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ABSTRACT: There has been an ongoing effort to overcome the
limitations associated with the stability of hybrid organic-inor-
ganic perovskite solar cells by using different organic agents as
additives to the perovskite formulations. The functionality of or-
ganic additives has been predominantly limited to exploiting hy-
drogen bonding interactions, with the relevant atomic-level
binding modes remaining elusive. Herein, we introduce a new bi-
functional supramolecular modulator, 1,2,4,5-tetrafluoro-3,6-di-
iodobenzene, which interacts with the surface of the triple-cation
double-halide perovskite material via halogen bonding. We elu-
cidate its binding mode using two-dimensional solid-state
'F NMR spectroscopy in conjunction with DFT calculations. As
a result, we demonstrate a stability enhancement of the perov-
skite solar cells upon supramolecular modulation, without com-
promising the high photovoltaic performances.

Introduction

Over the past decade, hybrid perovskite solar cells have
achieved extraordinary success, demonstrating solar-to-
electric power conversion efficiencies exceeding 25% and
surpassing the performance of polycrystalline silicon.'?
The structure of the corresponding light absorber, hybrid
organic-inorganic perovskites, can be defined by the AMX;
formula, which represents a 3D perovskite structure (Fig-
ure 1a). In a typical perovskite composition, A cations can
be organic (e.g, methylammonium (MA®), forma-
midinium (FA*)) or inorganic (e.g,, Cs*), M are divalent
metal cations (mainly Pb* or Sn**) and X are halide anions
(I, Br,, CI)."® Despite its remarkable performance, the
progress of this thin-film photovoltaic technology is limited
by the material stability, particularly with respect to the re-
activity to light, oxygen and water, as well as the internal ion
migration under the device operation conditions.*
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Figure 1. (a) The structure of hybrid perovskites (AMX;). Sche-
matic representation of different binding modes of the prospec-
tive molecular modulator to the perovskite, i.e., (b) asymmetric
interaction (4) and (c) symmetric crosslinking of the phases (5),
both of which feature two distinct binding sites, either the A-cat-
ion vacancy (Aa/ $a) or halogen anions (Ax/ Sx).
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Various strategies have been used to overcome this chal-
lenge, such as employing different organic molecules as ad-
ditives to the perovskite composition, as well as use of hy-
drophobic agents to treat (i.e. passivate; Figure 1b) the sur-
face of the perovskite material.”> However, there are several
shortcomings associated with this widely employed ap-
proach. Firstly, many organic agents provide stabilization at
the expense of performance by stabilizing the devices at
lower power conversion efficiencies,*” and overcoming this
requires advanced function-driven molecular design. Fur-
thermore, most of the research effort is based on the trial-
and-error approach and predominantly exploits ammo-
nium-functionalized organic molecules' that are assumed
to form hydrogen bonds with the perovskite surface,
thereby mimicking the native A-site cation. In this context,
bifunctional organic systems are gaining increasing interest
due to their potential to crosslink perovskite grains (Figure
1c), which is beneficial for the performance,*® although the
crosslinking role of the organic components is seldom iden-
tified at the atomic level. Bifunctional systems also favor the
formation of layered two-dimensional structures with su-
perior environmental stability.'>"* There are very few exam-
ples of using alternative noncovalent interactions, such as
halogen bonding,'*'* despite its immense potential."'® Un-
til now, the corresponding device performance has been
the overarching focus of these studies, while structure-
property relationships and the underlying modes of inter-
action have remained poorly understood, thus limiting the
prospects of advanced molecular-level design."

We recently demonstrated that solid-state NMR spectros-
copy is a powerful tool for unraveling the atomic-level in-
teractions of molecularly engineered organic molecules
with hybrid perovskites."” While these molecular modula-
tors encompassed multiple functional groups with comple-
mentary roles and their interactions with the perovskite
surface (e.g., through hydrogen bonding), as well as Pbl,
(e.g., via metal coordination), were evidenced, the different
binding modes within the perovskite framework could not
be distinguished by conventional 1D NMR spectroscopy
(Figure 1b-c). Moreover, these modulators have been
based on conventional hydrogen bonding and metal-coor-
dination, whereas the role of halogen bonding interactions
remain poorly understood. In this regard, a more versatile
tool is required, and we recently showed that the 2D spin
diffusion (SD) NMR spectroscopy can be effectively em-
ployed to scrutinize the structure of layered hybrid perov-
skites."" This unique diagnostic tool could provide the
atomic-level understanding necessary to extend the impact
of modulation on the perovskite solar cell performance and
stability, such as by exploiting alternative noncovalent in-
teractions.

Herein, we demonstrate the effect of a bifunctional molec-
ular modulator, 1,2,4,5-tetrafluoro-3,6-diiodobenzene
(TFDIB), which uniquely interacts with hybrid perov-
skites via halogen bonding (XB). We unravel its mode of ac-
tion by using two-dimensional "°F solid-state NMR spec-
troscopy as an unambiguous diagnostic tool in conjunction
with density functional theory (DFT) calculations. Modu-
lation of the perovskite solar cells results in improved sta-
bility under continuous illumination while the competitive
photovoltaic performance is maintained. This showcases
the potential of supramolecular modulation via XB in solar
cell research. Our work unravels the role of bifunctional
halogen bonding in improving perovskite solar cell stability
and structure-property relationships for advanced molecu-
lar design in hybrid perovskite optoelectronics.

Experimental Details

Material synthesis. Material synthesis involved the perovskite precur-
sor solution (1.4 M) that was prepared by dissolving the corresponding
proportion of lead iodide (Pbl, 99.99%, TCI), lead bromide (PbBr,
99.99%, TCI), cesium iodide (Csl, 99.998%, ABCR), methylammo-
nium bromide (MABr, 98%, Greatcellsolar) and formamidinium iodide
(FAL, >98%, Greatcellsolar) in dimethylformamide (DMF, 99.8%,
Acros) and dimethyl sulfoxide (DMSO, 99.7%, Acros) (DMF: DMSO
=4:1v/v) to form a triple-cation perovskite containing $% Cs and 10%
MA (on the cations site), 10% Br (on the halogen site) and 3% excess of
PbL. The perovskite precursor solution was prepared in an argon-filled
glovebox.

Thin film preparation. Thin films were prepared by spin-coating the
perovskite precursor solution on the defined substrates. The perovskite
precursor solution was drop-casted on the substrates and spun at
2000 rpm (acceleration of 200 rpm s) and 6000 rpm (acceleration of
2000 rpm s) for 10 s and 30 s, respectively. During the last 10 s of the
second spin-coating step, 220 pL of the o0, a-trifluorotoluene antisol-
vent (TFT, 99%, anhydrous, Sigma-Aldrich) was drop-casted. The per-
ovskite film was then dried on a hot plate at 100 °C for 60 min to form a
ca. 450 nm-thick perovskite layer.

Molecular modulation of thin films. Molecular modulation of thin
films was performed by using the corresponding modulator (TFDIB) in
one of the following three ways, which are specified throughout the man-
uscript, namely: (1) as part of the perovskite precursor solution, (2) by
treating the perovskite surface using the solution of the modulator in iso-
propanol, or (3) by using the modulator within the antisolvent (TFT)
in specified concentrations.

Mechanosynthesis. Samples for the NMR experiments were prepared
using mechanosynthesis®**? by grinding the reactants in an electric ball
mill (Retsch Ball Mill MM-200) using a grinding jar (10 ml) and a ball
(210 mm) for 30 min at 25 Hz. The following stoichiometries were used:
m-PbL: Pbl, (461 mg, 1 mmol), TFDIB (40 mg, 0.1 mmol); m-MAL:
MAI (159 mg, 1 mmol), TFDIB (20 mg, 0.05 mmol); m-MAPbI;: MAI
(159 mg, 1 mmol), PbL, (461 mg, 1 mmol), TFDIB (20 mg, 0.05 mmol),
m-FAPbIs: FAI (172 mg, 1 mmol), PbL, (461 mg, 1 mmol), TFDIB
(20 mg, 0.05 mmol). The powders were packed into 3.2 mm zirconia
rotors and annealed at 140 °C for 5 min to remove grinding-induced de-
fects, and transferred into the probe. The measurements were carried
out under dry nitrogen.
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Solid-State NMR experiments. NMR experiments were carried out on
a 9.4 T magnet equipped with a Bruker Advance III console using a
3.2mm LTMAS probe. Echo-detected "F and F-"F spin-diffusion
MAS NMR spectra were recorder using 100 kHz RF strength and no 'H
decoupling. Relaxation delays between S and 60 s were used. 'F chemi-
cal shifts were referenced to neat CFCl; (0 ppm) using solid NaF as a
secondary reference (-224 ppm). Further experimental details (number
of scans, recycle delays, etc.) are summarised in the Supporting Infor-
mation (Table S2). We note that the probe background does not con-
tribute appreciably to the detected signals (Figure S2, SI).

Device fabrication. Photovoltaic deviceswere fabricated using the n-i-
p architecture with the constituent layers as follows: FTO/(40 nm) c-
TiO2/(250 nm) mp-TiO./(450 nm) perovskite/(180 nm) Spiro-
OMeTAD/(80 nm) Au. An active area of 0.25 cm? (S mm X 5 mm) was
defined by the gold electrodes and a 0.16 cm? black metal mask was used
during PV measurements to define the aperture area. For this purpose,
glass sheets covered by fluorine-doped tin oxide (Nippon sheet glass
80-sq!) was thoroughly brushed with a 10% Hellmanex (Hellma
GmbH) water solution and then placed under sonication in a 2% Hell-
manex water solution for 30 min. After that, the Hellmanex solution was
replaced by acetone and later ethanol and sonicated during 15 min and
10 min, respectively. Then, a ca. 40 nm-thick TiO. compact layer (c-
TiO.) was deposited by spray pyrolysis with a precursor solution of tita-
nium diisopropoxide bis(acetylacetonate) (75 wt% in isopropanol,
Sigma-Aldrich) in anhydrous ethanol (99.5%, Fischer Scientific) at
450 °C. After the spraying, the substrates were kept at 450 °C for 30 min.
Then, a suspension of TiO: paste (Dyesol 30 NR-D) in ethanol was used
to cast a ca. 250 nm-thick mesoporous TiO, (mp-TiO.) layer by spin
coating at 4000 rpm for 20 s with an acceleration of 2000 rpm s™. After
the spin coating, the solvent was allowed to evaporate on a hot plate at
80 °C for 10 min and then sintered at 450 °C for 30 min under dry air
flow. UV-ozone treatment for 15 min was used before the deposition of
the c-TiO, and mp-TiO: layers. A ca. 450 nm-thick perovskite layer was
deposited on the substrates by spin coating following the antisolvent
method. The precursor perovskite solution was drop-casted on the sub-
strates and spun at 2000 rpm (acceleration of 200 rpm s™) and 6000 rpm
(acceleration of 2000 rpm s™) for 10 s and 30 s, respectively. During the
last 10 s of the second spin-coating step, 220 pL of the o,o,0.-Tri-
fluorotoluene antisolvent (TFT, 99%, anhydrous, Sigma-Aldrich) was
drop-casted. The perovskite film was then dried on a hot plate at 100 °C
for 60 min. The substrates were allowed to cool down for 10 min. A
70 mM solution of Spiro-OMeTAD (99%, Merck) in chlorobenzene
(CB, 99.8%, ACROS) was prepared. Lithium bis(trifluoro-methyl-
sulphonyl)imide (Li-TFSI, 99.95%, Sigma) and 4- tert-butylpyridine (4-
tBP, 96%, Sigma-Aldrich) were used as additives in a 0.5 and 3.3 mol%
(relative to Spiro-OMeTAD), respectively. This solution was spin-
coated on the perovskite layer at 2000 rpm (acceleration of 1200 rpm s°
') for 20 s to form a ca. 180 nm HTL. The perovskite and Spiro-
OMeTAD layers were deposited in a dry air glovebox. Finally, 80 nm-
thick gold electrodes were deposited by thermal evaporation.

Transient capacitance measurements. Jonic motion was analyzed by
carrying out the temperature—dependent transient capacitance measure-
ments in accordance with the previously reported procedures,* which
are further detailed in the Supporting Information.

Other experimental details are provided in corresponding sections of
the Supporting Information.

Supramolecular Design

It has been shown that organic molecules featuring strong
hydrogen bond donors, typically ammonium (NH;")

groups, have the capacity to interact with the A-cation va-
cancies on the surface of hybrid perovskites through hydro-
gen bonding (HB)."#*>? This can lead to morphology al-
teration, passivation of anionic defects (e.g., halide ions), or
increase in stability by inducing resilience towards mois-
ture and oxygen.' These effects can be amplified by em-
ploying systems featuring multiple functional groups that
may, for instance, crosslink perovskite grains (Figure 1c),’
or simultaneously interact with the perovskite surface while
passivating perovskite defects.'” These effects can be
achieved by effectively employing alternative noncovalent
interactions, such as halogen bonding (XB)."” Unlike hy-
drogen bonding, XB requires a halogen bond donor, which
is a highly polarized halogen atom (X), and a nucleophilic
halogen bond acceptor, such as N, O, or another halogen.
The XB interaction takes place through an area of positive
potential along the C-X bond axis known as the o Aole,
which renders halogen bonding highly directional (Figure
2a).”* Since the strength of XB is determined by the ori-
entation of the participating groups and the size of the o
hole, it can be enhanced by employing strongly electron-
withdrawing groups as carriers of the XB donor atom,
which should be highly polarizable.”>"” In addition to these
requirements associated with XB, a suitable supramolecular
agent for stabilizing the perovskite should also feature in-
creased hydrophobicity, ensuring resilience against envi-
ronmental factors. TFDIB is a bifunctional halogen bond
donating molecule that meets these design criteria, while
incorporating them into a perfluorinated m system with
pronounced hydrophobicity (Figure 2). We assessed the
capacity of TFDIB to act as a supramolecular XB modula-
tor with scanning electron microscopy (SEM), UV-Vis ab-
sorption and photoluminescence (PL) spectroscopy, and
X-ray diffraction, complemented by NMR spectroscopy.
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Figure 2. (a) Upper: Schematic representation of halogen bond-
ing (XB) between an XB acceptor (A) and donor (X). Lower:
The structure and optimized geometry (DFT calculations at the
B3LYP/def2tzvp level of theory*) of 1,2,4,5-tetrafluoro-3,6-dii-
odobenzene (TFDIB), with the corresponding top and side

views of the electrostatic potential surface (ESP) highlighting the
o-hole.”” (b) Envisaged modes of interaction of TFDIB with the
hybrid perovskite: asymmetric surface passivation (top) and
symmetric crosslinking (bottom) of the perovskite grains.

3/11



Effect of XB on Hybrid Perovskite Material Properties

To assess the effect of XB on the perovskite, thin films of
(FA0sMAq.1)095C800sPb1.0s(IoosBro. ); were deposited onto
microscope glass slides using two-step spin-coating (for de-
tails see the experimental section and Supporting Infor-
mation, SI). The XB modulating layer was cast over the per-
ovskite layer by spin-coating a solution containing TFDIB
in a highly hydrophobic solvent, namely a,a,0.-trifluorotol-
uene (TFT), used to induce perovskite film crystallization
(i.e. antisolvent).” The solution was spun at a velocity of
4000 rpm for 20 s with an acceleration of 2000 rpm s™ fol-
lowed by annealing at 100 °C for 10 min.
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Figure 3. Morphology and structural properties of the perov-
skite thin films. (a) Top-view SEM image of the pristine (control)
and XB-modulated perovskite film. (b) X-ray diffraction (XRD)
patterns of pristine (control) and XB-modulated films on
FTO/c-TiO,/mp-TiO,. No signals were observed at 26 < 10°.
FTO = fluorine doped tin oxide; ¢ = compact; mp = mesoporous.

The surface morphology of pristine and XB-modulated
perovskite films was analyzed by scanning electron micros-
copy. Top-view SEM images reveal a comparable grain size
of the pristine and modulated samples (Figure 3a). Further-
more, the XRD patterns of thin films suggest that the XB-
modulating layer does not lead to substantial structural
changes, as the characteristic angle reflections remain unal-
tered (Figure 3b). Similarly, the optical properties were not
significantly altered, as demonstrated by the UV-Vis ab-
sorption spectroscopy and photoluminescence spectra of
the films (Figure 4). Tauc analysis of the absorption spectra
reveals a band gap of ~1.59 eV for both pristine and XB-
modulated films (Figure 4a, inset). This value correlates
very well with the PL emission peak (~1.59 €V; Figure 4b).
The close match between the band gap extracted from op-
tical absorption and the PL emission peak indicates that the
latter originates from band-to-band recombination. We can
thus conclude that the optoelectronic properties of the ma-
terial are not substantially affected by halogen bonding.
This observation, however, does not exclude possible ef-
fects on the conductivities of the materials. For more in-
sight into the electronic quality of the perovskite films,
time-resolved PL measurements were performed to assess
the photogenerated charge carrier dynamics.*">*
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Figure 4. Optoelectronic properties of pristine (control, black)
and XB-modulated (mod.; red) perovskite films. (a) UV-Vis ab-
sorption spectra and (b) steady-state photoluminescence (PL)
spectra. Tauc plots are shown in the inset. (c) Time-resolved PL
trace upon excitation at 420 nm and detection at 790 nm. The
corresponding fitted PL curves (Figure S1) and parameters (Ta-
ble S1) are shown in the SI.

An exponential function was fitted to the decay traces
measured on a control perovskite film and a XB-modulated
film deposited on a glass microscope slide (Figure 4c; see
SI for details) to estimate the PL decay time. The decay
time was found to be similar for both the control (1.57 pus)
and modulated (1.53 ps) samples (Table S1, SI). The anal-
ysis of the decay profiles estimates lifetimes on the order of
us, which indicates high electronic quality of the perovskite
films that is preserved in the presence of the modulator.

In summary, the analysis of the effects of XB modulation
on the properties of the perovskite suggests the modulation
does not affect the electronic quality of the perovskite films.
Since the XRD patterns did not reveal substantial changes
in the long-range crystalline order, the short-range local
structure of the modulated hybrid perovskite materials was
further investigated by solid-state NMR spectroscopy.’*
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Local Structure of XB-Modulated Perovskites

To assess the atomic-level structure of the XB-modulated
perovskites, we recorded powder XRD (PXRD; Figure S1,
SI), "’F echo-detected (Figure Sa—e) and '’F-"°F spin-diffu-
sion (SD; Figure 5f-i) magic angle spinning (MAS) NMR
spectra of modulated materials prepared by solid-state
mechanosynthesis. XRD patterns of the corresponding
perovskite powders do not reveal any substantial changes
upon modulation for various perovskite compositions
(Figure S1, SI). However, we observe presence of non-per-
ovskite &-FAPbI; phase in the pristine FAPbI; material,
which was not observed in the modulated (m-) FAPbI;,
suggesting that the modulator stabilizes the a-FAPbI; per-
ovskite phase under these conditions.'"***

YF-F spin-diffusion measurements yield two-dimen-
sional (2D) spectra that are symmetric across the diagonal.
The f1 and 2 projections yield the corresponding one-di-
mensional (1D) "°F spectra, while the cross-peaks arise due
to exchange of magnetization through dipole-dipole inter-
action and therefore provide direct evidence of atomic-
level proximity between "“F environments with different
chemical shifts. Neat TFDIB yields two NMR peaks, which
can conceivably correspond to either two inequivalent mol-
ecules inside a unit cell or two polymorphs (Figure Sa). We
thus carried out '’F-'"°F spin-diffusion (SD) measurements
(Figure Sf) to establish if the two species are in close con-
tact, which would be the case for two inequivalent mole-
cules in the unit cell but not for the polymorphs. The two
signals exchange magnetization driven by the dipolar cou-
pling rapidly, for mixing times below S ms, and therefore
correspond to two fluorine environments inside an asym-
metric unit cell. The spin-lattice relaxation time is, within
the margin of error, identical for both signals (T:= 14.5s),
consistent with fast ’F-"°F spin diffusion.”*

We subsequently verified the propensity of TFDIB to react
with Pbl, (further referred to as a modulated, m—, sample)
(Figure Sb) where TFDIB is present as a modulator at S—
10 mol% concentration, as indicated in the corresponding
figure captions. m-Pbl, yields four new "F signals. Down-
field shifts (to higher ppm values) of the TFDIB signal
were previously observed for halogen bonding formed with
aromatic V-donors.”” We therefore deduce that the new
chemical environments correspond to halogen-bonded
TFDIB. Moreover, “F-F SD measurements (Figure Sg)
indicate that the signals at -108 and —119 ppm correspond
to a species within a single phase (assigned as species 1,
T.=11.9 s), and so do the signals at —115 and 116 ppm
(species 2, T1=0.8 s). The broad overlapping signal corre-
sponds to unreacted TFDIB (indicated by ared dashedline
in Figure Sb-c), whose presence signals a lack of propensity

to form a stoichiometric compound with Pbl,; TFDIB ra-
ther binds to its surface via weak noncovalent interactions.
The interaction of TEDIB with Pbl, via halogen bonding
could render the para- and meta- fluorine substituents mag-
netically inequivalent and lead to two chemical shifts (Fig-
ure 2b, top). Another possible scenario is that of symmetric
coordination of both iodine atoms to two different Pbl,
units, in which case the ortho- and meta- fluorine have
comparable or identical chemical shifts, depending on the
overall geometry (Figure 2b, bottom). Since two sets of
peaks are observed experimentally (assigned as species 1,
with a chemical shift difference of 11 ppm, and species 2,
with a chemical shift difference of 1 ppm) we tentatively as-
sign species 1 to the asymmetric and species 2 to the sym-
metriccoordination mode (illustrated schematically in Fig-
ure 2b).

Analogous results were obtained for m-MAPbI; and m—a-
FAPbI; (Figure Sc). In m-MAPbL;, TEDIB also forms spe-
cies 1 (~108, ~119 ppm, T;=11.7 and 8.9 s, respectively)
and 2 (-116 ppm, T1=0.8 s). Moreover, an additional prod-
uct (species 3) is formed (—122 ppm, T1=4.2 s). To assess
the origin of this species, we analyzed a mixture of TFDIB
with MAI, which yields a single peak at —121 ppm, match-
ing the species present in m-MAPbI;. This environment
therefore most likely corresponds to the interaction with
the ammonium group of MAI, as further confirmed by
DFT calculations (for details see Section S2 in the SI). The
YF-"F SD spectrum of m-MAPbI; (Figure Sh) indicates
that, as previously, the two signals of species 1 exchange
magnetization and correspond to a fluorine environment
within a single phase or molecule. The two peaks of species
1 require mixing times longer than 10 ms to efficiently ex-
change polarization, suggesting that they correspond to F
atoms that are separated by a distance larger than that in the
unit cell of pristine TEDIB. Species 2 and 3 do not ex-
change magnetization with any other signals even for very
long mixing times (100 ms) and therefore correspond to
TFDIB molecules that are spatially separated from TFDIB
molecules in the other binding modes. The sample also
contains unreacted TFDIB whose peaks exchange polari-
zation within less than S ms of mixing and are thereby cor-
related with each other in the 2D SD spectrum. The pres-
ence of unreacted TFDIB strongly indicates that it does not
form stoichiometric compounds with the perovskite but ra-
ther binds to the limited number of exposed surface sites.
The MAI-TFDIB adduct (species 3), accounts for only
~4% of the "F environments present in this sample, which
suggests that the formation of perovskite-bound TFDIB
species is strongly preferred.
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In the modulated a-FAPbI; sample, TEDIB forms only spe-
cies 1 (-108, —119 ppm, T1=7.3 and 6.5 s, respectively)
and 2 (116 ppm, T;= 0.8 s). We have found no evidence
for the formation of an analogous FAI-TFDIB in this case.
As previously, the "F-"’F SD spectrum (Figure Si) shows
that the two chemical environments of species 1 are cou-
pled and that species 1 and 2 are spatially separated, which
is in accordance with their initial assignment to the asym-
metricand symmetricbinding modes, respectively.

Finally, low-temperature (100 K) spectra of neat TFDIB
and m-MAPbI; (Figure Sd) reveal pronounced broadening

associated with the freezing of molecular dynamics of
TEDIB, leading to static disorder and stronger F-"F di-
pole-dipole couplings. Moreover, in the mixture of TEDIB
with a-FAPbI; (Figure Se), the '°F spectrum at 298 K visi-
bly evolves over time (t = 0 h corresponds to a measure-
ment directly after thermal annealing at 120 °C). Qualita-
tively, the same species are present over the whole period
but their relative amount changes, suggesting re-equilibra-
tion to the most thermodynamically stable state. This pro-
cess is likely affected by the presence of weak noncovalent
interactions.
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Figure S. Structural properties of XB-modulated perovskite materials. °F echo-detected and 'F-'°F spin-diffusion MAS NMR spec-
tra at 9.4 T and 20 kHz MAS. F echo-detected MAS NMR spectra of (a) neat TFDIB and mechanochemical bulk modulated (m-)
(b) PbL, and MA], as well as (c) MAPbI; and a-FAPbI; at 298 K. (d) "F echo-detected MAS NMR spectra of (d) neat TFDIB and
mechanochemical bulk m~MAPbI; with the (e) evolution of the ’F echo-detected MAS NMR spectra of m-a-FAPbI; at 298 K over time
indicating the dynamic nature of the interaction with the modulator. Modulated (m~) materials contain 5 mol% of the TFDIB (10 mol%
in the case of m-Pbl,). ’F-F spin-diffusion MAS NMR spectra at 9.4 T, 20 kHz MAS, and 298 K of f) neat TEDIB and mechanochem-
ical bulk modulated g) Pbl,, h) MAPbI;, and i) a-FAPbI;. Further experimental details (recycle delays and number of scans) are reported
in the SI (Table S2), along with the confirmation that the probe background does not contribute to the detected signals (Figure S2).

To scrutinize the nature of the two TFDIB species ob-
served experimentally for all the modulated samples by ’F
NMR (species 1 at -108 ppm and —119 ppm, and species 2
at —116 ppm), we investigated different binding modes be-
tween TFDIB and the a.-FAPDI; surface by means of DFT

calculations (for more details see Section S2 in the SI, Fig-
ures $3-S11, and Tables $3-S6). We compared the exper-
imental "’F chemical shifts with calculated chemical shifts
for different binding modes. We investigated both symmet-
ric (8; Figure 1c and Figure $4-SS in the SI) and asymmet-
ric (A) binding modes (Figure 1b and Figure S3 in the SI).
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Moreover, although higher directionality of XB is expected
as compared to hydrogen bonding,””*’ we also considered
the possibility of TEDIB occupying the A-site position on
the perovskite surface (in modes Azand Sashown in Figure
1b—c). The "’F chemical shifts were calculated using plane-
wave DFT (described in Section S2 of the SI) and com-
pared to the experimental data (summarized in Figure 6).

The calculated F chemical shifts for each of the asymmet-
ric Aa modes are clustered into two distinct groups, sepa-
rated by around 10 - 20 ppm (see Table SS, SI). These
groups correspond, within the expected DFT error, to the
experimental ’F chemical shifts of species 1 (Figure 6). In
contrast, the ”F chemical shifts of the symmetric S2modes
are more spread out (at least three groups per mode) and
are shifted to much lower chemical shifts (up to
—14S ppm), which is not in agreement with any of the ob-
served "°F species, excluding the bifunctional A-site bind-
ing (i.e. S2amode) for XB modulators.

Sx (Sx-DJ)

Ax (Sx-RP)
| 0 98 {
£ ¥ ¥
S S 64
o Sx-RP} Ax ) ¢ oo "
e Sx-DJ } Sx V'S ee o
® Sa-90 . ° e o
Sa-45 |
® Aa-90 t oo .
Aa
e Aa-45 | e o ™ DFT 1
m species2 o -—
m species 1 | - " ) NMR -
-100 -110 -120 -130 -140 -150

9F chemical shift / ppm

Figure 6. DFT calculations of the XB binding modes. Top: Op-
timized structures of the various binding modes of the TFDIB
modulator. Bottom: DFT-calculated ”F chemical shifts for the
investigated modes (Ax, Sx Sa, and Aa) and experimental "F
chemical shifts of the species (1 and 2), suggesting absence of the
Sainteraction modes. The solid lines (red and blue) indicate the
estimated mean deviation between experimental and calculated
F chemical shifts of 7 ppm. The dashed lines (red and blue) in-
dicate the approximated maximum error between experimental
and calculated F chemical shifts of around 10 ppm. For details
see Section S2 in the SI.

Since XB interaction takes place through the o hole (Figure
2), rendering halogen bonding highly directional,”*
envisaged that the bifunctional halogen bonding would be
more likely to take place through binding with the iodide
anions of the [Pbls]* octahedra, corresponding to the Sx
mode. To further assess this hypothesis, we generated an
ensemble of 270 XB mode structures (details in Section S2
of the SI) and we considered two main halogen binding
modes, namely the Sx, where the TFDIB cations are inter-
locked between two FAPbI; surfaces (similar to a ‘Dion-Ja-
cobson-type’ layered perovskite motifs", Sx-DJ or Sx), and
Ax, where the XB occurs asymmetrically on the surface of
the perovskite with alternating TFDIB cations shifted with
respect to one another (resembling ‘Ruddlesden-Popper-
type’ layered perovskites*'; Sx-RP or Ax, as detailed in Fig-
ure S6 of the SI and represented in Figure 6). After DFT
optimization that included fully-relativistic corrections, we
selected an ensemble of 16 halogen binding modes (5 from
the Axand 11 from the Sxmodes), for which we calculated
F chemical shifts (details in Section S2 of the SI).

it is

The calculated "’F chemical shifts for both the Sxand the
Ax modes (symmetric crosslinking, Figure 2b and Fig-
ure 6) match, within the expected DFT error, the experi-
mental ’F chemical shifts. While the Aaspecies agree more
closely with those of species 1, the Sx/Axalign well with the
shifts of species 2. The Sxmodes are found to be energeti-
cally more favorable and their spread is in better agreement
with the experimental values, whereas the absolute posi-
tions of the Axmodes are in better agreement with the spe-
cies 2. Furthermore, the relative positions of the ’F chemi-
cal shifts of the Aa (asymmetric surface binding, Figure 2b
and Figure 6) and Sx/Axmodes display the same trend as
the relative positions of the experimental "’F chemical
shifts of species 1 and 2 (Figure 6), respectively, confirming
the assignments. To the best of our knowledge, this finding
provides the first atomic-level evidence of a long-hypothe-
sized bifunctional molecular crosslinking in hybrid perov-
skite materials, in this case via halogen bonding. The exist-
ence of these species in the XB-modulated perovskites is ex-
pected to affect their photovoltaic performance.

Photovoltaic Performance Upon XB Modulation

Photovoltaic (PV) devices of the n-i-p architecture were
fabricated by assembling the constituent layers as de-
scribed in the Experimental Section: FTO/(40 nm) c-
TiO,/(250 nm) mp-TiO,/(450 nm) perovskite/(180 nm)
2,2',7,7-tetrakis-( N, N-di-4-methoxyphenylamino)-9,9"-

spirobifluorene (Spiro-OMeTAD)/(80 nm) Au. The
thicknesses of the layers were estimated by cross-sectional
SEM imaging (Figure 7a, inset). The effect of the XB mod-
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ulator TFDIB on the photovoltaic devices was tested by ei-
ther adding it directly into the perovskite precursor solu-
tion or by casting it as a modulating layer at the interface
between the perovskite and the Spiro-OMeTAD (optimi-
zation conditions are detailed in Section S3 of the SI). It
was found that higher concentrations (50 mM) of the XB
modulator inside the precursor solution provides gains in
the open circuit voltage ( Voc; Figure $12-S13, SI). How-
ever, the fill factor (FF) and the short circuit current den-
sity (Jsc) are adversely affected, resulting in lower efficiency
as compared to control cells without the XB modulator. In
contrast, when applying lower concentrations (10 mM), a
gain in Voc is achieved without compromising the jc, with
a minor effect on the FF, resulting in efficiencies slightly
lower than those of control devices (Figure S13, SI). The
performances were, however, superior when the XB mod-
ulator was applied as an interlayer (Figures S14-S18, SI).
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Figure 7. Photovoltaic performance of perovskite solar cells. /-
Vcurves of representative (a) control and (b) XB-modulated de-
vices in reverse and forward bias with the PV metrics. The cross-
sectional SEM image of the device is shown in the inset in a).
IPCE spectrum of the champion (c) control and (d) XB-
modulated devices with the projected photocurrents (in blue)
derived from integrating the IPCE over the spectral emission.

Different concentrations in the interlayer precursor solu-
tion (5-50 mM) were tested to define the conditions that
result in devices with the best characteristics (Figure S14-
$20, SI). It was found that, for concentrations below
50 mM, varying the concentration of the XB modulator has
little effect on the conversion efficiency of the devices, and
that XB modulator concentration of 10 mM results in
higher power conversion efficiencies (PCE >20%) and fea-
tures better overall reproducibility. Thereby, the study fo-
cuses on devices with the XB modulator as an interlayer
(Figure S14-S16, SI). The average PV metrics display val-
ues of fic =24.4 mA cm?, Voc =1.07 V, FF =0.78 and PCE
= 20.4% for pristine, and _Jic = 24.4 mA cm?, Voc = 1.08V,
FF = 0.78 and PCE = 20.6% for XB-modulated devices

(Figure 7a~d; champion cells are shown in Figure $16 of
the SIwith PV device statistics shown in Figure 8a-d). The
current densities 0f23.6 mA cm™derived by integrating the
incident-photon-conversion-efficiency (IPCE) spectra
(JNT) were in good agreement with the values obtained
from the J- Vcurves (Figure 7c—d), which excludes any sig-
nificant spectral mismatch between the simulator and
AM 1.5G solar source. Hysteresis in the XB-modulated
cells is only found to be slightly affected.
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Figure 8. Performance of XB-modulated perovskite solar cells.
(a—d) PCE statistics based on 21 solar cells. -V curves are rec-
orded at a scanning rate of 50 mV s under standard AM 1.5G so-
lar radiation and reverse bias (from Voc to_jc) of pristine (control,
black) and XB-modulated (red) devices. (e) Evolution of the
PCE based on MPP tracking of unsealed PSCs with aperture area
of 0.16 cm? using pristine (black) and XB (red) perovskite films
under continuous illumination under nitrogen at ambient tem-
perature. ) Contact angle measurements with the water droplet
of the pristine (control) and XB-modulated perovskite films.

The long-term operational stability measurements of the
modulated devices highlight their superior performances
as compared to those using the pristine perovskite (Fig-
ure 8e and Figure S18, SI). The improvement is particu-
larly evident for the devices employing XB-modulated in-
terlayers. Evolution of the maximum power point (MPP)
under continuous illumination under nitrogen at room
temperature for 500 h shows that the XB-modulated de-
vices retain more than 80% of their initial efficiency, while
the control devices retain only about 70% (Figure 8e). The
possible role of the modulator in affecting the ion migra-
tion could be relevant for long-term operational stability.
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Halogen bonding to the halide ions, as well as the capacity
of fluoroarene moieties to bind halide ions via w-anion in-
teractions,*? was assumed to result in the changes in the ion
migration. We have probed ion migration upon insertion
of the modulator by conducting temperature-dependent
transient capacitance measurements on pristine and mod-
ulated perovskite solar cells to establish whether the pres-
ence of the modulator results in changes of the halide mo-
bility in the corresponding devices (details are provided in
Section S4, SI).” The transient ion drift measurements at
variable temperatures suggest two mobile anion species
with activation energies of 0.12 and 0.10 eV and diffusion
coefficients of 3.6x10™" and 2.0x10™"" cm’s” for the pris-
tine samples (Figures $S21-S23 and Tables S7-S8, SI).
Upon modulation, both the activation energies and the dif-
fusion coefficients remain comparable, indicating that the
effect of the modulation is not primarily related to ion mi-
gration under these experimental conditions. We thereby
assume that this is more likely to result from the relative
stabilization of the a-FAPbI; phase, as suggested by the
XRD analysis. Furthermore, the hydrophobic nature of the
modulator is important for protecting the perovskite from
moisture and oxygen exposure, among other degrading fac-
tors.®* The contact angle measurements of XB-
modulated films show a minor increase compared to those
of the pristine ones (Figure 8f), presumably as a result of
employing small concentrations of the modulator in con-
junction with a highly hydrophobic antisolvent. The result-
ing operational stability enhancement without compromis-
ing the performance highlights the potential of supramo-
lecular modulation via weak noncovalent interactions such
as halogen bonding for solar cell advancement.

Conclusion

In summary, we have shown the potential of bifunctional
halogen bonding to modulate the properties of hybrid lead
halide perovskites by employing 1,2,4,5-tetrafluoro-3,6-di-
iodobenzene (TFDIB). We have evaluated the atomic-
level mode of interaction of TFDIB with perovskites by
solid-state NMR spectroscopy in conjunction with DFT
calculations, evidencing crosslinking via halogen bonding.
By adding the modulator to perovskite formulations, we
obtain highly efficient solar cells with solar-to-electric
power conversion efficiencies exceeding 20%. Moreover,
supramolecular modulation via halogen bonding leads to
enhanced stability under continuous illumination without
compromising the resulting photovoltaic performance.
This emphasizes the potential of approaches exploiting hal-
ogen bonding in hybrid perovskite-based photovoltaics.

Supporting Information

Materials and Methods, DFT Energy and NMR Chemical Shift
Calculations, Supplementary Data, and Transient Capacitance
Measurements. The Supporting Information is available free of
charge on the ACS Publications website.
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