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ABSTRACT: Hybrid metal halides are a remarkably dynamic family of materials that offer a flexible platform for exploring the novel
crystal chemistry that emerges at the intersection of organic and inorganic solids. Herein, we report the discovery of a hybrid that
contains two molecules effectively adopting isostructural geometry, (1-NA)PbI3 and (1-MQ)PbI3, and our attempts to create solid
solutions of the two beyond the 1:1 ratio. Single-crystal X-ray diffraction, combined with solid-state NMR measurements, clearly
show that despite having nearly identical steric geometry, the only mixed phase attained was the composition (1-MQ)(1-NA)Pb2I6,
which exhibits a high degree of order between the two molecules. We propose that this ordering is primarily driven by local
molecular dipoles, which ultimately creates a band structure in the blended phase that is highly characteristic of the end members,
with little sign of rehybridization between the organic or inorganic components.

■ INTRODUCTION
Hybrid materials containing organic molecules packed along-
side periodic arrays of metal halide polyhedra are ideal models
for studying optoelectronic properties of solids.1,2 The
photophysics of hybrids with 1D topologies has been studied
extensively because of the ease with which self-trapped
excitons can be created.3−5 While the impact of varying the
halide and metal centers is commonly explored, very few
reports examine the effect of mixing molecular cations within
hybrid lattices. Instead, most studies examining phases with
more than one organic moiety in three-6−9 and two-
dimensional structures10−18 more frequently feature distinct
crystallographic positions where the two organics segregate.
Here, we report the structure of a one-dimensional hybrid,

(1-MQ)(1-NA)Pb2I6, that contains two similarly shaped
organic cations, 1-methylquinolinium (1-MQ) and 1-naph-
thylammonium (1-NA), representing a pseudo solid solution
of the two end members, (1-NA)PbI3 and (1-MQ)PbI3. The
nuclear structure of the mixed system was characterized using a
combination of single-crystal X-ray diffraction and solid-state
NMR techniques in order to discriminate the near-identical
compositions of the molecular constituents. In addition to the

(1-MQ)(1-NA)Pb2I6 system, the end-member hybrids, (1-
NA)PbI3 and (1-MQ)PbI3, were characterized and provide
insight into the packing of the discrete organic components.
We find that clear differences in the electronic structure
between the 1-MQ and 1-NA cations drive the minor variation
between structures and the differences seen between the
octahedra in (1-MQ)(1-NA)Pb2I6. These results reinforce the
notion that spatial proximity between two molecules is
insufficient to achieve admixing of their electronic orbitals,
which can remain a significant challenge for achieving efficient
charge transfer through these hybrid materials.
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■ EXPERIMENTAL DETAILS
The precursor salt, 1-methylquinolinium iodide (C10H10NI, (1-
MQ)I), was synthesized by mixing 2 parts quinoline (98%, Sigma-
Aldrich) with iodomethane (99%, stable with Cu, Fisher) in
approximately 10 mL of acetonitrile (HPLC, EMD Millipore). The
solution was then heated to 85 °C and stirred for 2 h. Once the
solution cooled to room temperature, it was transferred to a glass
Petri dish to allow the solvent to evaporate. The resulting yellow solid
was vacuum-filtered and rinsed with diethyl ether (≥98% (stabilized),
VWR). Proton NMR spectra using DMSO-d6 (Cambridge Isotope
Laboratories) were collected to confirm the purity and structure of
the product (reported in the Supporting Information).
1-Methylquinolinium lead iodide ((1-MQ)PbI3) was prepared by

dissolving 0.2 g (0.43 mmol) of lead(II) iodide (PbI2, 99.9985%
(metals basis), Alfa Aesar) and 0.12 g (0.44 mmol) of the prepared
(1-MQ)I salt in 2 and 3 mL of hydroiodic acid (HI, 57 wt %
(stabilized), Sigma-Aldrich) in 2 dram and 8 dram scintillation vials,
respectively. The organic salt solution was stirred continuously in an
aluminum bead bath on a hot plate until reaching 100 °C. Once all
solids were dissolved in both solutions, the lead solution was decanted
into the organic solution and allowed to briefly mix before the heat.
The resulting yellow crystals were collected via vacuum filtration and
rinsed with acetone (≥99.5%, VWR).
1-Naphthylammonium lead iodide ((1-NA)PbI3) was prepared

following the same procedure using 0.2 g of PbI2 (0.43 mmol) and
0.078 g (0.54 mmol) of 1-naphthylamine (C10H9N, 99%, Sigma-
Aldrich). The resulting product was vacuum-filtered and rinsed with
diethyl ether.
The mixed hybrid (1-MQ)(1-NA)Pb2I6 was synthesized by using

the same procedure. The lead solution was made by dissolving 0.2 g
(0.43 mmol) of PbI2 with 2 mL HI in a 2 dram vial. The organic salt
solution was made by dissolving 0.038 g (0.27 mmol) of 1-
naphthylamine and 0.056 g (0.21 mmol) (1-MQ)I with 5 mL of
HI in an 8 dram vial. The resulting product was vacuum-filtered and
rinsed with diethyl ether. (1-NA)PbI3 and (1-MQ)(1-NA)Pb2I6 were
both stored in an Ar glovebox to avoid degradation due to
atmospheric exposure.
1-Naphthylamine-d3 chloride salt was synthesized to create a

deuterated version of the mixed hybrid for solid-state NMR
experiments. 100 mg of 1-naphthylamine was heated and dissolved
in 10 mL of deuterium chloride (DCl, 20% w/w in D2O, 99.5%
isotopic). The resulting product was analyzed by NMR and used to
synthesize the mixed hybrid. (1-MQ)(1-NA-d3)Pb2I6 was synthesized
by using the same procedure outlined above with the expectation that
some back conversion of the deuterons to protons would occur. Any
resulting back conversion did not affect the solid-state NMR
experiments significantly.
Single-crystal data for (1-MQ)PbI3 and (1-MQ)(1-NA)Pb2I6 were

collected at 100 K by using a Rigaku XTALab Synergy diffractometer
with a CCD area detector. The data reduction was performed using
Crysalis Pro and refined using Olex2 with the ShelXL program
installed.19 Single-crystal data was also collected for (1-NA)PbI3 to
confirm the structure first reported by Lemmerer and Billing and later
reported with minor lattice changes by Mitrofanov et al.20,21

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 spin echo, 207Pb spin echo, 1H{14N} D-HMQC, 2H
spin echo, and 1H{2H} DE-RESPDOR) and equipped with a Bruker
1.3 mm HX probe with MAS frequency. All experiments utilized N2
gas for spinning. 1H chemical shifts were referenced to neat
tetramethylsilane using adamantane (δiso(1H) = 1.72 ppm) as a
secondary chemical shift reference. 207Pb and 2H chemical shifts were
indirectly referenced to neat TMS using the IUPAC recommended
relative NMR frequency.22 NMR spectra were processed and analyzed
with Bruker TopSpin version 3.6.4 (AVANCE III HD 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 spin
echo solid-state NMR spectra of (1-NA)PbI3, (1-MQ)PbI3, and (1-
MQ)(1-NA)Pb2I6 were recorded with a 50 kHz MAS frequency, and

the 1H longitudinal relaxation time constants (T1) were ca. 3.3, 19.3,
and 6.9 s, respectively. All experiments utilized a 1.3 × T1 s recycle
delay. 207Pb spin echo solid-state NMR spectra of (1-NA)PbI3, (1-
MQ)PbI3, and (1-MQ)(1-NA)Pb2I6 were recorded with a 50 kHz
MAS frequency, and all experiments utilized a 0.5 s optimized recycle
delay. The 207Pb isotropic chemical shift tensor parameter (δiso) was
determined with the solid line shape analysis (SOLA) module in
Bruker TopSpin 3.6.4 software.
For the 1H{14N} D-HMQC2 solid-state NMR experiment, the

symmetry-based SR412 dipolar recoupling sequence
23 was applied on

the 1H channel at the second-order rotary resonance recoupling
condition.24−26 The optimum total dipolar recoupling time used for
(1-MQ)(1-NA)Pb2I6 was 1.28 ms, and the 14N excitation and
reconversion pulse lengths had a duration of one rotor period. The
14N RF field was 62.1 kHz. 2H spin echo solid-state NMR spectra of
(1-MQ)(1-NA-d3)Pb2I6 were recorded with a 20 kHz MAS
frequency, and all experiments utilized a 0.1 s recycle delay. 1H{2H}
DE-RESPDOR9 experiments of (1-MQ)(1-NA-d3)Pb2I6 were per-
formed with 50 kHz MAS and 2H saturation pulses that were 30 μs
(1.5 × τrot) in duration with 107.5 kHz RF field. The SR412
heteronuclear dipolar recoupling sequence was applied to the 1H
spins to reintroduce the 1H−2H dipolar interaction under MAS.23 A
control (without a 2H saturation pulse) and dephased (with a 2H
saturation pulse) point were recorded at each recoupling time
considered in this experiment. The 1H T1 of (1-MQ)(1-NA-d3)Pb2I6
was ca. 6.8 and 7.1 s for high-frequency (aromatic protons) and low-
frequency (−CH3) signals, respectively; all experiments utilized a 9.23
s recycle delay and considered the low-frequency signal (−CH3) to
construct the RESPDOR dephasing curve. The 2H isotropic chemical
shift (δiso), CQ, and η were determined by extracting sideband
manifolds from the one-dimensional (1D) spin echo spectrum and
fitting the manifold with the SOLA module in the Bruker TopSpin
3.6.4 software. A summary of all experimental data is shown in Table
S3.
SIMPSON v4.1.1 was used to run numerical solid-state NMR

simulations.27−29 The archived data include the SIMPSON input
codes. Except for the 1H π/2 pulses, all of the pulses in the files were
finite in duration. The 1H{2H} DE-RESPDOR dephasing curves were
simulated using the rep678 crystal file, 13 γ-angles, and 107.5 kHz 2H
RF field. The 1H{2H} DE-RESPDOR numerical simulations for the
(1-MQ)(1-NA-d3)Pb2I6 were done considering a multispin 1H−2Hn
(n = 3) system and corresponding Euler angles.
Density functional theory (DFT) calculations were performed

using the projector-augmented wave method within the Vienna Ab
Initio Simulation Package (VASP).30,31 The density of states and
band diagram plots were plotted using sumo.32 Due to the size of the
unit cells, the functional of Perdew, Burke, and Ernzerhof33 was used
for geometrical relaxation, while the functional of Heyd, Scuseria, and
Ernzerhof (HSE06),34,35 with the explicit inclusion of spin−orbit
coupling (HSE06 + SOC), was used for electronic structure
calculations, including density of states and electronic band structure,
performed using the structures relaxed with PBEsol. A plane-wave
kinetic energy cutoff of 600 eV and a 2 × 1 × 1 Γ-centered k-point
grid was used such that total energy had converged to within 1 meV/
atom. Geometry optimization was considered to have converged
when the forces on each atom fell below 0.01 eV Å−1, and the plane-
wave cutoff was increased to 600 eV during relaxation to avoid Pulay
stress. Partial charge density information was generated using
pymatgen.36

Diffuse reflectance data was collected from 800 to 250 nm using a
PerkinElmer Lambda 950 UV−vis−NIR spectrophotometer equipped
with a 150 mm integrating sphere to determine the onset of
absorption in powders diluted to 3 wt % in magnesium(II) oxide
(MgO, 98%, ACROS Organics) and to approximate the optical band
gap using the Kubelka−Munk transform.37
Temperature-dependent photoluminescence and lifetime data were

collected from 3 to 290 K using neat solid samples. Each sample was
sandwiched between two 1 mm thick sapphire disks before being
placed in the cryostat system. Samples were excited at 365 nm, and
data was collected from 400 to 800 nm for the steady state emission
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spectra using a Photon Technology International QuantaMaster
model C-60SE spectrofluorimeter in tandem with a Janis model SHI-
4-2 optical He cryostat equipped with a Lakeshore model 335
temperature controller.

■ RESULTS AND DISCUSSION
The synthesis of each phase yielded small yellow tabular
crystallites. All three compositions adopt the Pbca space group,
as shown in Figure 1, with the results from the refinement of
the (1-MQ)PbI3 and (1-MQ)(1-NA)Pb2I6 structures pre-
sented in Tables S7 and S8. The inorganic portion of each 1-D
material consists of similar face-sharing lead iodide octahedra.
In (1-MQ)PbI3 and (1-NA)PbI3, the inorganic chains are
parallel to the b-axis, while in (1-MQ)(1-NA)Pb2I6, the chains
are parallel to the a-axis. Each of the end-member hybrids has
one unique lead site, whereas the model for the mixed hybrid
contains three distinct environments. Powder XRD was
performed on all three hybrids to assess the phase purity of
each material. Pawley fittings of the powder XRD patterns for
(1-NA)PbI3, (1-MQ)PbI3, and (1-MQ)(1-NA)Pb2I6 (Figure
S9) indicate that the bulk products are pure single-phase
materials.
When comparing the end members, there are few differences

in the structural topology aside from the identity of the organic
cation. A small distortion to the intraoctahedral bond angles in
(1-MQ)PbI3 can be seen because of the difference in location
of the cationic charge center compared to (1-NA)PbI3. In (1-
NA)PbI3, the inorganic octahedra have highly symmetrical
bond lengths and angles. In (1-MQ)PbI3, the angles in the
octahedra are distorted farther away from 90 and 180° to bring
the iodine atoms closer to the nitrogen atoms in the
quinolinium rings. This translates to a shorter distance of
4.09 Å between the quinolinium nitrogen and the iodine atoms
in (1-MQ)PbI3 when compared to the 4.23 Å distance
between the equivalent carbon atom in 1-NA and the iodine
atoms of (1-NA)PbI3.
Hydrogen bonding appears to play a significant role in (1-

NA)PbI3, whereas other electrostatic interactions are the
driving force in (1-MQ)PbI3. The shortest ammonium
nitrogen to iodine distance in (1-NA)PbI3 is 3.53 Å, which
is on the longer end of the scale for hydrogen bonds. The
shortest distance between a quinolinium nitrogen and iodine in
(1-MQ)PbI3 is 4.09 Å, which is on the scale of other
electrostatic interactions. Therefore, although hydrogen
bonding is not possible in (1-MQ)PbI3, it does play a role in
the cationic packing of 1-NA in (1-NA)PbI3.
Refinement of the single-crystal data for the mixed hybrid

revealed a doubling of the c-axis relative to the a-axis in (1-
NA)PbI3 and (1-MQ)PbI3, resulting in an approximate unit
cell volume doubling. Since the carbon and nitrogen atoms in
the 1-MQ and 1-NA cations are indistinguishable by X-ray

methods, the atomic positions of those atoms could not be
differentiated during the refinement. Despite not being able to
definitively assign the carbon and nitrogen atom positions, the
X-ray data indicate that the mixed hybrid does incorporate
both cations and is not a solid solution, as seen in Figure 1.
Additionally, the lead iodide octahedra are either canted

(green) or slightly distorted (gray) from fully symmetric
depending on the lead site, reflecting the creation of two
distinct metal environments in (1-MQ)(1-NA)Pb2I6 (Figure
1). The green octahedra tilt slightly in (00l) planes, where the
cations appear to be pointing in opposite directions in relation
to the methyl or ammonium groups. In the (00l) planes where
the cations are facing more in the same direction, the gray
octahedra instead distort to bring the iodide atoms closer to
the nitrogen atoms. The cations pack in a more symmetrical
way around the canted octahedra, leading to the whole unit
shifting rather than distorting as it does at the gray lead site
where the cations do not pack symmetrically around the
octahedra.
Looking at the cationic packing around the octrahedral rods,

the canted octahedra are surrounded by four 1-NA cations and
two 1-MQ cations and vice versa for the distorted cations.
Since the 1-NA cations exhibit hydrogen bonding interactions
with the iodine atoms, they are more polarizable than the 1-
MQ cations. Additionally, the dipole strengths of 1-NA and 1-
MQ are 7.98 and 2.47 D, respectively. Consequently, it is
reasonable to infer that the gray octahedra, which are
surrounded by a greater number of the more rigid 1-MQ
cations, would exhibit more significant distortion. In contrast,
the green octahedra, surrounded by the softer and more
polarizable 1-NA cations, exhibit canting rather than distortion.
To confirm the ordering between the 1-NA and 1-MQ

cations in the crystal structure of (1-MQ)(1-NA)Pb2I6, we
performed a variety of solid-state NMR experiments. Figure
2a−c shows 1H spin echo solid-state NMR spectra of (1-
NA)PbI3, (1-MQ)PbI3, and (1-MQ)(1-NA)Pb2I6. 1H longi-
tudinal relaxation time constants (T1) were measured with
saturation recovery experiments and gave values of ca. 3.3,
19.3, and 6.9 s for (1-NA)PbI3, (1-MQ)PbI3, and (1-MQ)(1-
NA)Pb2I6, respectively. The observation of an intermediate 1H
T1 for (1-MQ)(1-NA)Pb2I6 is consistent with the mixing of
cations in the same crystalline lattice. The 1H solid-state NMR
spectra of all compounds show two main sets of 1H NMR
signals, with the lower-frequency signals having maximum
intensity around 5.5 ppm, and the second higher-frequency
signals having maximum intensity around 8.5 ppm. For (1-
MQ)PbI3 and (1-MQ)(1-NA)Pb2I6, the low-frequency 1H
NMR signal is assigned to methyl groups of 1-MQ. For all
compounds, the high-frequency 1H NMR signals primarily
arise from aromatic hydrogen atoms.

Figure 1. Crystal structures of (1-NA)PbI3, (1-MQ)(1-NA)Pb2I6, and (1-MQ)PbI3. 1-NA and 1-MQ cations are colored blue and red, respectively.
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1H{14N} dipolar heteronuclear multiple quantum correlation
(D-HMQC)1 experiments were performed on all three
compounds. The 1H{14N} D-HMQC spectra show that the
ammonium hydrogen atoms of 1-NA resonate at ca. 9 ppm,
while the methyl protons of 1-MQ (which are adjacent to the
quinoline nitrogen atom) resonate at 5.5 ppm (Figures 2d and
S1). As expected, the indirect 14N dimension clearly shows two
distinct 14N NMR signals. These NMR signals are centered at
−280 and −107 ppm and are assigned the ammonium
nitrogen of 1-NA and the quinolinium nitrogen of 1-MQ,
respectively. These assignments are obvious when comparing
the 1H{14N} D-HMQC spectra of each compound and
considering the observed 1H correlations (Figure S1). Both
14N NMR signals have a single well-defined discontinuity,
consistent with the presence of only one of each nitrogen atom
in the asymmetric unit of the crystal structure of (1-MQ)(1-
NA)Pb2I6.
Figure 3a−c shows 207Pb solid-state NMR spectra of (1-

NA)PbI3, (1-MQ)PbI3, and (1-MQ)(1-NA)Pb2I6, respectively.
Peak fitting was used to determine the isotropic chemical shifts
(δiso) of each 207Pb solid-state NMR spectra shown in Figure 3.
The δiso for 207Pb solid-state NMR spectra of each (1-NA)PbI3
and (1-MQ)PbI3 hybrid systems are 952 and 891 ppm,
respectively. The mixed-cation (1-MQ)(1-NA)Pb2I6 shows a
207Pb spectrum with a peak that is similar in breadth to that of

(1-NA)PbI3, which is somewhat surprising given that there are
three distinct Pb atoms in the asymmetric unit of the crystal
structure of (1-MQ)(1-NA)Pb2I6. However, it is well known
that lead and tin iodide perovskites often give rise to
homogeneously broadened 119Sn and 207Pb NMR signals.39−43

The homogeneous broadening arises from the strong scalar
and dipolar couplings between 207Pb and 127I (a 100%
abundant I = 5/2 nucleus) and dynamic exchange of iodide
atoms or fast 127I relaxation that is caused by sizable
quadrupolar interactions.41,42 Due to the homogeneous
broadening of the 207Pb solid-state NMR spectra, it is difficult
to observe distinct 207Pb NMR signals for (1-MQ)(1-
NA)Pb2I6.
1H{207Pb} t1-noise eliminated (TONE) D-HMQC

44 were
performed on all three compounds (Figure S2). These
experiments show correlations between the 207Pb NMR signals
and 1H NMR signals of both cations, confirming that the
cations are within 5 Å of the Pb atoms in all systems.
Interestingly, extracting 207Pb NMR spectra at different 1H
chemical shifts (columns) from the 2D 1H{207Pb} TONE D-
HMQC spectrum of (1-MQ)(1-NA)Pb2I6 results in partial
resolution of distinct 207Pb NMR signals, consistent with the
presence of multiple Pb sites in the asymmetric unit of this
compound (Figure S2).
We also performed plane-wave density functional theory

including projector-augmented wave (GIPAW)45 calculations
on all compounds. These calculations predict that 207Pb
isotropic chemical shielding (σiso) is 6906 and 6860 ppm for
(1-NA)PbI3 and (1-MQ)PbI3 hybrid systems, respectively. In
contrast, for the (1-MQ)(1-NA)Pb2I6, three different 207Pb
sites were predicted with σiso = 6604, 6796, and 6898 ppm
(Figure 3c).
The 1H → 13C cross-polarization (CP) solid-state NMR

spectra of (1-MQ)(1-NA)Pb2I6 provide additional evidence
for ordering of the cation positions in (1-MQ)(1-NA)Pb2I6.
1H → 13C 2D CP-HETCOR NMR spectra are shown in
Figure S4 and confirm 1H NMR signal assignments. The 1H→

Figure 2. 1H spin echo solid-state NMR spectra of (a) (1-NA)PbI3,
(b) (1-MQ)PbI3, and (c) (1-MQ)(1-NA)Pb2I6. (d) 1H{14N} dipolar
heteronuclear multiple quantum correlation (D-HMQC)38 solid-state
NMR spectrum of (1-MQ)(1-NA)Pb2I6. All NMR spectra were
acquired with a 9.4 T magnetic field and a 50 kHz magic angle
spinning (MAS) frequency.

Figure 3. 207Pb spin echo solid-state NMR spectra of (a) (1-NA)PbI3,
(b) (1-MQ)PbI3, and (c) (1-MQ)(1-NA)Pb2I6. All NMR spectra
were acquired with a 9.4 T magnetic field and a 50 kHz magic angle
spinning (MAS) frequency.
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13C CP solid-state NMR spectra show similar full widths at
half-height (fwhh) of ca. 152 Hz and ca. 169 Hz for the methyl
13C NMR signals of (1-MQ)PbI3 and (1-MQ)(1-NA)Pb2I6,
respectively (Figure S3). In the crystal structure of (1-
MQ)PbI3, all methyl groups reside at symmetry-related
positions. Therefore, the observation of a similar fwhh for
the methyl 13C NMR signals of (1-MQ)PbI3 and (1-MQ)(1-
NA)Pb2I6 suggests that the methyl positions are also ordered
in the latter. Consistent with this hypothesis, the experimental
X-ray crystal structure of (1-MQ)(1-NA)Pb2I6 shows that 1-
MQ and 1-NA are arranged in a regular manner. All 1-MQ
methyl groups reside in the same symmetry-related position,
and 1-MQ methyl groups always neighbor the 1-NA amine
group (Figure S5). DFT GIPAW calculations predict that
there is only a single calculated 13C magnetic shielding value
for the experimental crystal structure. Using DFT, we made an
alternative model of the crystal structure where the positions of
1-NA and 1-MQ are disordered (Figure S5). In this model,
there are now four distinct 1-MQ methyl groups. DFT GIPAW
calculations predict that there is up to a 2.1 ppm difference in
magnetic shielding for the different methyl groups (Table S1).
Therefore, the calculations suggest that if there was disorder in
the 1-MQ and 1-NA positions there would likely be sizable
inhomogeneous broadening on the order of 2 ppm, or distinct
13C NMR signals could be observed for different 1-MQ
molecules within the lattice. Both of these predictions are
inconsistent with the experimental 13C solid-state NMR
spectra, again suggesting there is ordering of the 1-MQ and
1- NA positions in the lattice.
Finally, we prepared a sample of (1-MQ)(1-NA)Pb2I6 where

the hydrogen on the ammonium was replaced with deuterium
to enable 2H solid-state NMR experiments. As discussed
below, the 2H-labeling enabled us to perform 1H−2H dipolar
coupling measurements that can probe the distance between
methyl and ammonium protons of 1-MQ and 1-NA.
Figure 4a shows the 2H spin echo solid-state NMR spectrum

(black) acquired at B0 = 9.4 T magnetic field with a 20 kHz
MAS frequency, and the simulation is shown in cyan. The 2H
isotropic chemical shift (δiso), quadrupolar coupling constant
(CQ), and asymmetry parameter (η) were obtained by fitting
the peak intensities of the sideband manifold. The simulation
gives the 2H δiso, CQ, and η values, which are 7.1 ppm, 164
kHz, and 0.12, respectively. The measured CQ values suggest
that there is relatively slow reorientation of the ND3 groups on
the 2H NMR time scale.
Figure 4b shows 1H{2H} DE-RESPDOR23,46 dephased

spectrum (red, S) recorded with 2H saturation pulses and
the control spectrum (black, S0) recorded without saturation
pulses. The difference spectrum (S0-S, green) is illustrated
below. A plot of 1 − S/S0 as a function of the recoupling
duration yields the dephasing curve (Figure S7a). Here, all
experimental data points correspond to the dephasing
observed at the methyl protons of the 1-MQ; although due
to the limited resolution of the 1H NMR spectra, the
dephasing from the aromatic 1H spins will also contribute.
With knowledge of 2H, CQ, and η, the 1H{2H} DE-RESPDOR
dephasing curve for the deuterated (1-MQ)(1-NA)Pb2I6 can
be modeled. Multispin 1H−2H (n = 3) numerical SIMPSON
simulations were performed to model the dephasing curve. In
order to simplify the analysis, we assume that the dipolar
couplings are the same for all of the 1H−2H spin pairs.
Although the crystal structure of (1-MQ)(1-NA)Pb2I6 suggests

unique 1H−2H distances for each hydrogen and deuterium
atom, it is important to keep in mind that the methyl groups
are likely rotating with MHz frequencies, which will result in
partial averaging of the dipolar coupling constants and a
perceived increase in internuclear distances. A root-mean-
square deviation (RMSD) calculation was utilized to identify
the best-fit 1H−2H distance. This analysis suggested that the
average 1H−2H distance is 3.8 Å between the methyl protons
of 1-MQ and the 2H of the 1-NA molecule (Figure S6).
Figure S7b shows part of the crystal structure of (1-MQ)(1-

NA)Pb2I6, illustrating the distances between the methyl group
of 1-MQ and the nearest ammonium groups of 1-NA. Note
that plane-wave DFT was used to optimize the hydrogen atom
positions in this structure. The distance for the methyl
hydrogen (H atom q) to the three nearest ammonium
hydrogen atoms (H atoms a, b, and c) is 3.95 Å. For all of
the methyl protons, the average distance to the nearest three
ammonium protons is 4.45 Å (Table S2). While our measured
value of 3.8 Å is shorter than this average value, it is important
to keep in mind that there are additional nearby ammonium
groups in the lattice that will also contribute to the dephasing
in the 1H{2H} RESPDOR experiments, explaining why the
measured distance is shorter than the average distance seen in
the DFT optimized crystal structure. In summary, the 1H{2H}
RESPDOR experiments are consistent with the proposed
crystal structure of (1-MQ)(1-NA)Pb2I6 that shows ordering
of the 1-NA and 1-MQ positions in the lattice that results in
the hydrogen atoms of the methyl and ammonium groups
being separated by 4.45 Å on average.
Solid-state NMR spectroscopy confirmed that the 1-NA and

1-MQ cations are indeed packed within the same crystal
structure and are ordered. However, this method does not
confirm the specific positions of the 1-NA and 1-MQ cations.
In order to rationalize the final packing configuration shown in
Figure 1, we projected the dipole moments of 1-NA and 1-MQ
onto the structures, as shown in Figure S8. The dipole
strengths of 1-NA and 1-MQ are 7.98 and 2.47 D, respectively.

Figure 4. (a) 2H spin echo solid-state NMR spectrum (black) of (1-
MQ)(1-NA)Pb2I6 hybrid system in a 9.4 T magnetic field with a 20
kHz MAS frequency. The peak fitting is shown in a cyan solid line.
(b) 1H{2H} DE-RESPDOR spectra recorded (red) with or (black)
without 30 μs 2H saturation pulses. The difference spectrum (green)
is shown below. Both spectra were acquired in a 9.4 T magnetic field
with a 50 kHz MAS frequency.
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Due to the significantly larger dipole moment of 1-NA, it is
reasonable to assign 1-NA to cationic positions where their
dipoles would cancel out in short proximity. In contrast, the 1-
MQ cations, with weaker dipole moments, are assigned to
positions where there is a net dipole moment within the (00l)
planes.
The octahedral distortion in (1-MQ)(1-NA)Pb2I6 is also

nicely contrasted to that of the octahedral distortion in (1-
MQ)PbI3. As illustrated in Figure S8, there is a stronger net
dipole moment within the (00l) plane in (1-MQ)PbI3,
resulting in a larger octahedral distortion compared to (1-
MQ)(1-NA)Pb2I6. As for (1-NA)PbI3, we can observe that the
dipole moments of 1-NA cations are canceled out immediately
with its neighboring cations. The tendency of 1-NA cations to
have dipole cancellation in close proximity compared to 1-MQ
cations, as illustrated with the end-member hybrids (1-
MQ)PbI3 and (1-NA)PbI3, further supports our designation
of the 1-MQ and 1-NA cations in (1-MQ)(1-NA)Pb2I6.
Based on the density of states and band diagram data, it is

evident that (1-MQ)(1-NA)Pb2I6 and (1-MQ)PbI3 have
similar conduction band characters as seen in Figure 5b,c.
Each material displays an isolated band with cationic character,
which contrasts the continuous nature seen in the bands of (1-
NA)PbI3 in Figure 5a. These isolated bands represent the
lower LUMO energy of the 1-MQ cation in relation to the 1-
NA cation. Additionally, the bands in all three systems are

quite flat and do not display much dispersivity. Each system is
also an indirect band gap semiconductor.
Charge density projections visualized using VESTA also

reveal interesting differences between the materials. Figure 6
shows the projected charge densities for (1-MQ)PbI3 and (1-
NA)PbI3 at the conduction band minimum (CBM) and
valence band maximum (VBM) of each system. In the case of
(1-NA)PbI3, the charge density is localized around the
inorganic portion of the system at the band edges. Probing
further into each band reveals some differences in the charge
density map, but the localization stays around the inorganic
octahedra. In (1-MQ)PbI3, the charge density shifts from the
inorganic octahedra at the VBM to the π-orbitals of the 1-MQ
cations at the CBM. The charge density largely remains
localized around the inorganic octahedra and organic cations in
the valence and conduction bands, respectively. (1-MQ)(1-
NA)Pb2I6 displays electronic properties very similar to (1-
MQ)PbI3. Figure 6 shows the charge densities at the VBM and
CBM for (1-MQ)(1-NA)Pb2I6. The VBM displays inorganic
character around all octahedra and the CBM displays organic
character localized around the 1-MQ cations. Going deeper
into the conduction band reveals further organic character.
Deeper in the valence band, differing charge density around
the inorganic octahedra is observed. While the charge density
does not point to any interesting charge transfer phenomenon,
it does demonstrate the connection between the (1-MQ)PbI3
and (1-MQ)(1-NA)Pb2I6 systems.

Figure 5. Combined DOS and band structure plots for (a) (1-NA)PbI3, (b) (1-MQ)(1-NA)Pb2I6, and (c) (1-MQ)PbI3.

Figure 6. Charge density at the conduction band minimum and valence band maximum of (1-NA)PbI3, (1-MQ)(1-NA)Pb2I6, and (1-MQ)PbI3.
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When compared to the experimental data, the computa-
tional data show similar trends in band gap values. While the
computational and experimental values do not match exactly,
(1-MQ)(1-NA)Pb2I6 has the smallest band gap and (1-
NA)PbI3 has the largest band gap with the (1-MQ)PbI3 band
gap falling between the two but closer to (1-MQ)(1-NA)Pb2I6.
The experimental diffuse reflectance data shown as normalized
Kubelka−Munk transforms can be seen in Figure S10.
The different electronic behaviors of (1-NA)PbI3, (1-

MQ)(1-NA)Pb2I6, and (1-MQ)PbI3 observed in the computa-
tional data are reflected in their temperature-dependent
emission properties. For (1-NA)PbI3 (Figure S11a), we
observe an increase in emission intensity as the temperature
decreases. Below 40 K, the broad emission peak begins to red-
shift, accompanied by an emergence of a vibronic structured
triplet emission from the 1-NA cation. This results in a final
broad emission centered around 656 nm, and a more intense
triplet emission at approximately 500 nm.
In contrast, the (1-MQ)PbI3 system does not exhibit a

triplet emission. Instead, it shows a broad emission centered
around 620 nm with minor energy shifts across the
temperature range studied, as illustrated in Figure S11c.
Additionally, the emission intensity of (1-MQ)PbI3 peaks at 60
K and decreases as the temperature continues to drop.
The temperature-dependent powder emission of (1-MQ)(1-

NA)Pb2I6 reveals a unique combination of emission profiles
observed in (1-NA)PbI3 and (1-MQ)PbI3. The 508 nm
emission feature starts to emerge at 50 K and continues to
increase in intensity as the temperature decreases. This is
reminiscent of the triplet emission feature observed in (1-
NA)PbI3, albeit emerging at a lower temperature and not
vibronic in nature. The more prominent broad emission
feature is centered around 612 nm, and red-shifts to a
wavelength of 625 nm at higher temperatures. Moreover, the
emission intensity peaks at 5 K before decreasing at higher
temperatures. The broad emission energy and temperature-
dependent behavior resemble that of (1-MQ)PbI3.
The difference in the emission properties of the two end-

member hybrids is likely due to the differing LUMO energies
of the two organic cation species. For (1-NA)PbI3, the LUMO
of 1-NA is higher than the CBM. At room temperature, while
there is a possibility for electrons to excite to the triplet states,
they quickly relax down to the CBM before radiatively
decaying to the ground state. As the hybrid system cools, the
pathways for nonradiative decay decrease due to the reduction
of molecular and phonon vibrations, leading to an increase in
emission intensity. At temperatures below 100 K, the energy
needed to depopulate the triplet states decreases, resulting in
the onset of triplet emission.
In the case of (1-MQ)PbI3, the LUMO of 1-MQ is isolated

and lower in energy than the rest of the conduction band. At
room temperature, the electrons excite from the VBM into the
LUMO of 1-MQ. As the (1-MQ)PbI3 system cools, the
reduction in molecular and phonon vibrations leads to an
increase in emission intensity. At temperatures below 65 K, we
hypothesize that the LUMO of 1-MQ acts as a trap state,
reducing the radiative decay of the hybrid.

■ CONCLUSIONS
In summary, we have demonstrated, using a combination of
single-crystal X-ray and solid-state NMR spectroscopy, that the
molecular cations in (1-MQ)(1-NA)Pb2I6 prefer to pack in an
ordered fashion. The large difference in the dipoles of the 1-

NA and 1-MQ cations gives rise to minor differences in the
lead sites and may contribute to the ability to overcome the
entropy and avoid random packing. This material is the first of
its kind, demonstrating the possibility to further explore this
space and target stronger donor−acceptor pairs to create more
interesting charge transfer characteristics.
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