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Hybrid organic—inorganic perovskites (HOIPs) have emerged as
promising materials for optoelectronic applications, yet gaining
control over their structural and electronic tunability remains a
key challenge. In this study, we introduce 7H-dibenzolc,glcarbazole
(DBCz) as a novel electroactive organic cation that enables the
formation of two distinct low-dimensional hybrid metal halides: a
conventional 2D perovskite structure, (DBCz),Pbl,, and a previously
unreported layered perovskite analogue structure with edge-
sharing octahedra, DBCzPbls. The edge-sharing phase represents
a new structural motif within the hybrid metal halide family. Both
materials exhibit a type-ll band alignment, facilitating ultrafast
photoinduced hole transfer from the inorganic to the organic layer.
Using transient absorption spectroscopy, we identify the formation
of DBCz-based hole polarons in both phases, and uniquely observe
the charge-transfer-induced formation of triplet states and room-
temperature coherent phonons for the perovskite analogue phase.
These findings highlight the role of molecular design in controlling
excited-state dynamics and exciton-lattice interactions in hybrid
metal halides.

Introduction

Hybrid organic-inorganic perovskites (HOIPs) are currently in
the spotlight for optoelectronic applications, such as solar cells,
photodetectors, lasers, and LEDs.'™ In recent years, the inter-
est in the sub-class of 2D layered HOIPs has increased due to
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New concepts

We report novel low-dimensional hybrid metal halides incorporating the
electroactive organic cation 7H-dibenzo[c,g]carbazole (DBCz), which
enables the formation of two structurally and electronically distinct
phases in the form of thin films: a 2D perovskite and a layered edge-
sharing perovskite analogue. The edge-sharing phase represents a pre-
viously unreported metal halide framework, expanding the structural
landscape. This work introduces new insights for tuning charge transfer
and exciton dynamics in low-dimensional hybrid metal halides through
the molecular engineering of the organic cation. Unlike conventional 2D
HOIPs containing electronically inert organic cations, both phases exhibit
a type-II band alignment, facilitating ultrafast photoinduced hole transfer
from the inorganic to the organic layer. The energy levels of the structu-
rally unique edge-sharing phase are aligned such that the ultrafast charge
transfer is followed by triplet formation, whereas this is not observed in
the 2D perovskite phase. Remarkably, the edge-sharing phase enables
room-temperature phonon coherences, an uncommon phenomenon in
hybrid lead halides, ascribed to strong Herzberg-Teller type exciton-
phonon coupling. Our findings demonstrate how structural dimension-
ality and organic-inorganic interactions can be leveraged to control
charge separation and exciton-phonon coupling, offering new insights
into the design of hybrid metal halides that are relevant for their
applications in optoelectronics.

their inherently enhanced environmental stability, as com-
pared to their 3D analogues, and their high structural and
compositional flexibility.®> The organic ammonium cation used
for the formation of 2D HOIPs can be selected from a large
potential pool of molecules.” In most cases, the organic cation
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does not directly contribute to the optical or electronic properties
of the hybrid.°® In contrast, the use of so-called electroactive
organic cations has recently gained prominence.”® When com-
monly used organic cations, such as butylammonium (BA) or
phenylethylammonium (PEA), are incorporated, a type-I electro-
nic level alignment is obtained between the organic and inor-
ganic components (i.e. the Frontier energy levels of the organic
cation are far removed from the band edges of the inorganic
framework).

In such a case, the charge carriers are confined within the
inorganic framework. With proper molecular design, electroac-
tive organic cations can result in the formation of a type-II band
alignment, one of the levels of the organic intercalating within
the band gap of the inorganic frame. Over the years, a number of
studies have explored the use of electroactive organic cations in
order to tune properties such as charge transfer, energy transfer,
exciton binding energy, and charge transport.” Examples include
carbazole (Cz),°** pyrene,"” " oligothiophene derivatives,**
tetrazine,”” and naphthalenediimide.**"*

Carbazole (Cz) is one of the more prominent organic cores
used as an electroactive organic cation,>°'* which has also
been shown to significantly enhance the environmental stability of
the resulting 2D HOIP.>'*'" Previous work has demonstrated that
electronic coupling occurs between the carbazole layer and the
inorganic layer, with the formation of an organic-inorganic
charge-transfer state, and that the out-of-plane mobility is
enhanced for thin films of Cz-containing 2D HOIPs in comparison
to a PEA-containing 2D HOIP.® However, to the best of our
knowledge, the crystal structure of a hybrid metal halide com-
pound containing a carbazole derivative has not been reported yet
despite intensive efforts. This comparative lack of structural
insights complicates the formulation of detailed structure-prop-
erty relationships. The growth of single crystals (SCs) is generally
required to obtain the crystal structure via single-crystal X-ray
diffraction. To tackle this challenge, we hypothesized that structu-
rally modifying Cz via the extension of the conjugated system to
obtain 7H-dibenzo[c,g]carbazole (DBCz), should alter the weak
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interactions between the molecules as well as modify their solu-
bility in polar aprotic solvents so as to potentially facilitate crystal
growth while maintaining the desired type-II band alignment.

In this work we show that besides the typical 2D HOIP with
an A,Pbl, stoichiometry, another low-dimensional phase with
APDI; stoichiometry can also be selectively obtained selectively
in polycrystalline thin films of lead iodide-based hybrid metal
halides containing an electroactive DBCz organic cation. Single
crystals of the APbI; phase were successfully grown, and the
crystal structure was resolved. The resulting crystal structure is
that of a hybrid material with 2D metal halide layers consisting
of distorted edge-sharing octahedra in a corrugated network
separated by a bilayer of the DBCz organic cations. To the best
of our knowledge, no metal halide framework (MHF) with the
same octahedral connectivity has been reported in the literature
so far (based on the CCDC database). As the MHF does not consist
of metal halide octahedra connected to 4 neighbors via corner-
sharing and is solely connected to its neighbors via an edge-
sharing pattern, the compound is not a 2D perovskite, but it can
be classified broadly as a hybrid metal halide or more specifically
as a perovskite analogue.>”*> We present a detailed study of the
optical properties of the lead iodide-based hybrid metal halides
containing an electroactive DBCz organic cation, based on steady-
state absorption and emission spectroscopy, as well as transient
absorption spectroscopy. Similar to the Cz 2D perovskite,® both
the 2D perovskite ((DBCz),Pbl,) as well as the perovskite analogue
(DBCzPbl;) containing the DBCz cation show clear indications of
photoinduced hole-transfer from the inorganic framework to the
organic cation. Despite the similar initial ultrafast charge transfer,
the crystal structure has a pronounced effect on the subsequent
carrier recombination dynamics and exciton-phonon coupling.
Photoinduced charge transfer leads to the formation of triplets
localized on DBCz only in DBCzPbl;, but not in (DBCz),Pbl,.
Finally, the unique edge-sharing lead-halide octahedral connec-
tivity in DBCzPbI; gives rise to a substantial Herzberg-Teller type
exciton-phonon coupling, as revealed by picosecond room-
temperature phonon coherences.

Results and discussion

The synthesis of the DBCz-based alkyl ammonium salt is
described in detail in the Supplementary Information. In our
previous work, the synthesis of Cz-based alkyl ammonium salts
was reported, and the same 4-step synthesis route (alkylation,
Gabriel synthesis, salt formation) was used to synthesize DBCz-
C5-NH;,], abbreviated as DBCzI (Scheme 1)."°

We selected the longest alkyl tail length that was previously
used for Cz,° a length of 5 CH, groups (C5), due to the bulkiness
of the DBCz core.

To demonstrate that the structural modification of carbazole
results in altered weak interactions between the molecules, we
attempted to grow single crystals. A crystal growth technique
based on anti-solvent vapor diffusion®*® was used (described
in detail in the SI), resulting in the formation of thin yellow
platelets. As we initially postulated, the structural modification

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 Synthesis route to obtain the DBCz-based ammonium iodide salt.

of Cz with two additional benzene rings has a significant
impact on the solubility in gamma butyrolactone. A simple
solubility experiment showed that the solubility limit of the
precursor was more than halved when DBCz is used in compar-
ison to a Cz-based precursor solution (Table S2). Upon structure
resolution, it becomes apparent that the crystal structure of this
novel DBCz-based compound is markedly different from that of
a regular 2D HOIP. The obtained crystal structure shows a 2D
layered structure (Fig. 1b and c), but it does not have the
characteristic corner-sharing octahedra connectivity, typical of
a 2D HOIP.” Instead, the inorganic network consists of a 2D
corrugated framework built up out of dimers of edge-sharing
distorted Pblg octahedra (Fig. 1b). The ammonium head groups
of the DBCz cations penetrate into the cavities created by 6
connected edge-sharing octahedra, forming hydrogen bonds
with the iodide atoms of three of these octahedra (Fig. S1a). The
stoichiometry also differs from that of a 2D HOIP, as the
structural formula of this phase is ABX;. For these reasons,
this material can be categorized under the family of low
dimensional perovskite analogues. To further highlight the
unique distortion characteristics of the new material, we have
calculated the average bond length distortion (Ad) and the
average bond angle variance (¢°) according to the formulas
provided by Mitzi et al.®® Values of 139.54 10> and 201.7 are

This journal is © The Royal Society of Chemistry 2025

found for Ad and ¢°, respectively. In comparison to other
typical corner-shared octahedral lead-iodide-based 2D HOIPs,
these values are significantly higher, indicating a pronounced
structural distortion (Fig. S2 and S3).

Despite our best efforts and the utilization of different
crystal growth methods, we have been unable to obtain crystals
of any other phase besides this edge-sharing phase. With the
intention of studying the impact of the novel arrangement of
the inorganic network on the photophysical properties in
comparison to the more common 2D HOIP inorganic frame-
work, we attempted to exert influence over the formation
process of both compounds in the form of thin films.

We found that, via spincoating, we were able to control the
formation process. We were able to selectively synthesize
(DBCz),Pbl, thin films as well as DBCzPbI; thin films (Fig. S4).
More specifically, while varying the precursor stoichiometry
(DBCzI to Pbl, ratio) did not yield different results during the
crystal growth process, always forming the edge-sharing phase,
tuning the precursor stoichiometry is crucial to obtain phase-
pure thin films via spin-coating. We hypothesize that the pre-
ferential formation of crystals of DBCzPbI; over those of
(DBCz),Pbl, through various crystal growth methods is related
to the very bulky DBCz molecules, which expectedly put a lot of
strain on a 2D framework of a fully corner-sharing inorganic

Nanoscale Horiz.
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Fig. 1 (a) Molecular structure of DBCzl with numbering of the carbon atoms of the DBCz core. (b) and (c) Crystal structure of DBCzPbls without H-
atoms and without positional disorder of the alkyl chains (for clarity) with the packing down the c-axis and the a-axis, respectively. (d) Normalized UV-vis
absorption spectra (solid lines) and PL spectra (dashed lines) of thin films of the DBCz-based ammonium iodide salt (black), (DBCz),Pbl, (blue) and
DBCzPbl; (orange). PL spectra were collected at room temperature after excitation at 300 nm, 350 nm, and 350 nm, respectively. The inset contains a
zoom-in of the PL spectra of (DBCz),Pbl, and DBCzPblz between 450 and 800 nm. (e) Normalized XRD patterns of the thin films of (DBCz),Pbl, (blue)
and DBCzPbl; (red). The structural features of DBCzPblsz are highlighted with a red asterisk in the inset.

framework.*® The possibility of forming a 2D HOIP vig thin film
processing, while a different phase is consistently formed in
single crystal growth experiments using the same organic cation,
has been previously reported in the literature.*”** While spin
coating is a very rapid deposition and crystallization process that
even allows for the formation of kinetic products, crystal growth
is a comparatively much slower process that generally favors the
formation of the thermodynamically preferred product.*?

The synthesis of (DBCz),Pbl, and DBCzPbI; thin films was
achieved by spincoating the precursor solution comprising
stoichiometric ratios of DBCzI and Pbl, onto quartz substrates.
In order to obtain phase-pure thin films of both phases, regular
hot-plate annealing did not suffice, and a combination of hot-
plate and solvent vapor annealing with DMSO was required
(Fig. S5).*> The detailed procedure is described in the SI. As
reported before by some of the authors for a 2D HOIP

Nanoscale Horiz.

containing a benzothienobenzothiophene (BTBT) derivative as
the organic cation, the DMSO solvent vapor is hypothesized to
increase the mobility of the ions—and especially that of the
bulky organic cation—during the annealing procedure which is
required for the formation of a highly crystalline thin film with
such a bulky organic cation. When a 2:1 ratio of DBCzI/PbI, in
the precursor was used with the optimal processing conditions
(Table S1), the UV-vis absorption spectrum shows an excitonic
peak at 505 nm (Fig. 1d), which is characteristic for a 2D lead
iodide HOIP.**** The diffraction pattern of the corresponding
thin film reveals a series of equally spaced reflections typical for
thin films of 2D HOIPs with a strong preferential horizontal
orientation."* An interplanar spacing of 29.2 A is obtained
(Fig. 1e), which is close to the length of two fully extended
DBCzI molecules (28.4 A), indicating the presence of a typical
bilayer of organic cations in between the inorganic layers.

This journal is © The Royal Society of Chemistry 2025
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When spincoating a precursor solution with DBCzI and Pbl,
in a 1:1 molar ratio, to obtain an ABX; stoichiometry, thin
films of the corresponding edge-sharing phase could also be
obtained when solvent vapor annealing with DMSO was applied
(Table S1 and Fig. S6). In the absorption spectrum, the exci-
tonic peak of DBCzPbl; appears at a shorter wavelength
(399 nm/3.1 eV) compared to (DBCz),Pbl, (505 nm/2.45 eV).
As the absorption peak of the DBCz n-conjugated spacer lies at
375 nm (see Fig. 1d), the 399 nm signal from DBCzPbI; can be
safely associated with the lead-iodide frame. It is blue shifted
by 0.65 eV compared to the 2D HOIP frame, reflecting changes
in the lead-iodide octahedral connectivity. Indeed, it has been
shown in the literature that a lead iodide framework with edge-
sharing octahedra results in a wider bandgap than an equiva-
lent corner-sharing framework.*® In the XRD pattern, there is a
clear shift of the reflections to a higher 20 value (Fig. 1e). An
interplanar spacing of 22.0 A is obtained. This smaller inter-
planar spacing is corroborated by the crystal structure of
DBCzPbI;, as the organic cations are stacked in a sideways
manner (Fig. S1b), differing from the typical bilayer that is
expected for the 2D HOIP.

We observe strongly quenched photoluminescence for
(DBCz),Pbl, as well as DBCzPbI; (Fig. 1d) thin films. Whereas
in both phases the Wannier exciton emission localized on the
PbI-framework is fully quenched, a broad red emission band is
observed for DBCzPbI;, which overlaps with the red shoulder in
the DBCzI salt emission spectrum (500-800 nm). We will revisit
the assignment of this emission band at a later stage.

Electronic level alignment

Earlier work indicated that a Cz-based 2D HOIP possesses a
type II electronic alignment. Specifically, the HOMO level of
carbazole lies above the valence band maximum of its corres-
ponding inorganic perovskite framework.® With the aim of
comparing the energy levels of DBCz with those of Cz and
verifying that the alignment relative to that of a typical 2D lead
iodide perovskite inorganic framework remains unchanged,
cyclic voltammetry (CV) was utilized. Note that CV measure-
ments directly on the ammonium iodide salts are not reliable
due to interference from the redox reactions of the iodide
anion.”” To determine reliable oxidation and reduction poten-
tials of the DBCz and Cz organic cores, the nitrogen atoms of
both molecules were protected with a propyl group since
unsubstituted nitrogen atoms are sensitive to oxidation.*®

Furthermore, the presence of an alkyl chain also ensures
decent solubility without significantly influencing the energy
levels. The HOMO levels of Cz and DBCz were determined to be
—5.69 and —5.60 eV respectively (Fig. S7 and Table S4), indicating
that the extension of the conjugated system has a minor influence
on the position of the HOMO level. We note that the optical
bandgap shrinks from 3.51 eV for Cz to 3.28 eV for DBCz, so the
extension of the conjugated system mainly affects the LUMO level
for these molecules. Therefore, given the higher HOMO energy of
DBCz relative to Cz, (DBCz),Pbl, is expected to exhibit a type II
band alignment, similar to that of (Cz-C,),Pbl,.

This journal is © The Royal Society of Chemistry 2025
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Due to difficulty in obtaining single crystals of (DBCz),Pbl,
suitable for single-crystal X-ray diffraction experiments, we
employ a computational approach to investigate the structural
properties of this system. Using periodic density functional
theory (DFT), performed at the PBE-D3/pobTZVP level using
Stuttgart small-core effective core pseudo-potentials for lead
and iodine atoms, we obtain a structural model exhibiting a
PXRD pattern in good agreement with what is observed experi-
mentally, as illustrated in Fig. $8.*”*° As shown in Fig. S9, the
organic ligands of (DBCz),Pbl, exhibit a more upright orientation
in the obtained optimized crystal structure than the perovskite
analogue DBCzPbI; system, consistent with the expectations for
the bilayer of the 2D phase. Further examination of the electronic
structure for this model (vide infra) confirms that the (DBCz),Pbl,
system studied here exhibits a type II alignment of the electronic
states (Fig. S10).

While the alignment of corner-sharing 2D HOIP systems has
been studied in detail in the literature, there exists no such
clear precedent for 2D hybrid perovskite analogue systems with
an edge-sharing motif.>® Thus, to further elucidate the ener-
getic alignment, we performed periodic DFT calculations for
DBCzPbl;, using the hybrid PBEO potential for the description
of the exchange and correlation energy, with 30% HF exchange
energy, together with spin-orbit coupling (SOC) corrections.
Though a recent work points out the importance of properly
accounting for the different dielectric screening in the inor-
ganic and organic components to model the electronic proper-
ties of 2D halide perovskites,' the present level of theory was
shown to satisfactorily predict the electronic band gap of 2D
HOIPs, in the presence of electronically inert spacers.’* For
DBCzPbI;, we indeed find a type II alignment, with an offset
between the molecular HOMO and inorganic valence band
maximum (VBM) of 0.92 eV, as well as an offset of the
molecular LUMO and inorganic conduction band minimum
(CBM) of 1.40 eV, as depicted in Fig. 2. Our calculations predict
a single particle electron band gap for DBCzPbI; of 3.9 eV,
which is consistent (though likely overestimated by the DFT
calculation) with the 3.1 eV optical band gap measured experi-
mentally accounting for excitonic effects, with exciton binding
energies which can amount to 0.5 eV in 2D and 1D HOIPs.>**

Interestingly, the calculations point out that the frontier
electronic states are pure states of the inorganic or organic frame.
In other words, no state mixing is observed in the DBCzPbI; case,
in contrast, for instance, to recent findings for 2D HOIPs incor-
porating pyrene derivatives as spacers.”® The band structure of
DBCzPbI; (computed at the PBE + SOC level due to the computa-
tional limitations for a unit cell with a large amount of atoms),
reveals an indirect band gap for the inorganic frame, with the
CBM located at I', and the VBM located in the middle of the I' —
Y path (Fig. S11). On the other hand, as the bands are rather flat,
the lowest energy direct transition falls at I' and is only 0.1 eV
higher in energy. Furthermore, group-theory based symmetry
analysis reveals that this lowest-energy VBM — CBM direct
transition at I" is symmetry-forbidden (SI 1). However, a bright
direct VBM — CBM + 1 transition is also present, which lies only
40 meV above the dark one and dominates the optical absorption.

Nanoscale Horiz.


https://doi.org/10.1039/d5nh00494b

Published on 16 Diteli 2025. Downloaded on 09/12/2025 6:11:02 PM.

Communication

View Article Online

Nanoscale Horizons

w

— Total
— dbCz
— Pbl

Iy

E — Enoco(eV)
»I—l o — N w

VBM -0.92 eV

HOMO 0.00 eV

CBM 2.84 eV

Fig. 2 Projected density of states for DBCzPbls (top) and electronic isosurfaces of the valence band, HOMO, and conduction band (bottom), calculated
at the PBEO + SOC level of theory, including 30% HF exchange energy. Contributions from organic and inorganic components are illustrated with blue
and red traces, respectively, while the total density of states is visualized in black. Discrete electronic states are visualized as black bars. Band energies are

normalized to the system highest occupied crystalline orbital (HOCO).

Type II band alignment may lead to photoinduced charge
transfer, which reduces the radiative decay probability of exci-
tons, due to potential spatial separation of the electron and hole.
This is consistent with the strongly quenched photolumines-
cence in (DBCz),Pbl, as well as DBCzPbI; (Fig. 1d), reminiscent
of the Cz-based 2D perovskite (Cz-C3),Pbl, in earlier work.°®

Photoinduced charge transfer

We turn to transient absorption (TA) spectroscopy to explore
photoinduced charge transfer and recombination mechanisms
in both phases. TA spectroscopy does not rely on bright
emitting species, since the optical pump-induced changes in
absorption are probed. We start our discussion with the 2D HOIP,
DBCz,Pbl,. Photoinduced charge transfer, favored by the energetic
alignment (vide supra) is expected to result in the formation of
polaronic species on the organic layer (which can be described as
radical cations) with a characteristic absorption profile. With a
490 nm pump, the PbI,>" sublattice is selectively excited—from
here on loosely referred to as PbI*—without any contribution from
direct DBCz absorption (Fig. S12). The PbI* ground-state bleach
(GSB, positive AT/T) centered around the band edge (500 nm) is
commonly observed for 2D HOIPs. The bleach feature is sand-
wiched by two perovskite-inherent photoinduced absorption (PIA)
features that have been associated with hot carrier cooling and
band-gap renormalization.® Next to these features that are
expected for any 2D HOIP, a broad photoinduced absorption
(PIA, negative AT/T) appears around 600-850 nm (Fig. 3a and b).

Based on the spectral similarity to the propyl-DBCz hole
polaron absorption spectrum measured by oxidising propyl-

Nanoscale Horiz.

DBCz in DCM with FeCl; (black line),"* we assign this broad PIA
to the DBCz radical cation (DBCz'*) absorption formed through
ultrafast (<200 fs; below the temporal resolution of our instru-
ment) hole transfer from PbI*. The hole polaron spectrum in
solution (Fig. S13) also reveals a strong absorption peak at
485 nm, which is outside of our TA probe range. However, the
strong PIA at 470 nm might still have contributions from this
DBCz'* transition. The DBCz GSB is observed between 375-
410 nm due to charge-transfer-induced depopulation of the
DBCz ground-state.

The differences between the hole polaron absorption bands
of the oxidized solution propyl-DBCz and photoexcited
DBCz,Pbl, can reasonably be ascribed to differences in the
environment (dielectric constant) and the packing of the DBCz
molecules inside the organic layer of the hybrid (solid state)
compared to the solution. Additional NMR measurements
confirm that in solution, the hole polaron is formed after
oxidation without structural changes or without the formation
of new side products (Fig. S14).>® Furthermore, we uncover that
the hole polaron is mainly localized on the position labeled as 5
(and the identical position on the other half of the n-system,
due to the symmetrical nature of the molecule) in Fig. 1a (Fig.
S14 and S15). More details about the oxidation and the NMR
experiments can be found in the supporting information.
Finally, we note that the DBCz"* PIA feature is broader than
previously observed for Cz*'*,® expectedly due to enhanced
delocalization of the positive charge.

Both the VIS and UV picosecond TA spectra are substantially
different from the spectra of the organic ammonium iodide salt

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) Stitched UV and VIS transient absorption (TA) maps of a (DBCz),Pbl, thin film photoexcited at 490 nm. A small spectral gap around 480—
485 nm appears where the noise floor for both probes is relatively high. Note that the pump scatter at 490 nm overlaps with the Pbl ground state bleach.
(b) Stitched UV and VIS TA spectra. The DBCz| salt TA spectrum at 1 ps, photoexcited at 350 nm, is shown in grey. The inset shows zoomed-in spectra
between 525 and 880 nm. The DBCz hole polaron spectrum, measured in solution (Fig. S13), is overlaid in black. (c) Normalized kinetics probed at
380 nm and 490 nm, representing DBCz and Pbl decay, respectively. The kinetics are plotted for an excitation wavelength of 350 nm to remove the

pump scatter contribution.

DBCzI (also plotted in Fig. 3b), confirming our assignment of
the observed PIA signals to DBCz"® generated by charge transfer
with the inorganic framework rather than DBCz* generated
directly via energy transfer.

While no rise can be resolved in the PIA signal following 490-
nm excitation—indicating the inorganic-to-organic hole trans-
fer process is ultrafast (<200 fs)—a small rise component of
~7 ps in the Pbl GSB and ~0.7 ps in the DBCz™ PIA is
observed upon 400-nm excitation (Fig. S16), suggesting a slower
organic-to-inorganic electron transfer®®”” from the small frac-
tion of excited DBCz molecules (Fig. S12). The discrepancy
between the GSB and PIA rise times may partially reflect hot
carrier cooling, although the ~7 ps timescale is notably long
compared to typical lead halide perovskites, suggesting a
possible hot phonon bottleneck.’® In this case, the rise kinetics
in both the GSB and PIA features could reflect delayed hole
transfer from photoexcited PbI* to DBCz, mediated by slowed
hot carrier cooling.

This journal is © The Royal Society of Chemistry 2025

The DBCz-localized hole polarons (DBCz™®) and PbI-
localized electrons formed through charge transfer have almost
fully decayed after 7 ns (Fig. 3c). Their overlapping normalized
kinetics indicate that their decay mechanisms are coupled.
Together with the absence of any PL (Fig. 1d), we conclude
that these electron and hole polarons recombine non-
radiatively on a few ns timescale. The absence of any fluence
dependence further suggests that geminate recombination of a
bound charge transfer state dominates the decay (Fig. S17).

The TA maps, spectra and kinetics are shown in Fig. 4 for
DBCzPbI;. Contrary to the case of (DBCz),Pbl,, selective excita-
tion of either the PbI sublattice or DBCz is not possible for
DBCzPbl;, as the absorption spectra of the inorganic and
organic components overlap significantly (Fig. 1d). Hence, in
the following, we are investigating the combined -carrier
dynamics of PbI* and DBCz* in DBCzPbl;. Consistent with
the 0.65 eV blueshift of the excitonic peak in the absorption
spectrum as compared to the 2D HOIP, the GSB of DBCzPblI;
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appears at 390 nm, again sandwiched between two typical PIA
features (Fig. 4a and b). The PbI GSB obscures the DBCz GSB,
but a noticeable spectral evolution indicates two overlapping
features in the 380-400 nm region. A similar broad PIA in the
VIS spectral region (500-850 nm) is observed as in (DBCz),Pbl,
(Fig. 3b), again revealing the formation of DBCz"*. While in the
spectra of the 2D HOIP, the perovskite PIA partially overlaps
with the DBCz'® PIA, the full DBCzrelated PIA is clearly
resolved for DBCzPbI; (Fig. 4b), demonstrating an even closer
resemblance to the propyl-DBCz hole polaron observed in
solution (overlaid in Fig. 4b).

Although the appearance of such a sharp PIA peak at 550 nm
in the early-time spectra could have been present for the 2D
HOIP as well, obscured by the other spectral features, it might
also indicate the formation of a more localized DBCz"* hole
polaron for the edge-sharing phase, which would agree with the
more isolated DBCz molecules in DBCzPbI; compared to what
is expected for the organic cation inside of a typical bilayer in a
2D HOIP such as (DBCz),Pbl, (Fig. 1c). The pronounced
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localization of the hole on the 5-position (Fig. 1a) agrees with
the large orbital density coefficients of the HOMO bands at this
position (Fig. 2). We again rule out DBCz singlet related PIA
features, as the DBCzI spectra are markedly different. Hence,
both PbI* to DBCz hole transfer and DBCz* to Pbl electron
transfer are on an ultrafast (<200 fs) timescale.

The decay behavior of the ultrafast generated DBCz"® species
in DBCzPblI; is considerably different from that in (DBCz),Pbl,.
From the UV TA maps in Fig. 4a and kinetics in Fig. 4c, a ~1-2
ns growth of a sharp 410 nm PIA can be seen. Although this
feature overlaps with the typical perovskite PIA feature that
appears next to the GSB signal at 390 nm, this growth does not
represent a repopulation of carriers in the PbI states, as this
would be associated with a rise in the GSB as well. Instead, we
attribute this growth at 410 nm to a charge-transfer mediated
formation of triplet states in DBCz.>°"®* Importantly, the
410 nm PIA agrees with the T; PIA previously observed for
carbazole.®® For DBCzI, no comparable growth of such a feature
is observed (Fig. S18), consistent with the excited DBCz* species
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Fig. 4 (a) Stitched UV and VIS transient absorption (TA) maps of a DBCzPbls thin film photoexcited at 350 nm. A small spectral gap around 480-485 nm
appears where the noise floor for both probes is relatively high. (b) Stitched UV and VIS TA spectra. The inset shows the zoomed-in VIS spectra (500—
880 nm). The DBCz hole polaron spectrum, measured in solution (Fig. S13), is overlaid in black. (c) Kinetics probed at 370 nm and 410 nm with

photoexcitation at 350 nm.
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decaying predominantly via fluorescence rather than phosphor-
escence (Fig. 1d). This difference confirms that triplet formation
proceeds via charge-transfer-mediated processes involving the
inorganic framework. Nevertheless, the presence of a weak red
shoulder in DBCzI suggests that a minor population decays via
phosphorescence (Fig. 1d). This is confirmed by time-resolved
PL measurements, which reveal a weak broad red-emitting
species (500-700 nm) with a slower decay than the singlet
fluorescence at 440 nm (Fig. S19). The spectral overlap with
the reported phosphorescence spectrum of a DBCz isomer®*
supports its assignment to phosphorescence, although our
measured spectrum is considerably broadened compared to
the literature spectrum, which was recorded at cryogenic
temperatures.

Consistent with the observation of triplets in DBCzPbI; from
TA spectroscopy, the PL spectrum of DBCzPbI; also shows the
phosphorescence band observed in DBCzI (Fig. 1d), indicating
that a fraction of the triplet population decays radiatively.
However, the strongly redshifted emission suggests the contribu-
tion of triplet excimer formation. This assignment is supported by
the observed PL decay on a ~50 ns timescale—significantly
longer than the typical radiative lifetimes of Wannier excitons in
2D perovskites—and by its acceleration under oxygen-rich condi-
tions, consistent with triplet quenching (Fig. S20). Notably, this
decay is much shorter than the reported triplet lifetimes of
isolated carbazole® and a dibenzocarbazole derivative.®* Similarly
short triplet lifetimes have been observed for other chromophores
embedded in perovskite lattices,”>>*®* which may arise from the
strong spin-orbit coupling of Pb and I atoms. In addition, the
specific molecular stacking within the layered structure may
facilitate triplet excimer formation.?®°® Note that under cryogenic
conditions,'”®” the triplet lifetimes within the perovskite lattice
may be significantly longer.

On the same timescale as the 410 nm PIA rise, a broad
positive AT/T feature appears between 550-700 nm (Fig. 4b),
which becomes more evident at higher excitation fluence
(Fig. S21). This feature spectrally overlaps with the phosphor-
escence band observed in steady-state and time-resolved PL
and can therefore be assigned to triplet-related stimulated
emission. The broad featureless shape could indicate bleaching
from defect states, although no ground-state absorption is
observed in this spectral region (Fig. 1d). Additional photo-
thermal deflection spectroscopy measurements confirm that
ground-state absorption does not occur within the relevant
wavelength range. (Fig. S22). Instead, the broadening may arise
from the chemical broadening associated with triplet excimer
formation. The calculated distance between two DBCz mole-
cules is +3.6 A, which is remarkably similar to the intermole-
cular distance of the organic molecules in a pyrene-based 2D
HOIP in which the same phenomenon has been observed.?
Similarly, the observed PL is more consistent with triplet
emission rather than defect-related emission, as evidenced by
its accelerated decay under oxygen-rich conditions. The sharper
lineshape of triplet PIA compared to the emission can be
attributed to overlapping bleach contributions from both DBCz
and the PbI framework, and potentially also to differences in

This journal is © The Royal Society of Chemistry 2025
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vibronic broadening between the T; — T, and T; — Sy
transitions.

Finally, a more pronounced fluence dependence (Fig. $23) in
the decay curves of DBCzPbI; compared to (DBCz),Pbl,
indicates a charge separated state as the intermediate state
for DBCzPbI; rather than a bound charge transfer state. This is
consistent with the non-exponential rise kinetics of the 410 nm
PIA (Fig. 4c). Alternatively, this fluence dependence could be an
indication for triplet-triplet annihilation.®®

In addition to the fluence dependence, the close match
between the PIA band of DBCzPbl; and the oxidized DBCz
spectrum supports the assignment to a hole polaron localized
on DBCz. By contrast, the distinct photoinduced absorption
spectrum observed in (DBCz),Pbl, suggests that the electron-
hole pair formed after charge transfer is weakly bound, leading
to a slight perturbation of the DBCz transitions (although we
note that additional factors could also contribute, vide supra).

We present a schematic summary of the excited-state
dynamics for both (DBCz),Pbl, and DBCzPbl; in Fig. 5.
Whereas energy transfer of the PbI excitons to the singlet mani-
fold of DBCz is energetically non-spontaneous (Table S3), there is
a strong driving force for hole transfer to DBCz. Due to different
relative energies of the photoinduced intermediate states in the
2D HOIP and the edge-sharing phases, charge-transfer-mediated
DBCz triplet formation only occurs significantly in DBCzPbI;.

Coherent phonons in DBCzPbI;

Picosecond oscillations, arising from impulsively excited coher-
ent phonons, are visible in the UV-vis transient absorption
kinetics (Fig. 4c) and map (Fig. 4a) of DBCzPbI;. For clarity,
these features are replotted in Fig. 6a, showing the first 5 ps. To
obtain the pure phonon coherences, the electronic decay com-
ponent is first fitted and subtracted (Fig. 6b). Then, we apply a
fast Fourier transformation (FFT) to obtain the corresponding
resonant Raman spectrum, revealing an intense signal at
19 cm ! (Fig. 6¢). Faster oscillations with periods <400 fs are
observed in the first ps in the 365-375 nm and 410-420 nm
spectral regions, which cannot be accurately quantified in the
present experiment (see SI Methods).

The spectral dependence of the 19 cm ' mode FFT ampli-
tude reveals two maxima, sandwiching a node centred at
~385 nm (Fig. 6d), 14 nm (0.11 eV) bluer than the excitonic
resonance maximum of DBCzPbI;. Generally, coherently
excited phonons modulate the excitonic transitions via the
Franck-Condon principle involving the displacement of the
excited-state surface with respect to the ground-state surface
(i.e. Huang-Rhys factor), characterized by a node at the centre
of the absorption maximum of that coupled exciton.”®”? In
contrast, we observe a maximum FFT amplitude at the excitonic
resonance, while the node appears closer to the second exci-
tonic transition at 381 nm, corresponding to the first excited
state of the DBCz molecule. This observation could lead one to
suspect that the 19 cm™ ' mode is an organic mode coupled to
the organic exciton. However, it is unlikely that the edge-
sharing PbI;~ environment alone is the reason that organic
phonon coherences appear in DBCzPbl; but are completely
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Fig. 5 Schematic state diagram and charge transfer (CT) dynamics in both (DBCz),Pbl, and DBCzPbls. CT energy in (DBCz),Pbl, is approximated from
Pbl* 1s — (VB,it.? - HOMO-DBCz,CV) = 2.48 — (5.8-5.6) = 2.28 eV. CT energy in DBCzPbls is approximated from the literature VBM value of 5.8 eV and
CV-measured DBCz-HOMO of 5.6 eV for the 2D phase and from CBM,DFT — HOMO,DFT = 2.84 eV. Note that these CT energies do not account for
exciton delocalization, or dielectric screening, which may significantly alter the effective CT energy. The DBCz triplet values are also calculated from DFT
(Table S3). Pbl exciton energies are taken from experimental absorption spectra.

absent for DBCzI and (DBCz),Pbl, (Fig. S24). Furthermore, the
rest of the FFT profile is not consistent with such an assign-
ment (Fig. S25). In particular, the strong amplitude at
400 nm—far from the organic exciton—can not be explained
with a Franck-Condon modulated organic phonon. Even
though a stimulated emission signal appears at 400 nm, the
expected similar oscillator strength to the bleach transition can
not account for the observed asymmetric FFT profile.

Instead, we assign the 19 cm™ ' mode to a Pbl;~ phonon
which modulates the PbI;~ excitonic resonance via Herzberg—
Teller coupling. Such a “non-Condon” coupling can brighten
symmetry-forbidden transitions and results in amplitude rather
than frequency modulation of the excitonic transitions.”*””

As the transition dipole moment is linearly dependent on
the phonon coordinate, the spectral dependence of the FFT
amplitude should coincide with the absorption spectrum.
However, because the absorption spectrum of DBCzPbI; con-
sists of both inorganic and organic transitions, and the PbI;™
phonon is expected to couple most strongly to the inorganic
transitions, we also plotted the FFT profile with the difference
absorption spectra between DBCzPbI; and DBCzI to obtain an
artificial inorganic absorption spectrum (Fig. S25). Consistent
with a Herzberg-Teller coupled Pbl;~ mode, the phonon oscil-
lations are in-phase across the absorption spectrum (Fig. 6b),
resulting in a non-zero FFT value for the averaged phonon
coherences (Fig. 6¢).

To quantify the phase of the phonon coherences, we fit the
oscillatory traces to an exponentially damped sinusoid function
(390-400 nm trace is shown as an example in Fig. 6e), repre-
senting a single harmonic oscillator with frequency w, ampli-
tude A that decays with a decoherence time 7t through various
scattering mechanisms, including phonon-phonon, defect-
phonon scattering and carrier-phonon:

g(t) = Ae sin2m-ot + ¢) (1)
From this fit, we obtain a decoherence time of 2.8 ps and a
frequency of 19 cm ™", consistent with the above FFT analysis.

Upon extrapolation of the fitted transient to ¢ = 0 ps we find that
it follows a cosine function, rather than a sine function (black

Nanoscale Horiz.

line in Fig. 6e). The constant spectral phase across the Pbl;™
excitonic resonance supports the Herzberg-Teller coupling
mechanism (Fig. 6d). In contrast, frequency modulated
excited-state phonon wavepackets are typically associated with
a m-phase jump around the excitonic resonance, in addition to
the node.”®”> Even though frequency modulated ground-state
phonon wavepackets also do not show this n-phase jump, these
should show a symmetric amplitude profile, whereas we
observe a strongly asymmetric amplitude profile.

In addition to the type of phonon coherence modulation, the
phase analysis may elucidate the generation mechanism of
coherence. Based on the cosine functional form, we can con-
clude that the coherent phonon was either excited via the
displacive excitation of coherent phonons (DECP) mechanism
or through the resonant impulsive stimulated Raman scatter-
ing (RISRS) mechanism, whereas the off-resonant ISRS mecha-
nism can be excluded.”® We propose that the observed phonon
wavepackets are generated via RISRS rather than DECP, as
Herzberg-Teller coupling does not rely on a displaced excited
state surface. Finally, the ultrafast charge transfer process itself
may induce coherent phonons, provided that the rate of charge
transfer is faster than the period of the phonon.”"”® In that
case, there should be a deviation from the cosine function
depending on the timescale of charge transfer, which we can not
accurately determine with the limited time resolution of our
experiment. The charge transfer and accompanying lattice relaxa-
tion may underlie the atypical ~ ps-timescale blueshift—rather
than the more common redshift—observed in the TA spectrum
(Fig. 6a).

To further explore the aforementioned phonon mode
revealed by UV TA kinetics, we performed DFT-based lattice
dynamics simulations of DBCzPbI; (Fig. 526 and S27). From
our calculations, we identify three Raman-active modes within
1 cm " of the experimentally observed 19 cm ™" mode (Fig. 6c).
Of these, two modes exhibit B;, symmetry, while the third
exhibits fully symmetric A, symmetry. We deconvolve these
modes into contributions from the organic and inorganic
components to investigate potential coupling pathways to
electronic excitations (Fig. S26). We find that the B;, mode
(mode 21) with vibrational transition frequency 18.9 cm™" is

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 (a) UV TA map of a DBCzPbls thin film photoexcited at 350 nm, zoomed in at the first 5 ps. (b) Electronic-decay free pure phonon coherences of
transients between 360 and 415 nm integrated in steps of 5 nm. The traces between 380 and 390 nm are excluded from the plot as well as the fitting. The
averaged kinetic trace is shown in red. (c) Fast Fourier transform (FFT) of 395-400 nm and averaged traces. FFT peaks are obtained at 19 cm™* and
3 cm™t Note that the latter is an artefact from the FFT, as it corresponds to a period of 11 ps, well beyond the integrated time window. (d) Spectrally-
dependent FFT amplitude and extrapolated phase, plotted together with the absorption spectrum. A 0.5n phase was added to extrapolated phases from
fitting egn (1), such that they are in cosine form. (€) Phonon coherence transient and fit with parameters A = 0.22, 7 = 2.8 ps, 5 = 19 cm ™%, ¢ = 0.4n. The
extrapolation to ty reveals that the oscillation is well described by a damped cosine. The "total” kinetic trace of 390-400 nm is plotted as well in blue to
show the ty region (indicated with the grey box). (f—g) Vibrational motions of the indicated phonon modes, with red arrows illustrating atomic
displacements. Only a representative section for each component is illustrated for visual clarity.

almost entirely composed of atomic displacement of the (mode 22) can be excluded. In the case that the coherent
organic cation, and involves negligible motion of the inorganic phonon generation is charge-transfer induced (vide supra),
framework. Consistently, the computed single particle energy the hybrid organic-inorganic B;, mode is expected to be
difference for the optically allowed VBM — CBM + 1 transition particularly active, as its vibrational motion aligns with the
does not depend on this B, coordinate, as calculated with the charge transfer coordinate. Lastly, we note that the phonon
displaced harmonic oscillators model (Fig. S28). Hence, this calculations described here were performed on the experimen-
mode is unlikely to be the source of the observed oscillations. tally determined crystal structure, which includes a disordered
On the other hand, the more inorganic B,, and A;; modes (23 alkyl chain. Due to this disorder, the vibrational analysis
and 19, respectively) cause a stronger variation in the band gap. revealed imaginary modes entirely localized on these alkyl
However, as the observed phonon coherence is of Herzberg- chains. As these imaginary vibrational modes involve no
Teller type, Raman inactive modes should be considered as well ~motions other than those of the alkyl chains, these imaginary
(Fig. S26 and S27). Again, the nearly pure organic phonon mode modes are attributed to the intrinsic structural disorder of
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these groups, rather than inaccuracies or limitations of the
employed theoretical method.

Considering that in most perovskite compositions—3D,%°8¢
2D,’>%77%° and nanocrystals®"*>—coherent phonons are
severely damped at room temperature owing to the strong
anharmonicity and dynamic disorder, the observed strong
amplitude in DBCzPbI;—up to 50% of the AT/T signal—is
remarkable. In fact, phonon coherences in 2D HOIPs are
typically only observed under cryogenic conditions to suffi-
ciently reduce the phonon-phonon scattering component of
the decoherence.””®”"°° Nonetheless, evident room tempera-
ture phonon coherences have been observed in Dion-Jacobson
2D perovskites,”® bismuth-based 1D perovskites® and 2D lead-
based hybrid chalcogenides,’® likely related to enhanced lattice
stiffness and more rigid bonding compared to the typical
HOIPs. Although the prominent phonon coherences in
DBCzPbI;, but fully damped coherences in (DBCz),Pbl,, may
be ascribed to reduced anharmonicity and therefore longer
phonon decoherence times for the edge-sharing phase, the
large amplitude must be related to strong exciton-phonon
coupling. In previous reports on 3D and 2D perovskites, the
observed phonon coherences are usually linked to charge-
polaron®"** and exciton-polaron’>®’ formation, respectively.
Due to large carrier delocalization in these systems, the cou-
pling to phonons is generally weak, resulting in large—rather
than small—polaron formation. Perovskites with a lower struc-
tural or electronic dimensionality than 2D, on the other hand,
exhibit larger exciton-phonon coupling, which explains the
ubiquitous observation of octahedral-distortion induced self-
trapped exciton emission in these materials.’***°” Indeed,
particularly large phonon amplitudes have been reported in
double perovskites,’® where strong exciton-phonon coupling
drives self-trapped exciton formation. Furthermore, distortions
of the inorganic framework induced by the choice of organic
spacer in Dion-Jacobson perovskites have been shown to
enhance exciton-phonon coupling, manifesting as large coher-
ent phonon amplitudes.”® Consequently, we attribute the large
amplitude of the coherent phonon mode in DBCzPbI; to its
distorted edge-sharing Pbls octahedra (Fig. 1b), resulting in
exciton localization and therefore strong exciton-phonon cou-
pling. This coupling may be further enhanced by ultrafast
charge transfer, which induces relaxation of the inorganic
framework in response to changes in the exciton wavefunction.
Further in-depth investigation of exciton—-phonon coupling in
DBCzPDblI; is outside the scope of this communication and can
be the subject of future work.

Conclusions

In this study, we show that via incorporation of the electroactive
organic spacer, dibenzocarbazole (DBCz), two distinct low-
dimensional hybrid metal halides can be obtained as thin
films: a regular 2D HOIP ((DBCz),Pbl,) and a perovskite analo-
gue with a 2D lead iodide framework (DBCzPbl;). The crystal
structure resolution of DBCzPbI; uncovers a layered metal
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halide framework with an edge-sharing octahedral motif, which
has not been reported in the literature up until now. We found
that by adjusting the stoichiometry of the precursor solution
and by using a mixed thermal/solvent vapor annealing
approach, phase-pure films of both phases could be obtained.

TA spectroscopy and DFT calculations have revealed how the
octahedral connectivity controls the electronic structure and
optical properties of these materials. Although the energy level
alignment enables ultrafast photoinduced hole transfer from
the inorganic to the organic layer in both phases, only in the
edge-sharing phase is this charge transfer step followed by
triplet formation, which is energetically not allowed for the 2D
HOIP. In addition, the distorted edge-sharing octahedral frame-
work in DBCzPbI; promotes strong Herzberg-Teller type exci-
ton-phonon coupling, enabling coherent lattice vibrations at
room temperature.
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