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Abstract

2D hybrid perovskites consisting of layers of lead halide octahedra separated by

long organic linker cations have great potential for functional material design towards

tailored optical and electronic properties. Here, we report the �rst direct observa-

tion of light-induced charge transfer in a series of novel 2D perovskites incorporating

conjugated linkers based on the carbazole molecule. Dedicated electron paramagnetic

resonance (EPR) experiments and supporting quantum-chemical calculations reveal

that excitons generated in the lead halide layer undergo charge transfer (CT) at the

organic-inorganic interface resulting in a positive polaron delocalized over several car-

bazole moieties and a partner electron residing in the inorganic layer. The occurrence

of such CT processes in these materials not only o�ers interesting new perspectives for

the functionalization of future 2D perovskites, but could also lead to a better under-

standing of the unusual broadband emission reported for this material class, which has

been directly related to polaronic e�ects.

Introduction

While 3D lead halide perovskites already demonstrated excellent performance in thin-�lm

photovoltaics,1 their 2D counterparts have recently emerged as highly promising materials

due to their superior stability in solar-cell devices2,3 and their tunable light-emitting prop-

erties.4�7 Such 2D or Ruddlesden-Popper perovskites are composed of alternating layers of

organic cations separated by a number (n) of perovskite sheets consisting of cornersharing

lead halide octahedra. Often, a distinction is made between 2D layered (n = 1) and 2D

multi-layered perovskites (n > 1). Because of the fewer structural constraints compared to

their 3D equivalents, this material class allows for more complex organic molecules to be

embedded in the perovskite framework and hence combines the outstanding opto-electronic

properties of lead halide perovskites with the versatility of organic chemistry. The intrinsic

layered structure moreover behaves as a series of quantum wells, wherein the electron and
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hole wavefunctions are con�ned to the inorganic layer leading to large exciton binding ener-

gies of 150-400 meV.8,9 The resulting electro-optical properties are therefore highly tunable

through variation of the organic linker and the thickness of the perovskite layer.10 Finally,

due to the hydrophobic nature of these linker molecules, the organic layer acts as a natural

barrier against moisture, thereby strongly enhancing the ambient stability of these materials

compared to their 3D counterparts.11�13
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Figure 1: Schematic crystal structure of the (CA C5H10NH3)2MAn�1PbnX3n+1 2D hybrid
perovskites (shown for n = 2).

The materials studied in this work are a series of PbI-based (multi-)layered perovskites

with a carbazole (CA) derivative as organic linker (schematic crystal structure in Figure 1).

The incorporation of chromophores with an extended conjugated π-system such as carbazole

into 2D perovskites is of great interest for functional materials engineering. The �rst appli-

cation of carbazole as an organic linker was reported by Era et al. in a fundamental study

on single-layered PbBr perovskites.14,15 Although these materials were not suited for solar

cells, they exhibited an interesting increase of the in-plane conductivity compared to both

polyvinylcarbazole and layered PbBr perovskites with insulating linkers. More recently, Pas-

3



sarelli et al. demonstrated that the use of such conjugated organic linkers can indeed improve

the photovoltaic properties of 2D perovskites.16 The incorporation of carbazole derivatives

into a multi-layered perovskite framework was �rst established in a proof-of-principle study

by part of the authors.17 The higher-n perovskites were found to have charge di�usion lengths

comparable to 3D methylammonium (MA) lead iodide and achieved PCEs of 7% in solar

cells, comparable to reference devices based on phenethylammonium-linked perovskites, the

literature standard for 2D perovskite solar cells (PeSCs). At the same time, the carbazole-

linked perovskites exhibited a superior stability against moisture, both at the material and

device level, an important advantage in any future opto-electronic application.

Quite surprisingly, many 2D hybrid perovskites are white-light emitters, with unusually

broad (∼ 100 nm) and highly Stokes-shifted (∼ 1 eV) luminescence.18,19 Similar broadband

emission has also been observed in single-layered carbazole-linked perovskites.17 Owing to

the ionic character of the lattice and the importance of electron-phonon coupling in these

materials, the formation of self-trapped states and polarons has often been put forward

as a possible origin of this phenomenon. Several experimental observations support this

hypothesis: (i) thermal activation of the broadband luminescence as observed in temperature-

dependent PL studies,8 which is consistent with the energetic barrier posed by the lattice

deformation associated with the self-trapping; (ii) white-light emission occurring on the

same timescale (< 100 fs) as the Pb-halide bond vibrations as demonstrated by ultra-fast

transient absorption and THz spectroscopy;20 (iii) the absence of crystal-size e�ects on the

emission properties which rules out surface states as the underlying radiative recombination

centers;18 (iv) the correlation between the e�ciency of broadband emission in Br-based 2D

perovskites with the degree of structural deformation in the lattice, more speci�cally the

out-of-plane tilting of the lead-halide octahedra;21 (v) the presence of �ne structure in the

emission spectra due to distinct excitonic transitions coupled to speci�c vibrational modes as

revealed by impulsive stimulated Raman spectroscopy22,23 and detailed analysis of exciton

absorption spectra.24,25 Yet, at present no experimental studies give any microscopic insight
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into the nature and formation of these polaronic centers. Herein, a spin-sensitive technique

such as electron paramagnetic resonance (EPR) has the unique potential to directly identify

and characterize such polaronic states and has already been successfully applied for the study

of polarons and self-trapped states in organic semiconductors26 and more closely-related

materials such as lead halides27,28 and oxide perovskites.29 In particular, the combination

of dedicated hyper�ne spectroscopy with quantum-mechanical computations of the EPR

parameters o�ers detailed structural information on the direct surroundings of the polaron

and hence gives invaluable insight into the delocalization and local symmetry of the trapping

site.26

In this work, we use EPR to directly probe light-induced polarons in carbazole-linked

PbI-based 2D perovskites with 〈n〉 = 1, 2, 10. We report the observation of positive po-

larons in the organic layer, which is further supported by density functional theory (DFT)

computations of the spectroscopic parameters. Since carbazole is transparent for the ap-

plied photo-excitation energies, we argue that the polarons are formed via interfacial charge

transfer (CT) from excitons generated in the inorganic layer. While direct signatures of

the partner electron in the inorganic layer could not be detected, the observation of CT in

these materials nevertheless reveals a potentially important mechanism for the generation

of emissive self-trapped states in the lead-halide layer. As such, these results shed a new

light on our understanding of broadband emission in layered perovskites and moreover o�ers

interesting perspectives for future functionalization towards unique synergistic properties of

the organic and inorganic layer.
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Methods

Sample preparation

(CA C5H10NH3)2MAn�1PbnI3n+1 �lms (〈n〉 = 1, 2, 10) were cast from precursor solutions

as described in.17 Samples for X-band EPR were prepared from dropcasts on transparent

polyethylene naphtalate (PEN) substrates, which resist the thermal annealing step required

to form the 2D structure.17 The samples were directly mounted into a quartz tube (I.D.

3 mm, O.D. 4 mm) by stacking multiple narrow strips cut from the dried �lm. W-band EPR

samples were prepared by scratching o� �lms deposited on glass substrates and subsequently

transferring the collected material into a quartz sample tube (I.D. 0.6 mm, O.D. 0.84 mm).

Optical spectroscopy

Optical absorption spectra were measured on a Cary 5000 UV-Vis-NIR spectrophotometer

from Agilent Technologies, a cleaned quartz substrate was used as calibration background.

EPR experiments

Pulsed X-band EPR experiments were recorded on a Bruker Elexsys E580 spectrometer

(mw frequency: 9.75 GHz) equipped with a liquid helium cryostat (Oxford Instruments). To

allow for light-induced experiments, the sample could be illuminated inside the cavity with

the output of a continuous-wave (CW) 447 nm diode laser (CNI lasers, MDL-III-447-300mW)

entering the sample tube via a fused silica optical �ber (core diameter: 100 µm, laser power at

the end of the �ber: 20 mW). Electron spin echo (ESE)-detected EPR spectra were recorded

using the π/2 − τ − π − τ − echo sequence with tπ/2 = 16 ns, tπ = 32 ns and interpulse

delay τ = 162 ns. The 2D three-pulse electron-spin-echo envelope modulation (ESEEM)

experiment was performed using the pulse sequence π/2 − τ − π/2 − T − π/2 − τ − echo,

while incrementing the time intervals τ and T in steps of 16 ns from 108 ns to 412 ns, and from

84 ns to 4164 ns, respectively. In order to remove unwanted echoes, a four-step phase cycle
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was applied. The ESEEM data were processed as follows. The time traces were baseline-

corrected with a third-order polynomial, apodized with a Hamming window and zero-�lled.

After a two-dimensional Fourier transform, the absolute-value spectra were computed and

summed along the τ -dimension to eliminate blind-spot e�ects. X-band electron-electron

double resonance (ELDOR)-detected NMR (EDNMR) was performed using the standard

sequence HTA− td−π/2− τ −π− τ − echo with the length of the high turning angle (HTA)

pulse tHTA optimized to 8 µs and td = 3 µs, tπ/2 = 12 ns and τ = 128 ns. All X-band

experiments were performed at 15 K and with a shot repetition rate of 67 Hz.

W-band EPR experiments were performed on a Bruker Elexsys E680 W-band EPR spec-

trometer (mw frequency: 94.03 GHz), equipped with a standard single-mode cylindrical

resonator from Bruker and a continuous-�ow cryostat and superconducting magnet from

Oxford Instruments. CW photo-excitation of the sample at 447 nm, 501.7 nm and 532 nm

was achieved by illumination with a diode laser (CNI lasers, MDL-III-447-300mW), an Ar+-

laser (Spectraphysics 2020) and a frequency-doubled Nd:YAG laser (CNI lasers, MGL-III-

532-300mW), respectively. Via a fused silica optical �ber (core diameter: 600 µm) the laser

beam was directed into the quartz sample tube which acts as a light guide (20 mW laser

power at the end of the �ber). All experiments were performed at 15 K and with a shot rep-

etition rate of 67 Hz, unless stated otherwise. The ESE-detected EPR spectra were recorded

using the pulse sequence π/2−τ−π−τ−echo with tπ/2 = 120 ns, tπ = 240 ns and interpulse

delay τ = 360 ns. A two-step phase-cycle was applied to remove all unwanted echoes. All

ESE-detected EPR spectra are presented as di�erence spectra (light-minus-dark) in order to

determine the light-induced components. To allow for direct comparison, all of the presented

�eld-swept spectra were rescaled to the same mw frequency (94.03 GHz) to account for small

frequency di�erences between the experiments. W-band EDNMR was performed under con-

tinuous illumination using the HTA− td − π/2− τ − π − τ − echo pulse sequence with tHTA

= 24 µs, td = 4 µs and the same pulse lengths and delays for the detection sequence as in

the ESE-detected EPR experiments.
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Simulations of the EPR spectra were performed with EasySpin 5.1.3.51

DFT computations

Spin-unrestricted DFT calculations of the singly-charged oxidation states of the carbazole

derivative were performed with the ORCA package (version 2.9.1).52�54 In all calculations,

the NH +
3 group at the end of the alkyl chain was replaced by a CH3 group. The �rst set of

calculations involved an isolated CA C6H13 molecule, later also a pair of stacked CA C6H13

units was considered to better reproduce the close-packing expected within the perovskite

host. For the isolated molecule, the structure geometry was �rst optimized using the BP86

functional55 and the SVP basis set56 for all atoms. The dimer calculation started from an

antiparallel con�guration of the carbazole groups with an initial distance between the back-

bones of both molecules of about 4 Å, similar to the intermolecular distance derived from

XRD data on the related (CA C5H10NH3)2PbBr4 compound presented in.15 Since conver-

gence of the self-consistent �eld cycle could not be reached with a GGA-functional (BP86),

we used the hybrid B3LYP functional55,57 for the entire structural relaxation procedure which

posed no further convergence problems. For both systems, single-point computations of the

principal g-values were performed using the B3LYP functional combined with the EPR-II

basis set.58 All calculations were performed in vacuo.

Results

Formation, structure and optical properties

The (CA C5H10NH3)2MAn�1PbnI3n+1 �lms were spin coated from CA C5H10NH3I, CH3NH3I

and PbI2 precursor solutions and post-annealed to obtain the desired 2D perovskite following

the procedure of Herckens et al.17 The synthesis of the CA C5H10NH3I precursor is described

in detail in the SI. The stoichiometric ratios of the precursors in the solution were deter-

mined with respect to a targeted value of n. Except for the single-layered perovskite with
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n = 1 which is phase-pure, it is expected that the �lms also contain traces of perovskites

with slightly smaller or larger n. This has been reported earlier for related multi-layered

perovskites incorporating large organic cations.30 In this work, the samples will therefore

be denoted by their respective nominal 〈n〉 based on the precursors' stoichiometry, wherein

the brackets indicate that these �lms could contain residues of perovskites with a di�erent

number of layers n. A more elaborate discussion on the n-distribution in these materials

based on optical absorption data is included in the SI.

The 2D nature of the compounds was established in previous work by some of the au-

thors.17 Therein, X-ray di�raction (XRD) data on �lms revealed a series of re�ections char-

acteristic for 2D layered perovskites. For 〈n〉 = 1, 2, the layers were found to be oriented

parallel to the substrate, while for 〈n〉 ≥ 3 the preferential growth direction changes to-

wards a perpendicular orientation of the 2D perovskite with respect to the substrate. Full
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Figure 2: Normalized absorption spectra (Tauc plot) of the (CA C5H10NH3)2MAn�1PbnI3n+1
�lms with di�erent (targeted) 〈n〉. The arrows mark the di�erent photo-excitation energies
used in the LI-EPR experiments on the 〈n〉 = 1, 2, 10 samples.
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XRD analysis of the �lms studied in this work revealing the 2D nature of the perovskites

is included in the SI. The reduced dimensionality of the perovskites is also apparent from

the distinct excitonic peaks present in their absorption spectra as shown in Figure 2. The

excitonic absorption shifts to lower energy for larger values of n, i.e. 2.45 eV for n = 1 and

2.19 eV for n = 2, correlating well with the reduced e�ect of quantum con�nement when

increasing the inorganic layer thickness (see Figure S8 for the determination of the optical

gaps using the Tauc plot method). The absorption spectrum of the quasi-3D perovskite

with 〈n〉 = 10 features a band gap of about 1.6 eV, which is very close to the optical gap of

3D MAPbI3. As mentioned earlier, these materials also feature the remarkable broadband

emission characteristic for many 2D hybrid perovskites, which is most apparent for the low-n

compounds (see SI).

Light-induced EPR

Because of the excitonic character of the absorption spectra, the photo-excitation energy

had to be varied in the LI-EPR experiments for each of the samples with di�erent 〈n〉. As

such, the n = 1 sample was photo-excited at 501.7 nm (2.47 eV), very close to its excitonic

absorption peak. The 〈n〉 = 2 and 〈n〉 = 10 sample were illuminated at 447 nm (2.77 eV),

respectively, 532 nm (2.33 eV) which is well within their respective absorption bands. It is

important to note that absorption by the carbazole molecules occurs in the UV at energies

above 3.45 eV (359 nm) (see SI for the absorption spectrum of carbazole). This is signi�cantly

higher than any of the photo-excitation energies used. Hence, we can safely assume that in

all samples the primary excitons are generated by light absorption within the inorganic

octahedral layers and no light is absorbed by the organic spacer.

Figure 3 shows the X-band (9.75 GHz) and W-band (94.03 GHz) LI-EPR spectra of the

2D perovskites with 〈n〉 = 1, 2, 10. No signi�cant dark signal was observed in any of the

samples (see SI). All of the 2D perovskites feature a similar EPR spectrum upon illumina-

tion, which was found to be partly reversible at 15 K with a reduction in signal intensity of
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Figure 3: X-band (a) and W-band (b) light-induced ESE-detected EPR spectra of the 2D
perovskites (CA C5)2MAn�1PbnI3n+1 with 〈n〉 = 1, 2, 10 recorded at 15 K. The n = 1 per-
ovskite was photo-excited at 501.7 nm (2.47 eV), 〈n〉 = 2 at 447 nm (2.77 eV) and 〈n〉 = 10
at 532 nm (2.33 eV). The W-band spectra were brought to the same mw frequency and
normalized to allow for easy comparison. Simulations of the EPR spectra are shown in grey.
The principal g-values and linewidths used in the simulations are summarized in Table 1.
For consistency with later simulations shown in this work, the simulations here also take into
account the hyper�ne couplings to two equivalent 14N nuclei summarized in Table 2. The
latter are unresolved in the ESE-detected spectra, but signi�cantly a�ect the line broadening.

about 50% when the light is switched o�. The EPR spectrum disappears completely after

the samples have been heated to room temperature. Both the position of the line close to

the free electron g-value, i.e. ge = 2.002319, and its narrow width (∼8 mT in W-band)

suggest that the signal stems from an organic radical center. In these materials, such an

organic radical could be either centered on the MA group or the carbazole linker. Yet, the

close similarity between the spectra of the 〈n〉 = 2, 10 samples and that of the single-layered

perovskite, which does not contain any MA cations, rules out MA radicals as possible origin

for the LI-EPR signal. Hence, the spectra in Figure 3 are assigned to a singly-charged radical

on the carbazole derivative. Taking into account that light absorption takes place only in

the inorganic layer, this result indicates a reversible charging of the organic spacer layer via

CT.
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Despite the close similarity between the EPR spectra of the 〈n〉 = 1, 2, 10 perovskites,

small di�erences can be observed, in particular regarding their line shape. These deviations

become most apparent when comparing the experimental traces with their respective sim-

ulations, shown in grey in Figure 3. The g-values corresponding to the best �t with the

experimental data are summarized in Table 1. The experimental spectrum of each of the 2D

perovskites can be simulated with a near-identical set of principal g-values, con�rming the

common nature of the EPR signal. Small di�erences in line shape between the 〈n〉 = 1, 2, 10

perovskite spectra can be largely accounted for by adjusting the linewidth parameters in

the simulation. Here, the line shape is �tted by an isotropic convolutional pseudo-voigtian

broadening. This simple model is usually less approppriate as it doesn't account for the

anisotropic sources of line broadening often present in EPR spectra and could be the rea-

son for the small deviations observed in the tails of the spectra. Yet, the narrow overall

width of the spectra complicates accurate �tting of the EPR line shape with more advanced

inhomogeneous broadening mechanisms.

Table 1: Comparison of the experimental principal g-values of the radical on
the carbazole linker molecules, and DFT-computed values for their cationic
(monomer and dimer) and anionic (monomer only) radicals. The experimen-
tal g-values and linewidths ∆B were determined by simulation of the W-band
EPR data shown in Figure 3. In the simulations an isotropic convolutional
broadening with a pseudo-Voigtian lineshape was applied. The two tabulated
broadening parameters correspond to the full width at half maximum of the cor-
responding Gaussian and Lorentzian pro�les, respectively. The estimated error
in the experimental g-values and linewidths is ±0.0001 and ±0.1 mT, respectively.
For the gz component of the 〈n〉 = 10 perovskite a larger uncertainty of ±0.0003
is assumed.

gx gy gz ∆B (mT)
Exp 〈n〉 = 1 2.0025 2.0029 2.0034 (0.9,1.0)

〈n〉 = 2 2.0024 2.0029 2.0034 (0.9,1.2)
〈n〉 = 10 2.0024 2.0028 2.0036 (1.0,1.4)

DFT CA C6H
+
13 2.0023 2.0030 2.0034

(CA C6H13)
+
2 2.0023 2.0030 2.0034

CA C6H
�
13 2.0023 2.0027 2.0029
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The assignment of the EPR spectra in Figure 3 to carbazole radicals can be further con-

�rmed using hyper�ne spectroscopy to probe couplings to magnetic nuclei surrounding the

electron spin, in particular 14N and 1H. The presence of such couplings is a clear indication

that the EPR signal stems from an organic center. To this end we have applied electron-

electron double resonance (ELDOR)-detected NMR (EDNMR)31,32 and electron-spin-echo

envelope modulation (ESEEM).33,34 Both are pulsed EPR techniques that rely on the inter-

action between the unpaired electron and surrounding nuclear spins to record an NMR-like

spectrum revealing the nuclear frequencies of the system. Two regimes can be distinguished.

In the weak coupling case (|νI| > |A|/2), the spectral response will be centered around the

Larmor frequency νI of the nucleus and split by |A|, the strength of the hyper�ne interaction.

In the strong coupling case (|A| > 2|νI|), the spectrum will feature peaks centered about

|A|/2 and split by 2νI.34 In powder-like solid-state samples such as the 2D perovskites studied

here, the spectral analysis is further complicated by the fact that the hyper�ne interaction

is anisotropic and therefore characterized by a tensor rather than a scalar variable. As a

result, the hyper�ne spectra will strongly depend on the speci�c set of spins, corresponding

to certain tensor orientations, detected by the pulse EPR experiment. This so-called `orien-

tational selection' can be carefully controlled by proper choice of the experimental settings

and reveals the tensor character of the hyper�ne interaction. Hence detailed analysis of

these spectra allows to identify the coupled nuclei via their respective Larmor frequency and

to quantify the strength of the corresponding hyper�ne, and if present, nuclear quadrupole

interactions, which would induce further smaller splittings.

The detection of hyper�ne couplings to 14N at W-band frequency was achieved using

EDNMR. At typical W-band magnetic �eld strengths, the Larmor frequency of 14N is about

10.3 MHz. The other relevant magnetic nuclei have their Larmor frequency in the 28-

35 MHz range (207Pb, 13C and 127I) or close to 142 MHz for 1H. Except for 1H, all of these

nuclei would induce transitions within the sensitivity range of the EDNMR experiment.

Yet, the recorded spectra featured no EDNMR response above 20 MHz (not shown), only
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Figure 4: W-band EDNMR spectra of the 〈n〉 = 2 perovskite recorded at 15 K for three
di�erent magnetic �eld positions: once at the low-�eld side (a), once at the maximum (b)
and once at the high-�eld side (c) of the EPR spectrum, as indicated by a red asterisk in the
corresponding EPR spectrum in the inset of each panel. The Lorentzian blindspot at ∆ν = 0
has been �tted and subtracted. The dashed red line indicates the Larmor frequency of 14N at
this magnetic �eld strength. The hyper�ne parameters used for the simulations in grey are
listed in Table 2. For consistency with later conclusions from supporting DFT computations,
the simulations here consider two equivalent 14N nuclei. The additional 14N nucleus does not
alter the spectrum qualitatively, but very slightly a�ects the line broadening.

low-frequency transitions stemming from hyper�ne couplings to 14N were observed.

Figure 4 presents the W-band EDNMR spectra of the 〈n〉 = 2 perovskite recorded at

three di�erent magnetic �eld positions as indicated in the insets. Similar spectra were

obtained for the n = 1 and 〈n〉 = 10 samples (see SI). Clear qualitative di�erences can

be observed between spectra recorded at di�erent �eld positions, as a result of the rather

narrow excitation bandwidth (∼ 0.3 mT) of the soft detection pulses (tπ/2 = 120 ns) and

the sizeable g anisotropy. The fact that the EDNMR response depends strongly on this

orientational selection is suggestive of a highly anisotropic hyper�ne tensor. The EDNMR

spectra in Figure 4a-c both feature a broad signal at about 10 MHz, which corresponds well

with the weak coupling case to nitrogen nuclei centers. In the EDNMR spectra recorded at

the maximum of the EPR spectrum (Figure 4b, S11b and S12b) an additional broad shoulder

appears between 15 MHz and 20 MHz, which originates from strongly coupled rather than

weakly coupled 14N. The qualitative di�erence between the EDNMR spectra due to the
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Table 2: Comparison of the experimental and DFT-computed 14N hyper�ne and
quadrupole tensors of the radical on the carbazole linker. The experimental hy-
per�ne couplings were obtained by simulating the W-band EDNMR spectra in
Figure 4, S11 and S12. The Euler angles (α,β,γ) de�ne the orientation of the
tensor principal axes with respect to the g tensor frame. Herein γ is experi-
mentally undetermined for the hyper�ne and quadrupole tensors due to their
(near-)axial symmetry.

Ax [MHz] Ay [MHz] Az [MHz] α,β,γ [◦] e2qQ[MHz] η α,β,γ [◦]
Exp n = 1 1 1 17 ±55,90,- -2.5 0.0 ±5,90,-

〈n〉 = 2 1 1 19 ±55,90,- -2.5 0.0 ±20,90,-
〈n〉 = 10 1 1 17 ±55,90,- -2.5 0.0 ±10,90,-

DFT CA C6H
+
13 2.30 2.18 56.10 2,90,0 -1.41 -0.18 5,90,0

(CA C6H13)
+
2 1.21 1.14 31.81 11,90,-4 -2.65 -0.03 10,90,2

0.85 0.80 25.43 -12,91,-2 -2.92 -0.03 -11,91,1

CA C6H
�
13 -0.14 -0.14 1.02 3,90,0 -4.65 0.12 3,90,0

e�ect of orientational selection could be nicely reproduced in simulations (shown in grey in

Figure 4, S11 and S12) assuming a 14N nucleus with a highly anisotropic hyper�ne tensor,

with only one principal direction with strong coupling near to 20 MHz and very low values

in the two other directions. The corresponding hyper�ne parameters are summarized in

Table 2. This result is a further con�rmation that the LI-EPR signature does not originate

from MA radical cations, which are known to exhibit a nearly isotropic coupling to 14N of

about 9-11 MHz.35�37 Finally, we remark that the sharp features below 5 MHz, particularly

in the spectra of the 〈n〉 = 10 perovskite, are most likely not true signals but unknown

experimental artefacts, as the linewidth of the peaks is much smaller than the expected

resolution of the experiment (∼3 MHz). Moreover, EDNMR signals below 5 MHz can be

considered unreliable due to the overlap with the central Lorentzian line and the possibility

of inaccurate background subtraction. In addition, it is unclear which nuclei could give rise

to these low-frequency transitions.

Hyper�ne couplings to surrounding protons were further studied using X-band EDNMR

and three-pulse ESEEM. Figure 5 shows the X-band EDNMR and ESEEM spectrum of
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Figure 5: X-band EDNMR (a) and three-pulse ESEEM (b) of the 〈n〉 = 2 perovskite recorded
at B = 347.7 mT at a temperature of 15 K. The magnetic �eld position at which the
EDNMR and ESEEM spectra were recorded is indicated by a red asterisk in the EPR
spectrum in the inset. Black: experimental data. Colors: simulations based on the 14N
and 1H DFT-computed hyper�ne parameters for (CA C6H13)

+
2 summarized in Table 2,

respectively, 3 (see section ). Each of the simulations includes contributions from di�erent
groups of nuclei. Red: large 1H couplings (|A| > 10 MHz) arising from protons of type HA,
HC and HE (for the atom labelling see Figure 6). Pink: small 1H couplings (|A| < 3.5 MHz)
due to HB and HD protons along the carbazole backbone and a remote side-chain proton
(Ax, Ay, Az = −0.3,−0.6, 0.7 MHz). Grey: contribution of 14N hyper�ne and quadrupolar
couplings.

the 〈n〉 = 2 perovskite recorded at B = 347.7 mT (g = 2.0031), corresponding to the

maximum of the EPR spectrum. Both spectra feature signatures of weakly coupled protons,

evidenced by the presence of peaks centered about 14.8 MHz, the Larmor frequency of 1H

at X-band. In the EDNMR spectrum, the 1H peak consists of an intense, sharp feature

superimposed onto a broader structure of about 15-18 MHz wide. The maximal width of

this signal provides an upper limit to the proton hyper�ne couplings of the carbazole radical.

In contrast, the ESEEM spectrum only features a very narrow peak at νHI stemming from

relatively small (< 2 MHz) 1H couplings. The accidental suppression of larger hyper�ne

couplings in ESEEM spectra of multi-nuclear systems is a known e�ect, which unfortunately

cannot be avoided experimentally.38 Hence, we consider the broad wings of the 1H peaks
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in the EDNMR spectrum as su�cient proof for the presence of proton hyper�ne couplings

with |A| ≈ 15 MHz. The ESEEM spectrum furthermore shows signals in the 0 − 6 MHz

range which originate from 14N couplings. These low-frequency transitions are not resolved

in the corresponding EDNMR experiment because they are masked by the central Lorentzian

blindspot, which has been subtracted in the spectrum shown in Figure 5a.

DFT and comparison with experiment

In order to corroborate the assignment of the LI-EPR signal to a radical on the carbazole

linker, we performed DFT calculations to underpin the magnetic resonance parameters ob-

tained experimentally. Both (singly-charged) oxidation states of the carbazole derivative were

considered, which would correspond to the �nal state of the molecule after either electron

or hole transfer from excitons generated in the inorganic perovskite layer. As the oxidation

state of such an organic radical is expected to a�ect the corresponding g-tensor, comparison

of the theoretically predicted and experimental principal g values often allows identifying

the charge state of the observed center.39 In all calculations, the ammonium group at the

end of the alkyl chain was replaced by a methyl group to avoid computational artefacts from

maintaining the total charge at +2 instead of +1 for the positive radical.

The DFT-computed principal g values for the positive and negative radical on the car-

bazole derivative are summarized in Table 1 to allow for direct comparison with the exper-

imental parameters from simulation of the spectra in Figure 3. For both oxidation states

of the radical, the computed g values exhibit the same qualitative trends: one principal g

value (gx) very close to the free electron g; the other principal g values both larger than

ge. The DFT computations furthermore provide the orientation of the g-tensor principal

axis system, which cannot be determined experimentally from the presented EPR powder

spectra. As such, for both radicals, the same orientation of g with respect to the molecular

axis system is obtained. The principal axis corresponding to gx is found to be perpendicular

to the molecular plane, in line with the small deviation from ge.40 Both gy and gz have their
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principal axes lying in the molecular plane, respectively parallel and perpendicular to the

symmetry axis of the carbazole backbone. An excellent agreement is found between the the-

oretically predicted g-values and the experimental parameters for the positive radical, which

perfectly reproduces the experimental g anisotropy. For the negative radical, the agreement

with experiment is slightly worse, in particular due to the underestimation of gz. Yet, the

deviation between the computed and experimental g values is still within the level of accu-

racy that can be expected from this type of calculations and the experimental determination

via simulation. Hence, the oxidation state of the radical cannot be unambiguously assigned

based on the comparison of the DFT-computed g tensors and the EPR data alone.

Figure 6: Spin density distribution of the positive (a) and negative (b) radical state of
CA C6H13 based on DFT calculations. Red: Negative spin density. Blue: Positive spin
density. Contour levels were �xed at -0.002 and 0.002, respectively. Principal axes g-tensor:
x (red), y (green), z (blue).

While the g-tensor is a global probe of the electronic structure, the hyper�ne parameters

provide information on a single-atom level, allowing to probe the spatial distribution of the

radicals over the molecular structure. A microscopic picture of the spatial extent of both

CA C6H13 radicals is obtained by mapping out the DFT-computed spin density as illustrated

in Figure 6. For both oxidation states, the radical is predicted to be delocalized over the

entire conjugated backbone of the carbazole moiety, with very little spin density leaking out

onto the alkyl side chain. The most striking di�erence between the positive and negative
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radical is the amount of spin density localized on the nitrogen atom, which is re�ected also

in the corresponding DFT-computed 14N hyper�ne couplings summarized in Table 2. As

expected, the much larger spin density on N calculated for CA C6H
+
13 leads to a very large

component of the hyper�ne tensor of 56 MHz. The coupling to 14N is substantially weaker

for the negative radical, given that the largest hyper�ne value is only 1 MHz. Hence, while

the theoretically predicted g-values did not allow to unambiguously assign the oxidation

state of the observed radical, the 14N hyper�ne couplings in turn provide a clear �ngerprint

to distinguish between the positive and negative CA C6H13 radical state. Looking back at

the W-band EDNMR data in Figure 4, the experimental signatures of strongly coupled 14N

clearly indicate that the EPR response stems from positive radicals on the carbazole linker.

The weak coupling predicted for the negative radical can never give rise to such spectral

features.

Although the observed hyper�ne anisotropy is qualitatively in line with the DFT calcu-

lation for CA C6H
+
13, the experimental maximum hyper�ne component of about 19 MHz is

overestimated by more than a factor of two (Table 2). This result suggests that the com-

puted spin density is too strongly localized. It is important to consider that this �rst set of

calculations involved a very crude model system, i.e. a single isolated CA C6H13 molecule in

vacuo. However, the individual carbazole derivatives con�ned within the layered perovskite

host are expected to be closely stacked, which could lead to delocalization of radicals over

multiple units and hence impact the corresponding magnetic resonance parameters. The

enhanced π-π stacking of the carbazole-linkers due to a template e�ect of the inorganic layer

has been described in earlier work on closely-related carbazole-linked PbBr perovskites by

Era et al.14,15 Hence, in order to assess the e�ect of this stacking on the radical delocaliza-

tion and EPR parameters, we repeated our calculations for the positive radical for a close

pair of carbazole units. To re�ect the templating e�ect in the model geometry, the pair of

carbazole linkers was forced into a similar relative orientation as observed in the experimen-

tal crystal structure of (CA C5H10NH3)2PbBr4.15 In this initial con�guration, the carbazole
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Figure 7: DFT-computed spin density distribution of the positive polaron on a closely-packed
pair of CA C6H13 units. Red: Negative spin density. Blue: Positive spin density. Contour
levels were �xed at -0.001 and 0.001, respectively. Principal axes g-tensor: x (red), y (green),
z (blue).

backbones were antiparallel with the distance between the conjugation planes close to 4 Å.

Before the EPR parameter calculations, a geometry optimization procedure was performed

(without additional constraints), leading to a relaxed structure with similar intermolecular

distance yet with the backbones of the two carbazole units slightly tilted with respect to the

parallel starting con�guration (see Figure 7). For compact notation, the calculations on the

closely-packed pair of carbazole derivatives will be labeled (CA C6H13)2.

For the composite system containing two carbazole derivatives, identical principal g values

were obtained as for the isolated molecule (see Table 1). The corresponding spin density

contour plot for the positive radical on the pair of carbazole units is shown in Figure 7.

The spin density is found to be delocalized over the conjugated system of both molecules,

indicating strong intermolecular π-π interactions in the organic linker layer. Due to the

extended delocalization, the 14N hyper�ne couplings computed for the composite system are

reduced by approximately a factor of two compared to the isolated molecule (Table 2). As

a result, a good agreement is obtained between the experimental 14N couplings and those

predicted for the positive radical shared by two adjacent carbazole units. As such, it is likely

more appropriate to abandon the picture of a localized organic radical and to describe the

observed paramagnetic center as a small polaron that can be distributed over two or even
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more neighbouring carbazole linkers.

While the strong anisotropy and near-axial symmetry of the computed hyper�ne tensor

is in good agreement with the EDNMR spectra in Figure 4, the orientation of its principal

axes does not entirely agree with the experimental observations. Since the EDNMR spectra

have been recorded at di�erent magnetic �eld positions, the orientation of the hyper�ne

tensor frame with respect to the g-tensor axes can be inferred through careful analysis and

simulation of these spectra. In particular, as the shoulder between 15 MHz and 20 MHz is

directly associated with strongly coupled 14N, the presence of this feature in Figure 4b and its

(near) absence in Figure 4a-c immediately reveals that the hyper�ne axis corresponding to

the strong coupling component should be oriented more or less along the gy axis. According

to the best �t simulations, the unique axis of the axial 14N hyper�ne tensor indeed lies in

the gxgy-plane, rotated 35° away from the gy direction. Yet, the DFT computations of the

isolated CA C6H
+
13 radical and the (CA C6H13)

+
2 polaron both predict that the axis of

the largest hyper�ne coupling component would instead coincide almost exactly with the

direction of gx. A more elaborate discussion on the DFT-computed tensor frames and a

possible explanation for this discrepancy between theory and experiment can be found in

the supporting information.

In order to facilitate the interpretation of the X-band ESEEM and EDNMR spectra,

also the proton hyper�ne couplings were computed. Table 3 summarizes the 1H hyper�ne

parameters calculated for the positive and negative radical on the carbazole linker and the

(CA C6H13)
+
2 polaron. Since the protons along the carbazole backbone are two-by-two

equivalent, only one set of inequivalent protons is tabulated. The positive and negative

radical feature clear qualitative di�erences in the calculated couplings of individual protons,

as evidenced by the observation that the set of protons giving rise to the largest couplings

is entirely complementary for the two oxidation states. Yet, the main observable that can

be quantitatively compared with the experimental ESEEM and EDNMR data is the largest

predicted 1H couplings. As such, the positive and negative radical on an isolated carbazole
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Table 3: DFT-computed 1H hyper�ne tensors of the positive and negative rad-
ical on the carbazole linker. Only the inequivalent protons are tabulated. The
very small 1H couplings (< 2 MHz) due to remote side-chain protons have been
omitted. For the (CA C6H13)

+
2 model composed of two carbazole derivatives,

a single representative set of protons is given. The hyper�ne couplings due to
the nearly-equivalent set of protons on the other carbazole unit are of similar
magnitude. The labelling of the atoms is indicated in Figure 6.

Ax [MHz] Ay [MHz] Az [MHz] α,β,γ [◦]
CA C6H

+
13 HA -5.26 -22.07 -15.37 42,90,-2

HB 6.70 2.89 4.03 0,17,88
HC -19.06 -5.68 -15.05 23,88,0
HD -0.95 1.90 -2.15 39,90,-2
HE 20.53 13.26 14.80 3,24,-83

(CA C6H13)
+
2 HA -2.42 -7.77 -11.47 -2,52,78

HB 2.05 3.36 1.40 -29,77,-10
HC -2.95 -7.83 -10.50 -2,20,-96
HD -1.05 0.78 -1.51 30,76,-23
HE 11.81 8.08 8.65 -19,24,-91

CA C6H
�
13 HA 3.89 2.14 6.59 0,43,86

HB -25.45 -16.09 -7.04 0,15,87
HC -10.19 -2.33 -6.89 18,89,-2
HD -7.86 -16.66 -24.44 0,14,-93
HE 0.07 0.91 -1.00 -17,77,8

derivative are found to exhibit 1H couplings up to 21 MHz, respectively, 25 MHz, too large

compared to the upper limit of 15 MHz derived from the EDNMR linewidth. However,

the spectral width of the 1H contribution in the X-band EDNMR spectrum agrees nicely

with the maximal couplings of about 12 MHz predicted for the positive polaron distributed

over two carbazole units. Simulations based on the DFT-computed hyper�ne parameters

for the (CA C6H13)
+
2 polaron are included in Figure 5. In these simulations an empirical

linewidth of 3.7 MHz was assumed. Clearly, the good agreement between the computed and

experimental proton hyper�ne couplings again con�rms our earlier spectral assignment.
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Discussion

The EPR spectra presented in this work revealed the partially reversible formation of a light-

induced organic radical in each of the n = 1, 2, 10 layered perovskites. The combination of

dedicated hyper�ne spectroscopy with supporting DFT computations of the magnetic reso-

nance parameters allowed to assign this LI-EPR signature to a positive polaron delocalized

over the conjugated backbone of adjacent carbazole linkers within the organic layer. At the

applied photo-excitation energies, no excitons can be generated directly inside the organic

linker. Instead, the positive polaron could be formed via CT from excitons generated in

the inorganic layer. A necessary condition for such a CT process to occur is a type-II band

alignment of the di�erent layers in the 2D perovskite. Figure 8 illustrates the proposed band

alignment and hole-transfer mechanism in the carbazole-linked perovskites based on litera-

ture data for the relevant energy levels. A recent computational study of the closely-related

(CA C5H10NH3)2PbBr4 perovskite demonstrated that the top of the valence band is due to

states in the carbazole linker, while the bottom of the conduction band is composed of states

in the inorganic layer, indeed con�rming the type-II character of the interface.15

The assumption of an interfacial CT process implies the presence of a partner negative

polaron residing in the inorganic layer. A number of LI-EPR experiments under di�erent con-

ditions have been performed to detect this partner electron, yet no relevant signatures could

be observed. Such a negative polaron in the PbI6 octahedral layer could be expected to bear

great similarity to the self-trapped electron (STEL) in PbCl2, which has been observed by

X-band EPR by Nistor et al.27 As such, we performed similar X-band CW EPR experiments

on the 〈n〉 = 2 perovskite with analoguous settings as reported in,27 i.e. very high modula-

tion amplitude (8 G, 15 G) and mw power (10 mW, 50 mW). The strong electron-phonon

coupling enabling self-trapping in these materials also leads to fast spin-lattice relaxation

times. As such, all experiments were performed at low temperature (4 K, 10 K, 60 K), in

line with the observations in.27 Finally, it should be noted that in PbCl2 it was observed

that the STEL centers were easily bleached out by illumination in the 470-670 nm range.
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Figure 8: Suggestive banddiagram of the carbazole-linked perovskites illustrating the ex-
pected type-II band alignment and hole transfer mechanism. Frontier orbital energies of
carbazole were taken from.41 Band extrema for 3D MAPbI3 and single-layered PbI-based
perovskites from42 and,43 respectively.

This optical bleaching e�ect was put forward by Nistor et al. as one of the major factors

inhibiting the detection of STEL centers by EPR in earlier studies. As such, special care

was taken with respect to the photo-excitation conditions during our LI-EPR experiments

dedicated to probing STEL-type centers. Several di�erent approaches have been tested using

low-power (5 − 10mW/cm2) 447 nm laser light as photo-excitation source: (1) continuous

illumination at low temperature during the EPR experiment; (2) short-term illumination for

several minutes at 60 or 100 K followed by a freeze quench to 10 K and EPR detection in the

dark; (3) illumination at 10 K followed by EPR detection in the dark. None of the described

experiments featured any EPR signals besides the spectrum of the organic radical on the

carbazole linker. Yet, it has to be stressed that electron-trapped centers on heavy-metal ions

such as lead have often been hard to probe by EPR. In particular, the trapping at Pb2+

impurity sites in ionic crystals of electrons occupying the 6p1 orbital was in several studies

convincingly evidenced by optical spectroscopy, but EPR observation could not be achieved

and only related centers with additional perturbing defects such as charge compensating
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vacancies and interstitials could be detected.44�48 Hence, the absence of EPR signatures of

the partner electron in the inorganic layer does not necessarily exclude its presence in the

carbazole-linked perovskites. Possible explanations include: (i) ultrafast spin relaxation due

to the presence of heavy atoms which could broaden the signal beyond detection; (ii) a rapid

conversion of the negative polarons, for instance by e�cient coupling between anion centers

leading to an EPR silent ground state such as a (diamagnetic) singlet or a triplet with very

large zero-�eld splitting. Nevertheless, the direct detection of such STEL centers in layered

perovskites remains subject for further studies, in particular since the intriguing broadband

emission observed in these materials has been suggested to be primarily governed by states

trapped within the inorganic layer.18,19,49

Recently, Gélvez-Rueda et al.50 reported the observation of a CT mechanism in layered

perovskites incorporating an organic charge-transfer complex (CTC) composed of a pyrene

donor and a tetracyanoquinodimethane acceptor. In contrast to the results presented in

this work, the primary excitation in the latter system occurs in the CTC, followed by hole

transfer to the lead halide layer. The resulting long-lived mobile charges in the inorganic

layer were detected via transient absorption and microwave conductivity experiments. While

qualitatively di�erent, the results reported in50 and in this work both indicate that charge

separation via interfacial CT could present a new paradigm for the design and synthesis of

novel 2D perovskites with unique properties. In particular, e�cient CT from the tightly

bound excitons generated in the inorganic layer could be leveraged to facilitate charge sepa-

ration in these materials. Conversely, CT from excitons generated in the organic layer could

potentially be exploited to increase the external quantum e�ciency (EQE) of devices incor-

porating layered perovskites, if the absorption properties of the functionalized linker can be

tuned to complement absorption by the inorganic layer.
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Conclusion

In this work we have presented direct experimental evidence for the light-induced formation of

positive polarons in the organic interlayer of PbI-based 2D perovskites with carbazole-linked

ammonium molecules as spacer cations. The applied joint EPR-DFT approach allowed to

unambiguously identify the charge state of the observed center and to map out the spatial

delocalization of the polaron over multiple adjacent carbazole units in the organic layer.

Because the applied photo-excitation energies were well below the absorption onset of the

carbazole linkers, the polarons are assumed to be formed via hole transfer at the organic-

inorganic interface from excitons generated in the PbI octahedral layer. Yet, so far no

signature of the partner electron in the inorganic layer could be observed. To the best of

our knowledge, this work represents the �rst direct observation of small polarons in hybrid

layered perovskites. The light-induced CT mechanism as reported here is considered to be

highly promising for the functionalization of novel 2D perovskites with unique synergistic

properties of the organic and inorganic layer. Moreover, the further study of CT processes in

layered lead halide perovskites may also contribute to the understanding of the broadband

emission observed in these materials.
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