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1. Theory of NMR cross-polarization kinetics 

CP-MAS ssNMR experiment. The quantitative treatment of cross polarization (CP) intensity 

build-up under the magic-angle spinning (MAS) condition is complex and depends on 

compositions, structures and several kinetic processes.1,2 The site-specific dynamic motion 

examined by CP signal intensity build-up refers to local fluctuations in the arrangements of spin-

polarized atoms. For example, in non-paramagnetic materials fluctuations in relative nuclear 

positions occur with a characteristic time scale described by molecular reorientation ‘correlation 

times’, τc. In soft materials, the time required for CP build-up is found to scale linearly with τc.1 

Molecular reorientation is thermally activated, so the correlation time is commonly described by 

Arrhenius kinetics: 

𝜏𝑐 = 𝜏0exp(𝐸𝑎 𝑘𝑇⁄ ) Equation S1 

Here, τ0 is the correlation time at 0 K, Ea is the activation energy, k is the Boltzmann constant and 

T is the temperature. A thermal gradient (i.e., variable temperature NMR experiments) is often 

used to relate CP-MAS build-up kinetics to reorientation correlation times, τc.3 However, many 

RP spacer molecules undergo thermal structural transformations that can obscure these 

measurements. Fortunately, molecular reorientation impacts many different relaxation and 

exchange processes in NMR experiments, including CP signal intensity build-up,1,2,4 which can be 

used to relate CP-MAS build-up kinetics to molecular correlation times. For instance, temperature-

dependent studies of line-broadening through T2 or T1,ρ relaxation have been used to study 

{PhC2}2PbI4 spacer dynamics,5,6 and provide a benchmark for CP build-up kinetics. Within these 

limits, relative trends in correlation times can be compared if the molecular environment and 

relaxation rates are similar.  

By carrying out 1D CP-MAS experiments with increasing CP contact time, the CP signal intensity 

buildup can be measured and analyzed at a single temperature (Figure 3). The relationship 

between signal intensity at a given CP contact time, I(t), and the maximum intensity, I0, can be 

approximated as,7 

𝐼(𝑡) = 𝐼0(1 − exp{−𝑘𝐶𝑃𝑡}) Equation S2 

Here, kCP is the CP rate constant, which depends strongly on dipole interactions between the 

abundant nuclei (1H) and the scarce nuclei, X (i.e. 13C or 15N), which in turn relate to the densities 

of hydrogen atoms in the vicinity of 13C/15N nuclei and local molecular motions. This model 

assumes that nuclear spins do not relax over the timescale of the CP-MAS experiment (i.e. 1/kCP 

<< T1,H, T1,X). Fast X{1H} CP buildup is thus expected in rigid systems containing many hydrogen 

atoms in the immediate vicinity (within ~1 nm) of X nuclei. Directly-bonded hydrogens are the 

primary source of CP magnetization in these species at short CP contact times (<0.1 ms), whereas 

the adjacent hydrogen atoms in close proximities (<1 nm) likely contribute to CP intensity build 

up at longer CP contact times (>0.1 ms). 

Variations and disorder in local dynamics significantly influence the CP signal intensity build up, 

leading to deviations in the exponential kinetics. Such variations may be empirically modelled by 

incorporating a correction factor b into the exponential term of Equation S2.7 Further 

complication may arise when the homonuclear relaxation of abundant 1H nuclei, k1,H, is fast 

enough to compete with CP kinetics, and an additional exponential decay must be accounted for: 
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𝐼(𝑡) = 𝐼0(1 − 𝑘1,𝐻 𝑘𝐶𝑃⁄ )
−1
(exp{−𝑘1,𝐻𝑡} − exp{−𝑘𝐶𝑃𝑡}

𝑏) Equation S3 

Each resolvable signal intensity associated with a chemically inequivalent site in a CP NMR 

experiment can be fit to distinct CP build-up kinetics using Equation S3. From the curve fitting 

analyses, the CP rate constant (kCP) and time constants (TCP = 1/kCP) can be derived and compared 

for the rigid and flexible sites. A comparison of these CP build-up kinetics can provide site-specific 

information about the motional dynamics of spacer molecules that can be benchmarked to other 

studies of absolute molecular correlation times, τc. 

 

CP-Variable Contact (CP-VC) Experiment. The 1H→13C CP magnetization transfer, under 

MAS, can be achieved via the Hartmann–Hahn-sideband condition either in a zero-quantum (ZQ) 

or in a double-quantum (DQ) pathway. While the Hartmann–Hahn condition for the ZQ-CP 

experiment generally requires that the difference of the radio frequency (RF) amplitudes of 1H and 
13C to be synchronized with the MAS frequency, the DQ-CP condition requires that the sum of the 

RF-amplitudes to be synchronized with the MAS frequency.3 Likewise, the CP-VC experiments 

use the sum or the difference of RF-fields equal to the spinning rate as it reintroduces the maximum 

of dipolar interactions. Fitting of these dipolar oscillations, and subsequently the Fourier 

transformation leads to a separation of frequencies in the vertical dimension of a 2D CP-VC 

experiment.8–10 

Dipolar-mediated 2D 13C{1H} CP-VC experiments correlate 13C chemical shifts with C-H dipole-

dipole couplings, DCH. The frequency separation between the signals in the indirect vertical 

dimension of CP-VC spectra scales with the motion of different C-H dipole-dipole couplings. For 

example, a doublet is often observed in powdered samples with a frequency separation, Δ = 

DCH/√2, where DCH is the C-H dipole-dipole coupling in kHz. In the absence of molecular motions, 

the dipolar-interaction tensor is axially symmetric with components −DCH/2 and DCH/2, which 

corresponds to the theoretical maximum of 13C-1H dipolar coupling, DCH = 23 kHz. When the C-

H bond undergoes fast reorientation, the axial symmetry of the dipolar tensor splits into principal 

components Dxx, Dyy, Dzz, and reduces the magnitude of the effective dipolar tensor.3,11 Thus, 

molecular reorientation can be probed by comparing CP-VC dipolar splittings to the limits of a 

perfectly rigid molecule (DCH,max ≈23 kHz) or a rapidly re-orienting molecule within the μs 

timescale of the ssNMR experiment. 
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2. X-ray diffraction patterns of RP phases 

 

 

Figure S1. Powder X-Ray diffraction (XRD) patterns overlaid with powder simulations for (a) 

{C4}2PbI4, (b) {C8}2PbI4, (c) {C12}2PbI4 and (d) {PhC2}2PbI4. Simulated patterns were taken 

from published single-crystal XRD refinements.12–15 Simulated patterns were plotted for both the 

room temperature phase and the higher-temperature phase for  (b) {C8}2PbI4 and (c){C12}2PbI4, 

due to the proximity of phase transitions near 314K and 319K respectively. Single crystals were 

measured for (a), (b), and (d); the patterns thus exhibit the preferred orientation of the crystal. For 

(c), the compound was roughly ground. Occasional peak splitting was observed due to detector 

saturation, as the compounds diffracted quite strongly. 

 

 

 

 

 

 

 

 

 

 

 

 



 

5 

 

3. Unit cells and space groups of RP phases 

 

Figure S2. a) Unit cells derived from previously reported single-crystal X-ray diffraction 

refinements of each of the RP phases described in the text: orthorhombic Pbca RP phases with n-

butylammonium {C4} spacers,14 n-octylammonium {C8} spacers,12 and n-dodecylammonium 

{C12} spacers,13 and monoclinic 𝑃1̅ with phenethylammonium {PhC2} spacers.15 Anisotropic 

thermal ellipsoids are shown for 60% occupation probability with the same length scaling across 

all unit cells. The hydrogen atoms were not refined in any of the published phases, and are omitted. 

Portions of the unit cells were omitted (half of the unit cell along b for {C4}, {C8} and {C12} 

phases, and half of the unit cell along a for the {PhC2} phase) to avoid overlap between spacers 

for visual clarity. b) A comparison of C and H atom quantities to formula unit cell volume for RP 

phases. Assuming a similar octahedral volume for all samples, {PhC2}2PbI4 has a slightly lower 

density of H atoms, and higher density of C atoms, in the interlayer than the linear spacers. 
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Figure S3. Crystal structures derived from previously reported single-crystal X-ray diffraction 

refinements of RP phases at room temperature, showing octahedral tilting for orthorhombic Pbca 

phases with n-butylammonium {C4} spacers,14 n-octylammonium {C8} spacers,12 and n-

dodecylammonium {C12} spacers,13 and monoclinic 𝑃1̅ with phenethylammonium {PhC2} 

spacers.15 In-plane views of the a) (100) plane and b) (010) plane show apical tilting about a and 

b, respectively.) An out-of-plane view of the (001) plane shows axial tilting about c. Angles of 

tilting are defined for each projection, and tabulated in Table S1. 
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Table S1. Unit cell properties obtained from single-crystal XRD refinements for each of the RP 

phases illustrated in Figures S2 and S3. The tilt systems are defined based on the conventions 

outlined in Aleksandrov et al. for n = 1 RP phases.16,17 An analogous tilt system label is also 

defined, using the Glazer notation for perovskite tilting.18 Two angles are given for tilt about c (i.e. 

the (001) plane) because octahedral distortions produce two axial tilt angles in the refined 

structures. The octahedral penetration was measured as the distance between the plane connecting 

the apical iodides and the spacer N atom. 

 {C4}2PbI4 {C8}2PbI4 {C12}2PbI4 {PhC2}2PbI4 

Space group Pbca Pbca Pbca P-1 

Aleksandrov 

tilt system Φ1Φ2Ψz Φ1Φ2Ψz Φ1Φ2Ψz Φ1Φ2Ψz 

Pseudo-Glazer 

tilt system a−b−c+ a−b−c+ a−b−c+ a−b−c+ 

α (about a) 2.4˚ 2.5˚ 3.1˚ 2.8˚ 

β (about b) 5.5˚ 5.5˚ 10.5˚ 2.1˚ 

γ (about c) 12.5˚, 13.0˚ 10.5˚, 12.5˚ 10.5˚, 12.5˚ 13˚ 

Closest N-I 

distance 3.598 Å 3.610 Å 3.592 Å 3.666 Å 

Octahedral 

penetration 0.5893 Å 0.6233 Å 0.4719 Å 0.5526 Å 
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4. 2D 1H{13C} heteronuclear correlation NMR spectra of RP phases 

In alkylammonium spacer cations, the local bonding environments of CH, CH2 and CH3 groups 

are distinguishable by analyzing 2D 13C-1H correlation intensities: for example, 2D correlation 

peaks between 13C (15-20 ppm) and 1H (1.1 ppm) are attributed to terminal methyl groups, and a 

distribution of correlation intensities between 13C (20-40 ppm) and 1H (1.5-2.5 ppm) signals are 

observed for central methylene groups, with a greater diversity of features observed for the longer 

spacers. Well-resolved 2D correlation intensities between 13C signals at 40-45 ppm and 1H signals 

at 3-4 ppm correspond to methylene groups adjacent to NH3
+ groups. The number and chemical 

shifts of correlated peaks differ between {C4}2PbI4, {C8}2PbI4 and {C12}2PbI4, but the results 

allow for direct assignments of 1H and 13C chemical shifts to particular sites in each spacer, as 

tabulated in Tables S2-S5. For {PhC2}2PbI4, the 2D correlation intensities between the 13C signals 

at 36 and 45 ppm and 1H signals between 2.5-4.5 ppm are ascribed to CH2 groups, while the 13C 

signals originate from different C-H moieties in phenyl groups in the range 120-140 ppm correlate 

with the 1H signals between 6-8 ppm. 

 

Figure S4. Solid-state 2D 1H{13C} heteronuclear correlation (HETCOR) NMR correlation spectra 

acquired at 18.8 T and at 50 kHz MAS of (a) {C4}2PbI4, (b) {C8}2PbI4, (c) {C12}2PbI4, and (d) 

{PhC2}2PbI4 RP (n = 1) phases. The 13C dimension was acquired using indirect detection via 1H 

dimension. The corresponding skyline projections are shown along the top 1H horizontal and 13C 

vertical axes, respectively. Correlated signal intensity originates from dipolar-coupled 1H-13C pairs 

are depicted by colored circles. Increased local  mobilities of end groups diminish the 2D HETCOR 

signals, which may account for the lack of signals from terminal CH3 (light blue) and CH2 (dark 

blue) sites in {C8}2PbI4 (Figure S4b), which is also corroborated by narrow 1H signals.  
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5. 2D 1H{1H} DQ-SQ correlation NMR spectra of {C8} RP phase 
 

In the 2D 1H DQ-SQ NMR spectrum of {C8}2PbI4 (Figure S5), self-correlation 1H DQ intensities 

at 1.1 + 1.1 = 2.1 ppm, 1.4 + 1.4 = 2.8 ppm, 2.0 + 2.0 = 4.0 ppm, 3.8 + 3.8 = 7.6 ppm, and 7.1 + 

7.1 = 14.2 ppm correspond to CH3 CH2 (light blue), CH2 (dark blue), CH2 (light gray), CH2 (dark 

gray) and NH3
+ groups, respectively, as depicted in the schematic structure. In addition, the cross-

correlated 1H DQ intensity at 1.4 + 3.8 = 5.2 ppm is attributed to the protons in the adjacent CH2 

and CH2 groups within the same {C8} cation. In addition, the 1H DQ signals at 1.4 + 7.1 = 8.5 

ppm, 2.0 + 7.1 = 9.1 ppm and at 3.8 + 7.1 = 11.9 ppm correspond to NH3-CH2 (light gray), NH3-

CH2 (light gray) and NH3-CH2 (dark blue) are distinguished and identified. These cross-correlated 
1H DQ intensities suggest the close spatial proximities between CH3-CH2, CH2-CH2, and NH3-

CH2 groups of the {C8} spacer cations in the RP phase, {C8}2PbI4.  

 

 

Figure S5. Solid-state 2D 1H{1H} DQ–SQ NMR correlation spectrum of {C8}2PbI4 acquired at 

18.8 T (1H 800.1 MHz) and at 50 kHz MAS frequency. The corresponding skyline projections are 

shown along the top 1H SQ horizontal and 1H DQ vertical axes, respectively. Correlated signal 

intensity originates from dipolar-coupled 1H-1H pairs are depicted by colored circles. 
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6. 1D 13C{1H} CP-MAS NMR spectra of {C4} precursor salt and RP phase 

 

Figure S6. Solid-state 1D 13C{1H} CP-MAS NMR spectra of (a) {C4}2PbI4 and (b) {C4}I.  

 

Table S2. Signal intensity buildup fitting parameters and CP rate constants associated with 

different 13C{1H} and 15N{1H} signals of {C4}2PbI4 and {C4}I. 

{C4}2PbI4 Chemical shift (ppm) kCP (ms−1) b 

C-1 42 23.47 ± 1.84 0.51 ± 0.03 

C-2 31 6.32 ± 0.27 0.58 ± 0.03 

C-3 21 3.62 ± 0.14 0.54 ± 0.02 

C-4 16 0.77 ± 0.03 1.00 ± 0.05 

N -331 0.41 ± 0.01 0.89 ± 0.03 

 

{C4}I Chemical shift (ppm) kCP (ms−1) b 

C-1 43 1.03 ± 0.12 0.57 ± 0.06 

C-2 29 0.99 ± 0.10 0.60 ± 0.06 

C-3 21 1.03 ± 0.07 0.68 ± 0.05 

C-4 14 0.60 ± 0.03 1.00 ± 0.06 

N -331 0.25 ± 0.02 0.97 ± 0.11 
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7. 1D 13C{1H} CP-MAS NMR spectra of {C8} precursor salt and RP phase 

 

Figure S7. Solid-state 1D 13C{1H} CP-MAS NMR spectra of (a) {C8}2PbI4 and (b) {C8}I, 

acquired at 9.4 T and at 8 kHz MAS frequency. 
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Table S3. Signal intensity buildup fitting parameters and CP rate constants associated with 

different 13C{1H} and 15N{1H} signals of {C8}2PbI4 and {C8}I. For CP build-up of the ammonium 

N site in {C8}2PbI4, the fitted 1H homonuclear relaxation rate, k1,H, is 0.012 ± 0.01 ms-1 (Equation 

S3). {C8}I shows the 13C signals originating from both trans and gauche conformations, as 

discussed in the main text about the gamma-gauche effect, so there are more peaks in the 13C{1H} 

1D NMR spectrum (Figure S7b) than listed in the table. The values shown in the table below 

indicate the chemical shifts used for measuring CP build-up kinetics.  

{C8}2PbI4 Chemical shift (ppm) kCP (ms−1) b 

C-1 41 1.10 ± 0.14 0.52 ± 0.06 

C-2 33 0.62 ± 0.08 0.71 ± 0.10 

C-3 31 0.70 ± 0.08 0.69 ± 0.08 

C-4 30 0.70 ± 0.08 0.69 ± 0.08 

C-5 28 0.87 ± 0.14 0.53 ± 0.08 

C-6 27 0.79 ± 0.13 0.55 ± 0.08 

C-7 24 0.61 ± 0.10 0.64 ± 0.10 

C-8 16 0.54 ± 0.14 0.55 ± 0.13 

N -330 1.04 ± 0.11 1.00 ± 0.15 

 

{C8}I Chemical shift (ppm) kCP (ms−1) b 

C-1 42 2.37 ± 0.29 0.42 ± 0.04 

C-2 34 2.40 ± 0.27 0.43 ± 0.04 

C-3 31 0.85 ± 0.11 0.59 ± 0.07 

C-4 30 1.39 ± 0.19 0.50 ± 0.06 

C-5 28 1.39 ± 0.19 0.50 ± 0.06 

C-6 27 0.73 ± 0.11 0.59 ± 0.08 

C-7 24 0.64 ± 0.10 0.63 ± 0.10 

C-8 16 0.50 ± 0.05 0.87 ± 0.11 

N -330 0.74 ± 0.03 0.83 ± 0.04 
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8. 1D 13C{1H} CP-MAS NMR spectra of {C12} precursor salt and RP phase 

 

Figure S8. Solid-state 1D 13C{1H} CP-MAS NMR spectra of (a) {C12}2PbI4 and (b) {C12}I.  
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Table S4. Signal intensity buildup fitting parameters and CP rate constants associated with 

different 13C{1H} and 15N{1H} signals of {C12}2PbI4 and {C12}I. For CP build-up of the 

ammonium N site in {C12}2PbI4, the fitted 1H homonuclear relaxation rate, k1,H, is 0.012 ± 0.004 

ms-1 (Equation S3). {C12}I exhibits signals correspond to both trans and gauche conformations, 

as discussed in the main text about the gamma-gauche effect, and there are the low intensity and 

low frequency peaks in the 13C{1H} 1D NMR spectrum (Figure S8b). The values shown in the 

table below indicate the chemical shifts used for measuring CP build-up kinetics. 

{C12}2PbI4 Chemical shift (ppm) kCP (ms−1) b 

C-1 42 0.85 ± 0.17 0.50 ± 0.09 

C-2 34 1.69 ± 0.25 0.47 ± 0.06 

C-3-7 32 1.97 ± 0.20 0.50 ± 0.04 

C-8 30 1.88 ± 0.21 0.47 ± 0.05 

C-9 28 1.88 ± 0.21 0.47 ± 0.05 

C-10 24 1.76 ± 0.15 0.51 ± 0.04 

C-11 27 1.40 ± 0.24 0.43 ± 0.06 

C-12 16 0.67 ± 0.09 0.66 ± 0.09 

N -333 1.38 ± 0.09 1.00 ± 0.10 

 

{C12}I Chemical shift (ppm) kCP (ms−1) b 

C-1 39 3.35 ± 0.19 0.49 ± 0.03 

C-2 35 4.57 ± 0.28 0.48 ± 0.03 

C-3-7 33 3.80 ± 0.27 0.62 ± 0.05 

C-8 32 3.80 ± 0.27 0.62 ± 0.05 

C-9 29 3.65 ± 0.23 0.59 ± 0.04 

C-10 28 3.05 ± 0.12 0.61 ± 0.03 

C-11 26 3.17 ± 0.36 0.57 ± 0.07 

C-12 16 1.25 ± 0.09 0.67 ± 0.05 

N -327 1.33 ± 0.03 0.99 ± 0.03 
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9. 13C{1H} CP build up curves of alkylammonium precursor salts 

 

Figure S9. 13C{1H} CP signal intensity build-up curves associated with different 13C sites in 

ammonium iodide salts (a) {C4}I, (b) {C8}I and (c) {C12}I, as functions of CP contact times. The 

signal intensities are normalized with respect to the 13C{1H} highest signal intensity for each site. 

 

 

Figure S10. Site-specific CP build-up parameters Tcp (= 1/kcp) for each carbon in alkylammonium 

iodide salts. 
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10.  1D 13C{1H} CP-MAS spectra of {PhC2} precursor salt and RP phase 

 

 

Figure S11. Solid-state 1D 13C{1H} CP-MAS NMR spectra of (a) {PhC2}2PbI4 and (b) {PhC2}I. 

The 13C signals corresponding to different 13C sites are depicted by colored circles. (c)  13C{1H} 

CP signal intensity build-up curves associated with different 13C sites in {PhC2}I. The peaks 

marked by an asterisk (*) correspond to spinning side-bands. 

 

Table S5. Signal intensity buildup fitting parameters and CP rate constants associated with 

different 13C{1H} and 15N{1H} signals of {PhC2}2PbI4 and {PhC2}I. 

{PhC2}2PbI4 Chemical shift (ppm) kCP (ms−1) b 

C-1 44 8.61 ± 0.90 0.38 ± 0.03 

C-2 34 8.45 ± 0.71 0.36 ± 0.02 

C-p1 137 1.03 ± 0.09 0.62 ± 0.05 

C-p2/3 131 5.12 ± 0.52 0.54 ± 0.06 

C-p4 128 5.78 ± 1.01 0.37 ± 0.05 

N -335 0.41 ± 0.03 0.86 ± 0.08 

 

{PhC2}I Chemical shift (ppm) kCP (ms−1) b 

C-1 44 5.13 ± 0.55 0.39 ± 0.03 

C-2 34 5.74 ± 0.71 0.42 ± 0.04 

C-p1 138 0.58 ± 0.03 0.98 ± 0.07 

C-p2/3 129 1.62 ± 0.10 0.58 ± 0.03 

C-p4 126 1.48 ± 0.12 0.55 ± 0.04 

N -330 0.41 ± 0.01 0.89 ± 0.03 
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Table S6. List of Uisotropic parameters obtained from published single-crystal X-ray diffraction 

refinements of {PhC2}2PbI4 at 298 K.15 

{PhC2}2PbI4 Chemical shift (ppm) Uisotropic (Å2) 

C-1 45 0.0568 

C-2 36 0.0675 

C-p1 139 0.0717 

C-p2/3 130 0.0679 

C-p4 127 0.0653 
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11. 1D 1H MAS NMR spectra of {PhC2} RP phase and precursor salt, and 

2D 1H{1H} DQ-SQ correlation spectrum of {PhC2} RP phase. 

 

The 2D 1H DQ-SQ NMR spectrum of {PhC2}2PbI4 is shown below in Figure S12c. A broad 

distribution of self-correlation 1H DQ intensities at 3.5 + 3.5 = 7.0 ppm are attributed to spatially 

proximate CH2 groups (pink and magenta), and 1H DQ intensities at 7.0 + 7.0 = 14 ppm, 7.5 + 7.5 

= 2.4 ppm, correspond to special proximities between aromatic protons (red, orange) and between 

protons in NH3
+ groups, respectively. The cross-correlated 1H DQ intensities at 3.5 + 7.0 = 10.5 

ppm, and at 3.5 + 7.5 = 11 ppm originate from the close proximities between the protons in CH2 

(pink, magenta) and aromatic (red, orange) or NH3
+ groups.  

 

 

Figure S12. Comparison of solid-state 1D 1H MAS NMR spectra of (a) {PhC2}2PbI4 and (b) 

{PhC2}I, acquired at 14.1 T (50 kHz MAS). The 1H signals correspond to different 1H sites are 

depicted in colored circles. (c) Solid-state 2D 1H{1H} DQ–SQ NMR correlation spectra acquired 

at 18.8 T and at 50 kHz of {PhC2}2PbI4 RP (n = 1) phase. The corresponding skyline projections 

are shown along the top 1H SQ horizontal and 1H DQ vertical axes, respectively. Correlated signal 

intensity originates from dipolar-coupled 1H-1H pairs are depicted by colored circles. 
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12. 1D 15N{1H} CP-MAS NMR spectra of precursor salt and RP phase for 

each spacer 

 

Figure S13. Solid-state 1D 15N{1H} CP-MAS NMR spectra of (a) {C4}2PbI4 and {C4}I, (b) 

{C8}2PbI4 and {C8}I, (c) {C12}2PbI4 and {C12}I, and (d) {PhC2}2PbI4 and {PhC2}I.  
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