments such as CEST,54 that the saturation band-
width will increase as the saturation pulse RF field is increased,
resulting in broadening of the indirectly detected peaks. It is
therefore unsurprising that the features in the dephasing profile
become more rounded as the saturation pulses can create dephas-
ing more effectively across the entire powder pattern when higher
RF fields are used. Another interesting observation from Fig. 2 is
that if shorter duration 35Cl saturation pulses are used, then the
discontinuities or ‘‘horns’’ associated with the ST are sharper than
when rectangular pulses are applied. The tanh/tan pulses
employed in Fig. 2D had a pulse length of 40 ms (two rotor cycles).
Additional simulations with 40 ms rectangular saturation show
similarly sharp features in the RESPDOR dephasing profile as were
seen for the tanh/tan pulses (Fig. S3, ESI†). The 40 ms tanh/tan
pulses use less RF power due to their hyperbolic tangent amplitude
profile, and thus could be preferred experimentally.

In summary, it is evident from Fig. 2 that the RESPDOR
dephasing profiles roughly map out the MAS solid-state NMR
spectrum, including both the CT and ST regions of the powder
pattern. Therefore, the simulations suggest that RESPDOR
experiments can be used to indirectly detect wideline solid-
state NMR spectra of spin 3/2 nuclei.

Experimental comparison of 1H{35Cl} DE-RESPDOR and direct
WURST-CPMG for acquisition of the 35Cl solid-state NMR
spectrum of transplatin

Fig. 3A shows 1H{35Cl} DE-RESPDOR dephased spectrum (red,
S) recorded with 35Cl saturation pulses and the control spec-
trum (black, S0) recorded without saturation pulses. All NMR
spectra were acquired at B0 = 9.4 T, with a 35Cl saturation pulse
that was four rotor cycles in duration (80 ms) with an 80 kHz RF
field, and 3.84 ms of SR42

1 dipolar recoupling55 applied to the
1H spins. The NMR spectra shown in Fig. 3A were obtained with
a 35Cl pulse offset of 1.2 MHz. Control (S0) and dephasing (S)
1H NMR spectra show signal-to-noise ratios of 60 and 18 with
eight scans, respectively. The difference spectrum (S0�S, cyan)
illustrated below has a signal-to-noise ratio of 30, which is
adequate for indirect detection of 35Cl in transplatin. We did
not optimize the total recoupling time to obtain optimal

sensitivity for the 1H{35Cl} DE-RESPDOR experiments for trans-
platin. Fig. S2 (ESI†) illustrates how to choose the optimal recou-
pling duration using 1H{35Cl} DE-RESPDOR experiments, using
MAPbCl3 as an example. In brief, the recoupling duration that
maximizes the difference signal (DS = S0� S) should be used. This
optimal recoupling time can be found by making a plot of DS as a
function of the recoupling duration (Fig. S2, ESI†).

1H{35Cl} DE-RESPDOR experiments on transplatin were
performed where the offset of the 35Cl saturation pulse was
varied in steps of 400 kHz over a range of +3.4 to �4.6 MHz
(Fig. 3B). For each 35Cl pulse offset the probe needed to be
manually retuned. Plotting the normalized signal dephasing
(DS/S0) as a function of the 35Cl saturation pulse offset enables
the reconstruction of the MAS 35Cl CT quadrupolar powder
pattern for transplatin. Notably, the 1H detected central transi-
tion 35Cl solid-state NMR spectrum of transplatin was acquired
in only ca. 27 minutes at B0 = 9.4 T. Numerical simulations of
the 1H{35Cl} DE-RESPDOR dephasing profile suggest that the
35Cl CQ is ca. 37 MHz (with ZQ = 0.1), in good agreement with
35Cl CQ value of 36.6 MHz previously reported by Lucier et al.56

Note, that in order to fit the experimental RESPDOR saturation
profile we must scale the simulated dephasing data. Scaling of
the simulated dephasing is needed since we use two-spin
simulations that assume 100% abundance of the quadrupolar
nucleus and furthermore, the values of the 1H–35Cl dipolar
coupling constants are unknown and challenging to measure.
The variable offset cumulative spectrum (VOCS) 35Cl WURST-
CPMG spectrum of transplatin (black) was constructed by co-
adding 21 individual sub-spectra (Fig. 3C). The analytically
simulated (ssNake)57 spectrum indicated the 35Cl CQ was
37 MHz with ZQ = 0.12. The co-added VOCS WURST-CPMG
spectrum took 3 hours of spectrometer time to acquire (Fig. 3C).

The comparison of experimental time between indirectly
detected 1H{35Cl} DE-RESPDOR experiments and directly
detected 35Cl WURST-CPMG experiments shows six-fold time-
saving in indirect detection using 1H as a spy nucleus. The
signal-to-noise ratio was also 1.5 times higher in indirectly
detected 35Cl NMR spectra compared with the direct detection
experiment. The gains in sensitivity obtained are even more
impressive if one considers the amounts of sample used in the
two types of experiments. 1H{35Cl} DE-RESPDOR experiments
were performed with a 1.3 mm rotor that holds approximately
5 mL of sample, while the static 35Cl WURST-CPMG experiments
used ca. 100 mL of sample packed into a 4 mm rotor. Addition-
ally, the 1H T1 determines the optimal recycle delay for the DE-
RESPDOR experiments, while the 35Cl T1 determines the opti-
mal recycle delay in the WURST-CPMG experiments. For trans-
platin we measured a 1H T1 of 17 s and used a recycle delay of 5 s
for DE-RESPDOR experiments, while an experimentally opti-
mized 35Cl recycle delay of 0.5 s was used for 35Cl WURST-CPMG
experiments. Thus, samples with shorter and more favorable 1H
T1 should show even higher gains in sensitivity for the indirect
detection DE-RESPDOR NMR experiments.

One trade off with the wideline RESPDOR experiments is
that the CT powder pattern discontinuities in the RESPDOR
dephasing profiles are not as sharp as those seen in the direct
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acquisition WURST-CPMG NMR spectra, leading to reduced preci-
sion in the extraction of the CQ and ZQ values. Fitting of the WURST-
CPMG spectrum was reported to gives uncertainties of 0.1 to 0.3
MHz and 0.02 on the measured CQ and ZQ values, respectively.56

Simulations of the RESPDOR dephasing profiles with variable CQ

values suggest that the uncertainties on the measured values of CQ

are on the order of 1 MHz (Fig. S4, ESI†). The simulations suggest
the ZQ value is between 0.0 and 0.25. Thus, there is likely a loss of
precision in measurement of CQ and ZQ as compared to direct
detection methods. However, as is shown below, it is possible to
improve the precision of the measured ZQ values by mapping out
the ST powder patterns with RESPDOR experiments.

Fig. 3 Summary of 35Cl solid-state NMR experiments on transplatin performed with a 9.4 T magnetic field. (A) 1D 1H{35Cl} DE-RESPDOR spectra
recorded with (red) or without (black) 80 ms rectangular 35Cl saturation pulses. The difference spectrum (cyan) is shown below. 8 scans were acquired for
each spectrum, the MAS frequency was 50 kHz, and the total duration of SR42

1 dipolar recoupling was 3.84 ms. (B) Plot of 1H{35Cl} DE-RESPDOR
normalized signal dephasing (DS/S0) as a function of the 35Cl pulse offset over the CT region. The circles and lines correspond to experimental data points
and numerical simulations, respectively. The same experimental parameters were used for the experiments shown in Fig. 3A and B. (C) VOCS WURST-
CPMG static 35Cl NMR spectrum of transplatin and simulation (cyan). Comparison of experimental and SIMPSON simulated 1H{35Cl} DE-RESPDOR
dephasing for (D) rectangular 35Cl saturation pulses 80 ms in duration and (E) tanh/tan pulses that are 40 ms in duration. The 35Cl pulse offset was varied in
steps of 500 kHz over the range of +5 MHz to +15 MHz.
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Additional 1H{35Cl} DE-RESPDOR experiments on transpla-
tin were performed where the offset of the 35Cl saturation pulse
varied in steps of 500 kHz over a range of +15 to +5 MHz in
order to detect parts of the 35Cl ST powder patterns. Corres-
ponding SIMPSON simulated normalized dephasing profiles
with 85 kHz RF field saturation pulses (black) are shown in
Fig. 3D. Plotting the signal dephasing as a function of the 35Cl
saturation pulse offset enables the reconstruction of the partial
MAS ST powder pattern for the transplatin. In Fig. 3D, there is a
discrepancy between the experimental and simulated dephasing
at different positions of the satellite transitions. The higher
frequency part of the ST shows higher than expected dephasing.
There are a number of reasons that explain this discrepancy.
First, numerical simulations with a 1H–35Cl two-spin system
show that the ratio of dephasing at the inner and outer part of
the ST depends upon the recoupling duration (Fig. S5, ESI†).
Second, the crystal structure of transplatin shows that each 1H
spin is coupled to several 35Cl spins, meaning that a two-spin
simulation is not an accurate representation of the experiments.
Finally, the experimental 35Cl RF field likely changes as the
probe is retuned. While all of these factors could change the
dephasing at different offsets, the most important constraint on
the ZQ value is the position of the ‘‘step’’ arising from the
overlap of the two satellite transitions.

Fig. 3E shows the simulated and experimental RESPDOR
dephasing profiles obtained with 35Cl tanh/tan saturation
pulses with an 85 kHz RF field. The DE-RESPDOR experiments
with the 40 ms tanh/tan pulses give well-defined ST disconti-
nuities in both simulation and experiment, enabling ZQ to be
more accurately determined. Fitting the ST region of the
RESPDOR dephasing profile indicates that ZQ is between 0.0
and 0.1 (Fig. S3, ESI†). This is an important observation
because the indirectly detected CT powder pattern is not very
sensitive to ZQ. Therefore, if increased precision is required on
measured values of ZQ then RESPDOR experiments can be
performed to locate the ST discontinuities.

Comparison of direct detection and indirect detection for
acquisition of the 35Cl solid-state NMR spectrum of MAPbCl3

Next, we investigated the use of indirect detection methods for
acquisition of the 35Cl solid-state NMR spectrum of methylam-
monium lead chloride (MAPbCl3). Michaelis and co-workers
have recently shown that 35Cl solid-state NMR spectroscopy can
be used to probe the structure of lead chloride perovskites and
related phases.58 The VOCS 35Cl WURST-CPMG spectrum of
MAPbCl3 was obtained with 5 sub-spectra (Fig. 4A). Blue lines
are numerically simulated spectra with a 35Cl CQ of 16.5 MHz
(with ZQ = 0), which is consistent with the 16.34 MHz 35Cl CQ

value reported by Sarkar et al.58 The total experimental time to
acquire the WURST-CPMG spectrum was 51 minutes, and the
signal-to-noise ratio is approximately 160 at the most intense
part of the CT powder pattern.

Fig. 4B depicts 1H{35Cl} DE-RESPDOR spectra with satura-
tion pulses (red) and spectra without saturation pulses (black).
With 16 scans, the control and dephasing spectra have signal-
to-noise ratios of 150 and 52, respectively. The difference

spectrum (cyan) shown below has a signal-to-noise ratio of
73. The spectra shown in Fig. 4B were obtained with a 0 MHz
35Cl offset. All spectra were collected at B0 = 9.4 T using a 35Cl
saturation pulse length of four rotor cycles (80 ms) with an 80
kHz RF field and 3.84 ms of SR42

1 dipolar recoupling.55 Fig. S2
(ESI†) illustrates how to choose the optimal recoupling dura-
tion. Fig. S6 (ESI†) shows how varying the recoupling duration
affects the quality of the indirectly detected 35Cl NMR spec-
trum. The 35Cl spectrum was indirectly detected with 1H{35Cl}
DE-RESPDOR by varying the offset of the 35Cl saturation pulse
in 100 kHz steps over a range of +1.5 to �2 MHz (Fig. 4C). The
1H detected 35Cl NMR spectrum of MAPbCl3 was obtained in ca.
25 minutes at B0 = 9.4 T. However, as was seen above for
transplatin, due to the RF field used for the 35Cl saturation
pulses, the CT pattern seen in the RESPDOR dephasing profile
does not perfectly match the directly acquired CT powder
pattern. Numerical simulations of the 1H{35Cl} DE-RESPDOR
dephasing profile indicate that the 35Cl CQ is ca. 16.5 MHz (with
ZQ = 0), consistent with the static WURST-CPMG spectrum. We
note that the offset of the 35Cl pulses was stepped in 100 kHz
increments, resulting in lower resolution for the experimental
RESPDOR dephasing profile as compared to the simulated one.

For MAPbCl3 the sensitivity with 1H detection is worse than
the directly detected 35Cl NMR spectrum. The gains in signal-to-
noise ratio and time savings provided by 1H detection is likely
limited because the 1H T1 of MAPbCl3 (T1 = 30 s) is much longer
than the 35Cl T1 (optimal recycle delays of 0.15 s). Furthermore,
the 35Cl homogeneous transverse relaxation time constant T 02

� �

is long enough to allow CPMG echoes to be acquired for ca. 50
ms, making CPMG detection efficient for MAPbCl3. The rela-
tively narrow breadth of the CT selective spectrum also means
that only 5 WURST-CPMG sub-spectra need to be acquired.
Thus, the results for MAPbCl3 suggest that if the CT is less than
1 MHz in breadth and the 35Cl T 02 is sufficiently long to allow
efficient CPMG detection then direct detection is likely to be the
preferred acquisition method. But we note that the 1H{35Cl}
RESPDOR experiments may still be worthwhile since they
provide valuable structural information by confirming that
the 1H spins of the MA cations are dipole coupled (spatially
proximate) to the Cl anions.

We also attempted 207Pb{35Cl} J-resolved experiments to estab-
lish if 207Pb could also be used as a spy nucleus for 35Cl detection.
Fig. 4D shows 207Pb{35Cl} J-resolved spectra recorded with (red)
saturation pulses and without (black) saturation pulses. The
pulse sequence for the J-resolved experiments is shown in
Fig. 1C. The J-resolved experiments were performed at a field of
9.4 T with an MAS frequency of 25 kHz. The control and
dephasing spectra have signal-to-noise ratios of 13 and 4, respec-
tively. Each spectrum was obtained with 2048 scans and a 2 s
recycle delay. The difference spectrum (cyan) shown below has an
adequate signal-to-noise ratio of 5. The 35Cl saturation pulse was
two rotor periods in duration (80 ms) with a 41.7 kHz RF field, and
the spin echo had a total duration of 0.64 ms. In this sample, the
207Pb T 02 limits the echo duration and the achievable dephasing.
207Pb{35Cl} J-resolved experiments on MAPbCl3 were performed
with 35Cl saturation pulse offsets varying in 200 kHz steps over a
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range of +1.4 to �1.8 MHz. Plotting the signal dephasing as a
function of the 35Cl saturation pulse offset enables reconstruction
of the MAS 35Cl CT quadrupolar powder pattern for MAPbCl3.
The 207Pb{35Cl} J-resolved experiments required ca. 22.8 hours at
B0 = 9.4 T. In this case, 207Pb detection would not be used to
enhance the sensitivity of the 35Cl NMR experiments, rather it
would be used to obtain structural information because the
207Pb{35Cl} J-resolved experiments confirm that the lead atoms

are covalently bound to chlorine atoms and that the CQ of the
chlorine atoms matches that observed in the directly acquired
35Cl solid-state NMR spectrum.

1H{81Br} DE-RESPDOR and direct WURST-CPMG experiments
on MAPbBr3

We investigated the use of indirect detection methods for acqui-
sition of the 81Br solid-state NMR spectrum of methylammonium

Fig. 4 (A) Static VOCS WURST-CPMG 35Cl NMR spectrum of MAPbCl3. (B) 1D 1H{35Cl} DE-RESPDOR spectra recorded with (red) or without (black) a 35Cl
saturation pulse and 3.84 ms of SR42

1 dipolar recoupling and a 50 kHz MAS frequency. A difference spectrum (cyan) is shown below. (C) Plot of 1H{35Cl}
DE-RESPDOR signal dephasing as a function of the 35Cl transmitter. (D) 1D 207Pb{35Cl} J-resolved spectra recorded (red) with or (black) without a 35Cl
saturation pulse and 0.64 ms of total J evolution time. (E) The plot of 207Pb{35Cl} J-resolved signal dephasing as a function of the 35Cl transmitter
recorded with a 25 kHz MAS frequency. In (C) and (E), the circles and lines correspond to experimental data points and numerical simulations,
respectively. The simulation used a 35Cl CQ of 16.5 MHz. All experiments were performed with a magnetic field of 9.4 T.
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lead bromide (MAPbBr3). Previously, it was reported that the total
79Br CT solid-state NMR spectrum of MAPbBr3 required days of
spectrometer time to acquire.22 Due to the breadth of the 81Br CT
solid-state NMR spectrum (ca. 16 MHz), we only acquired a few
VOCS sub-spectra close to the discontinuities of the 81Br CT
powder pattern (Fig. 5A). Blue lines are numerically simulated
81Br solid-state NMR spectra with a 81Br CQ of 118 MHz (with ZQ =
0). The experimental time to acquire the two WURST-CPMG
spectra was 41 minutes and the signal-to-noise ratio is approxi-
mately 117 at the most intense horn.

Fig. 5B depicts 1H{81Br} DE-RESPDOR spectra with (red) and
without (black) 81Br saturation pulses. All spectra were collected
at B0 = 14.1 T using a 81Br saturation pulse length of four rotor
cycles (80 ms) with a 50 kHz RF field and 1.92 ms of SR42

1
55

dipolar recoupling. With 8 scans, the control and dephasing
spectra have signal-to-noise ratios of 420 and 340, respectively.
The difference spectrum (cyan) shown below has a signal-to-
noise ratio of 75. The spectra shown in Fig. 5B were obtained
with a 81Br pulse offset of �5 MHz. The 81Br spectrum was then

indirectly detected with 1H{81Br} DE-RESPDOR by varying the
offset of the 81Br saturation pulse in 1 MHz steps over a range of
+10 to �14 MHz (Fig. 5C). The complete 1H detected 81Br solid-
state NMR spectrum of MAPbBr3 was obtained in ca. 64
minutes. Numerical simulations of the 1H{81Br} DE-RESPDOR
dephasing profile indicate that the 81Br CQ is ca. 118 MHz (with
ZQ = 0), consistent with the static VOCS WURST-CPMG spec-
trum. Note, a simulation of the 1H{81Br} DE-RESPDOR dephas-
ing profile that also accounts for additional dephasing from
79Br explains why the dephasing profile in Fig. 5C is asym-
metric; at lower 81Br transmitter offsets there is dephasing from
the 79Br ST (Fig. S7, ESI†).

Comparing the sensitivity of the indirectly detected 1H{81Br}
DE-RESPDOR and the directly detected 81Br WURST-CPMG
reveals a slight sensitivity gain with 1H detection. While the 81Br
WURST-CPMG spectrum of the high frequency horn has a signal-
to-noise ratio of 117, this sub-spectrum required 20.5 minutes to
acquire, corresponding to a sensitivity of 26 min�1/2. In compar-
ison, the 1H{81Br} DE-RESPDOR difference spectrum had a signal-

Fig. 5 (A) Static WURST-CPMG 81Br NMR spectra of MAPbBr3 obtained at a magnetic field of 9.4 T. (B) 1D 1H{81Br} DE-RESPDOR spectra recorded with
(red) or without (black) a 81Br saturation pulse, 1.92 ms of SR42

1 dipolar recoupling, a 25 kHz MAS frequency and a 14.1 T magnetic field. A difference
spectrum (cyan) is shown below. (C) Plot of 1H{81Br} DE-RESPDOR dephasing as a function of the 81Br transmitter offset. The circles and a line correspond
to experimental data points and numerical simulations, respectively. The simulation used a 81Br CQ of 118 MHz.
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to-noise ratio of 75 in 3.2 minutes, corresponding to a sensitivity of
42 min�1/2. Therefore, in this case the RESPDOR experiments
provide a 1.6-fold improvement in sensitivity and 2.6-fold
reduction in experiment time. For MAPbBr3 the gain in signal-to-
noise provided by 1H detection is likely limited because the 1H T1

of MAPbBr3 (T1 = 24 s) is much longer than the 81Br T1 (optimal
recycle delays of 0.12 s). However, we stress again that indirect
detection also gives additional structural information by confirm-
ing that the 1H spins of the MA+ cations are dipole-coupled to the
Br� anions. We also note that the 1H detected experiments
required only a few mL of material, while we used 100 mL of
material for the direct 81Br WURST-CPMG experiments.

Indirect detection of the 63Cu solid-state NMR spectrum of
triphosCuI complex by 1H - 31P{63Cu} J-resolved experiment

We studied the use of indirect detection methods for acquisition
of the 63Cu solid-state NMR spectrum of the copper(I) phosphine
complex, CH3C(CH2PPh2)3CuI (triphosCuI, Fig. S8, ESI†). Phos-
phines are common ligands coordinated to copper centers and
phospine copper complexes are important catalysts, for example,
for Sonogashira C–C cross-coupling reactions.59 Therefore, it is
interesting to determine whether 31P-detection can be used as a
method to obtain 63Cu NMR spectra of copper complexes with
phosphine ligands. The 63Cu solid-state NMR signals of triphos-
CuI were narrow enough to obtain a CT MAS NMR spectrum that
was free of spinning sidebands (Fig. 6A). Note, to acquire this
spectrum we used the DEPTH pulse sequence60 (with CT selective
pulses) because the conventional spin echo NMR spectrum
showed an intense 63Cu NMR signal from copper metal compo-
nents of the probe. A fit of the 63Cu MAS NMR spectrum gave
63Cu CQ = 3.2 MHz, ZQ = 0.57 and diso = 322 ppm. The total
experimental time to acquire the DEPTH NMR spectrum was
205 minutes, and the signal-to-noise ratio was approximately 50.
In this case, the 63Cu NMR spectrum is quite narrow, and
therefore, 31P detection is not technically needed to study this
compound. However, it is difficult to accurately determine the
value of ZQ by only fitting the CT lineshape. Below, we show that
indirect detections allow both the 63Cu CT and ST powder
patterns to be obtained and confirms the accuracy of the fitted
value of ZQ.

Fig. 6B shows the MAS 1H - 31P{63Cu} J-resolved NMR
spectra obtained with (red) and without (black) a 63Cu saturation
pulse. The 31P NMR spectrum shows two sets of NMR signals
centered at �35 ppm and �43 ppm. Each set of signals in the 31P
NMR spectrum is composed of a 4-component multiplet that
arises due to the combined effects of J-coupling and residual
dipolar coupling to 63Cu and 65Cu nuclei that experience quad-
rupolar broadening (see a simulated spectrum in Fig. S10, ESI†).
31P solid-state NMR spectra similar in appearance to the ones
shown in Fig. 6B have been reported for other Cu(I) phosphine
compounds.61–63 The single crystal X-ray structure of triphosCuI
shows that all three P atoms are crystallographically distinct
(CCDC: 2250183†). The Cu–P bonds are similar in length for
all P atoms (2.274 Å to 2.288 Å). However, two of the phosphorus
atoms have similar I–Cu–P bond angles (126.11 and 1231), while
the other I–Cu–P bond angle is 115.81. Gauge-including

projector-augmented wave (GIPAW)64 calculations implemented
in the CASTEP65 program was used to predict the 31P magnetic
shielding and differences in chemical shifts. The calculation
predicts that two of the 31P nuclei have similar magnetic
shielding (siso = 318.6 ppm and 320.5 ppm), while the third
31P nucleus which has the I–Cu–P bond angle of 115.81 is
approximately 15 ppm more shielded (siso = 335.0 ppm). The
predicted shieldings are in reasonable agreement with the

Fig. 6 (A) Experimental 63Cu DEPTH NMR spectrum (black) and a simulation
with a 63Cu CQ = 3.2 MHz and ZQ = 0.57 (cyan). (B) 1H - 31P{63Cu} J-resolved
NMR spectra recorded with (red) or without (black) a 63Cu saturation pulse and
1.44 ms of total J evolution time. (C) 1H - 31P{63Cu} J-resolved signal
dephasing as a function of the 63Cu transmitter recorded at B0 = 9.4 T with
25 kHz MAS frequency. The circles and a line correspond to experimental data
points and numerical simulation for a 63Cu CQ = 3.2 MHz and ZQ = 0.57 (cyan).
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experimental spectrum which shows higher intensity for the
higher frequency 31P NMR signals.

With 16 scans, the control and dephased 31P NMR spectra
have signal-to-noise ratios of 59 and 46, respectively. The differ-
ence spectrum (cyan) shown below has a signal-to-noise ratio of 16.
The spectra shown in Fig. 6B were obtained with a 0 MHz 63Cu
offset. All spectra were collected at B0 = 9.4 T using a 63Cu
saturation pulse length of one rotor cycle (40 s) and a total spin
echo duration of 1.44 ms. The 63Cu NMR spectrum was then
indirectly detected with 1H - 31P{63Cu} J-resolved experiments by
varying the offset of the 63Cu saturation pulse in 250 kHz steps
over a range of +3 to �3 MHz (Fig. 6C). In Fig. 6C, we have
integrated over all 31P peaks. The 31P detected 63Cu NMR spectrum
of triphosCuI was obtained in ca. 75 minutes at B0 = 9.4 T.
Numerical simulations of the 1H - 31P{63Cu} J-resolved dephasing
profile indicate that the 63Cu CQ is ca. 3.2 MHz (with ZQ = 0.57), in
good agreement with the 63Cu DEPTH NMR spectrum. Numerical
simulations with different 63Cu saturation pulse RF fields and
different values of ZQ are shown in the ESI† (Fig. S9). With the
current optimized saturation pulse condition of 30 kHz RF field,
the dephasing profile remains sensitive to the value of ZQ.

Given the narrow width of the central transition 63Cu NMR
spectrum of triphosCuI, 31P detection is not useful for sensi-
tivity enhancement. However, the J-resolved experiments are
still helpful in this case because they confirm the presence of
coordinative bonds between the Cu and P atoms and confirms
that the copper observed in the directly detected 63Cu NMR
spectrum gives rise to the observed dephasing.

Numerical simulations of dephasing in 1H{35Cl} DE-RESPDOR
experiments as a function of 35Cl CQ

The dependence of the dephasing in a 1H{35Cl} DE-RESPDOR
experiment on 35Cl CQ was investigated with numerical SIMP-
SON simulations. Fig. 7 shows normalized dephasing as a
function of 35Cl CQ for a 50 kHz MAS frequency with a magnetic

field of 9.4 T for 200 kHz, 80 kHz, and 40 kHz saturation pulse
RF fields. The 35Cl saturation pulse was 80 ms in duration. Each
curve was constructed by varying CQ from 1 to 80 MHz with
1 MHz increments while maintaining ZQ constant at 0.5 and
considering the dephasing at 35Cl transmitter offset = 0 MHz
for each data point. The dephasing is significantly higher at
200 kHz RF field for the 35Cl CQ range considered in this
simulation. However, such a high 35Cl RF field may not be
possible to achieve experimentally. For the other two saturation
pulse RF fields of 80 kHz and 40 kHz, the dephasing gradually
decreases as the 35Cl CQ increases. But, even if the 35Cl pulse RF
field was limited to 40 kHz appreciable dephasing is still
predicted. Notably, Cl covalently bonded to Cl has a CQ on
the order of 75 MHz.66 Therefore, the 1H{35Cl} DE-RESPDOR
experiments could even be applicable to detection of covalently
bonded chlorine atoms in organic systems.

Numerical simulations of RESPDOR experiments with I = 5/2
and 7/2 nuclei

One obvious question that arises from the previous results is
whether or not the indirect detection methods can potentially
be applied to quadrupolar nuclei with spins greater than 3/2. To
address this question, we have performed SIMPSON simula-
tions of DE RESPDOR experiments for representative 5/2 (127I,
Fig. 8) and 7/2 nuclei (51V, Fig. 8). Fig. 8 shows SIMPSON
simulated 127I and 51V NMR spectra and DE RESPDOR dephas-
ing plots for the two test cases of BaI2�2H2O26 and V2O2(OH)3,67

respectively. The 127I CQ and ZQ of BaI2�2H2O has been pre-
viously measured, while the CQ and ZQ of V2O2(OH)3 were
obtained from a plane-wave DFT calculation. The SIMPSON
simulations clearly suggest that the frequency stepped
RESPDOR experiments should be applicable to higher spin
nuclei. However, we note that it is possibly more challenging
to resolve the CT from the ST since there are more ST for higher
spin quadrupolar nuclei. Additionally, there may be significant
broadening of the powder patterns, especially if higher RF
fields are used for the saturation pulses. For example, in the
simulated 1H{51V} RESPDOR dephasing profiles the powder
pattern is significantly broadened due to off-resonance satura-
tion effects. We plan to experimentally test these approaches
for I = 5/2 and I = 7/2 nuclei in future work.

3. Conclusions

In conclusion, we have demonstrated that frequency-stepped
dephasing experiments can be used for the indirect detection of
wideline solid-state NMR spectra of abundant spin-3/2 nuclei.
For the test cases considered in this paper, significant time
savings and gains in sensitivity were realized in some cases.
The exact gains in sensitivity that are achievable with indirect
detection depend upon the ratio of the 1H T1 and quadrupolar
nucleus T1 and the spin quantum number and g of the quad-
rupolar nucleus. Additional factors that influence the gains in
sensitivity include the magnitude of the dipolar or scalar
couplings and T 02 of the quadrupolar nucleus, with the latter

Fig. 7 SIMPSON simulated dependence of the normalized 1H{35Cl} DE-
RESPDOR dephasing (1 � S/S0) on the 35Cl CQ. Simulations were per-
formed with a 50 kHz magic angle spinning (MAS) frequency with a
magnetic field of 9.4 T. Simulations used 80 ms 35Cl saturation pulses with
RF fields of 200 kHz, 80 kHz, or 40 kHz. All simulations used a 1H–35Cl spin
system with a 2 kHz dipolar coupling constant and ZQ = 0.5.
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parameter determining how efficient CPMG detection can be.
The breadth of the quadrupolar powder pattern is also an
important consideration, with indirect detection likely pre-
ferred for wider spectra and direct detection preferred for
narrower quadrupolar powder patterns. Even in cases where
the indirect detection dephasing experiments do not provide

absolute gains in sensitivity, they may still be helpful as they
provide valuable structural information by confirming the
presence of dipolar or scalar couplings between the detected
nucleus and the quadrupolar nucleus of interest. We also note
that much smaller sample volumes are required for the indirect
detection experiments, so they should be useful for limited

Fig. 8 SIMPSON simulated 127I solid-state NMR spectra of BaI2�2H2O (CQ = 53.8 MHz and ZQ = 0) shown for (A) a stationary sample and (B) for a 50 kHz
MAS frequency. (C) Heat plot showing the simulated dephasing for 1H{127I} DE-RESPDOR experiments as a function of the 127I saturation pulse RF field
with conventional rectangular pulses that are 80 ms in duration. (D) Dephasing profiles extracted from the heat plot for 127I saturation pulse RF fields of
180 kHz, 100 kHz, and 50 kHz. SIMPSON simulated 51V solid-state NMR spectra of V2O2(OH)3 (CQ = 5.8 MHz and ZQ = 0.33) shown for (E) a stationary
sample and (F) for a 50 kHz MAS frequency. (G) Heat plot showing the simulated dephasing for 1H{51V} DE-RESPDOR experiments as a function of the 51V
saturation pulse RF field with conventional rectangular pulses that are 80 ms in duration. (H) Dephasing profiles extracted from the heat plot for 51V
saturation pulse RF fields 180 kHz, 80 kHz, and 20 kHz.

PCCP Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 1
2/

4/
20

25
 5

:1
7:

32
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cp05055f


5092 |  Phys. Chem. Chem. Phys., 2024, 26, 5081–5096 This journal is © the Owner Societies 2024

quantity samples. Numerical simulations suggest that the
RESPDOR methods are applicable to samples with very large CQ.

We anticipate that the indirect detection experiments
demonstrated here can be readily combined with dynamic
nuclear polarization (DNP) to further enhance sensitivity.68

Under MAS conditions DNP-enhanced 1H spin polarization
can be efficiently transferred to spin-1/2 nuclei such as 1H,
13C and 31P, whereas direct DNP or indirect DNP of quadrupo-
lar nuclei is often more challenging. Hence, the indirect detec-
tion approach is potentially easier to implement in DNP
experiments. We are pursuing further research along these
lines. Another interesting direction to consider would be to
incorporate phase-modulated (PM) saturation pulses69,70 into
the DE-RESPDOR experiments. The PM saturation pulses have
been shown to provide enhanced dephasing in REDOR experi-
ments with quadrupolar nuclei that exhibit large quadrupolar
coupling constants.69,70 For samples with very large CQ, the PM
pulses may be beneficial. We are actively using these indirect
detection methods to study materials that contain quadrupolar
nuclei that give rise to wideline solid-state NMR spectra.

4. Experimental

Transplatin was purchased from Alfa Aesar and used without
further purification. Methylammonium bromide (CH3NH3Br)
was purchased from DyeSol. Methylammonium chloride
(CH3NH3Cl, 99.0%) and lead chloride (PbCl2, 99.999%) were
purchased from Sigma-Aldrich. Lead bromide (PbBr2, 98 + %)
was purchased from Acros. N,N-Dimethylformamide (DMF) and
toluene were purchased from Fisher Scientific. Copper(I) iodide
(CuI, 95 + %) was purchased from Alfa Aesar and used after
purification. 1,1,1-Tris(diphenylphosphinomethyl)ethane (tri-
phos, 97 + %) was purchased from Strem. Chloroform was
purchased from BeanTown Chemical and used after vacuum
distillation over sieves. MAPbCl3, MAPbBr3 and triphosCuI
were prepared according to the following procedures:

Synthesis of methylammonium lead halides

CH3NH3PbBr3 and CH3NH3PbCl3 were synthesized by a slightly
modified literature procedure.71,72 Briefly, CH3NH3Br
(1.5 mmol) and PbBr2 (1.5 mmol) were dissolved in DMF
(30 mL). After stirring until the mixture became homogeneous
(o30 min), excess toluene (100 mL) was added. Crystalline
CH3NH3PbBr3 was collected by centrifugation at 4000 rpm for
10 min. After washing 3 times with toluene (30 mL), the
material was dried under vacuum. CH3NH3PbCl3 was synthe-
sized from CH3NH3Cl and PbCl2 following a similar procedure.
Synthesis of CH3NH3PbBr3 and CH3NH3PbCl3 was confirmed
by powder X-ray diffraction (PXRD, Fig. S11, ESI†). PXRD
patterns were recorded using Cu Ka radiation on a Rigaku
Ultima IV diffractometer (40 kV, 44 mA).

Synthesis of the complex triphosCuI

A flask was charged with 1,1,1-tris(diphenylphosphino-
methyl)ethane (111.3 mg, 0.1782 mmol), CuI (32.5 mg, 0.171 mmol),

and 25 mL of chloroform under nitrogen. The reaction mixture
was stirred overnight, forming a crystalline precipitate. The
mixture was filtered, and the solids were washed with 3 mL of
chloroform, then dried in vacuo. A colorless powder (103.5 mg,
0.1270 mmol, 71.3%) was collected. Solution 1H NMR spectra
and single crystal X-ray diffraction data are included in the ESI.†
The single-crystal X-ray diffraction structure of triphosCuI can
be accessed from the Cambridge Crystallographic Data Centre
(CCDC code: 2250183).

Solid-state NMR spectroscopy

Solid-state NMR spectroscopy experiments were performed on a
9.4 T Bruker wide-bore magnet equipped with a Bruker
AVANCE III HD console (1H{35Cl} DE-RESPDOR,49 35Cl and
81Br WURST-CPMG,19 207Pb{35Cl} J-resolved, 63Cu DEPTH60

and 1H - 31P{63Cu} J-resolved) and equipped with a Bruker
1.3 mm HX (1H{35Cl} experiments of transplatin and MAPbCl3),
Bruker 2.5 mm HXY probe (207Pb{35Cl} of MAPbCl3 and 1H -
31P{63Cu} of triphosCuI complex) or a Bruker 4.0 mm HXY
magic angle spinning (MAS) NMR probe (all WURST-CPMG
experiments). 1H{81Br} experiments were performed with a
14.1 T Bruker wide-bore magnet equipped with a Bruker
AVANCE NEO console and a Bruker 2.5 mm HXY MAS NMR
probe. All experiments utilized N2 gas for spinning. 1H
chemical shifts were referenced to neat tetramethylsilane by
using adamantane (diso(1H) = 1.72 ppm) as a secondary
chemical shift reference. 207Pb and 31P chemical shifts were
indirectly referenced to neat TMS using the IUPAC recom-
mended relative NMR frequency.73 NMR spectra were pro-
cessed and analyzed with Bruker Topspin version 3.6.4
(AVANCE III HD data) or 4.1.4 (AVANCE NEO data) software.

The following experimental details are with respect to data
acquired at B0 = 9.4 T with the 1.3 mm HX NMR probe (1H{35Cl}
experiments), 2.5 mm HXY NMR probe (207Pb{35Cl} and 1H -
31P{63Cu} experiments) and 4 mm HXY NMR probe (WURST-
QCPMG experiments). 1H{35Cl} DE-RESPDOR spectra of trans-
platin were recorded with the 1.3 mm HX NMR probe and a
50 kHz MAS frequency. The 1H longitudinal relaxation time
constant (T1) of transplatin was ca.17 s; all experiments utilized
a 5 s recycle delay. 1H{35Cl} DE-RESPDOR experiments were
performed with 35Cl saturation pulses that were 80 ms (4 � trot)
in duration with an 80 kHz RF field.49 Additional experiments
on transplatin were performed with tanh/tan 35Cl saturation
pulses 40 ms in duration. The sweep width of the tanh/tan pulses
was set to 5 MHz. The SR42

1 heteronuclear dipolar recoupling
sequence was applied to the 1H spins to reintroduce the 1H–35Cl
dipolar interaction under MAS.55 A control (without a 35Cl
saturation pulse) and dephased (with a 35Cl saturation pulse)
point were recorded at each 35Cl offset. Similarly, 1H{35Cl} DE-
RESPDOR spectra of MAPbCl3 were recorded with the 1.3 mm
HX NMR probe and a 50 kHz MAS frequency. The 1H T1 of
MAPbCl3 was ca. 24 s and 30 s for high-frequency (NH+

3) and low-
frequency 1H NMR signal (–CH3), respectively; all experiments
utilized a 5 s recycle delay and the high-frequency 1H NMR
signal was used to map out the 35Cl spectrum. 1H{35Cl} DE-
RESPDOR experiments were performed with 35Cl saturation
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pulses that were 80 ms (4� trot) in duration with an 80 kHz radio
frequency (RF) field.49 The SR42

1 heteronuclear dipolar recoupling
sequence was applied to the 1H spins to reintroduce the 1H–35Cl
dipolar interaction under MAS.55 A control (without a 35Cl satura-
tion pulse) and dephased (with a 35Cl saturation pulse) point was
recorded at each 35Cl offset. 207Pb{35Cl} J-resolved spectra of
MAPbCl3 were recorded with the 2.5 mm HXY NMR probe and a
25 kHz MAS frequency. All experiments utilized a 2 s recycle delay.
207Pb{35Cl} J-resolved experiments were performed with 35Cl
saturation pulses that were 80 ms (2 � trot) in duration with a
14 kHz RF field. A control (without a 35Cl saturation pulse) and
dephased (with a 35Cl saturation pulse) point were recorded at
each 35Cl offset. 1H - 31P{63Cu} J-resolved spectra of triphosCuI
were recorded with the 2.5 mm HXY NMR probe and a 25 kHz
MAS frequency. The 1H T1 of triphosCuI complex was ca. 6.4 s; all
experiments utilized an 8 s recycle delay. 1H - 31P{63Cu} J-resolved
experiments were performed with 63Cu saturation pulses that were
40 ms (1 � trot) in duration with a 30 kHz RF field. A control
(without a 63Cu saturation pulse) and dephased (with a 63Cu
saturation pulse) point were recorded at each 63Cu offset. The 63Cu
DEPTH60 spectrum was recorded with 3 s recycle delay and 4096
scans. Static WURST-QCPMG spectra of MAPbCl3 were recorded
with the 4 mm HXY NMR probe with WURST pulses that were
25 ms in duration and with a sweep width of 800 kHz.19,24,74 Each
echo in the CPMG train was 50 ms in duration. A total of 30 echoes
were acquired. 50 kHz 1H RF field SPINAL-64 decoupling was
performed throughout the entire static CPMG experiments.75 Simi-
larly, static WURST-QCPMG spectra of transplatin were recorded
with the 4 mm HXY NMR probe with WURST pulses that were
50 ms in duration and with a sweep width of 800 kHz.19,24,74 Each
echo in the CPMG train was 90 ms in duration. A total of 100 echoes
were acquired. High-frequency and low-frequency ends were
recorded for static WURST-QCPMG spectra of MAPbBr3 with the
4 mm HXY NMR probe with WURST pulses that were 25 ms in
duration and with a sweep width of 800 kHz.19,24,74 Each echo in the
CPMG train was 50 ms in duration. A total of 10 echoes were acquired.

The following experimental details are for data collected
with the Bruker 2.5 mm HXY NMR probe and B0 = 14.1 T
(1H{81Br} experiments). 1H{81Br} DE-RESPDOR spectra of
MAPbBr3 were recorded with a 25 kHz MAS frequency. The
1H T1 of MAPbBr3 was ca. 24 s and 23 s for high-frequency
(–NH+

3) and low-frequency signal (–CH3), respectively. All experi-
ments applied a 10 s recycle delay and considered high-
frequency signal to map out the 81Br spectrum. 1H{81Br} DE-
RESPDOR experiments were performed with 81Br saturation
pulses that were 80 ms (2 � trot) in duration with a 50 kHz RF
field.49 The SR42

1 heteronuclear dipolar recoupling sequence
was applied to the 1H spins to reintroduce the 1H–81Br dipolar
interaction under MAS.55 A control (without a 81Br saturation
pulse) and dephased (with a 81Br saturation pulse) point was
recorded at each 81Br offset.

Numerical solid-state NMR spectroscopy simulations

SIMPSON v4.1.1 was used to perform numerical solid-state
NMR simulations.50–52 The archived data includes the SIMP-
SON input codes. Except for the 1H p/2 pulses, all the pulses in

the files were finite in duration. All 2D heat maps were created
using the rep678 crystal file. Static and MAS ideal 35Cl NMR
spectra were simulated using the zcw28656 crystal file. The
number of gamma angles was 15 for the MAS spectrum
simulations. In Fig. 2C and D, the 35Cl offset was incremented
in steps of 50 kHz over a frequency range of +20 MHz to �20
MHz while the 35Cl saturation RF field was increased in steps of
2 kHz from 0 to 200 kHz. The simulations in Fig. 2E were
extracted from the simulation corresponding to Fig. 2C. The
simulation in Fig. 2F was extracted from corresponding simula-
tions shown in Fig. 2D. MATLAB R2021B was used to create all
heat maps. The simulated spectra were processed in ssNake
v1.3.57 The DE-RESPDOR heat maps were normalized by divid-
ing each dephasing intensity by the maximum dephasing
exhibited in each heat map. All the other numerical simula-
tions were run with identical parameters (RF fields, transmitter
offsets, and B0) to those used experimentally. The other numer-
ical simulations for 1H{35Cl} DE-RESPDOR in Fig. 2B and 4C
were performed with a two-spin 1H–35Cl spin system, the
zcw4180 crystal file, 13 g-angles, and a 0.5 ms time step where
the Hamiltonian was considered time-independent. 1H{81Br}
DE-RESPDOR numerical simulations were done with a two-spin
1H–81Br spin system, the zcw4180 crystal file, 13 g-angles, and a
0.1 ms time step where the Hamiltonian was considered time-
independent. Numerical simulations of static 35Cl/81Br solid-
state NMR spectra were performed with the zcw28656 crystal
file and assumed ideal excitation of the powder pattern (start
operator I1x, detect operator I1c). In Fig. 8, all 2D heat maps were
created using the rep678 crystal file. Static and MAS ideal 35Cl
NMR spectra were simulated using the zcw28656 crystal file.
The number of gamma angles was 15 for the MAS spectrum
simulations. In Fig. 8C, the 127I offset was incremented in steps
of 50 kHz over a frequency range of +20 MHz to �20 MHz while
the 127I saturation RF field was increased in steps of 2 kHz from
0 to 200 kHz. The simulation in Fig. 8D was extracted from the
simulation corresponding to Fig. 8C.

In Fig. 8G, the 51V offset was incremented in steps of 50 kHz
over a frequency range of +5 MHz to �5 MHz while the 51V
saturation RF field was increased in steps of 1 kHz from 0 to
200 kHz. The simulation in Fig. 8H was extracted from the
simulation corresponding to Fig. 8G. MATLAB R2021B was
used to create all heat maps. The simulated spectra were
processed in ssNake v1.3.57
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