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Abstract: Pure 2D lead-iodide perovskites typically demonstrate 

poor charge transport and compromised visible light absorption, 

relative to their 3D congeners. This hinders their potential use as 

solar absorbers. Herein, we report systematic tuning of pyridinium-

based templating cations to introduce intermolecular interactions that 

provide access to a series of new 2D lead-iodide perovskites with 

reduced inter-octahedral distortions (largest Pb-(μ-I)-Pb bond angles 

of 170 – 179) and very short inorganic interlayer separations 

(shortest I···I contacts ≤ 4.278 – 4.447 Å). These features manifest 

in reduced band gaps (2.35 – 2.46 eV) and relaxed dielectric 

confinement (excitonic binding energies of 130 – 200 meV). As a 

consequence, they demonstrate (more than 10-fold) improved 

photo- and electrical conductivities relative to conventional 2D lead-

iodide perovskites, such as that templated by 2-(1-

naphthyl)ethylammonium). Through computational studies, the origin 

of this behaviour was shown to derive from a combination of short 

iodoplumbate layer separations and the aromaticity of the organic 

dications. 

Introduction 

Hybrid organic-inorganic APbI3 perovskites with three-

dimensional (3D) structures (where A is a small organic 

monocation, such as methyl ammonium or formamidinium) have 

attracted intense interest in recent years. This is largely due to 

the high power conversion efficiencies, of over 25%, and low-

cost preparative methods available for solar cells based upon 

these materials.1-3 APbI3 perovskites display a host of 

photophysical properties that make them ideal for use as solar-

cell absorbers, including suitable band-gaps (1.50‒1.55 eV), 

excellent visible light absorption, and low exciton binding 

energies.4-6 However, low intrinsic chemical instability towards 

external stimuli (e.g., moisture, oxygen, and UV) remains a 

major stumbling block towards practical application of this class 

of materials.7-9 

Using cations that are larger and more hydrophobic in 

nature, such as 1-butylammonium (BA) or 2-

phenylethylammonium (PEA), rather than the aforementioned 

small A cations, provides improved chemical and structural 

stability.10-12 However, the interstitial sites of APbI3 are of 

insufficient volume to accommodate them and, as a 

consequence, the cubic ionic lattice ruptures along specific 

crystallographic axes (i.e., the (100)-, (110)-, or (111)-planes).  

This yields 2D materials composed of inorganic sheets 

separated by layers of organic cations.13-15 Clearly, this allows 

for much greater diversity in cation structure, relative to 3D 

perovskites, which provides opportunities for tuning the 

optoelectronic properties of the materials. However, despite the 

plethora of reports of 2D perovskites templated by organic 

cations of diverse architectures, including those based around 

hydrocarbon-,16-17 heteroatom-endowed linear aliphatic,18-19 

cyclic aliphatic, 20-22 and aromatic moieties,20-22 systematic 

studies of the impact of cation structure upon the perovskite’s 

structural and optoelectronic properties are still relatively 

scarce.23-25 Even something as elementary as the role of the 

ammonium functional group (NH3
+) in the formability of the 2D 

inorganic lattice has not been systematically investigated. 
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Figure 1. Molecular structures of the pyridinium-based organic cations used in 

this study. 

 

Although 2D lead-halide perovskites are more resistant 

towards moisture and are synthetically more versatile, they are, 

generally, considered ill-suited for photovoltaic applications. This 

is because their reduced dimensionality manifests in poor 

charge transport and compromised visible light absorption.26-27 

The former results from strongly-bound electron-hole pairs 

(excitons) and is quantified by the exciton binding energy (Eb). 

The latter can be traced to the comparatively high energy of the 

excitonic transitions of 2D iodoplumbates, which range from 468 

to 518 nm and equate to bandgap energies (Eg) > 2.45 eV.28-29 

These deficiencies, relative to 3D iodoplumbates, are a direct 

consequence of the quantum confinement inherent to the 

layered structure of the 2D materials.30-33 A further contributing 

factor to their high Eb values is the dielectric mismatch between 

the organic and inorganic layers.27, 34-35 In other words, dielectric 

confinement of the exciton. Eb values for n = 1 2D perovskites 

are typically above 300 meV,31, 34, 36 but a comparitively low Eb of 

220 meV was reported for the material templated by 

phenylethylammonium (PEA).37-38 This was attributed to the 

polarizability of its aromatic core. Post-synthetic intercalation of 

iodine (I2) molecules into iodohexylammonium-based 

iodoplumbate was shown to be capable of temporarily reducing 

the Eb to 180 meV.39 Gradual loss of I2 caused the value to 

increase to 230 meV within 3 days.  

In this article, we detail systematic exploration of the 

impact of a series of organic cations upon the properties of the 

resulting low dimensional lead-iodide perovskites. In particular, 

we examine how primary ammonium moieties influence the 

propensity of 2D iodoplumbate lattices to form and how 

properties beneficial for photovoltaic application can be induced. 

Amongst the vast array of organic frameworks available, 

substituted pyridines are highly appealing because they are 

readily available and straightforward to functionalize (Figure 1). 

We have exploited these features to develop a family of cations 

containing N-alkyl chains of various length and including a range 

of functional groups (1 to 6), some of which have H-bond donor 

capabilities (3 to 6). To gain greater insight into the impact of the 

spatial separation of positive charge centers, dications 

composed of pyridinium rings substituted with 2-ethylammonium 

chains at various positions (6 to 9) were also studied. 

Results and Discussion 

Crystal structures, bonding, and formability. Monocations 1 

and 2 template formation of iodoplumbates 1[PbI3] and 2[PbI3], 

which both crystallize in the orthorhombic centrosymmetric 

space group Pnma. Although they are structural isomers of 

benzylammonium and phenylethylammonium, respectively,22, 37 

1 and 2 do not template the formation of 2D inorganic lattices. 

Instead, they induce formation of 1D polymeric chains 

comprised of [PbI3]- monomers. The Pb2+ ions therein are six 

coordinate and the resulting [PbI6]4- octahedra connect to one 

another in a face-sharing fashion (Figures 2a-b). The deviation 

of the lead coordination sphere away from ideal octahedral 

symmetry is dependent upon the identity of the cation. Overall, 

distortion of the [PbI6]4- octahedra in 2[PbI3] is greater than in 

1[PbI3]. In particular, in contrast to 1[PbI3], 2[PbI3] shows greater 

differences between the length of the Pb–I bonds mutually trans 

to one another along two of the three coordination axes (Table 

S1). Quantitatively, the degree of “intra-octahedral” distortions 

can be assessed by comparing the following, previously 

reported, parameters:40-43 octahedral elongation (λoct), octahedral 

angle variance (σ2
oct), and octahedral bond length distortion 

(∆oct) (see Table S2 for details). 

Despite the potential existence of several C-H···I 

interactions between the inorganic chains and countercations in 

1[PbI3] and 2[PbI3], the dominant crystal packing force appears 

to be coulombic interactions with the positively charged 

pyridinium rings. This interaction is directed perpendicular to the 

plane of the pyridinium rings and causes the cations to align 

parallel to the inorganic chains. Such an arrangement disfavours 

formation of a 2D iodoplumbate lattice and is, likely, the main 

reason a structure of lower dimensionality is obtained. 

To examine whether neutral H-bond donor functional 

groups are able to perturb this situation, the ethyl and propyl 

chains of 1 and 2 were replaced by hydroxyethyl, carboxyethyl, 

and propionamidyl substituents. The resulting materials 3[PbI3], 

4[PbI3], and 5[PbI3] crystallize in the triclinic P-1, monoclinic 

P121/c1, and triclinic P-1 centrosymmetric space groups, 

respectively. They all display structures broadly analogous to 

those of 1[PbI3] and 2[PbI3] (Figures 2c-e). In other words, they 

contain infinite 1D, and not 2D, inorganic lattices. As such, it is 

apparent that any H-bonding interactions with the functionality in 

the alkyl substituents of monocations 3 – 5 is insufficient to 

disturb the parallel orientation of the pyridinium rings relative to 

the iodoplumbate lattice. Our observations and conclusions are 

consistent with preceding reports of iodoplumbates constructed 

using related pyridinium cations.44-46 From the structural 

parameters listed in Tables S1 and S2, it is clear that the 

constituent [PbI6]4- octahedra of 4[PbI3] are more distorted than 

those of 3[PbI3] and 5[PbI3]. 

Having discovered that N-alkylated pyridinium cations 

bearing neutral (i.e., uncharged) pendant H-bond donors are 

insufficient to induce formation of 2D perovskite, we sought to 

incorporate N-ethylammonium functionality. Combination of the  
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Figure 2. X-ray crystal structures of 1D lead-iodide hybrids (a) 1[PbI3], (b) 2[PbI3], (c) 3[PbI3], (d) 4[PbI3], and (e) 5[PbI3]. Ellipsoids are shown at 50% probability 

and H atoms are omitted for clarity. Gray, purple, brown, red, and blue spheroids represent Pb, I, C, O, and N atoms, respectively. 

 

iodide salt of the target dication 6 with PbI2 afforded the hybrid 

6[PbI4], which crystallizes in the monoclinic centrosymmetric 

space group P121/c12D. Consistent with its [PbI4]2- formulation, 

it was found to contain single-Pb-thick 2D iodoplumbate layers, 

comprised of corner-sharing [PbI6]4- octahedra, which are 

separated from another by single layers of the organic dication 6 

(Figure 3a). Unlike other common 2D lead-iodide perovskites, 

the [PbI6]4- octahedra in adjacent inorganic sheets are staggered 

(when viewed down the b axis), rather than eclipsed, with 

respect to one another. The Pb–I bond distances to the axial 

halides, with an average value of 3.1845 Å, are comparable to 

the average length of the bridging Pb–I bonds, of 3.1838 Å.  

 

9.90Å

10.14Å 10.04Å

9.95Å
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Figure 3. X-ray crystal structures of 2D perovskites (a) 6[PbI4], (b) 7[PbI4], (c) 

8[PbI4], and (d) 9[PbI4]. The inorganic layer separations denoted in the figure 

(red text) are defined as the distances between mean equatorial planes, of 

adjacent inorganic sheets. Ellipsoids are shown at 50% probability. H atoms 

are omitted for clarity. Gray, purple, brown, red, and blue spheroids represent 

Pb, I, C, O, and N atoms, respectively. 

 

Moving the 2-ethylammonium substituent to other positions 

of the pyridinium ring (7, 8, and 9), which introduces an 

endocyclic NH+ group, does not affect their propensity to 

template the formation of 2D inorganic frameworks. As such, the 

resulting hybrids 7[PbI4], 8[PbI4], and 9[PbI4] (Figures 3b, 3c, 3d, 

and S1) share many structural similarities with 6[PbI4]. Firstly, 

each dication interacts with two separate inorganic layers; it 

interacts with one layer through its pyridinium ring and the 

neighboring layer through its pendant primary ammonium 

functionality. Within a monolayer, the dications orient in the 

same direction along one axis (pyridinium rings pointing in the 

same direction), and alternate in orientation along the other axis 

(pyridinium rings pointing in different directions). This differs 

from more conventional 2D iodoplumbates, wherein the 

templating organic cations form a bilayer and only primary 

ammonium functionality interacts with the inorganic layers 

(Figure S2). The compactness of dications 6 – 9 and the close 

proximity of their two positive charges results in super short 

separations between neighbouring lead-iodide sheets (mean 

interlayer Pb-Pb distances range from 9.899Å to 10.173 Å). In 

fact, the interlayer iodide-iodide (I···I) contacts of 4.278, 4.322, 

4.445, and 4.447 Å in 6[PbI4], 7[PbI4], 8[PbI4] and 9[PbI4], 

respectively, are amongst the shortest distances between 

adjacent lead-iodide layers ever recorded (Table S3). Although 

differences in the interlayer iodide-iodide separations across the 

series of compounds is relatively small, they correlate with the 

distances between the 2 positive charges in their templating 

organic dications (9 > 8 > 7 > 6). 

 

a) b)

c) d)
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Figure 4. Penetration of the pyridinium rings and primary 2-ethylammonium 

pendant groups into the cuboctahedral cavities, which are built from the axial 

Pb-I bonds of four nearest neighbor [PbI6]4- octahedra, of (a) 6[PbI4], (b) 

7[PbI4], (c) 8[PbI4], and (d) 9[PbI4].  The N-atom to mean plane axial I- mean 

plane distances are provided in the figure. Ellipsoids are shown at 50% 

probability. H atoms are omitted for clarity. Gray, purple, brown, red, and blue 

spheroids represent Pb, I, C, O, and N atoms, respectively. 

 

Whereas the primary ammonium functionality penetrates 

deeply into the cuboctahedral cavities of the iodoplumbate 

layers, which are built from the four nearest neighbour 

terminally-bound axial iodides, the pyridinium rings do not 

(Figure 4). More specifically, the distance between the N atoms 

of the primary ammonium functionality and the mean plane of 

the axial halogen atoms comprising the cuboctahedral cavities in 

6[PbI4], 7[PbI4], 8[PbI4], and 9[PbI4] are up to 1.335, 1.442, 1.298, 

and 1.216 Å, respectively. Such deep penetrations of the 

primary ammonium moieties are outside of the range of 
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distances previously reported for conventional perovskites, 

(RNH3)2[PbI4], for which distances of up to 0.7 Å have been 

observed.47 In contrast, the bulky pyridinium rings in 6[PbI4], 

7[PbI4], 8[PbI4], and 9[PbI4] display minimal penetrations of ca. 

0.184, 0.071, 0.152 and 0.137 Å, respectively. 
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Figure 5. Plan views of limited portions of single iodoplumbate layers, 

intended to show inter-octahedral tilts, in the 2D perovskites (a) 6[PbI4], (b) 

7[PbI4], (c) 8[PbI4], and (d) 9[PbI4]. Pb-I-Pb bond angles along the two 

equatorial axes are included. Gray and purple spheriods represent Pb and I 

atoms, respectively. Ellipsoids are shown at 50% probability. 

 

Secondly, within their inorganic sheets, the 2D hybrids 

reported herein exhibit comparatively minor out-of-plane inter-

octahedral distortions. This is evident from the Pb-(μ-I)-Pb bond 

angles being as high as 174, 170, 176, and 179 in 6[PbI4], 

7[PbI4], 8[PbI4], and 9[PbI4], respectively (Figure 5). We argue 

that these comparatively small inter-octahedral distortions (the 

ideal, non-distorted, value is 180) are a consequence of the 

delocalized, non-pointed nature of the pyridinium-centred 

positive charge. The resulting low charge density, combined with 

the bulky nature of the pyridine ring, would be expected to 

minimize the strength of interaction with the iodoplumbate layer. 

As shown in Figure S1, this notion is supported by the slightly 

elongated distances between endocyclic N-atoms of the 

pyridinium rings and iodide ions in the inorganic layer (closest 

N···I contacts of 3.561 – 3.825 Å) in comparison to those of 

ammonium groups (closest N···I contacts of 3.569 – 3.600 Å). 

The small steric profile and high charge density of primary 

ammonium ions would be expected to exert a strong attractive 

force upon the inorganic lattice and, in order to bring the 

oppositely charged species together, cause a contraction of the 

Pb-(μ-I)-Pb bond angles.29, 48-49 As the consequence, highest Pb-

(μ-I)-Pb bond angles of only 149 – 156 are typically seen for 

conventional organic cations, such as alkylammonium, 2-(1-

cyclohexenyl)ethylammonium, and 2-phenylethylammonium.28-29 

Since half of the positive charges in our materials are 

pyridinium-centred, such Pb-(μ-I)-Pb bond angle “crumpling” is 

alleviated relative to hybrids that contain solely primary 

ammonium groups. Consistent with this notion, the highest Pb-

(μ-I)-Pb bond angles in lead-iodide perovskites templated by 

other aromatic/delocalized ammonium cations are similarly high. 

For instance, in 2D iodoplumbates template by histammonium, 

2,2’-Biimidazolium, and N,N-Dimethyl-phenylene-p-diammonium 

highest angles of 178, 174, and 177, respectively, are observed 

(Table S3).  

Optical properties. Diffuse reflectance UV−vis-NIR 

spectra of powdered samples of 1[PbI3], 2[PbI3], 3[PbI3], 4[PbI3], 

and 5[PbI3] were measured and, the as-recorded reflectance 

data, transformed into absorption spectra using the 

Kubelka−Munk function. As is typical of 1D iodoplumbates with 

electronically “passive” organic cations, absorption onsets occur 

at wavelengths of ≤ 450 nm (Figure S3, solid lines). Shoulders 

at ca. 400 nm and high energy peaks at ca. 380 nm can be 

ascribed to the excitonic and band gap transition (approximate 

band gaps of around 3.0 eV) of the 1D Pb-I chain, respectively. 

The high band-gaps of these compounds is a direct 

consequence of less extensive overlap of the Pb2+ and I- orbitals, 

which results in a less disperse band structure. 

Room temperature excitation at a wavelength (λex) of 335 

nm induces weak emissions, centred at ca. 580 nm and 

extending from 450 to 720 nm, in all of our hybrid 1D materials 

(Figure S3, dotted lines). Such broad emissions have been 

reported for related pyridinium-templated 1D iodoplumbate 

systems and were attributed to a combination of band-edge 

emissions and energy transfer from the excited state of the 

inorganic chains to the excited triplet state of the organic 

components.44-46 However, it is also anticipated that couplings 

between excitons and phonons can occur in hybrids having 

distorted inorganic lattices (Table S2).24. As such, further 

investigations are needed to confirm the origin of the observed 

photoluminescences. Images of the greenish-yellow emissions 

obtained upon exposure of powdered samples of the 1D 

compounds reported herein to a UV lamp (λex = 365 nm), at 

ambient temperatures, are displayed in Figure S4.  

  The 2D inorganic lattices of 6[PbI4], 7[PbI4], 8[PbI4], and 

9[PbI4] experience significantly reduced quantum confinement 

relative to 1D iodoplumbates. It is, therefore, unsurprising that 

the former exhibit enhanced visible light harvesting capabilities, 

compared to the latter, with absorption commencing from ~600 

nm and peaking at around ~525 nm (Figure 6a, solid lines). 

Interestingly, the excitonic peak maxima in 6[PbI4], 7[PbI4], 

8[PbI4], and 9[PbI4] are significantly red-shifted relative to those 

of most previously reported 2D lead-iodide perovskites, which 

range from 464 to 518 nm.28-29 In fact, 6[PbI4], 7[PbI4], 8[PbI4], 

and 9[PbI4] represent rare examples of heavily bathochromically-

shifted 2D perovskites, and we are aware of only eight 

compounds reported to exhibit similar absorption features.11, 19, 

50-52 Correspondingly, images of the powdered samples appear 

redder than conventional 2D perovskites, represented here by 

(NEA)2[PbI4] (Figure 6b, NEA = 2-(1-naphthyl)ethylammonium). 

These red-shifted absorption properties are mirrored by 

excitonic emissions (553 to 563 nm) that occur at lower energy 

than those of other common 2D lead-iodide perovskites (Figure 

6a, dashed lines), which range from 468 to 524 nm.28-29 

The reduced band-gaps (Eg’s) inferred from the red-shifted 

optical features of our 2D perovskites were confirmed by UV-vis 

absorption measurements of very thin films at 80 K. (The 

method used can be found in SI, while the evolution of the 

spectra of the materials as a function of temperature are 

presented in Figure S5.) From their spectra, the respective 

bandgaps of 6[PbI4], 7[PbI4], 8[PbI4], and 9[PbI4] (Figures 6c 

and Figure S6) are estimated to be 2.35, 2.46, 2.34, and 2.38 

eV, which are about 120 – 230 meV lower than those of 

common 2D lead-iodide perovskites. These low band-gaps can  
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Figure 6. a) Room temperature UV-vis and photoluminescence (PL) spectra of 2D hybrid perovskites 6[PbI4]—9[PbI4] represented using solid and dashed lines, 

respectively. The PL spectra were obtained using 457nm continuous-wave laser excitation. b) Photographs of polycrystalline samples of 6[PbI4]—9[PbI4] and a 

representative conventional 2D perovskite, (NEA)2[PbI4], where NEA = 2-(1-naphthyl)ethylammonium. c) Thin film UV-vis spectrum of 6[PbI4], recorded at 80 K. 

Eg, Ex, and Eb denote optical band-gap, excitonic peak, and excitonic binding energy, respectively. Eg is obtained by extrapolation of the linear part of the bandgap 

onset in the spectrum. The corresponding spectra for 7[PbI4]—9[PbI4] can be found in Figure S6. d) Temperature-dependent integrated PL intensity of single 

crystal 6[PbI4], measured using 457nm continuous-wave laser excitation (red circles), and its best fit to the Arrhenius equation (black line). The corresponding 

spectra for 7[PbI4]—9[PbI4] are presented in Figure S8. 

 

be attributed to the high Pb-I-Pb bond angles observed in their 

inorganic lattices (vide infra), which derive from charge 

delocalization in the pyridinium cores of templating cations 6 – 9. 

This is because more ideal Pb−I−Pb angles (close to 180) allow 

for increased overlap between the lead and iodide orbitals, 

thereby, yielding more disperse bands. Interestingly, the low 

band-gaps of 6[PbI4] – 9[PbI4] are of similar magnitude to those 

of bilayered (n = 2) perovskites (Eg values of ca. 2.43 eV), which 

are typically obtained by alloying equimolar ratios of 

monolayered (n = 1) 2D perovskites with 3D hybrid perovskites. 

As such, this work demonstrates that relaxation of inter-

octahedral angle distortion, achieved by judicious selection 

oftemplating organic cation, can alleviate quantum confinement 

of the layered materials. 

Estimated excitonic binding energies (Eb’s) of 130, 200, 

150, and 110 meV can are extracted from the respective low-

temperature UV-vis spectra of 6[PbI4], 7[PbI4], 8[PbI4], and 

9[PbI4] (Figures 6c and S6). Alternatively, the Eb values can be 

assessed via temperature-dependent photoluminescene (PL) 

measurements. This was conducted using single crystals of the 

aforementioned compounds (Figures S7a-d). Emission intensity 

was plotted against the inverse of temperature, and the data 

fitted to the following equation: 

 

where I0 corresponds to PL intensity at low temperature, Ea to 

activation energy, kB to the Boltzmann constant, and T to the 

temperature of measurement. This provided approximate 

exciton activation energies (Ea) of 120(10), 190(30), 119(8), and 

127(8) meV for 6[PbI4], 7[PbI4], 8[PbI4], and 9[PbI4], respectively 

(Figures 6d, S8a-c). Although there are small differences, the 

Ea values are very similar to the Eb values extracted from the 

UV-vis absorption data. This indicates that Eb is the dominant 

contribution to the Ea and confirms the low excitonic binding 

energies of our materials. 

Importantly, the Eb values obtained by both methods are 

significantly lower than those of conventional lead-iodide 

perovskites containing alkylammonium cations (> 300 meV).31, 34, 

36 In fact, they are among the lowest values ever reported for 

pure n = 1 2D iodoplumbates. Furthermore, these Eb values are 

comparable to those obtained for 2D systems with higher 

numbers of contiguous inorganic layers. For example, the n = 2 

lead-iodide perovskites built by mixing the cations 

phenylethylammonium or 1-hexylammonium with equimolar 

quantities of methylammonium were reported to possess Eb 

values of approx. 170 meV34 and 260 meV,31 respectively. 

Electrical and photoconductivity properties. The low Eb 

values of 6[PbI4] – 9[PbI4] indicate that separation of 

photogenerated charge carriers proceeds with comparative ease. 

As such, they would be expected to feature superior interlayer  
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Figure 7. a) Schematic diagram of the four-probe electrical conductivity measurements performed upon polycrystalline samples. b) Current versus voltage (I−V) 

characteristics of 6[PbI4] − 9[PbI4], and (NEA)2[PbI4], under white light irradiation (1 sun illumination). c) Time-dependent photoresponses of the aforementioned 

2D perovskites at 2.0 V bias, upon repetitive on and off white light (1 sun AM1.5G) illumination (interval 2.5 s), measured for around 20 s. 

 

charge transport. To explore this possibility, electrical 

conductivities of polycrystallines 6[PbI4], 7[PbI4], 8[PbI4], and 

9[PbI4] were measured, at 300 K, using a four-probe direct 

current (DC) set-up (Figure 7a). To avoid samples containing 

specific preferred orientations of crystals, which might provide 

different current profiles for different configurations of 

electrodes,14 pressed pellets of finely ground polycrystalline 

samples were used in this study. As a point of comparison, 

measurements were also performed for the more conventional 

2D iodoplumbate (NEA)2[PbI4], which has an inorganic layer 

separation approximately twice that of our compounds (Figure 

S9) and a band gap of ca. 2.58 eV (Figure S10). The 

conductivities of pellets of 6[PbI4], 7[PbI4], 8[PbI4], 9[PbI4], and 

(NEA)2[PbI4] were found to be 5.0410-12, 6.5010-12, 1.8210-12, 

1.2910-12 and 1.2910-13 S cm-1, respectively. (See Figure S11 

and experimental method in the SI for more info on 

measurements and derivations.) Thus, our 2D perovskites 

exhibit charge transport that is more than one order of 

magnitude superior to that of the (NEA)2[PbI4]. 

Photoconductivity of the pelleted samples was also 

measured. Upon exposure to a 450 W xenon lamp that imitates 

1 sun irradiation, at an applied potential of 1 V, photocurrents 

can be harvested for 6[PbI4] – 9[PbI4] (6.30, 9.52, 4.28, and 3.35 

nA, respectively) that are 11 – 33 times greater than those 

measured for (NEA)2[PbI4] (0.29 nA). The values obtained are 

proportional to and directly controlled by their conductivity 

(Figure 7b). Additionally, for 6[PbI4] – 9[PbI4] repeated switching 

between light on and light off had a minimal impact on 

photocurrent output (Figure 7c). This indicates that the light-

response in these materials is reversible. The slightly better 

photoresponsivity of 6[PbI4] and 8[PbI4] compared with 7[PbI4] 

and 9[PbI4] can be attributed to the lower band gaps and 

excitonic binding energies of the former relative to those of the 

latter. 

Electronic structure calculations. In order to clarify the 

origin of the enhanced optoelectronic properties of 

6[PbI4]−9[PbI4], density functional theory (DFT) calculations 

were performed. Previous discussions of the electronic 

structures of 2D lead-iodide perovskites have mostly revolved 

around the bonding and distortions of the iodoplumbate lattice.32, 

53-56 This is because the organic cations do not normally 

contribute to the electronic states near the valence band (VB) 

and conduction band (CB) edges. However, the density 

functional theory (DFT) calculated partial density of states 

(PDOS), shown in Figures 8a and S12a-c, suggest that 

conjugated dications 6 – 9 could feasibly contribute to the 

optoelectronic properties of their 2D perovskites, 6[PbI4]−9[PbI4]. 

More specifically, while the iodide 5p-orbitals are the major 

contributors to the valence band maximum (VBM) and the 

conduction band minimum (CBM) is comprised of lead 

(6p)/iodide (5p) orbitals mixing, dications 6 – 9 are found to 

contribute significantly to the near-edge conduction band region. 

As such, there is a possibility of iodoplumbate-to-cation charge 

transfers. Given that the lowest unoccupied molecular orbitals 

(LUMOs) of the pyridinium cores of 6 – 9 are expected be 

relatively low in energy, this scenario seems reasonable. Indeed, 

it has precedent in one-dimensional lead-iodide hybrids 

containing electron deficient aromatic tropyliums57 and 

viologens58 cations, for which charge transfers of this type have 

been confirmed to contribute to their electronic structures and 

result in better optoelectronic properties. 

Band structures were also calculated for 6[PbI4] − 9[PbI4], 

as a function of K-space path, within the first Brillouin zone 

(Figures 8b and S13a-c). For typical 2D perovskites, it was 

previously reported that the charge carrier effective masses in 

the inorganic sheets are much smaller for in-plane migration 

than for migration perpendicular to the inorganic plane (i.e. 

between inorganic layers).56 This is consistent with the 

expectation that the low dielectric constants of the layers of 

organic cations would, largely, confine charge transport within 

the inorganic sheets. Interestingly, more dispersed band 

curvatures at the band edge for the direction perpendicular to 

the inorganic network are observed for 6[PbI4]−9[PbI4]. Similar 

features were noted for (BdA)[PbI4], but were absent in closely-

related perovskites (HdA)[PbI4] and (OdA)[PbI4] (BdA, HdA, 

and OdA correspond to 1,4-butyldiammonium, 1,6-

hexyldiammonium, and 1,8-octyldiammonium, respectively).56 In 

(BdA)[PbI4], these dispersions were interpreted as long-range 

Coulombic interactions between the inorganic layers, with the 

apparent distant-dependence suggesting that they are feasible 

only for short interlayer distances (< 6 Å). In other words, short 

interlayer separations lead to favourable interlayer interactions 

that equate to reduced dielectric confinement. By analogy, the 

dispersions in 6[PbI4] − 9[PbI4] can be assigned as interlayer 

interactions, which is a consequence of their very short inorganic 

layers separations (I···I contacts of below 4.5 Å). This explains 

the comparatively low excitonic binding energies measured for 

these compounds. Furthermore, one can infer that electrons and 

holes travelling perpendicular to their constituent inorganic 

layers will likely have lower effective masses than in 

conventional 2D iodoplumbates.56 This would then manifest in 

superior charge transport within the materials. 
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Figure 8. a) Calculated total and partial density of states (TDOS and PDOS, 

respectively) for 2D perovskite 6[PbI4]. The corresponding density of states for 

7[PbI4] – 9[PbI4] can be found in Figure S12. b) Density functional theory 

(DFT) calculated band structure of 6[PbI4], as a function of K-space path, 

within the first Brillouin zone. Red arrow indicates the band gap of the material. 

The corresponding band structure diagrams for 7[PbI4]—9[PbI4] are displayed 

in Figure S13. 

Conclusion 

In summary, a series of new low dimensional lead-iodide 

perovskites templated by pyridinium cations are reported herein. 

Through X-ray crystallographic analysis, it was demonstrated 

that incorporation of primary ammonium functionality (into 

templating organic cations) is a prerequisite for formation of 2D 

lead-iodide perovskites. In their absence, materials comprised of 

1D iodoplumbate chains were obtained. The presence of N-alkyl 

substituents containing neutral hydrogen bond donors (alcohol, 

carboxylic acid, and primary amide functionality) did not change 

this outcome and the 1D structures were retained. Presently, we 

are seeking to exploit the aforementioned templating tendencies 

of pyridinium monocations to enforce formation of 1D lead-

bromide hybrids, which have seen intensive exploration as 

single-source broadband white-light emitters. 

Employing 2-ethylammonium decorated pyridinium 

dications, 2D perovskites with reduced inter-octahedral 

distortions (i.e. low Pb-(μ-I)-Pb bond angles tiltings) and very 

short inorganic separations (I···I contacts of below 4.5 Å) are 

obtained. Although the positioning of the 2-ethylammonium 

substituents on the pyridinium ring does not affect their tendency 

to form 2D perovskites, it does allow slight modulation of the 

inorganic inter-layer separation. These structural features 

manifest in optoelectronic properties that are favourable for 

photovoltaic applications, such as reduced band gaps, relaxed 

dielectric confinement, which is evident from very low excitonic 

binding energies, and improved photo- and electrical 

conductivities. DFT calculations suggest that the superior 

conductivity of our materials, relative to most 2D lead-iodide 

perovskites, is likely due to a combination of the charge transfer 

mediation by the pyridinium cations and interaction between the 

proximate neighbouring inorganic layers.  

In essence, we have demonstrated that tailoring design (or 

careful selection) of the templating cation can provide properties 

akin to an n = 2 perovskite in an n = 1 system. Such phenomena 

can, in principal, be harnessed to make low dimensionality 

systems more “3D-like” in character and offer the possibility of 

mitigating some of their photophysical limitations. 
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