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ABSTRACT: Conventional  ligands  for  CsPbBr3 perovskite  nanocrystals  (NCs),  composed  of  polar,
coordinating  head  groups  (e.g.,  ammonium  or  zwitterionic)  and  aliphatic  tails,  are  instrumental  in
stabilizing the NCs against sintering and aggregation.  Nonetheless, the aliphatic (insulating) nature of
these ligands represents drawbacks with respect  to  objectives in  optoelectronics,  and yet  removing
these ligands typically leads to loss of colloidal stability. In this paper, we describe the preparation of
CsPbBr3 NCs  in  the  presence  of  discrete  conjugated  oligomers  that  were  prepared  by  an  iterative
synthetic  approach  and  capped  at  their  chain-ends  with  sulfobetaine  zwitterions  for  perovskite
coordination.  Notably, these zwitterionic oligofluorenes are compatible with the hot-injection and ligand
exchange  conditions  used  to  prepare  CsPbBr3 NCs,  yielding  stable  NC  dispersions  with  high
photoluminescence  quantum yields  (PLQY,  >90%)  and  spectral  features  representative  of  both  the
perovskite  core  and conjugated ligand shell.   Controlling  the chain length of  these capping ligands
effectively regulated inter-NC spacing and packing geometry when cast into solid films, with evidence
derived  from  both  transmission  electron  microscopy  (TEM)  and  grazing  incidence  x-ray  scattering
measurements.  

INTRODUCTION
      Lead halide perovskite nanocrystals (NCs) are
an  emerging  class1 of  bright,  narrow  line-width
nanoemitters that are especially unique for their
soft, low energy ionic lattice,2 and innate defect
tolerance3 that obviates the need for overcoating
steps  to  achieve  high  photoluminescence
quantum yields (PLQYs).  Importantly,  perovskite
NC  syntheses  utilize  abundant  precursors  (e.g.
PbBr2,  CH3NH3Br,  and  Cs2CO3)  that  may  be
assembled  via low-temperature ionic metathesis
reactions4,5 into  a  perovskite  framework  that—
despite a proliferation of A-site (e.g.  Cs+) and X-
site  (e.g. Br-)  vacancies6,7—has  exceptionally
robust  emission.  As  detailed  by  Protesescu,  et.
al.,8 the emission wavelength of  all-inorganic  of
CsPbX3 NCs (where X = Cl, Br, I or combinations
thereof)  is  tunable  across  the  visible  spectrum
(ca.  400-700  nm)  by  changing  the  halide
composition, with quantum size effects playing a
lesser role for the most common NC morphologies
(i.e.  nanocubes  with  10  nm  edge  lengths).
Subsequently,  CsPbX3 NCs  were  found  to
participate  in  rapid  anion  (halide)  exchange
reactions9,10 with their  surroundings,  enabled by
their  mobile,  vacancy-laden  halide  sublattice,

thus opening routes to post-synthesis color tuning
via  simply  mixing  NCs  with  an  external  halide
source (e.g. ammonium halides,9–11 metal  halide
salts9,10 or  others12,13).  This  host  of  useful
properties has driven studies of perovskite NCs in
lasing,14 detection  and  imaging,15

photocatalysis,16 quantum emitters17 and LEDs,18–

20 where research continues at a rapid pace. 

      Semiconductor  NCs as colloidal  ‘inks’  are
amenable  to  solution-casting,  which  is
advantageous  over  high-temperature,  vacuum
deposition  methods often  needed for  their  bulk
counterparts; however, a classic trade-off to their
use in solid state devices is the presence of an
insulating aliphatic  ligand shell  on their  surface
after synthesis. Ligands such as oleylamine and
oleic acid are critical ingredients for NC synthesis
—necessary  to  solubilize  the  Cs+ and  Pb2+

precursors and render the resulting CsPbXr3 NCs
colloidally  stable—however  they  may  create  a
dielectric  barrier  that  impedes  charge  carrier
mobility  through  NC  films,  especially  when
present  in  excess.  Significant  efforts21–23 have
been  dedicated  to  refining  the  NC  purification
conditions  to  purge  unbound  ligand  without
compromising  NC  integrity.  This  is  delicate



balance, as repetitive washing with polar solvents
eventually  removes  the  entire  ligand  shell
(leading  to  sintering)  and  degrades  the  NC
surface. The use of tight-binding ligands, such as
N,N-dimethyl  quaternary  ammonium  bromides24

or zwitterions,25 has helped to address these NC
stability issues, permitting precipitation steps to
reduce  ligand  concentrations  down  to  an
approximately  single-layer  thick  coating.  Going
further,  several  groups  reported  strategies  to
eliminate  all  long-chain  aliphatic  ligands,
including:  a) resurfacing  the  NCs  with  an
inorganic salt shell  solely comprised of Na+ and
Br- ions,  which  dramatically  enhanced  charge
carrier mobility in NC-based LEDs,20 and b) using
aromatic ligands such as anilinium,18 benzyl and
phenalkylammonium,26,27 and  cinnamyl
ammonium,28 much  in  the  same  way  that  π-
conjugated  ligands  were  previously  combined
with  metal  chalcogenide  QDs.29–31 This  latter
approach has shown promise in devices, in terms
of  lower  turn-on  voltages  and  improved
efficiencies. However, the cited examples have a
limited extent of  π-conjugation and rely on weak
binding ammonium and anilinium cations to bring
the aromatic  ligands into close association with
the  perovskite  surface.  Other  examples  include
our  own  group’s  work  on  benzyl  ammonium-
containing  conjugated  polymers  used  to  grow
CsPbBr3 NCs,32 as well as a study by Liang, et. al.
wherein CsPbBr3 NCs were grown in a nanoreactor
comprised of poly(3-hexylthiophene) tethered to
the  chain-ends  of  a  polyacrylic  acid  star
polymer.33 While there are obvious motivations for
merging the excellent optoelectronic properties of
lead  halide  perovskites  and  π-conjugated
polymers  and  oligomers,  at  present  there  is  a
limited  understanding  of  the  interface  between
these material classes, which in turn is due to the
limited synthetic tools available to access them. 

        Zwitterions  exhibit  exceptionally  tight
coordination to lead halide perovskite surfaces—a
feature  attributed  to  simultaneous  binding  (i.e.
chelation) of the zwitterion cation and anion head
groups  to  adjacent  pairs  of  A-  and  X-site

vacancies.25 By  comparison,  more  conventional
ligands such as primary ammonium halide salts
exist in a state of dynamic exchange with CsPbBr3

surfaces and can easily desorb following multiple
NC precipitations into polar solvent.34 Conjugated
polymer zwitterions (CPZs) are therefore a natural
pairing  with  perovskite  NCs,  conferring  strong
stability and anchoring the conjugated backbone
in  close  proximity  with  the  perovskite  surface.
The  CPZs  previously  reported  by  our  group35–38

and others39,40 contain multiple zwitterions along
the polymer chain, and as such they dissolve as
aqueous  solutions  or  in  polar  organic  solvents.
This  solubility  is  favorable  for  high  fidelity
interlayers of organic photovoltaic (OPV) devices41

but problematic for perovskite NCs which require
low polarity solvents such as hexanes or toluene.
Relocating the zwitterions to the polymer chain-
end  will  produce  structures  that  combine  the
ligand  coordination  of  zwitterions  with  apolar
solvent compatibility. Along these lines, we report
the  first  examples  of  conjugated
oligomers/polymers  (based  on  oligofluorene
chains)  with  ω-chain-end  sulfobetaine  groups
positioned in  close proximity  to  the  conjugated
backbone.  This  new  class  of  CPZs  is  readily
integrated  into  existing  procedures  for  CsPbBr3

NC  synthesis  and  ligand  exchange,  delivering
perovskite  NCs  with  an  intimately  attached,
single-layer  of  wide  band  gap  semiconductor
ligands.

RESULTS & DISCSUSSION
       Sulfobetaine (SB)-terminated oligofluorene
ligands (n = 1-4) were prepared in two stages: 1)
a  series  of  iterative  Suzuki  couplings  (Scheme
1a)  to  generate  the  oligofluorene chain  and  2)
reductive  amination  and  ring-opening  at  the
chain-end to furnish the SB zwitterion (Scheme
1b).  Key  to  this  strategy  was  the  use  of  N-
methylimidodiacetic  acid  (MIDA)  as  the  boronic
acid  protecting  group  in  Suzuki-Miyaura  (SM)
cross coupling.  Under  anhydrous SM conditions,
free  boronic  acids  reacted  selectively  in  the
presence of  their  MIDA-complexed counterparts,



with the MIDA group removed later by stirring in
aqueous base. Using MIDA-protected  haloboronic
acids (e.g. Br-F1-BMIDA, Scheme 1a), repeated
coupling and deprotection results in step-by-step
growth of complex polyaromatic scaffolds,42–44 an
example  being  the  sequence-defined,
regiospecific  π-conjugated  polymers  recently
reported  by  Xu,  et.  al.45 The  MIDA-protection
strategy was selected for this work owing to its
relatively  high  throughput  and  ease  of
purification,46 good control over chain length and
an ability to differentiate the chemistry of the  α
and ω chain ends, although we appreciate other,
potentially useful  methods such as those based
on chromatography of oligomer mixtures.47 

       The oligomerization sequence began with SM
coupling  of  9,9’-dioctylfluorene-2-boronic  acid
(F1-B(OH)2)  with  the  MIDA-protected  2-bromo-
9,9’-dioctylfluorene-7-boronic  acid  (Br-F1-
BMIDA). The latter was synthesized in two steps
from  2,7-dibromo-9,9’-dioctylfluorene  via
borylation and MIDA-protection, giving monomer
Br-F1-BMIDA in good yield (71%) on a multigram
scale. The  F1-B(OH)2 +  Br-F1-BMIDA  SM cross-
coupling gave the dimer F2-BMIDA in good yield
(77%),  which  was  either  chain-capped  with  2-
bromo-9,9’-di-n-octylfluorene-7-carboxaldehyde
(Br-F1-CHO) to produce a trimer with chain-end
aldehyde  (F3-CHO)  or  advanced  into  further
iterations of chain growth. Using fluorene-based
chain-capping  reagents  F1-B(OH)2 and  Br-F1-
CHO (as opposed to simpler boronic acids such
as  p-tolylboronic  acid45)  reduced  (by  2x)  the
number  deprotection  and  coupling  iterations
needed  to  reach  the  target  oligomer,  thus
simplifying the process.  Chain elongation of  F2-
BMIDA proceeded  by  stirring  the  dimer  as  a
solution  in  degassed  THF  with  NaOH(aq),
converting  the  MIDA  group  to  the  free  boronic
acid F2-B(OH)2, which was then coupled with Br-
F1-BMIDA to afford  F3-BMIDA (69% yield). Both
F2-BMIDA  and  F3-BMIDA  were capped with  Br-
F1-CHO by reacting the MIDA-protected oligomers
under  aqueous SM  coupling  conditions,  using
K2CO3(aq) to  both  remove  the  MIDA  protecting
groups  in  situ48,49 and  activate  the  resulting
boronic  acid.  Chain-capping  in  this  manner
afforded  the  tri-  (F3-CHO,  94%  yield)  and
tetrameric  (F4-CHO,  89%  yield)  aldehydes,
respectively;  similar  chemistry  whereby  the  F1-
B(OH)2 and  Br-F1-CHO chain  cappers  were
coupled  directly  furnished  the  dimer  aldehyde
(F2-CHO,  81%  yield).  The  unimer,  9,9’-
dioctylfluorene-2-carboxaldehyde  (F1-CHO),  was
synthesized  via formylation  of  9,9’-dioctyl  9,9’-
dioctyl-2-bromofluorene  based  on  previously
reported methods.50 While the tetramer was the
longest  ligand  we  prepared,  in  principle  this
iterative  strategy  may  be  repeated  to  reach
longer  chain  lengths,  noting  that  oligofluorenes
reach full conjugation length at DP ~6.51 

       Conversion of the chain-end aldehydes of the
F1-CHO through F4-CHO series to SB groups was

accomplished  in  two  steps:  1)  reductive
amination  with  HNMe2/Ti(OiPr)4 followed  by
addition of NaBH4,52 effecting  aldehyde to  N,N-
dimethylamine conversion (Fn-NMe2) and 2) ring-
opening of 1,3-propanesultone with the Fn-NMe2

oligomers. This yielded the corresponding  Fn-SB
zwitterions as solid powders that dissolved easily
in  toluene  or  CHCl3—useful  solvents  for
performing  experiments  with  perovskite  NCs.
MALDI-TOF and GPC confirmed the discrete chain
lengths  of  these  zwitterionic  oligofluorenes;  in
MALDI-TOF,  an  [M  –  (CH3)2N(CH2)3SO3]+ mass

fragment  (corresponding  to  a  benzylic  cation
generated  by  loss  of  N,N-dimethylaminopropyl
sulfonate)  was  observed  for  all  Fn-SB.  The  SB
resonances were visible by 1H NMR spectroscopy
in CD2Cl2  (4.67, 4.00, 3.00, 3.14 and 2.49 ppm),
with  integration  against  the  aromatic  protons
(7.3-8.0 ppm) consistent with the expected chain
length. UV-vis and PL spectra of solutions of  F2-
SB  through  F4-SB  in  THF  showed  a  shift  in
absorption  (334-381  nm)  and  PL  emission
maxima (367-408 nm) to longer wavelengths with
increasing  n,  resembling  the  known  optical
properties of non-functionalized oligofluorenes.51

  The Fn-SB oligomers with their zwitterion ‘head’
and conjugated ‘tail’—flanked by pairs of  n-octyl
chains  on  each  repeat  unit—resemble
conventional  zwitterionic  surfactants,25,53,54 and
we found them useful  in both the NC synthesis

Figure  1 Characterization  of  zwitterionic
oligofluorene  ligands.  a)  MALDI-TOF  mass  data
show  single  peaks  corresponding  to  a  mass
fragment originating from loss of NMe2(CH2)3SO3

-. b)
narrow elution profiles observed by gel permeation
chromatography (GPC) in THF confirm the uniform
and increasing chain length for each oligomer (F2 →
F4). c) overlayed UV-vis and PL spectra. PL spectra
were recorded with  excitation  wavelengths set  to
the labeled absorption maximum of each oligomer.
d)  1H NMR (500 MHz,  CD2Cl2)  of  the F4-SB ligand



and ligand exchange. Adding Fn-SB directly to the
CsPbBr3 NC growth procedure was enabled by the
excellent solubility of the Fn-SB oligomers in high
boiling solvents, such as mesitylene, used in the
colloidal hot-injection. In a typical procedure, the
Fn-SB ligand  was  dissolved  in  a  mesitylene
solution  of  cesium  and  lead  oleate  salts  and
heated to 130 °C, followed by injection of a tri-n-
octylphosphine·Br2 complex  (TOP·Br2)  to  form
CsPbBr3. The resulting Fn-SB@CsPbBr3 NCs tend
to have a wide range of initial shapes and sizes,
typical of these zwitterion-based methods.54 Size-
selective precipitation was performed by washing
the  Fn-SB@CsPbBr3 solution  with  acetone  in
small  increments;  for  F1-SB@CsPbBr3 NCs,  this
resulted  in  multiple  size  fractions  with  edge
lengths  in  the  range  of  6-8  nm,  PL  emission
centered between 495-507 nm (FWHM = 20-21
nm), and a total combined CsPbBr3 yield of 75%.
Similar  results  were  obtained  using  the  F2-SB
through  F4-SB ligands,  though  longer  ligands
tended to produce smaller NCs that deviated from
a  cuboidal  morphology,  and  accurate
determination of PLQY was challenging in some
cases.  Overall,  this  method still  produced high-
quality, brightly fluorescent CsPbBr3 NCs surface-
functionalized with Fn-SB oligomers.

       We also studied ligand exchange, using Fn-
SB  ligands  and  CsPbBr3 NCs.  The  NCs  used  in
these  experiments  were  prepared  using  the
secondary amine method of Imran,55 which gives
an oleate-rich ligand.  Replacing primary amines
(e.g., oleylamine) in typical CsPbX3 syntheses8,12—
where  their  reversible  surface  binding  as
protonated  ammonium  salts  is  thought  to
promote anisotropic growth55,56 and give mixtures
of  nanocubes  and  platelets—with  secondary
amines  (e.g. dioctylamine,  DOAm),  which  bind
CsPbX3 less effectively,  improves NC shape and

size homogeneity.55 In addition, the oleate coating
on  these  NCs  is  readily  displaced  by  other
ligands,  for  example  quaternary  ammonium
halides,57 resulting  in  efficient  exchange.  In  our
hands,  the  synthesis  of  oleate-capped  CsPbBr3

NCs gave size uniform nanocubes (8.4 ± 0.5 nm)
with  narrow  PL  emission  (FWHM  =  17  nm)
centered at 511 nm, and moderate PLQY (47 ±
2%).  Remarkably,  adding  small  amounts  of  the
Fn-SB zwitterions (0.2-0.6 mg Fn-SB/mg CsPbBr3,
corresponding  to  ~1.3  ligands·nm-2)  to  these
oleate-capped  NCs,  followed  by  stirring  and
precipitation into acetone, resulted in a dramatic
PLQY  boost  (91-99%).  A  similar  surface
passivation  and  PL  brightening  was  observed
when  adding  oleyl  sulfobetaine  (oleyl-SB),
demonstrating  the  impact  of  zwitterion  head
group in perovskite surface stabilization. Control
experiments,  performed  by  omitting  the
zwitterion  and  precipitating  the  oleate-capped
NCs directly into acetone, yielded a yellow, non-
luminescent precipitate that failed to redisperse
in toluene. After two ligand exchange steps, it is
possible to reduce the residual oleic acid/oleate
concentration to  0.1 mM, comprising ≤ 10% of
the  resulting  ligand  shell;  notably,  despite  the
different  sizes  of  F1-SB  through  F4-SB,  their
grafting  density  on  the  CsPbBr3  surface  is
approximately  the  same  (ρ =  1.0  –  1.3
ligands·nm-2,  determined  by  quantitative  NMR
spectroscopy performed on digested NC samples
using  1,2,4,5-tetrachloro-3-nitrobenzene  as
internal standard). Compared to Fn-SB@CsPbBr3

NCs  prepared  by  direct  synthesis,  the  NCs
produced  by  ligand  exchange  have  a  more
consistent morphology and were easier to isolate
and  characterize,  and  all  of  the  following
examples  of  Fn-SB@CsPbBr3 NCs  in  the  text
were prepared via this method.



  Inspection of the UV-vis absorbance spectra in
the  Fn-SB@CsPbBr3 NC series shows composite
features of both the oligofluorene shell  and the
underlying  CsPbBr3 core  (Figure  2).  However,
excitation  of  these  Fn-SB@CsPbBr3 NCs at  the
absorption  maximum  of  the  conjugated  ligand
(307-366 nm) produced PL spectra dominated by
CsPbBr3  emission,  with  only  trace  detectable
oligofluorene PL. PL spectra of F2-SB (free ligand)
and F2-SB@CsPbBr3 (NC-bound ligand) solutions
(prepared  at  the  same  mg/mL  ligand
concentration,  Figure 2)  illustrate  the  order-of-
magnitude extent of ligand PL suppression in the

       Examining  the  Fn-SB@CsPbBr3 NCs  by
transmission electron microscopy (TEM) revealed
preservation  of  the  cuboidal  morphology  after
ligand  exchange,  although  in  the  case  of  F4-
SB@CsPbBr3 the  edges  of  the  cubes  are  less
well-defined.  Image analysis  of  F1-SB@CsPbBr3

through  F4-SB@CsPbBr3 showed  similar  size
(edge length) of individual NCs across the entire
series (dNC = ca. 9 nm), consistent with the similar
PL emission wavelength (512 nm) associated with
the  perovskite  core  for  all  Fn-SB@CsPbBr3

samples. Closer inspection of the TEM images in
Figure  3 shows  that  longer  ligands  produce

systematically larger inter-NC spacing, as well as
different  NC  arrangements  (cubic  with  shorter
ligands vs. hexagonal with longer ligands) as they
array  in  a  single  layer  on  the TEM grid.  These
observations suggest that longer ligands disrupt
the alignment  between adjacent  NC facets  and
override  the  innate  packing  tendency  of  hard

nanocubes.  Further  insights  were  gained  from

Figure  3 a)  GISAXS  measurements  Fn-SB@CsPbBr3 NCs  n  =  1-4  prepared  via  ligand  exchange  on
OA@CsPbBr3 NCs, cast as a film on silicon substrate, which show a gradual shift in the distance between
packing planes in the in-plane scattering direction as well as a transition from simple cubic to close-packed
arrangement of the NCs in the film. b) azimuthal broadening for the F4-SB@CsPbBr3 NC film suggests that
the longer ligand disrupts any orientational preference of the NC with respect to the underlying substrate. c)
TEM of these same NCs showing increasing inter-NC distances as a result of increasing conjugation length of
ligand

Figure  4 a)  Confocal  fluorescence  microscope  images  of
superstructures  formed  from  F2-SB@CsPbBr3 NCs.  Polarized
optical light microscope image (b) of one of these isolated super-
structures  on  Si  wafer.  AFM  phase  (c)  and  height  retrace  (d)
giving  approximate  dimensions  of  16x19x0.5  μm  for  the
assembled structure. 



grazing  incidence  small  angle  x-ray  scattering
(GISAXS)  of  concentrated  Fn-SB@CsPbBr3 NC
solutions drop-cast onto polished Si  (Figure 3).
Both  F1-SB@CsPbBr3 and  F2-SB@CsPbBr3

formed films with simple cubic packing, with the
latter exhibiting the most regular cubic structure.
Indexing of the GISAXS for  F2-SB@CsPbBr3 NCs
using a primitive cubic lattice is shown in Figure
3.  A gradual transition in the packing geometry
was observed for films of F3-SB@CsPbBr3, where
the  scattering  pattern  reflects  the  presence  of
mixed domains with cubic and close-packed (i.e.
face-centered cubic  or  hexagonal  close packed)
geometry. For NCs capped with F4-SB@CsPbBr3,
the  film  exclusively  shows  a  close-packed
hexagonal structure, potentially due to the longer
ligands projecting from the NC surface that make
it present as a soft or ‘fuzzy’ sphere instead of a
hard  cube.  It  is  also  possible  that  the  loss  of
nanocube edge definition (as noted above for F4-
SB@CsPbBr3) contributes to changes in packing
geometry.   In-plane  scattering  was  used  to
estimate the nearest neighbor distances for these
samples,  taking  into  account  the  differences  in
film morphology. For F1-SB@CsPbBr3 through F3-
SB@CsPbBr3, a  simple  cubic  packing  was
assumed and the nearest neighbor distance was
estimated simply as δ = asc – dNC, whereas for F4-
SB@CsPbBr3 hexagonal  packing  was  assumed
with  a  nearest  neighbor  distance  of  δ =
((3)1/2/2)ahp –  dNC (where  asc and  ahp are  the
average  distances  between  packing  planes  for
cubic  and  hexagonal-packed  structures—
calculated  as  2π/q*,  with  q*  being  the  primary
scattering  vector—and  dNC is  the  cube  edge
length estimated by TEM). We find that the values
of  δ trend from 1.0, 1.6, 3.3 and 4.1 nm for  F1-
SB@CsPbBr3 through  F4-SB@CsPbBr3,
consistent  with  the  spacings  observed  by  TEM.
Given  that  the  monomer  length  of  a  single
fluorene  repeat  unit  is  estimated59 to  be  7.5  Å
(and  assuming  the  ligands  exist  on  the  NC
surface as fully extended rigid rods), the inter-NC
spacings derived from TEM and x-ray scattering
imply  interdigitation  of  the  conjugated  ligands
between adjacent NCs, or that the chain axis of
the  oligofluorene  backbone  does  not  extend
normal to the NC surface. Grazing incidence wide-
angle  x-ray  diffraction  (GIWAXD)  measurements
on  this  same  series  of  samples  shows  no
azimuthal  broadening of  the diffractions  for  Fn-
SB@CsPbBr3 NC  films  when  n =  1  or  2,
suggesting the (001) plane of the cubic CsPbBr3

crystal lattice aligns parallel with the Si substrate
(i.e. the  cubic  NCs  align  face  on  with  the
substrate). The indexing of diffractions reflections
using primitive cubic lattice is marked in Figure 3
(b).  The ratio  between the scattering  vector  of
those diffractions turns out  to  be 1:2:3:2:  5:
6,  arising  from  crystal  planes  (001),  (101)  or
(011),  (111),  (012)  or  (102),  and  (112),
accordingly, confirming the face-on orientation of
the NC on the substrate. The face-on orientation

of NCs on the substrate allowed the third index, l
of (hkl), to be identified unambiguously. The first
two indices, h and k, are not distinguishable due
to NC freely rotating along the normal direction of
the  substrate.  On  the  contrary,  for  Fn-
SB@CsPbBr3 NC films, where n = 3 or 4, there is
significant  azimuthal  broadening,  as  longer
ligands disrupt any orientational preference of the
NCs  with  respect  to  the  underlying  substrate.
While the results for  F1-SB and  F2-SB@CsPbBr3

NCs  were  consistent  with  previous  studies
showing  packing  of  aliphatic  ligand-capped
perovskite  nanocubes  into  well-ordered  cubic
superlattices,60,61 clearly  the  longer  ligands
disrupt  face-on  inter-NC  and  NC-substrate
alignment.

       Notably, casting  F2-SB@CsPbBr3 NC films
under slightly different conditions (higher dilution
on silylated glass) produced brightly fluorescent,
micron-sized rectangles that were observable by
confocal microscopy (Figure 4). These resemble
the  types  of  structures  previously  reported  for
perovskite  NC  superlattices,  which  have  drawn
interest  due  to  their  properties  of  collective
emission  (i.e.  coherent  coupling  between
quantum  emitters  in  a  long  range-ordered,
closely  packed  lattice  that  causes  them  to
collectively  behave  as  a  large,  single  emitting
dipole that  releases a burst  of  superfluorescent
radiation).61,62 Similar observations were made for
NCs with F3-SB and F4-SB ligands (Figures S18
and S19), with superlattice formation enriched at

the edge of the drying droplet (unlike the samples
in Figure 3, which deposited as a uniform film on
Si  wafer).  No  such superstructures  formed with
F1-SB  or  oleyl-SB,  and  it  is  possible  that  the
extended conjugated backbone in longer ligands
in  some  way  directs  NC  assembly  (e.g.  π-π
stacking interactions). AFM imaging of an isolated



F2-SB@CsPbBr3 superstructure  in  Figure  4
shows that the lateral dimensions (16 x 19 μm)
are significantly  larger  than its  height  (0.5  μm,
c.a.  47 layers of  F2-SB@CsPbBr3 NCs based on
the in-plane d spacing, 10.6 nm, determined from
GISAXS above).

CONCLUSIONS
       A new series of  π-conjugated ligands were
prepared in good yields via an iterative synthesis
strategy,  giving  precise,  zwitterion-capped,
oligomeric structures that proved compatible with
existing methods for perovskite NC hot-injection
and  ligand  exchange.  Compared  with  prior
reports  of  conjugated  polymer/oligomer
zwitterions,  repositioning  the  zwitterion  to  the
chain-end renders these structures soluble in the
solution  media  needed  to  grow  and  handle
CsPbBr3 NCs  (i.e.  non-polar  hydrocarbons).
Assuming  chelation  of  the  zwitterion  chain-end
with  perovskite  surface,  the  placement  of
zwitterion  positions  the  π-conjugated  ligand
backbone in close proximity to the NC, promoting
electronic communication between the two. The
deep suppression of ligand PL in the presence of
NC may be indicative of such communication, and
the range of oligofluorene chain lengths surveyed
here  are  short  of  the  full  conjugation  length,
resulting in a range of ligand band energies for
pairing  with  the  perovskite  core.  The  variable
chain lengths also leverage control over the inter-
NC spacing and packing geometry when cast into
thin  films,  in  some  cases  forming  micron-sized
structures  reminiscent  of  perovskite  NC
superlattices reported elsewhere in the literature.
While  oligofluorene  backbones  were  used  here
due to their characteristically wide bandgaps and
low-lying HOMO levels (making them suitable for
funneling  injected  charge  carriers  into  the
CsPbBr3 core  for  light-emission),  the  synthesis
methods described in this paper are adaptable to
other types of polyaromatic chains. We envision
this as a general strategy for merging perovskite
and  organic  semiconductors  into  hybrid
structures  with  tunable  electronic  properties
based on ligand chemistry (i.e.  monomer choice,
chain  length)  that  can  be  tailored  to  suit  their
target applications, such as light-emission, light-
harvesting or photocatalysis.
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