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ABSTRACT

Excited-state interactions between organic and inorganic components in hybrid metal halide
semiconductors open up the possibility of moving charge and energy in deliberate ways, including
energy funneling, triplet energy harvesting, or long-lived charge separation. In this work, we utilize
n-conjugated naphthalene diimide electron accepting molecules to fabricate a hybrid one-
dimensional (1D) lead iodide semiconductor ((NDIC2)Pb,ls) with an internal charge separating
junction. Despite recent efforts on the synthesis of 1D metal halide semiconductors, little is known
about their electronic structure, optical properties, and excited-state dynamics. Steady-state and
time-resolved spectroscopy measurements of ((NDIC2)Pb,l) thin films elucidate discrete optical
features from the lead iodide and naphthalene diimide components of this heterostructure, along
with a weakly bound optically active charge transfer state. The type-II heterojunction between the
organic NDIC2 and inorganic Pb,lg moieties facilitates rapid separation of photogenerated
charges, where charge recombination is hindered by the spatial separation of charges across the
organic/inorganic interface. Our study also provides some important insights into the ways in
which Coulomb interactions between the organic and metal halide moieties and n—r interactions
between the organic cations can affect the crystallization of these hybrid semiconductors with
large, optically active n-conjugated chromophores. We believe our findings will further enable the
rational design of low-dimensional organic-inorganic heterostructures where the dielectric

environment, charge transfer states, and exciton behavior may be modulated.
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Introduction

The rational design and controlled assembly of molecular organic-inorganic
heterostructures have been studied intensively within the materials science community. In these
heterostructures, exotic physical and chemical functionalities may emerge due to the nontrivial
combination of organic and inorganic components via covalent, ionic, or non-covalent interactions
(e.g., van der Waals (vdW) forces and hydrogen bonding). From the family of organic-inorganic
molecular compounds, organometal halides have received tremendous attention due to their
tantalizing potential of revolutionizing the photovoltaic industry. For example, three-dimensional
(3D) organolead halides have been incorporated into solar cells and have achieved efficiencies as
high as 25.2%.! Strong quantum confinement in 2D organolead halide quantum wells, 1D quantum
wires or 0D quantum dots leads to bound electron-hole pairs (excitons)> 3 as the fundamental
excited state generated by photon absorption. These low-dimensional hybrid semiconductors are
being explored for a wide variety of optoelectronic* > and spintronic devices.®?

Regardless of the dimensionality, the organic cations in low-dimensional metal halide
semiconductors (MHS) are often based on optically and electronically inert aliphatic ammonium
moieties that primarily serve to insulate the metal halide structures from each other. The pioneering
studies of Mitzi et al.!® and Era et al.'' demonstrated that replacing aliphatic organic cations with
n-conjugated organic cations yields MHS with tunable bandgaps and facile charge/energy transfer
across organic/inorganic interfaces. These seminal works showed that the organic species can in
fact participate in the optoelectronic character of MHS when conjugation is present and and since
then have inspired many research efforts on the fabrication of heterostructures that incorporate
optically and electronically active m-conjugated organics.!%-?! If the frontier orbitals of =-
conjugated organics are chosen appropriately, they can establish a type-II band alignment at the
organic/inorganic interface, where a thermodynamic driving force exists for transfer of one type
of charge carrier (electron or hole) into the organic cation and transfer of the other carrier into the
metal halide.'® 821 When such charge transfer (CT) interactions occur, they can assist in
overcoming the strong exciton binding energy in these materials, especially in lower dimensional
MHS, where this barrier to producing long-lived and useful free charges after excitation trends

inversely with dimensionality (i.e. Coulomb binding for 3D <2D < 1D < 0D).
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A number of 1D MHS with tunable optoelectronic functionality have been synthesized in
recent years,”? including materials featuring a type-Il band structure at the organic/inorganic
interface. The type-II 1D structures primarily utilize viologen-based n-conjugated organic cations
(e.g. methylviologen (MV?")), since they are strong electron acceptors with deep lowest
unoccupied molecular orbital (LUMO) levels.!3 14 19, 20, 23 Interestingly, several of these
compounds feature low-energy optical transitions that have been assigned to CT excitations
involving the conduction band of the inorganic framework and the LUMO of the organic
molecules.?> Furthermore, photoconductance and electron paramagnetic resonance (EPR)
measurements demonstrate that optical excitation of these hybrid semiconductors can generate
long-lived charge-separated states.?’ These intriguing measurements provide initial insight into the
impact on optoelectronic performance, but more questions remain about whether different n-
conjugated organic cations having different inter- and intramolecular motifs present can support
these early observations as being more general. Additionally, despite a number of structural and
steady-state spectroscopy studies, detailed time-resolved studies of MHS CT hybrids are
exceedingly rare, leaving many open questions as to the spectroscopic signatures and transient
dynamics of CT states and the degree to which charges remain Coulombically bound across the
organic/inorganic interface following charge transfer. Rigorously characterizing, assigning, and
ultimately understanding the complex organic/inorganic excited-state energy landscape in low
dimensional MHS should enable researchers to more strategically navigate the vast choice of
cation space, accelerating technology development based on this fascinating material class.

In this study, we demonstrate that 1,4,5,8-naphthalene diimide (NDI)* 242% based
diammonium cations can be utilized to produce 1D organic/inorganic MHS with internal charge
separation via CT states that lie energetically below the metal-halide excitonic absorption.
Although the structural properties of 1D NDI-based MHS have been previously investigated,?®
there have been no efforts to elucidate the electronic structure or the dynamics of photoexcited
excitons and/or charge carriers in these hybrid semiconductors. We find that an organized 1D
structure forms within spin-coated thin films when naphthalene diimide diethylammonium
(NDIC2) cations are templated around Pb,I¢ wires at elevated annealing temperatures. This orients
the m-conjugated NDI core in a way that facilitates the formation of optically active transitions
energetically below the 1D lead iodide exciton transition. Pump wavelength-dependent transient

absorption (TA) spectroscopy reveals an optical transition ca. 270 meV below the 1D lead iodide
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exciton that is consistent with a CT state involving orbitals on the organic and inorganic
frameworks. Hybrid density-functional theory (DFT) calculations also indicate the existence of
such a CT state. Temperature-dependent PL spectroscopy suggests that this CT exciton can emit
radiatively at low temperature (5K), but is dissociated above ca. 100 K due to a small binding
energy. Consistently, time-resolved microwave conductivity (TRMC) suggests that some fraction
of photogenerated excitons are dissociated into free carriers at room temperature. The experimental
results are all consistent with the presence of a thermodynamic driving force for photoinduced
charge separation, whereby electrons are transferred to the NDI LUMO and holes remain on the
lead iodide framework. These results, and our rigorous assignments of spectral signatures, provide
significant groundwork in developing design rules and systematic structure-function correlations
for CT state energies and dynamics for self-assembled 1D MHS that incorporate n-conjugated

organics.?? 30
Results

The organic cation used in this study is naphthalene diimide diethylammonium (NDIC2;
Figure 1A). In contrast to common alkyl chain organic cations used in conventional organic
inorganic metal halide semiconductors, NDIC2 is large, rigid, and has a significant n-bonding
system that strongly influences the resulting orientation of the molecules.’'-3* The attractive
aggregation forces of the NDI cations do not allow the formation of the typical 2D structure with
corner-sharing lead iodide octahedra.’ 3* Instead, NDI organic/inorganic hybrids assemble in a 1D
metal halide polymorph featuring a combination of corner-, edge-, and face-sharing modes within
the lead iodide chains. We grew single-crystals of naphthalene-based lead iodide wires through a
common antisolvent technique.’>=° The wires appear brown to black, presumably due to
absorption across the visible range of the spectrum, as is observed for thin films (vide infra). The
single-crystal structure of [(NDIC2),PbsI;4,(DMF),]-4DMF is shown in Figure 1B; this view
normal to the bc plane is meant to highlight the orientation of the NDIC2 cations. Crystallographic
data and structure refinement information are shown in Table S1.The Pb,ls chains are decorated
with NDIC2 cations, stacked in an H-aggregate-type structure where the naphthalene diimide cores
align face-on to each other with separation of 3.7 A, consistent with the vdW gap of n-stacked

organic chromophores. DMF molecules are H-bonded to the ammonium groups on the NDIC2
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cations in the single-crystal. Any attempts to remove the DMF, either by solvent soaks or vacuum
drying, results in samples unsuitable for single-crystal diffraction analysis.?®

Uniform 1D hybrid wire thin films of (NDIC2)Pb,l¢s were spin-coated onto glass substrates
from a DMF precursor solution. In Figure 1C, the (NDIC2)Pb,l thin film x-ray diffraction
spectrum (red line, top) is compared to the simulated powder diffraction pattern (black line,
bottom), derived from single-crystal diffraction. In the thin film sample, we see two strong peaks
at 260 = 7.5° and 7.9° that correspond to reflections associated with the (010) and (100)
crystallographic planes, respectively, of the single-crystal structure. We believe that while DMF
molecules may have some influence on the orientation of the NDIC2 cations, they do not inhibit

the formation and spacing of the Pb,l¢ chains (vide infra).
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Figure 1. (A) Chemical structure for naphthalene diimide diethylammonium iodide (NDIC2-1,). (B) Crystal structure
of (NDIC2)Pb,l; solvated with DMF. This view highlights the NDIC2 dications face-on stacking within the structure.
Inset shows atomic distances between NDIC2 molecules (3.7 A) and NDIC2 and Pb,ls octahedra (3.9 A). (C) Thin
film X-ray diffraction spectrum of (NDIC2)Pb,l¢ (red line) and (D) the simulated [(NDIC2),PbsI;4(DMF),]-4DMF
(black line) powder X-ray diffraction spectrum. Inset shows a photograph of a dark brown as grown crystal. (E) Thin
film X-ray diffraction spectrum of (NDIC2)Pb,l; as a function of annealing temperature.
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Since previous thermogravimetric (TGA) studies by Tremblay et al. revealed that DMF is
released from the single-crystal [(NDIC2),Pbsl;4(DMF),]-4DMF at around 240 °C, we annealed
our thin films at temperatures ranging from 100 to 250 °C.?8 We hypothesize that due to the large
and sterically hindered nature of the NDIC2 di-cation, a higher rearrangement energy (input in the
form of annealing temperature) may be required to orient the NDIC2 cations around the Pb;lg
wires in order to form a crystalline structure within the rapidly spin-coated thin film. The XRD
pattern of 1D (NDIC2)Pb,l¢ thin films is plotted in Figure 1E as a function of annealing
temperature. The XRD pattern after annealing at 100 °C exhibits one broad peak centered around
7.8° followed by a much larger background scattering feature, which is indicative of the disordered
nature of the film. Upon annealing at 150 °C, the structure within the thin film becomes more
crystalline as evidenced by the appearance of two diffraction peaks at 7.5° and 15°, which
correspond to reflections associated with the (010) and (020) crystallographic planes. The
presented diffraction pattern resembles other 1D Pb, X4 hybrid quantum wire materials with similar
lattice d-spacing, giving us confidence that the proposed lattice planes are assigned correctly. 404!
Further annealing at 200 °C induces the evolution of an additional diffraction peak at 7.9° which
corresponds to the (110) crystallographic plane. Interestingly, the intensity of the diffraction peak
of the (110) crystallographic plane increases when the thin films are annealed at 250 °C. We
believe that at this temperature, the (NDIC2)*" dications have enough energy to fully crystallize
and anisotropically order, using the Pb,ls wires as a template. The films uphold the expected 1:3
ratio of I to Pb of the (NDIC2)Pb,l; structure throughout annealing up to 250 °C, confirmed by
SEM-EDX investigations (Figure S1). Additionally, since previous TGA analysis showed that
NDIC2 decomposes around 400-500 °C, the observed structural changes should not reflect any
sort of thin-film decomposition.?®

Similar to the XRD pattern, the absorption of (NDIC2)Pb,l¢ thin films also evolved as a
function of annealing temperature (Figure 2A,B). At all annealing temperatures, the spectrum is
dominated by a sharp resonance with a peak position (395 — 409 nm, or 3.03 — 3.14 eV) that is
consistent with other similar 1D hybrid organic-inorganic materials!3 2342 and is assigned to 1D
excitons confined to the [Pb,lg]* inorganic chains. Several changes occur as the annealing
temperature is increased. Here, the exciton resonance redshifts by around 110 meV and we see the
appearance of broad absorption below the exciton resonance in energy. These changes coincide

with the evolution towards better long-range ordering, as deduced from the temperature-dependent
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XRD (Figure 1E) and large changes to a neat NDIC2-I, film over the same temperature range. As
such, we interpret the changes as arising from the impacts of NDIC2 cation and Pb,ls wire
orientation/ordering at elevated temperatures. We hypothesize that the exciton resonance’s redshift
arises from the NDIC2 cations orienting around the Pb,Is wires and better isolating them within
the low-dielectric organic sublattice. This structural rearrangement would thus enhance the

dielectric confinement felt on the exciton, increasing its exciton binding energy.
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Figure 2. Thin film absorption as a function of annealing temperature of (A) (NDIC2)Pb,l and (B) NDIC2-I,.
Low-dimensional metal halides typically have a sharp excitonic resonance as the lowest energy
absorption.*> 4 However, in (NDIC2)Pb,ls, we observe substantial absorption below the exciton
transition energy that grows in with increasing annealing temperature. This increased sub-exciton
absorption has two potential sources that we investigate in more detail below by transient
absorption. First, this peak shares some similarities with the absorption peak observed for an
annealed NDIC2-I, film, (Figure 2B), where the broad full-width at half-maximum (FWHM) and
bathochromic shift (relative to neat NDIC2-I, in solution) are associated with strong, attractive -

n inter-molecular interactions for NDI H-aggregates.*> Such broad absorption features are not
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observed for NDIC2 in DMF solution (Figure S2). Thus, we conclude that interactions between
electronically coupled NDIC2 molecules may contribute to the low-energy absorption in the
(NDIC2)Pb,Is samples. This possibility is consistent with the single-crystal data (Figure 1B, inset)
that show H-aggregate-like stacking between adjacent (NDIC2)?* cations, with a plane-to-plane
core distance of 3.7 A between NDIC2 molecules. Second, this broad low-energy peak is also
similar to the broad red-shifted absorption observed for 1D viologen-templated lead-iodide based
CT heterojunctions.?> 40 In this case, the low-energy transition is proposed to occur from the

valence band of the lead iodide chain to the LUMO of the organic molecule.
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Figure 3. (A) Pseudo-color image of the transient absorption (TA) spectra for (NDI)Pb,l¢ thin film. The horizontal
and vertical axes are the probe-photon wavelength and pump—probe delay, respectively. The color intensity indicated
by the scale bar represents the TA signal magnitude. (B-C) The TA spectra at different time delay for (B) (NDI)Pb,I
and (C) NDIC2-I, films. (D) Decay dynamics of (NDIC2)Pb,ls thin film probed at photo-induced absorption (PIA)
peak at 540nm and photo-bleach peak (PB) at 409 nm.

To better understand the states available to, and the dynamics of, photogenerated excitons and
charges in (NDIC2)Pb;,l¢, we performed ultrafast transient absorption (TA) spectroscopy. Figure
3A shows a pseudo-color 2D map of the temporal evolution of the TA spectra for the (NDIC2)Pb;l
thin film, following excitation with a 380 nm pump pulse. Figures 3B and 3C, respectively, show

TA spectra of (NDIC2)Pb,I¢ and NDIC2-I, films at delay times of 1, 10, 100, and 1000 ps. There
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are three prominent features in the (NDIC2)Pb,Is spectrum — a sharp exciton photobleach at 409
nm, a broad photobleach centered at 460 nm, and photoinduced absorption (PIA) feature centered
around 550 nm. The only TA feature that is shared by both (NDIC2)Pb,I¢ (Figure 3B) and NDIC2-
I, (Figure 3C) is the PIA rising around 550 nm. Thus, this feature is linked to the NDI molecules
themselves rather than any states associated with the Pb,ls, and has been attributed in several
studies to the photoexcited NDIC2'~ radical anion.? 2% 47-48 Although the precise mechanism the
NDIC2"" radical anion formation has not been elucidated, studies have suggested that there is a
photoinduced electron transfer from the iodide to the NDIC2 cation.> 4° Interestingly, the
observation of the NDIC2'~ radical anion suggests that 380 nm excitation of the (NDIC2)Pb,l
ultimately results in some population of electrons on the organic molecules.

The dynamics of the 1D Pb,I¢ photobleach (probed at 409 nm) and NDIC2 cation PIA (probed
with 540 nm), after pumping at 380 nm, are shown in Figure 3D. The 1D exciton photobleach
(blue line Figure 3D) rises rapidly on the time scale of the instrument response (ca. 200 fs),
consistent with sub-picosecond exciton generation commonly observed for metal halides.? Rapid
decay of the exciton photobleach over the first picosecond coincides with a similar ca. 1 ps rise
time of the PIA at 540 nm, assigned to the NDIC2'~ radical anion. This coincidence suggests that
the initially excited 1D excitons on the Pb,ls rapidly evolve, on the picosecond time scale, into a
charge-separated state ([NDIC2][Pb,I¢*]) that consists of an electron on the NDIC2 molecule(s)
and a hole that remains on the Pb,ls wire. Beyond 1 ps, the 1D exciton bleach decays very slowly,
with ca. 35% of the initially generated photobleach still remaining after 4 ns. This bleach decay is
much slower than what is typically observed for e.g. 2D Ruddelsden-Popper or Dion-Jacobson
hybrid perovskites (we could not find TA studies on 1D lead-iodide hybrids to compare to), which
typically show nearly complete recovery of the ground state within similar time scales. It is
important to note here that either excitons or charge carriers (or both) can bleach the 1D exciton
transition.>->2 As such, we attribute the photobleach observed beyond 1 ps to holes remaining on
the Pb,ls wire, where the slow ground state recovery is consistent with spatial separation of the
photoexcited electron and hole and the associated hindrance to recombination of the separated
charge carriers. Consistently, the PIA at 540 nm is also long-lived, reflecting the lifetime of
electrons localized onto the conjugated core of NDIC2 following CT.

To understand the origin of the photobleach centered at 460 nm, we varied the pump

wavelength in TA experiments. We chose pump wavelengths on the red edge of this transition,
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ranging from 480 nm to 540 nm, to ensure that we were sufficiently low in energy so as not to
directly excite the 1D exciton transition centered at 409 nm. A strong photobleach from the 1D
exciton appears instantaneously when pumped between 480 and 520 nm (Figure 4A); 2D TA maps
for each pump wavelength are shown in Figure S3. This observation suggests that the optical
transitions centered at 409 nm and 460 nm share the same ground state. As such, we propose that
this 460 nm optical transition corresponds to the generation of a CT exciton, where the exciton is
composed of one charge carrier that resides on the lead-iodide framework and one carrier that
resides on the NDIC2 molecule. Based on our proposed mechanism of CT discussed above, we
suggest that this CT exciton would consist of an electron localized on the NDIC2 molecule(s) and
a hole localized on the Pb,lg wire. Consistently, previous density functional theory (DFT)
calculations of similar Pb,ls 1D hybrid materials, such as MVPb,Is (MV2": N,N’-dimethyl-4,4’-
bipyridinium, also known as methylviologen)!® and (Pb,ls)-(H,DPNDI)-(H,0)-(NMP) (DPNDI:
N,N’-di(4-pyridyl)- 1,4,5,8-napthalene diimide; NMP: N-methylpyrrolidin-2-one),>* found that
the VB of these materials is dominated by lead s orbitals and iodine p orbitals whereas the CB is
dominated by the oxygen and nitrogen p orbitals of the organic cation. If we adopt this picture for
our assignment, the concept of phase-space filling dictates that excitation of the low-energy CT
exciton should contribute to a bleach of the 1D exciton transition since the same lead and iodine
VB orbitals contribute to both of these optical transitions.
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Figure 4. Transient absorption (TA) of (NDI)Pb,l¢ thin film pumped at various wavelength. (A) TA spectra at 5 ps.
Normalized at 405nm. (B) Dynamics of the 409 nm exciton bleach, following excitation at different wavelengths.
Transients are normalized at 1ps. (C) TRMC transient decay at absorbed photon flux of 4.2 X 10'# (420 nm). Inset:
excitation fluence-dependent peak yield mobility product excited at 420 nm.

The 409 nm exciton photobleach is no longer observed when pumped at 540 nm (Figure
4A, black trace), suggesting that the red edge of the CT state is around 520 nm and that steady-
state absorption features beyond ca. 520 nm are not electronically coupled to the Pb,ls framework.

Based on these results and the width of the broad low-energy photobleach observed in

10

Page 10 of 25



Page 11 of 25

Journal of Materials Chemistry A

(NDIC2)Pb,Is TA spectra, we conclude that a broad CT absorption spans from ca. 430 nm to 520
nm. In contrast, NDIC2 molecules that are electronically coupled with each other, but are poorly
coupled to the Pb,l framework, lead to states absorbing beyond 520 nm. Figure 4B demonstrates
that an identical slow ground-state recovery, measured by the dynamics of the 409 nm bleach, is
observed when pumping the 1D exciton or the low-energy CT state, consistent with each state
ultimately producing the same charge-separated state. Interestingly, the NDIC2*~ dynamics at 540
nm are distinct from the dynamics of the 1D exciton up to ca. 1 ns (Fig. 3D), suggesting that there
is some evolution of the nature of charges on the NDIC2 molecules over this time frame. After ca.
1 ns, the dynamics of the two states are similar, and most likely reflect the kinetics of electron-
hole recombination across the organic/inorganic interface.

The apparent generation of a charge-separated state in TA measurements led us to search for
photoconductance in the (NDIC2)Pb,l4 hybrid. Charges can remain Coulombically bound across
the organic-inorganic interface as a localized charge transfer exciton or can escape the Coulomb
attraction to produce separated charges with some degree of mobility. TA measurements cannot
typically distinguish between these two possibilities. To probe this question, we performed flash-
photolysis time-resolved microwave conductivity (fp-TRMC) to probe free carrier generation and
dynamics. TRMC is a contactless, optical pump-continuous microwave probe measurement that
is sensitive to the presence of free mobile charges. Thus, excitons, and other Coulomb-bound
carriers are not detected with this technique.’* 3> Due to the contactless nature of this technique,
TRMC yield-mobility products can probe local free carrier generation, even in semiconductors
where long-range transport is difficult or impossible to measure with contact-based techniques.
Therefore, TRMC provides fundamental information about the maximum potential free carrier
generation and mobility that can be expected in a novel material.>

By measuring the photoinduced change in microwave conductance (4Gppot,) Of the sample,

we can obtain the yield-mobility product (¢pZu) of photoinduced carriers, based on the equation:

AGyhoto = BeloF ad ) 1
where f is related to the dimensions of the waveguide cross-section, e is the elementary charge,
I is the flux of the incident photon, and F is the fraction of light absorbed by the sample, and
AGppot, is end-of-pulse peak photoconductance value.>”->® The TRMC photoconductance transient

at an absorbed photon flux of 4.2 x 10'* (420 nm) is shown in Figure 4C and the excitation

11



Journal of Materials Chemistry A

fluence-dependent yield mobility product is shown in the inset. We used a 420 nm pulse to excite
as close the Pb,ls exciton as our experimental setup would allow. The results show that there is
free carrier generation when exciting into the exciton (420 nm), which is unexpected in this
confined 1D system. The free carrier generation implies that the photoinduced CT event deduced
from TA measurements does not result solely in a Coulomb-bound CT exciton. The excitation
produces long-lived photoconductance signals that decay over long time scales (i.e. beyond 100
ns), consistent with the conclusion that the recombination of carriers is slowed by the spatial

separation of the electron on NDI molecules and the hole on the Pb,l¢ wire.
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Figure 5. (A) Emission spectrum from (NDIC2)Pb,I, thin films at 288K (red line) and 5K (blue line) Expanded view
at long wavelengths in inset. (B) Neat NDIC2-I, thin film emission spectrum at 288K (red line) and 5K (blue line).

Our TA and TRMC results demonstrate that photoexcitation of the hybrid ultimately produces
separated charges that recombine on a relatively long time scale. This suggests that the binding
energy of the proposed CT exciton, accessible via direct absorption at ca. 460 nm, is sufficiently
low that it does not remain bound at room temperature. To explore the binding energy of this CT
exciton in more detail, we turn to temperature-dependent PL spectroscopy. At room temperature,
no PL is observed in the (NDIC2)Pb,l; thin film (Fig. 5A, red trace). Based on our time-resolved

spectroscopy results discussed above, we propose that the PL is quenched by charge separation

12
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between the NDIC2 and the Pb,l¢ chains. PL emission suppression due to charge separation has
been observed in other naphthalene diimide/lead halide hybrid structures® 24 23-27 as well as 2D
CsPbBr; nanoplatelets decorated with perylene diimide ligands.?*

Notably, we observe narrow emission from the (NDIC2)Pb,I, thin films at 5K (Fig. SA, blue
trace), where two peaks at 493 nm and 509 nm are discerned. These peaks (1) have huge Stokes
shifts (ca. 500 — 600 meV) relative to the 409 nm exciton absorption, and (2) do not spectrally
overlap with the low-temperature emission from an NDIC2 film (653 nm and 723 nm, Figure 5B).
The peaks are, however, situated just on the low-energy side of the broad peak observed in TA
measurements that we assign to the CT exciton. As such, we assign these peaks to emission from
the CT state. We suggest a few potential mechanisms for the origin of two emissive peaks: (1)
slight changes in molecular interactions of the NDIC2 molecule and the Pb,ls wires within the
(100) and (010) crystallographic planes may induce a distribution of CT states due to the varying
strength of the orbital overlap; (2) the bathochromic shift of the lower energy peak (509 nm), ca.
80 meV relative to the peak at 493 nm, arises from polaronic stabilization;> and (3) distinct
transitions may exist from both the lead-iode VB and non-bonding orbitals to the NDIC2 LUMO.!3

The full suite of temperature-dependent PL spectra of the (NDIC2)Pb;l¢ thin film is shown in
Figure S4. As the temperature is increased from 5K to 40K, the emission signal at 509 nm is
significantly quenched, while the emission signal at 493 nm remains unchanged until 80K (after
which it disappears). These results suggest that while the CT exciton remains as a bound e-h pair
that can radiatively recombine at low temperatures (< 80 K) the CT exciton is dissociated at room
temperature, due to thermal energy, and does not emit. Since the data in Figure S4 do not follow
a straightforward Arrhenius dependence, we cannot extract a reliable CT exciton binding energy.
However, the disappearance of all PL emission above 80 K allows us to provide a rough estimate,
based simply on thermal energy at 80 K (10 meV).

With this information, we hypothesize that a likely charge transfer mechanism, following
excitation of the 1D Pb,ls exciton transition, is the following: (1) photoexcitation around 409 nm
generates the 1D Pb,l4 exciton, which (2) moves into the CT state and finally, (3) is split into free
carriers where (4) the electron resides the NDIC2, and the hole resides on the Pb,l chain.

Figure 6 provides a summary of the conclusions we reach from consideration of the full suite
of steady-state and time-resolved spectroscopy measurements. Taken as a whole, the TA data

suggest that photons incident on the 1D (NDIC2)Pb,ls hybrid can generate a variety of different
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initial states, depending on the range of photon energies (Figure 6A). Photons in the range of the
1D exciton resonance at 409 nm generate excitons on the Pb,l¢ framework (Figure 6A/B-1), a
low-energy CT state is accessible to photons spanning the range of ca. 430 — 520 nm (Figure
6A/B-2), and photons >540 nm directly excite transitions isolated on coupled NDIC2 molecules
(Figure 6.A/B-3). Dynamic data suggest that all initially generated states rapidly evolve downhill
in energy, ultimately generating the same long-lived charge-separated state [NDIC2*][Pb,l"].

A

—— (NDIC2)Pb, g

NDIC2 aggregate states
—_—

B

400 600 800 1000
Wavelength (nm)

N Kharge Transfer States

Absorption (arb. units)

HOMO

NDIC2

Figure 6. (A) Absorption spectrum of (NDIC2)Pb,ls with 3 primary optical features labeled. (B) Schematic depicting
the location of the (1) exciton, (2) CT states, and (3) NDIC2 aggregate states on the crystal lattice. (C) Proposed charge
transfer energy diagram between Pb,ls wires and NDIC2 cations.

The energy level diagram in Figure 6C outlines the proposed interfacial band alignment
that facilitates charge transfer between the Pb,l¢ wires and NDIC2 cations. From our absorption
measurements, the 1D Pb,ls exciton resonance is located at 409 nm (3.03 eV); if we estimate an
exciton binding energy of around 250 meV for this exciton, based on other low dimensional metal
halide exciton binding energies,%-6? then the electronic gap (optical gap + exciton binding energy)
can be placed around 3.28 eV. From our TA measurements, we observed the CT state centered at
460 nm (2.7 eV); therefore, we can assign this as the optical gap of the CT exciton. Lastly, the
temperature-dependent PL measurements suggest that the exciton binding energy of this CT state
is likely small (estimated at 10 meV). This places the electronic gap (2.7 eV optical gap + 10 meV
exciton binding energy) of this CT exciton around 2.71 eV. Therefore, the difference in energy
between the CB of Pb,ls and LUMO of NDIC2 is approximately 570 meV. Since this energy
difference exceeds the expected binding energy for the 1D Pb,l,, there is a thermodynamic driving
force for electron transfer to adjacent NDI molecules, consistent with our observations.

Hybrid DFT calculations (FHI-aims all-electron code® %4, HSE06 density functional®: 66,
25% short-range screened exchange, with spin-orbit coupling®’, see methods/SI for details) of the

lowest energy electron and hole density distributions in the [(NDIC2),Pbsl;4(DMF),]-4DMF
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excited state (Figure 7) provide direct support of our hypothesis of the existence of a charge-
separated state (FHI-aims all-electron code®® ¢4, HSE06 density functional® %6, 25% short-range
screened exchange and screening parameter 0.11 (Bohr radii)!, with spin-orbit coupling®’, see
methods/SI for details). In this case, the hole is localized in the valence band minimum (VBM) of
the lead iodide network, while the electron is localized on the (NDIC2) molecule. The HSE06
density functional with the above-mentioned parameters is known to provide a qualitatively correct
description of the HOMO-LUMO gap of many inorganic semiconductors. However, it will
underestimate the quasiparticle (transport) gap of large bandgap systems such as an organic moiety
if interpreted based on self-consistent-field single particle eigenvalues only%®, as done in Figure 7,
leading to a quantitatively too low energetic placement of the organic LUMO. A computed
absorption spectrum is shown in Figure S7, showing residual weak absorption between the
inorganic-derived VBM and the organic LUMO, despite its absolute location being
underestimated. The underestimation of the charge-transfer gap can be qualitatively corrected by
using a total-energy based approach to estimate the energy difference, with an actual electron on
the molecular LUMO. Using a non-Aufbau occupation constrained DFT model®-7!, in which the
electron and hole are localized in the same unit cell, we found that the charge-separated constrained
state has an energy of 2.31 eV (536 nm). This value is closer to the red edge of our experimentally
assigned CT state from transient absorption studies. It would be even more interesting to apply a
many-body method accounting for the details of screening (such as the Bethe-Salpeter Equation
or better), which is, however, not currently computationally feasible for the structure size of
interest here. Even given the remaining uncertainties of constrained hybrid DFT methods for CT

states, the overall theoretical result confidently confirms the formation of a charge transfer state.

Figure 7. A. The HSE06+SOC band structure and the orbitals at VBM (left image) and CBM (right image) at the I'
point, for the [(NDIC2),Pbsl;4(DMF),]-4DMF crystal. The isosurface is shown for a 0.03 1/A32 norm of the orbitals.
B. The electron density difference between the first excited state and the ground state by HSEOQ6 calculation. The
red/blue isosurface indicates a density difference of +/-0.075 electrons/A3. The first excited state was calculated by a
non-Aufbau occupation, constraining both the CBM and the VBM to be half occupied.
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Discussion

It is interesting to consider the degree to which the 1D (NDIC2)Pb,l; structure is connected
to the observation of optically active CT state(s) and long-lived charge separation across the
organic/inorganic interface. It is important to note that a number of 2D Type-II metal halide
semiconductors have been studied where no optically active CT states are observed below the
exciton resonance, despite what appears to be rapid and efficient charge separation.® 10 18 1In
contrast, our studies demonstrate that aromatic NDI molecules in a 1D lead-halide structure
produce absorptive CT states similar to those observed for viologen-based 1D structures.!3: 14 19,
20,23 One key structural difference is that the 1D structure allows the molecules to orient roughly
face-on with the lead-iodide wires, in contrast to the edge-on orientation that is typical for 2D
structures. The face-on orientation in 1D structures is analogous to face-on transition-metal
dichalcogenide/molecule heterojunctions that support charge separation and interfacial charge
transfer states. For example, in copper phthalocyanine-MoS, heterojunctions, the m-face-on
molecular orientation and further stacking of electronically coupled copper phthalocyanine
molecules enables rapid hole migration away from the heterointerface, thereby decreasing the
electron-hole Coulomb interaction. This led to a long-lived charge separated state of 70 ns, which
is significantly longer than disoriented or edge-on-oriented molecules in a MoS, heterojunction.”

Charge separation in NDI based lead halide structures has also been observed in multilayer
quasi-2D Ruddlesden Popper phases.? In the study by Proppe et al., films synthesized with a
mixture of Pbl,, NDIC2, and methylammonium (MA) produced a mixture of weakly confined 2D
perovskite and 1D structures. They observe a similar absorption onset to what we observe for
(NDIC2)Pb,I¢ thin films and acknowledge that this absorption onset could reflect the contribution
of 1D phases. Based on our work here, it is possible that the low-energy absorption onset observed
in that study may indeed contain contributions of the CT absorption within a (NDIC2)Pb,ls 1D
phase. The impact of this 1D phase on their TA measurements is difficult to discern since the
displayed spectral window does not include wavelengths below 480 nm. In general, our study
suggests that future studies of mixed-phase MHS produced with large aromatic cations such as
NDI should carefully consider the effects of optically active 1D CT states when assessing both
phase purity and potential charge transfer mechanisms in time-resolved studies.

Based on these structural considerations, we speculate that enhanced orbital overlap

between the aromatic m system of the organic and the orbitals of the lead iodide framework may
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be a contributing factor to the observation of optically active CT states in 1D MHS with =n-
conjugated chromophores. Further, electronic coupling between the molecular chromophores,
which is feasible in both 1D and 2D structures, is likely a key contributor to the stabilization and
long lifetime of charge separation. Looking forward, it will be interesting to explore more hybrid
1D MHS with large aromatic chromophores since the geometric constraints on orbital mixing are
relaxed relative to 2D. It will be interesting to systematically study the generality of such CT states
as a function of molecular properties and ultimate MHS structure, as well as the degree to which
CT state properties (transition energy, binding energy) are modulated by the relative geometries
and associated orbital interactions at the organic/inorganic interface. Rigorously characterizing,
assigning, and ultimately understanding the complex organic/inorganic excited-state energy
landscape in low dimensional MHS should enable researchers to more strategically navigate the
vast choice of cation space, accelerating technology development based on this fascinating
material class.

Conclusions

In this work, we explore 1D metal halide semiconductors with large m-conjugated organic
molecules with a plethora of structural and nonlinear optical characterizations. Temperature-
dependent XRD and absorption studies demonstrate that the (Pb,l¢)*> chains serve as templating
1D layers for the ordering and crystallization of the (NDIC2)** organic moieties. Absorption, PL,
and TAS studies on 1D (NDIC2)Pb,I¢ demonstrate that: (1) an optically active CT state is formed,
with absorption spanning from 480 to 520 nm, (2) the CT exciton has a low binding energy, (3)
charge separation across the organic/inorganic interface occurs on the sub-picosecond time scale,
and (4) the ground state is recovered on much longer time scales (> 5 ns). Hybrid DFT calculations
provide additional evidence that such a charge-separated state is able to form. Finally, TRMC
studies provide conclusive evidence of free charge carrier generation in this 1D (NDIC2)Pb,l,
molecular heterostructure. We hypothesize that the optically active CT state and long-lived charge
separation may stem, at least in part, from the close proximity and face-on oriengation between
the organic molecule and the inorganic lead iodide chains within the crystal structure. We believe
that further functionalization of the NDI moiety may allow for the tailoring of optoelectronic
properties of 1D NDI-based molecular heterostructures, potentially to fit desired applications in
e.g. photovoltaics, sensing, etc. Given the strong evidence of free carrier generation in these

systems, we encourage further studies pertaining to their device fabrication and characterization.
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Experimental / Computational

Synthesis of 2,7-bis(2-ammoniumethyl)benzo[lmn][3,8]phenanthroline-1,3,6,8(2H,7H)-tetraone
trifluoroacetate (C).

Naphthalenetetracarboxylic dianhydride (A) (5.36 g, 20 mmol), H)NCH2CH2NHBoc (7.06
g, 44 mmol), triethylamine (2.9 mL, 20 mmol) and dry NMP (75 mL) was stirred at 90 °C for 30
h. A warm mixture (45 °C) was slowly poured into 400 mL of ethyl acetate, precipitated solid was
separated by filtration, washed 3 x 20 mL of ethyl acetate and dried under vacuum. Intermediate
compound (B). 2,7-bis(2-ammoethyl)benzo[/mn][3,8]phenanthroline-1,3,6,8(2H,7H)-tetraone (B)
as subsequently suspended in DCM (50 mL) before trifluoroacetic acid (15 mL) was added. The
resulting mixture, which became briefly homogenous, was than stirred at gentle reflux for 6 h,
DCM was removed, and the residue was mixed with of ethyl acetate (50 mL). Solid material was
separated by filtration, washed 3 x 15 mL of ethyl acetate and dried under vacuum to yield 10.1 g
(87%) of the title compound (C).
2,7-bis(2-ammoniumethyl)benzo[/mn][3,8]|phenanthroline-1,3,6,8(2H,7H)-tetraone iodide (D).

Trifluoroacetate C (6.00 g, 10.3 mmol) was stirred at rt with 120 mL of 15% solution of

KI in water for 1 h. Yellow solid material was separated by filtration, washed 2 x 15 mL of cold
(1-3 °C) deionized water and dried at 50 °C under vacuum to yield the title compound in 81 %
yield (5.07g). 'TH-NMR (400 MHz, DMSO-d6) & = 8.72 (s, 4H, Ar-H), 6 = 7.8H (bs, 6H, NH;"), &
=4.35 (t,4H, CH,, J = 5.75 Hz), 6 = 3.20 (t, 4H, CH,, ] = 5.75 Hz).
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Thin film preparation

For UV-Vis absorption, photoluminescence, and transient absorption spectroscopy,
traditional borosilicate glass substrates were used. For the TRMC measurements, quartz substrates
were used. For SEM-EDX analysis, ITO coated glass was used. All substrates were cleaned
successive sonication in detergent, DI water, acetone, and isopropyl alcohol, and finally subjected
to oxygen plasma cleaning for 15 min. 0.19 M solutions of (NDIC2)Pb,ls were prepared in by
dissolving NDIC2-1I, (45.6 mg) and Pbl, (57.6 mg) in a 1:2 molar ratio in 1 mL of DMF. Solutions
were heated at 60 °C for 30 min, or until completely dissolved. Thin films were spin coated at 1500
rpm for 30 sec and annealed at 250 °C, unless otherwise noted. All material fabrication was carried
out in a nitrogen-filled glovebox.
Single-crystal growth

Details of antisolvent single-crystal growth of (NDIC2)Pb,l¢ has been reported
elsewhere.?® Briefly, 75 mg of NDIC2-I, and 115 mg of Pbl, were dissolved in 5 mL of
dimethylformamide (DMF) by gently heating the solution at 60 °C for 30 min. The stir bar was
then removed and the vial was then sealed inside of a larger jar with 10 mL of dichloromethane
(DCM). The DCM displaced the DMF and caused the crystals to crash out. Crystallization
occurred in about 12 hours, with suitable samples for single-crystal diffraction in about a week.
Characterization

X-ray diffraction (XRD) patterns (20 scans) were obtained with Cu-Ka radiation.
Absorption studies were performed on a Varian Cary 50 UV-Vis spectrophotometer. Room
temperature and SK photoluminescence (PL) measurements were performed using a 442 nm HeCd
laser with an approximate power of 36 uW. SEM-EDX measurements were performed using 10kV
accelerating voltage.
Single-Crystal Diffraction

Single-crystal diffraction data were collected on a Bruker D8 VENTURE at 100 K using
gallium Ka X-rays (A = 1.34 A). A full sphere of diffraction data was collected and multi-scan
empirical absorption correction was applied. Structure solution was obtained by direct methods
using the SHELXS program and refined using the least-squares method by employing the
SHELXL program within the Olex2 software’>.
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Time resolved microwave conductivity

Time-resolved microwave conductivity measurements were performed in a standard
system that has been reported elsewhere.>’ Briefly, the sample on a quartz substrate was placed in
a microwave cavity operating at ~ 9 GHz. We photoexcite using a 5 ns laser pulse from an optical
parametric oscillator pumped by the third harmonic of an Nd:YAG laser. The fractional change in
the microwave power, P, in the cavity, due to absorption of the microwaves by the photoinduced
free electrons and holes, is directly related to the photoconductance, AG, by AP/P=—KAG, where

the calibration factor K was determined through numerical simulation of the cavity.

Transient Absorption Spectroscopy

The transient absorption measurement is based on the Ti:sapphire laser amplifier
(Continuum Integra, 800 nm, pulse duration ~100 fs, ~3 mJ/pulse, and 1 kHz repetition rate) and
the pump—probe transient reflection spectrometer (Helios, Ultrafast System). The fundamental
laser pulse is generated by a Ti:sapphire amplifier and then split into two parts by a beam splitter.
One beam is sent to an optical parametric amplifier to generate the pump pulse with tunable
wavelength, and its intensity is attenuated by two neutral density filter wheels. The other part of
the fundamental pulse is focused into a sapphire crystal to generate a white-light continuum (450—
800 nm), which is used as the probe. The probe pulses are delayed in time with respect to the pump
pulses using a motorized translation stage mounted with a retroreflecting mirror. The pump and
probe are spatially overlapped on the surface of the sample. Both the pump and probe beam are
normally incident on the sample. The size of the focused spot at the sample position for the probe
and pump beams is around 200 and 600 pum, respectively.
Hybrid density functional theory calculations

Technical details are provided in the SI.
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