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Influence of film formation kinetics on the
dispersion of colloidal quantum dots in organic
small molecule matrices
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Improving the dispersion of colloidal quantum dots (QDs) within

organic semiconductor (OSC) matrices remains critical for advancing

hybrid nanocomposite optoelectronic technologies. This study investi-

gates how film-deposition kinetics influence the morphology of TIPS-

tetracene (TIPS-Tc):PbS QD blends, comparing spin-coating and blade

coating for QDs ligated with either native oleic acid (OA) or a matched

carboxylic acid functionalised tetracene analogue (TET-CA). Films spun-

cast at low spin speeds form highly crystalline TIPS-Tc domains with

highly aggregated QDs. Increased spin speed induces a deeper solvent

quench, driving rapid TIPS-Tc nucleation while kinetically arresting QD

diffusion, which improves QD dispersion within the crystalline matrix.

TIPS-Tc:PbS-OA blends typically exhibit poor QD dispersibility due to

poor matching between the OA ligands and the TIPS-Tc matrix. This

work demonstrates that through employing high spin speeds QD

dispersibilities may be significantly enhanced, even for PbS-OA, a

significant step demonstrating that QD-OSC surface chemistries may

not have to be fully matched to attain desired, well-dispersed morphol-

ogies. In contrast, blade-coating proceeds under slower solvent

removal, resulting in weakly crystalline TIPS-Tc and extensive QD

aggregation due to extended diffusion and delayed nucleation. These

findings reveal the critical role of processing kinetics in directing OSC-

QD self-assembly, essential for the optimisation of nanocomposite

morphologies for next-generation optoelectronic devices.

1. Introduction

Organic semiconductor (OSC):quantum dot (QD) nanocompo-
sites have emerged as promising materials for next-generation

optoelectronic devices, combining the tunable optical and
electronic properties of colloidal QDs with the excitonic func-
tionality and solution processability of OSCs. These hybrid
systems are of interest for a variety of applications, including
photodetectors, photovoltaics and light-emitting diodes.1–5

More recently, OSC:QD nanocomposites have gained attention
as promising systems for singlet fission photon multiplication
(SF-PM), a strategy to enhance the efficiency of silicon photo-
voltaics (Si-PV) beyond the Shockley–Queisser limit.6–9 In SF-
PM, high-energy photons are converted into multiple lower-
energy photons through singlet fission in the OSC, which are
subsequently absorbed by the QDs and re-emitted at lower
energies that are better matched to the Si band gap. This
process has the potential to raise the theoretical efficiency limit
of Si-PV from B33% to over 40%.6,7,10,11 As in other OSC:QD
systems, the performance of SF-PM nanocomposites is strongly
governed by the nanoscale morphology of the blend film, where
both the degree of QD dispersion and the local molecular
organisation of the OSC matrix influence exciton transport,
energy transfer, and SF-PM efficiency.8,12,13 However, achieving
a high degree of QD dispersion within a compatible OSC host
remains a major challenge due to competing thermodynamic
and kinetic factors during film formation, often resulting in a
highly phase-separated film morphology.14–16

Our previous work has established a detailed framework for
understanding the structural evolution of small-molecule OSC:QD
blends, particularly in bis((triisopropylsilyl)ethynyl)tetracene
(TIPS-tetracene, TIPS-Tc):PbS systems.8,13,17,18 In these hybrid
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nanocomposites, the surface chemistry of the QDs plays a
central role in directing self-assembly and determining film
morphology. Singlet fission in TIPS-Tc and triplet transfer to
PbS QDs functionalised with 6,11-bis((triisopropylsilyl)ethynyl)-
tetracene-2-carboxylic acid (TET-CA) ligands (PbS–TET-CA) has
been reported widely,19–22 with solid-state SF-PM systems now
achievable.8,23 Here, the TET-CA ligand, derived from a singlet
fission-capable OSC, provides a dual advantage: (i) improved
energetic and electronic coupling that enhances exciton transfer
between the OSC and QDs, and (ii) increased chemical compat-
ibility with the TIPS-Tc host, resulting in markedly better QD
dispersion compared with native long-chain oleic acid (OA)
ligands. Improved QD dispersion enhances exciton transfer and
SF-PM efficiency, demonstrating the central role of QD surface
chemistry in determining nanocomposite function. Beyond ligand
design, the introduction of mixed small-molecule OSC matrices
has been shown to improve QD dispersibility, demonstrating that
subtle changes in host composition can substantially influence
the balance between OSC crystallisation and QD dispersion.18

Complementary scattering and microscopy investigations
have also revealed how film-formation kinetics govern the
final composite structure.12,13,17,24 In situ studies of TIPS-
Tc:PbS blends prepared by blade-coating identified two
distinct self-assembly routes for PbS-TET-CA QDs depending
on the composition of the host OSC (TIPS-Tc or 9,10-
Bis[(triisopropylsilyl)ethynyl]anthracene (TIPS-Ac)).17 For TIPS-
Tc, QD aggregation acts to nucleate the crystallisation of the
OSC and the subsequent crystallisation of the OSC acts to expel
the QD nanoparticle inclusions. In contrast, for TIPS-Ac, crys-
tallisation of the OSC occurs spontaneously and subsequently
expels the QD inclusions.17 Spatially resolved photophysical
mapping later confirmed that variations in local morphology
directly influence triplet generation and SF-PM efficiency,
with regions rich in QD aggregates exhibiting reduced
performance.12 The studies highlight the crucial role of OSC–
ligand miscibility and drying kinetics in influencing self-
assembly and the final, functional OSC:QD nanocomposite
morphology.

Despite this progress, the relative influence of thermody-
namic and kinetic factors during film formation and the
impact of film processing parameters remains poorly under-
stood. In this work, we systematically compare the morphology
of TIPS-Tc in blends with PbS QDs functionalised with OA and
TET-CA ligands with films prepared by two common film
preparation routes: spin-coating and blade-coating. Spin-
coating induces rapid solvent evaporation and a deep kinetic
quench, often resulting in non-equilibrium morphologies,25–28

whilst blade-coating, a scalable deposition method, involves
directional and relatively slow solvent removal, achieving
morphologies close to thermodynamic equilibrium.29 A com-
parative investigation of these techniques provides a route to
decouple the effects of ligand chemistry from the influence of
deposition kinetics on QD dispersion and OSC crystallisation.
By varying the spin speed to tune the solvent-quench rate, we
demonstrate that faster film formation significantly enhances
QD dispersibility within the TIPS-Tc matrix. High-speed spin-

coating produces improved QD dispersion compared to blade-
coating, and even the PbS-OA system, which is typically prone
to aggregation, achieves relatively good QD dispersibility under
rapid quench conditions. These results show that processing
kinetics can override equilibrium ligand effects, providing new
mechanistic insight into QD–OSC self-assembly, crucial to
optimising the performance of SF-PM and related optoelectro-
nic technologies.

2. Results and discussion

PbS QDs were synthesised via a previously reported method,30

with the as-synthesised native oleic acid (OA) ligands
exchanged with a matched tetracene carboxylic acid derivative
(TET-CA) to obtain OA- and TET-CA-ligated PbS QDs (PbS-OA
and PbS-TET-CA respectively) as illustrated in Fig. 1a. Previous
small angle X-ray and neutron scattering (SAXS/SANS) of the as-
synthesised PbS-OA QDs in toluene confirm the nanoparticles
have PbS cores measuring 22 Å in radius with a lognormal
polydispersity of 0.14.8,13

First, the nanomorphology of TIPS-Tc:PbS-OA and TIPS-
Tc:PbS-TET-CA blends prepared via spin-coating at a range of
spin speeds (500, 1500, and 6000 rpm) is discussed. During
spin-coating, the solution is rapidly spread by centrifugal force
as the substrate rotates at high angular velocity, often resulting
in rapid solvent evaporation and a deep quench into the solid
state. As a result, film-drying behaviour can be tuned by
adjusting parameters such as spin speed, solution concen-
tration, and solution temperature. Alongside intrinsic material
properties, these parameters dictate solvent evaporation and
crystallisation dynamics, which in turn determine the degree of
QD aggregation and the final film morphology.

To characterise film morphology, grazing incidence small-
and wide-angle X-ray scattering (GISAXS and GIWAXS) were
performed on composite TIPS-Tc:PbS-OA and TIPS-Tc:PbS-TET-
CA blend films prepared via spin-coating at 500, 1500, and
6000 rpm. Two-dimensional (2D) GIWAXS and GISAXS patterns
are shown in Fig. 1b and c respectively, with corresponding
azimuthally integrated one-dimensional (1D) intensity profiles
shown in Fig. 1d. GIWAXS (wide angle region, q = 0.4–1.3 Å�1)
was used to probe the influence of spin speed on the packing
and crystallinity of the TIPS-Tc host while GISAXS (small angle
region, q = 0.05–0.4 Å�1) provides insights into QD ordering and
packing (where q = 4psiny/l, y is half the scattering angle, and l
is the X-ray wavelength). The 2D GIWAXS patterns display
several high-intensity diffraction peaks, confirming that TIPS-
Tc is highly crystalline in all spin-coated films. However,
comparison of the corresponding 1D intensity profiles reveals
that increasing spin speed leads to broader and lower-intensity
TIPS-Tc scattering features, indicating a reduction in crystal-
linity for both the PbS-OA and PbS-TET-CA systems (Fig. 1b).

Inspection of the GISAXS region reveals that spin-speed and
QD surface chemistry strongly influence QD ordering, giving
rise to significantly different small angle scattering in the q
range 0.05–0.4 Å�1 (Fig. 1c). The obtained scattering patterns

Communication Materials Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
H

ui
ta

ng
ur

u 
20

26
. D

ow
nl

oa
de

d 
on

 0
9/

06
/2

02
6 

3:
42

:2
5 

p.
m

.. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma01330e


© 2026 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2026, 7, 2003–2011 |  2005

exhibit a wide range of QD arrangements, ranging from (i) well-
ordered/packed QDs with a pronounced structure factor peak at
q B 0.12 Å�1, consistent with face-centred cubic (FCC) super-
lattice features, to (ii) more dispersed, randomly arranged QDs
with scattering closely resembling the form factor of non-
interacting spherical particles. At low spin speeds (500 rpm),
a distinct structure factor peak is visible at q B 0.12 Å�1,
consistent with a highly aggregated QD arrangement. As spin
speed is increased, the intensity of this structure factor peak
decreases for both QD-ligand systems, suggesting an increase
in dispersibility of QDs within the TIPS-Tc matrices. The effect
is more pronounced for TIPS-Tc:PbS-TET-CA systems, indicat-
ing that the improved chemical compatibility of the TET-CA
ligand enhances the dispersion of PbS-TET-CA compared to
native PbS-OA QDs and is consistent with previous studies.8,13

However, it is striking that PbS-OA systems, which are typically
prone to aggregation,8,13,31 demonstrate relatively good QD
dispersibility under rapid quench conditions (i.e. fast spin
speeds). This observation suggests that further optimisation
of spin-coating parameters could enhance PbS-OA dispersibil-
ity, offering a potential route to control self-assembly in sys-
tems that typically display unfavourable blend morphologies.

The dispersibility of PbS-OA and PbS-TET-CA QDs in TIPS-Tc
is characterised more quantitatively through fitting the low q
region of the azimuthally integrated 1D intensity profiles
(Fig. 1d). Here, the QD scattering data has been fitted
using an FCC colloidal paracrystal model (grey lines), with full
fit parameters displayed in Table S1 (Further information
regarding the FCC paracrystal model is provided in the Supple-
mentary Information, Section S1.1). This model has been

Fig. 1 (a) Illustration of PbS QDs possessing either oleic acid (PbS-OA) or tetracene carboxylic acid (PbS-TET-CA) ligands and small molecule host, TIPS-
tetracene (TIPS-Tc). (b) and (c) 2D GIXS data of (i, ii, iii) TIPS-Tc:PbS-OA and (iv, v, vi) TIPS-Tc:PbS-TET-CA OSC:QD blends deposited via spin-coating at
speeds of 500 rpm, 1500 rpm and 6000 rpm. (d) Corresponding azimuthally integrated 1D intensity profiles of (i) TIPS-Tc:PbS-OA and (ii) TIPS-Tc:PbS-
TET-CA prepared via spin-coating and the associated fits to the GISAXS region (grey lines) using an FCC paracrystal model. The 1D data have been
multiplied by an arbitrary coefficient to be shifted along the intensity axis for clarity. Note the peak at q B 0.45 Å�1 is a background peak from the Kapton
window.
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employed previously to describe QD ordering in blends com-
prising small molecule polyacenes and QDs.8,17,18 As shown in
simulated 1D profiles (Supplementary Information, Section
S1.2), the disorder parameter obtained from the FCC paracrys-
tal model provides a direct measure for quantifying the QD
dispersibility within the host TIPS-Tc matrix, where low dis-
order parameters correspond to a highly ordered FCC arrange-
ment of QDs (e.g. highly aggregated) and high disorder
parameters correspond to weakly ordered QD arrangements
(were a value of 1.0 is equivalent to randomly dispersed QDs

that could be described by a scattering model of spheres with
hard-sphere interactions).

It should be noted that at low spin-speeds the FCC para-
crystal model begins to fit the data less-well then in instances
where the QDs are relatively well dispersed at higher spin-
speeds, however, such fits do effectively capture the most
significant scattering features. Discrepancies between the fits
likely arises from the presence of diffraction spots in the 2D
scattering data that indicate the formation of relatively large,
highly ordered, randomly ordered FCC QD crystallites. In
addition, to these diffraction spots, more typical isotropic

Fig. 2 (a) Schematic of blade-coating and spin-coating film deposition techniques. 2D (b) GIWAXS and (c) GISAXS data of (i, ii) TIPS-Tc:PbS-OA and
(iii, iv) TIPS-Tc:PbS-TET-CA OSC:QD blends deposited via blade-coating and spin-coating at 1500 rpm. (d) Corresponding azimuthally integrated 1D
intensity profiles of (i) TIPS-Tc:PbS-OA and (ii) TIPS-Tc:PbS-TET-CA prepared via blade-coating (red line) and spin-coating (blue line), and the associated
fits to the GISAXS data (grey lines) using an FCC paracrystal model. The 1D data have been multiplied by an arbitrary coefficient to be shifted along the
intensity axis for clarity. Note the peak at q B 0.45 Å�1 is a background peak from the Kapton window.
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scattering features commensurate with disorder QD aggregates
are visible. We do not attempt to fully fit and deconvolute
scattering contributions between these two QD morphologies
here as these are the worst case scenarios for intended applica-
tions of OSC:QD blend systems and serve as an exemplar of
how given appropriate drying conditions the OSC matrix mate-
rial will aim to exclude QD impurities and thus generate such
poorly mixed morphologies.

Fitting the low q, QD scattering region with the FCC para-
crystal model shows that low spin-speeds yield low disorder
parameters in the range 0.15–0.17, with higher spin speeds
increasing the disorder parameter to B0.3 and B0.45 for
blends comprising PbS-OA and PbS-TET-CA QDs respectively
(Fig. 1d and Table S1). This trend is consistent with reduced QD
aggregation at higher spin speeds and improved chemical
compatibility of the TET-CA ligand.

In addition to the disorder parameter, the FCC paracrystal
model yields a corresponding lattice constant that represents
the average centre-to-centre spacing between QDs within locally
ordered domains. For PbS QDs with a core radius of B22 Å and
typical ligand shell lengths of B10–20 Å, a close-packed
arrangement would be expected to give a lattice constant in
the range of B60–80 Å, depending on the degree of ligand
interdigitation. The lattice constants extracted here fall within
this range for films spin-coated at low spin speeds (500 rpm)
but decrease for films spin-coated at higher spin speeds due to
increasing QD disorder (Table S1). This apparent contraction
does not indicate physical compression of the QD lattice but
rather reflects a reduction in the coherence length of the QD
assembly and a transition from ordered superlattices to more
disordered, locally correlated distributions. In these highly
dispersed films, the lattice constant becomes a nominal
descriptor of short-range QD spacing rather than a true crystal-
lographic periodicity. Taken together, the correlated trends in
disorder parameter and lattice constant indicate that enhanced

ligand compatibility and faster solvent removal during spin-
coating at high spin-speeds disrupt long-range QD ordering,
yielding weaker interparticle correlations and improved QD
dispersion within the TIPS-Tc matrix.

Consistent with the spin-speed-dependent changes in TIPS-
Tc scattering, cross-polarised optical microscopy (Fig. S4)
shows that the morphologies of films coated at low spin-
speeds (500 rpm) comprise large crystal grains with large
spherulitic features, with the TIPS-Tc:PbS-OA blend exhibiting
banded type spherulites, indicative of TIPS-Tc crystallisation
occurring under diffusion limited conditions. The TIPS-Tc:PbS-
TET-CA blend morphology does not contain the same banded
type spherulites, likely indicating that TIPS-Tc crystallisation
occurred earlier on in the film formation process. For TIPS-
Tc:PbS-OA/PbS-TET-CA coated at 1500 and 6000 rpm the cross
polarised optical microscopy images shown the presence of
large aspherical crystalline features embedded within a fine
matrix of much smaller crystallites. Such morphologies have
been observed previously,12 and the absence of a Maltese cross
in the large crystalline features indicates a multi-grain, misor-
iented texture, consistent with QD incorporation perturbing
nucleation and crystallisation to yield a more stochastic, likely
multi-step crystallisation process.

Building on the observation that higher spin-coating speeds
suppresses QD aggregation, we extended our study to include
blade-coating: a scalable film deposition technique compatible
with large-area manufacturing. While both spin-coating and
blade-coating rely on solvent evaporation to drive film for-
mation, the drying kinetics differ substantially. During blade-
coating, a liquid meniscus is translated across the substrate at a
controlled coating speed, typically resulting in slower solvent
removal and providing more time for molecular self-assembly
and phase separation (Fig. 2a). In addition to intrinsic material
and solution properties, the film-drying behaviour in blade-
coated films can be tuned by adjusting the blade height and

Fig. 3 QD (a) disorder parameters and (b) lattice constants derived from the FCC paracrystal model fit to the GISAXS data shown in Fig. 1d and 2d for
TIPS-Tc:PbS-OA and TIPS-Tc:PbS-TET-CA OSC:QD blends deposited via blade-coating and spin-coating at various speeds.

Materials Advances Communication

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
H

ui
ta

ng
ur

u 
20

26
. D

ow
nl

oa
de

d 
on

 0
9/

06
/2

02
6 

3:
42

:2
5 

p.
m

.. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma01330e


2008 |  Mater. Adv., 2026, 7, 2003–2011 © 2026 The Author(s). Published by the Royal Society of Chemistry

coating speed,32 allowing OSC:QD self-assembly to be
optimised.

To evaluate the effects of deposition technique on film
morphology, GIWAXS and GISAXS measurements were per-
formed on TIPS-Tc:PbS-OA and TIPS-Tc:PbS-TET-CA blend films
prepared via blade-coating and spin-coating at 1500 rpm.
Representative 2D GIWAXS and GISAXS patterns are shown in
Fig. 2b and c, with corresponding azimuthally integrated 1D
intensity profiles shown in Fig. 2d. Consistent with observa-
tions for spin-coated films, the TET-CA ligand enhances
chemical compatibility with the TIPS-Tc host, improving QD
dispersion in blade-coated films relative to native PbS-OA.
Quantitatively, this is reflected in the FCC paracrystal fit para-
meters which give disorder parameters of B0.12 and B0.33
and lattice constants of B64 Å and B59 Å for PbS-OA and PbS-
TET-CA respectively (Table S1 and Fig. 2d). Compared with
spin-coated films, the QD dispersibility of blade-coated films
are similar to films prepared at lower spin-speeds (500 rpm).

Focusing on QD dispersibility, all systems studied in this
work can be grouped into three categories, as illustrated in
Fig. 3a:

(i) Well-defined FCC, poorly dispersed QDs: blade-coated
PbS-OA films and those spin-coated at low spin speeds
(500 rpm) fall into this category. These films exhibit low disorder
parameters (o0.2) and large lattice constants (460 Å), indicative of
ordered but aggregated QD domains.

(ii) Disordered FCC, moderately dispersed QDs: this category
includes blade-coated PbS-TET-CA films and PbS-OA films spin-
coated at higher speeds. These systems show intermediate
disorder parameters (0.2–0.4) and lattice constants of
50–60 Å, reflecting partial disruption of long-range QD ordering
and improved dispersion.

(iii) Highly disordered, well-dispersed QDs: PbS-TET-CA
films spin-coated at high speeds exhibit disorder parameters
40.4 and lattice constants o50 Å, consistent with strong
disruption of FCC order and high QD dispersibility throughout
the TIPS-Tc matrix.

In contrast to spin-coated films, which exhibit highly crystal-
line TIPS-Tc matrices, the GIWAXS patterns of blade-coated
films display broad, low-intensity rings indicative of signifi-
cantly reduced crystallinity (Fig. 2b). The concurrent suppres-
sion of TIPS-Tc ordering and enhanced QD aggregation in
blade-coated films relative to their spin-coated counterparts
suggests that the two deposition methods promote subtly
different self-assembly pathways that occur during film for-
mation. We hypothesise that the observed morphological dif-
ferences between spin-coated and blade coated TIPS-Tc:QD
blends likely arise from the interplay between solvent evapora-
tion dynamics, supersaturation kinetics, and phase segregation
behaviour during film deposition.33–38 During spin-coating, we
speculate that rapid solvent removal drives a deep supersatura-
tion of TIPS-Tc, promoting high nucleation densities and fast
crystallisation while the residual solvent still permits limited
molecular mobility. This short-lived window favours the for-
mation of highly crystalline TIPS-Tc domains and likely kineti-
cally traps QDs before extensive exclusion of QDs from growing

TIPS-Tc crystalline domains is able to occur.12,13,17,18 At higher
spin speeds, the increased evaporation rate enhances such
kinetic trapping, improving QD dispersibility through limiting
molecular reorganisation, but also leads to reduced TIPS-Tc
crystallinity. In addition, it should be noted that undercooling
due to solvent removal during spin-coating has been reported
previously,39 which will increase nucleation rates and promotes
the formation of a large number of small TIPS-Tc crystals.

In contrast, slower solvent evaporation during blade coating
yields lower supersaturation and minimal undercooling, which
lowers nucleation rates while extending the time for molecular
reorganisation before vitrification.28 Under these conditions,
QDs likely aggregate independently of TIPS-Tc nucleation and
crystal growth, most plausibly via liquid–liquid phase separa-
tion processes.40,41 Because undercooling is weak and nuclea-
tion density is low, crystallisation cannot keep pace with
solvent loss, and the TIPS-Tc vitrifies. Consequently, the
blade-coated films possess morphologies possessing both
poor QD dispersibility and poor TIPS-Tc crystallinity, where it
may be envisaged that lower crystallinity would improve QD
dispersibility.

3. Conclusions

In this work, we demonstrate how simply increasing spin-
speeds can be employed to improve QD dispersibility within
crystalline TIPS-Tc films, even when the surface chemistry of
the QD ligands is not matched to the surface chemistry of the
TIPS-Tc matrix, as is the case for PbS-OA. Higher spin-speeds
promote the formation of smaller TIPS-Tc crystallites in the
film, combined with faster drying and vitrification kinetics that
limit the formation of either random QD packed aggregates or
ordered FCC packed QD superlattice type structures. Consistent
with previous works,8,13 matching the ligand chemistry of the
QD to that of the TIPS-Tc matrix ultimately produces the best
QD dispersibility, however, it is striking that control of proces-
sing parameters can yield similar dispersibilities, illustrating
the importance of both kinetic and thermodynamic effects
in determining the morphologies of such hybrid OSC:QD
blend films.

When the same TIPS-Tc:PbS-OA/PbS-TET-CA blends were
blade coated rather then spun-cast we observe both a decrease
in the dispersibility of the QDs and in the degree of crystallinity
of the TIPS-Tc. This result is counter to what may be predicted
where crystallisation drives the exclusion of QD impurities from
the growing TIPS-Tc crystallites, as we have previously
reported.12,13,17 This result leads us to hypothesise that it is
likely that a further liquid–liquid phase separation mechanism
may occur generating QD aggregates, independent of TIPS-Tc
crystallisation and occurs for blade coated films when in
regimes of both low nucleation density and slower crystallisa-
tion kinetics.

These results demonstrate how translating from spin-
coating to more scalable coating approaches such as blade
coating is non-trivial if films possessing similar morphologies
are desired and are illustrated in Fig. 4. This work paves the way
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for further exploration of how the effects of both temperature,
evaporation rate and consequently concentration,42 could be
employed to control the highly intricate self-assembly processes
in OSC:QD films.

4. Experimental methods
Materials

5,12-Bis((triisopropylsilyl)ethynyl)tetracene (TIPS-Tc) and 6,11-
bis((triisopropylsilyl)ethynyl)tetracene-2-carboxylic acid (TET-
CA) were synthesised as described previously.43,44

Synthesis of lead sulphide-oleic acid (PbS-OA) QDs

A master batch of oleic acid-capped PbS QDs was synthesised
by the method of Hines & Scholes.30 Lead oxide (PbO, 99.999%)
was purchased from Alfa Aesar. Ethanol and 1-butanol (Hi-Dry
anhydrous) were purchased from Romil. All other chemicals
were purchased from Sigma-Aldrich. All materials were used as
received without further purification. Lead oxide (1.25 g,
5.6 mmol), oleic acid (OA, 90%, 4 mL, 12.6 mmol) and
1-octadecene (ODE, 90%, 25 mL, 78 mmol) were placed in a
3-necked round-bottomed flask and degassed under vacuum
(o10�2 mbar) at 110 1C for 2 hours with stirring, forming a
colorless solution. In a nitrogen glovebox, a syringe was pre-
pared containing ODE (13.9 mL, 43 mmol) and hexamethyldi-
silathiane (TMS2S, 95%, 592 mL, 2.8 mmol). The flask was put
under nitrogen flow and the syringe contents rapidly injected

into the flask at 110 1C and allowed to cool. Upon cooling to
60 1C, the reaction mixture was transferred to an argon glove-
box. The as formed nanocrystals were precipitated with etha-
nol/butanol and centrifuged at 12 000 g. The QDs were then
suspended with hexane and precipitated again with ethanol.
The purified QDs were suspended in toluene at 100 mg mL�1

for storage.

Exchange of PbS-OA to PbS-TET-CA

Ligand exchange of synthesised OA-capped PbS QDs with TIPS-
tetracenecarboxylic acid was performed as follows. TIPS-tetracene
carboxylic acid was dissolved in toluene (20 mg mL�1) and added
to PbS QDs in toluene (50 mg mL�1). The mixture was stirred at
room temperature overnight before precipitation with acetone
and centrifugation at 12 000 g. The exchanged nanocrystals were
resuspended in toluene, and the purification was repeated, with
final resuspension in toluene to form a reddish-black solution.

Film preparation

Silicon substrates were cleaned by sonication for 10 mins
in a DI water and detergent (Decon90) mixture, followed by
acetone and then isopropanol before being blown dry with
compressed N2.

A TIPS-Tc stock solution was prepared in toluene (200 mg mL�1)
and heated to 50 1C for 1 h and vortex-mixed prior to use. The
TIPS-Tc:PbS casting solution was prepared by mixing the TIPS-
Tc stock solution by volume with PbS-OA or PbS-Tet-CA stock
solutions to prepare solutions containing a total TIPS-Tc con-
tent of 100 mg mL�1 and total QD content of 10 mg mL�1.

Preparation of spin-coated samples: 50 mL of casting
solution was deposited on silicon substrates and spun-cast at
speeds of 500, 1500 or 6000 rpm for 2 min. All samples were
prepared in a nitrogen glovebox.

Preparation of blade coated samples: 100 mL of casting
solution was coated onto silicon substrates using a RK (K101)
Coater at room temperature in a nitrogen glovebox. The speed
selected was ‘‘speed 8’’ which is approximately 8 mm s�1.

Spun cast and blade coated samples were stored under
nitrogen prior to X-ray measurements.

Grazing incidence X-ray scattering

GIXS measurements were performed on a Xeuss 2.0 SAXS/
WAXS laboratory beamline (Xenocs, Grenoble, France)
equipped with an liquid gallium MetalJet X-ray source (Excil-
lum Kista, Sweden), wavelength of characteristic radiation
l = 1.34 Å. The same configuration was used in each experi-
ment. Scattering patterns were recorded on a vertically-offset
Pilatus 1M detector (Dectris) with a sample to detector distance
of 550 mm, calibrated using a silver behenate standard to
achieve a q-range of 0.065–1.3 Å�1. Two-dimensional images
were recorded with exposure times of 900 s. Alignment was
performed on silicon substrates via three iterative height (z)
and rocking curve (O) scans, with the final grazing incidence
angle set to O = 0.31. Detector images were corrected, reshaped
and reduced using python code which relies on pyFAI and pygix
libraries.45 Azimuthally integrated q-dependent 1D intensity

Fig. 4 Illustration of the different OSC:QD morphologies formed in TIPS-
Tc:PbS-OA and TIPS-Tc:PbS-TET-CA blend films when processed by
spin-coating at high and low spin speeds and by blade-coating.
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profiles were performed across the full azimuthal angle (w) and
q ranges using a mask to remove contributions from erroneous
‘‘hot pixels’’, the substrate horizon and the reflected beam.
Reduced 1D intensity profiles were fitted in SasView software in
the q range 0.09 Å�1 o q o 0.35 Å�1 using root square
scattering intensity data, |sqrt(I)| weighting and the Nelder-
Mead Simplex algorithm.46

Polarised optical microscopy

The polorised optical microscopy images were collected using a
Nikon ME600 optical microscope mounted on an isolation
table and fitted with a Pixelink PL-A742 machine vision camera
and using a 10�, magnification objective (Nikon). A calibration
graticule was used to calibrate the lengthscale for the optical
images. An analyser and polarizer were placed in the optical
path and the polarizer rotated to enhance the contrast. The
program ImageJ was used to add a scale bar to the optical
images.
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